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The book examines  the design operating 
processes, principles of control and operational 
characteristics of Jet engines  of various types 
used in civil aviation (including turbojet, 
turboprop and turbofan).    The classification of 
engines is given. 

Special attention is given to the analysis 
of peculiarities of throttle and high-altitude 
and high-speed characteristics  of gas-turbine 
aircraft engines, and also the study on the 
effect of various operating conditions on these 
characteristics. 

The book is Intended as a textbook for 
students of mechanical engineering institutes 
of the Department of Civil Aviation and 
Civilian Aviation Colleges of the Ministry of 
Higher and Secondary Special Education. 

The book can be used also as a manual 
for engineers  specializing In field of 
aircraft engine  construction. 

The article has  12 tables,  376  figures, 
and a bibliography of 3^ nair.es. 

Reviewers  Prof.   A.  N.  Govorov and 
Candidate of Technical Sciences V.  M.  Aklmov. 

Editor Engineer K.  Ya.  Zaytseva. 
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^T1 1 

PREFACE 

The book called to the attention of the readers Is intended as 

a textbook for students of mechanical engineering departments of 

Institutes of civil aviation of the Ministry of Civil Aviation and 

Departments of Civil Aviation [GA] (TA) Colleges of the Miniatry 

of Higher Secondary Education [MV i SSO] (iiB M CCO) of the USSR. 

It is written in accordance with the approved program on the course 

of the theory of aircraft engines for colleges of Aeroflot. 

In compiling the textbook there has been generalized the 20-year 

experience of reading by the author of lectures on the course of the 

theory of aircraft engines at the Riga Institute of Civil Air Fleet 

Engineers. 

The book consists of seven parts (26 chapters). 

The first part   (consisting of three chapters) gives general 

information about Jet engines used in civil aviation (design, 

principle of operation, classification of the VRD; a brief description 

of the development of the VRD). 

The  eeaond part   (consisting of five chapters) gives the theorem 

of thrust and examines thermodynamic cycles of the VRD and also 

processes in basic elements of the DVRD except for processes in 

the compressor and turbine, which, as is known, are studied in 

detail in a course on turbomachlnes. 

FTD-MT-24-123-70 
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r/iß  third part  (consisting of five chapters) Is devoted to 
research on the theory of turbojet engines.    Initially the effect of 
parameters of the working process on specific parameters and efficiency 
f.r mn TRD is examined.    Then an account of thermodynamic bases of 
control la given, and operational characteristics of TRD  (throttle 
nmJ high-altitude and high-speed)  are examined. 

In  the fourth part of the book   (consisting of three  chapters) 
the theory of forced TRD and ramjet VRD is  stated. 

The fifth part  (consisting of three chapters) examines  in detail 
the theory  two-circuit TRD,  including  the effect  of bypass  parameters 
on specific parameters of the ducted-fan Jet engine DTRD and also 
operational characteristics of the DTRD of various types and schemes. 

In the eixth part (consisting of three chapters) thermodynamic 
peculiarities and operational characteristics of turboprop engines, 
including TVD with heat regeneration are examined. 

Finally,   the seventh part  (consisting of four chapters)  examines 
special characteristics of aircraft GTD including starting and 
transitional processes,  characteristics  on noise level,  and also 
the technical-economic characteristics  of the GTD. 

The general theory of the VRD is  presented according to method 
of useful operation of the cycle worked out by Academician B.  S.  Stech- 
kin and his students. 

In accordance with the curriculum the material of the book has 
the operational directivity, which is expressed in the detailed 
examination of operational characteristics of aircraft GTD,  and in 
the explanation of physical regularities of processes accomplished 
in the engines. 

Special sections and questions which deepen the program material 
are distinguished with a brevier. 

PTD-MT-24-i23-70 xlll 
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In working on the bock there has been widely u-^ed the  experience 

of operation of Soviet gas-turbine engines accumulated in flight 

subunlts of civil aviation and also clinical Information data on 

foreign aircraft engines published In aviation periodicals. 

In the book units of measurement in the MKGSS system are used, 

since at present courses of thermodynamics and turbomachines have 

not undergone appropriate reorganization, and the necessary reference 

materials in the International System of Units are absent. 

The author expresses deep gratitude to the reviewers — Prof. 

A. N. Govorov (Kiev) and Candidate of Technical Sciences V. M. Akimov 

(Moscow) for the valuable remarks expressed by them upon examining 

the manuscript. 
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SYMBOLS 

p;  ^;  Yi  P —pressure,  temperature,  specific weight, 
density of gas,  respectively; 

V — speed 
MQ - M flight number; 

H - altitude of flight; 
R — reaction thrust; gas  constant; 

R      — specific thrust; 
yfl        ^ ' 

r 
yfl — specific fuel consumption; 
C    — effective fuel consumption; 

;ioÖ - frontal thrust; 
Y   e — specific weight of the engine; 

k 

v » e ~    —  degree of compression (expansion); 

6; A - degree of preheating of the gas during the 
cycle; 

G    — mass flow rate of air; 
B ' 

G    — mass flow rate of gas; 
G    — mass flow rate of fuel; 
x — degree of energy exchange; 
y — bypass ratio  (coefficient of the distribution 

of air between ducts);  coefficient of 
ejection; 

«, y — bypass parameters; 
N  ;  N   — power of the  compressor and of turbine, 

respectively; 
N    — effective power; e ft 
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^ 

N 

n  — 

u 

a 

K . C 

L 
afl 

'noji 
L 

T-* H-*        p'        C 

L     - 

BH 

^1 

^11 

H '       T p 

n - 

n„ - 

a — 

a 

M 

D 

I,   X 

f - 
a   :   a 
p'     y 

P    f 

specific powerj 
number of revolutions;   poly tropic  exponent; 
peripheral  speed; 

coefficient  of air surplus; 
relative  fuel  consumption; 
coefficient  of completeness   of combustion; 
adiabatlc work; 

polytropic  work; 
work of friction; 
work of the  turbine,  compressor,  expansion 
and  compression, respectively; 

effective   (useful)   work of the  cycle; 
therraochemical energy of fuel referred to  1 kg 
of air; 
heat  imparted to 1 kg of air  (supplied heat); 

removed heat; 
efficiency; 

efficiency  of compressor,   turbine expansion 
and  compression, respectively; 

efficiency  of a propeller; 
effective efficiency; 
':hrust  efficiency; 
total  efficiency; 
speed of gas; 
speed of sound; 

Mach number; 

diameter; 

length; 

area of cross section; 

specific heat of gas at constant pressure and 
at constant volume, respectively; 

d 

* - 

i  — 

0  - 
i» - 

- specific heat  ratio; 

- hub-tip ratio; 
coefficient  of velocity;  coefficient  of 
consumption; 
enthalpy; 
air (gas) bleeding factor; 

coefficient of the conservation of complete 
pressure; 
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f'(X); ^(X); y(A); a(X)j y(X) - gas-dynamic functions. 

Superscripts and Subscripts 

• - parameters of braked flow; 

I, II - parameters of the first and second ducts, 
respectively; 

.'•. ."• - the same; 

* - boost; 

H; T - compressor, turbine; 

np - reduced; 

0 - during operation on the ground {V *  0); 

p; c - expansion compression; 

B - propeller; 

R -  thrust; 

e - effective; 

p.c - reactive (exit) nozzle; 

H.c - combustion chamber; 

$ . H - afterburner; 

H . a - guide vane; 

c.a - nozzle box assembly; 

CB.3 - free energy; 

cri - mixing; 

H . CM - mixing chamber; 

p; 0 - calculated; 

ufl - ideal; 

no6 -  frontal; 

up - critical; 

3 - effective; ejector; 

A - diffuser; 

0 - available, initial; 

H - external; 

B - internal; 

SA -  adiabatic; 

no;i - polytropic; 

yA -  specific; 

AB -  engine; 
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BX 

B. C 

T.B 

T.H 

Inlet; 

outlet (exhaust) nozzle 

turbine of propeller; 

turbine of compressor. 

Basic Flow Areas 

H, 0 — area of undisturbed flow; 

1 — inlet into compressor; 

2 — outlet from compressor (inlet into combustion 
chamber); 

3 — outlet from combustion chamber; 

H  - outlet from turbine; 

V — outlet from afterburner; 

5; 5A — outlet from Jet nozzle; 

cii; a — outlet from mixing chamber (of the ejector). 
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PART ONE 

GENERAL INFORMATION ON JET ENGINES 
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CHAPTER 

PRINCIPLE OF OPERATION, DESIGN AND 
CLASSIFICATION OF JET ENGINES 

1.1,  Concept of Reactive Force and Jet Engine 

From physics It is known that with the action of one body on 

another with a certain force the second body acts on first with an 

equal and opposite guided force. The Indicated interaction of 

bodies is expressed by the law of equality of action and counter- 

action of Newton. 

If we call the action of the first body on tne second aative 

forae ,  then the action of the second body on the first will be 

called reaative  fovoe.     Judgment about Just which force is active 

and which is reactive is arbitrary. 

Forces of interaction are applied to different bodies.  When 

they are not balanced, each of these forces can become the cause 

of motion. 

Let us give several examples of the action of active and 

reactive forces (Fig. 1.1). 

During a shot from a gun gunpowder gases, expanding under the 

action of high pressure, eject with great force a projectile from 

the channel of the barrel;' the force of return of gases appearing 

here is reactive force.  Actually, during movement of the projectile 

in the channel of the barrel there is an interaction of two bodies — 

.'TD-MT-24-123-70 



Mg. 1.1. Examples of the action active 
and reactive forces:  a) recoil force of 
a gun; b) reactive thrust of a propeller; 
c) principle of action of a powder rocket. 

the barrel of effluent gases. The end of the barrel "ejects" the 

gases with a definite force (active force).  In turn, gases with the 

..ire force act on the end of the barrel; the force acting on the 

end of channel will be the reactive force or of coll force (see 

Fig. 1.1a). 

On the basis of the flight of an aircraft equipped with an 

engine with a propeller, there is also the reactive principle. 

The prope]ler, in revolving, acts by its working surfaces on the 

air with force P  and rejects with definite velocity a large mass 

of air.  In turn, the Jet of air acts with equal and opposite force 

R * P on  the propeller and creates thrust, which moves the aircraft 

In a direction opposite to the movement of the Jet (see Pig. Lib). 

Thus, the thrust of the propeller is the result of reactive action of 

rejected air masses on the propeller. 

Finally, this principle is assumed as the basis of motion of 

tho standard powder rocket.  Powder gases, flowing out under the 

action of high pressure with an enormous velocity back, are repulsed 

from wa!Is of the nozzle; the appearing reaction moves the rocket 

forward (see Pig. 1.1c). 

In this case what we will call a reaction engine if in any 

engine the reactive principle is used. 

•TL-MT-2i4-123-70 

L 



■^1" 

A  reaation engine  Is such a thermal engine whose thermtl energy, 

which was liberated during combustion oi" the fuel, directly turns 

into kinetic energy of the gas flow, and the appearing r'-actlon is 

used as a moving force or thrust.  Such an engine is called engine 

of direct reaction, as opposed to engines of Indirect reaction, which 

refers, for example, to piston propeller-driven unit; in this latter 

case the thermal energy turns preliminarily with the help of crank- 

connecting rod mechanism into mechanical energy of rotation of the 

propeller shaft {engine   Itself) and then the mechanical energy 

of rotation of the propeller turns into work of thrust as a result 

of the rejection of air masses {propelling  agent). 

A reaction engine does not have intermediate links for the 

conversion of energy (crank-connecting rod mechanism, reduction 

gear etc.); It also does not have a separate propelling agent 

creating a moving force (thrust), which are for example, wheels of 

an automobile, caterpillar tracks of a tractor, water- propeller of 

a steamer, propeller of an aircraft, hydroplane and snowmobiles. 

A reaction engine combines the function of an engine and that 

of the propelling agent, and in this sense it must be compared not 

simply with a piston engine but with propeller-driven engine, which 

is the combination of an engine with a propelling agent. 

1.2.  Classification of Reaction Engines 

The classification of thermal   reaation   engines   (Kig. 1.2, l.j), 

first of all, is connected with the king chemical fuel used and 

methods of its obtaining and use. 

It is known that the heat energy expended for the creation of 

tractive work of a reactive engine is released as a result of the 

thermochemical reaction of combustion or oxidation.  Realization of 

this reaction appears possible, as a rule, in the presence of two 

components of fuel: aombustible  and oxidizer. 
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To ensure  continuous  operation of an engine in  flight,  on aircraft 
there must  be  a sufficient   fuel  reserve.     The  oxldlser can  alsu 

earlJer be  stored  in  the   form of various   uxygen-con'.^LrJut r'c'M ■  an-i 
liquid substances.     As  an  oxydisex' it  is   convenient   to  use  ali.-iusphei'iu 
air - up  to  very  high altitudes   (30-50  km)   the  atmosphere   contains 
about  20%   (in weight)   oxygen. 

Depending on  the method of obtaining  and   using  the   uxydizer 
reaction  engines   are  subdivided  into  two   large   classes:     muikt t 

(RD)   and  Jet   engines   (VRD). 

Rocket  engines,   in turn,   are  subdivided in accordance with   the 
phase  state   of  the   fuel  used  on solid-propellant   vujket  engines 

(RUTT)   and   ILqutd-pvupellant  rocket  engines   (ZhRD). 

Used as   solid   fuel   (containing both  the   combustible  and  oxydizer) 
is   smokeless  powder   (charges   of plasticlzed  nitrocelluloses   arid 
nitroglicerine)   and  in  recent  years  — a mixture  of a polymer  combusti- 

ble   (rubber with powder-like  aluminum)   and  an  active  oxygen- 'ontainlng 

substances   (for example,  ammonium perchlorate).'     Contemporary   solid 
propellant  is   safe   to  handle  and also  useful   for prolonged  storage. 

Rocket  engines   of solid propellant  ax'e  distinguished by  a simplicity 
of design,  high reliability and, which  the most important,  extreme 
simplicity   of operation.     The  RDTT  are  engines   of short-term 

operation,   but   in  two-three minutes   they  are  able   to  develop  enormous 
p u ] s e s . 

Liquid propellant used in a ZhRD are extraordinarily diverse. 
The most widespread and effective of tnem (according to data given 
in  the  foreign press)   are  the  following: 

oxydizer' — nitric acid, liquid oxygen, tetroxlde of nitrogen, 
hydrogen peroxide  and  others; 

'See Siplach, Effect of rapid pressure  drop on the  combustion 
of solid propellant,   "Rocket Technology"   (ARS  Journai   in Russian 
translation),   1961,  Vol.   31,  No.   11). 



aomhuatibtea - kerosene, alcohol, hydrazlne, pentaborane, liquid 

bydrogon and others. 

The enumerated propellants and oxldizer form various kinds of 

;-;r)-called bipropetlant. 

In several ZhRD a single-component fuel, for example, hydrogen 

peroxide is used. The latter under the action of a cataJyst 

decomposes, forming a working medium - a highly heated mixture of 

water vnpor 'ad oxygen. 

Fuels used in ZhRD are characterized by relative cheapneso and 

high calorific power. However, in most cases they are toxic, 

unstable in storage and are dangerously explosive. 

The ZhRD are engines of lasting operation; they allow oontroJIIHK 

the thrust over wide limits. Their design is incomparably complicated, 

and their specific weight is more than that of the RDTT. Operation 

of the ZhRD requires special measures of precaution. 

In recent years "hybrids" of RDTT and ZhRD — rooket engines 

of mixfi fuel  (RDST) have appeared and rapidly found widespread use. 

The development of these engines is connected with the trend of 

combining in them the merits of the RDTT and ZhRD and get rid of 

deficiencies of engines of these types.  In RDST solid combustible 

and liquid oxldizer are used. Used as a solid propellant is a polymer 

with powder-like aluminium, and as an oxldizer — nitric acid or 

hydrogen peroxide.  If for the RDTT the fuel (in the form of charges 

or of unit-casting) fills the volume of the combustion chamber of 

the engine, for the ZhRD the fuel is stored in separate tanks of 

the combustible and oxldizer, then for the RDST the solid propellant 

Is contained in the combustion chamber and the liquid oxldizer In 

a .special tank (see work [24]). 

Since fuel for rocket.engine is stored on-board the vehicle 

'either directly in the volume of the design of the engine itself 

or in tanks), then the feed of ♦ he rocket engines with the combustible 



■Mid uzldl^ur   Jvpenda   uti   the   uondltion  of the  auriMun'ürii'; nifiÜMü:  -itvi 
flight   regime.     Therefore,   rocket   engines   can  to  be   used   for   flights 
it   very  groat   heights   and   in  space   and  also  over  a   wide   range   jf 
;'.if'er;ionl c,   hypersonic  and  orbital   flight   cpcea.; .      . *.    1 .■   nec.'.-r/ury [ 

to note  that   the  thrust  generated by   the rocket   ungineo   and  thi-li' j 
fuel   consumption practically   do  not   depena  on  the   altitude   ana  speed 

f  flIght.' i 

We  iiave   already  noted  that   used  as  an  oxldlzer  in   reaction ♦ < 

i.'ngincs   is   the   oxygen  of the  surrounding  atmosphere,   and   as   trie ' 
propellant   for jet  engines   common  kerosene   is   used. I 

■ 

It   is   known  that  with   an  increase  in  altitude   air  density   is 

diminished,   and on  very  great   altitudes  the   coi.tent   of  oxygen   in 
the   air  is   decreased also.     Thus   the  mas?   flow  of  tho   oxldiuer mid, 
cunnoquently,  propellant2  with  an  increase  in altitude  of  flight  of i 
the   flight   vehicle  is   decreased.     Consequently,   the   thrust   of the | 
Jet  engine  with an  increase   in   flight   altitude   unavoidably   decreases. 
Thus,   the   reaction engine   is   a   low-level engine.     The  effectiveness ' 

of Its   operation is   limited  by   a  flight  altitude  of  30-5Ü  km. 

on  the   other hand,   the  thrust   of a jet  engine   to  a   certain 

extent   depends   on  the   flight   speed.     The  greater  the   flight   speed, 
the  greater  the  inlet  pulse  of  tne  engine,   and  the  more   difficult   it 
is   to   Increase   the  discharge  pulse   of  the engine.     This   lead.,   to   the 
fact   at  high  speeds  of  flight   the   thrust3  generated  by   any   jet 
engine   unavoidably  begins   to  drop  down  to zero.     Thus   the  Jet  engine is 
an engine  of  limited range   of  flight   speeds.     The  maximum M(,  number of 

flight   of  a   flying  vehicle with   a jet  engine   is   different   for different 
types   of engines;   it  depends   on  a  number of design   factors   and  for 

'More   accurately,  with  an  increase  in altitude   the   thrust  of 
the  rocket  engine  somewhat  increases. 

2llo  ensure   complete  burning  of  the   fuel,   the  percent   ratio of 
the  propellant  and oxidizer in  the  fuel-air mixture must  be maintained 
constant. 

3The   thrust   of a jet  engine  is   determined by   the   dlfferences   in 
the  discharge   and inlet  pulses,   i.e.    Ä-tAtceKcJiH»—(^«•«c)i«« 
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Jet engines  of standard designs  and  types  does not exceed M() -  ^»-6. 

But Jet  engines  In the region of their preferential use  are much 
more  economical  than rocket engines whose  expenditures  for operation 
f.o a  certain extent  are determined by  the  consumption of an enormous 
quantity of a special oxldlzer. 

Reaction engines  are extremely diverse In their design,   scheme 

and principle  of operation.    Depending on the method of air compresnlon, 
they are  subdivided Into aompresBorlees  and aompreasov Jet  englner,. 

In compressorless Jet engines  air compression is  accomplished 
only  due to impact preesure,  i.e.,  kinetic energy of Incident  air 

flow.     Such engines  are ramjet engines   (PVRD)  and pulsejet engines 
(PuVRD). 

Ramjet engines are intended for high supersonic flight speeds. 

They are extraordinarily simple in design and have little specific 

weight and good economy in the rated flight regime; however, they 

are inaffectlve at low speeds of flight and, specifically, cannot 

operate and develop thrust in flight. It was attempted to correct 

this organic flaw of the ramjet engine by transition to a pulsing 

process of supplying air and combustion of fuel in the engine, at 

which an Increase in air pressure occurs without the use of impact 

pressure and a compressor. 

The principle of operation of the pulse combustion chamber was 

first developed by the Russian engineer V. V. Karavodin in 1908. 

The pulsejet engine was developed at the end of the Second World 

War and was installed by the Germans on "V-l" missiles.  Further 

development of pulsejet engines was not carried out. 

In compressors of Jet engines air compression is carried out 

b,y mechanical means  with the help of axial or centrifugal types of 

compressors.  These compressors are driven by gas turbines.  Such 

engines are called gas-turbine  engines   (GTD), since in them the 

most important design element, the source of mechanical rotational 

energy, is the gas turbine. 



Aircraft gas-turbine engines, in turn, are subdivided .int.- 

turbojet (TRD) , turboffop (TVL') and duetdJ-fau t url'>t':'t ■ 'ijin-iv 

(DTHD). 

When the power of the gas turbine is equal to the power of 

the oomprer.jor, the aircraft gas turbine is called :J t.urbujet 

engine.  In a THD all die useful Operation of the JVCU.- ;■ expended 

for increasing the kinetic energy of the working medium, for 

accelerating the flow inside tne engine, and for the creation of 

thruuL. 

When the power of gas turbine is used also for rotation of the 

propeller, of the blower or an additional corapressor in the seaond 

duct  of the engine, the aircraft gas turbine Is correspondingly 

called a turboprop, turbofan or ducted-fan THh.  In these engines 

the reactive thrust is created in two ducts, I.e., they have two 

propelling agents. 

The ducted-fan gas turbines, while being more complex in a 

design respect, are distinguished by high economy and good operational 

characteristics.  Combination of the turbojet and ramjet engines 

also forms a variety of a ductsd-fan gas turbine — Lurb^'ramjc!. 

.. nj 'ru    (rhu) 

Aircraft gas-turbine engines have become extraordj inrily wide 

spread in air transport because of their high economy, great 

service life, which provide them the possibility of reliably 

operating for long time, and the comparatively low specific gravity. 

" 

There have been attempts to drive compressors of the jet engine 

by means of a piston engine.  however, such jet engines with -j 

I : c t cm-di'i ,'L n   compreesop   (MHLO proved to he II.- (■•••tvy, bujKy and 
uneconomical.  An example of an MHD engine is an engine wlilcli wa;. 

installed on the aircraft of Campini, who aceompjisned several 

flights in 19^0-19^2, and further development of till; '. yi • of engine 

did not continue. 

10 
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Aircraft  gas  turbines  are  engines  of wide  range  designed  for subsonic 
and 3ijpersonic  flight  speeds.     They  form the technical  basis  of 

contemporary  transport  aircraft  engine  construction.     The  technical 
and economic  achievements  of  contemporary  civil  aviation  are 
connected precisely with the  successful  development  aircraft  GTD 
and with the high  level of their technical perfection. 

The peculiarities  described  above  of rocket  and Jet  engines 
d their  ccrv;arative merits  and  deficiencies have  led  to  attempts 

tae   creation of mixed or combined  roaket-jet  enginee3  which, 
idea,  must possess  considerable  advantages  over the   "original" 

engines  and  could be successfully  used in a wide  range  of altitudes 
and A.'    numbers  of flight.     Such  engines  are  the  roaket-vamjet 

enciines   (RFD)   and  roaket-turbtne   engines   (RTD). 

1.3-     Layouts.   Design  and Principle  of 
Operation  of Jet Engines 

1.3.1.     Ramjet Engine   [PVRD) 

The  ramjet  engine   (Fig.   1.^)   is  the simplest Jet  engine.     It 
consists  of an inlet  supersonic  diffuser 1,  ramjet  combustion 

chamber 2,   equipped with a frontal,  device  3 for fuel  injection, 
the  formation of a fuel-air mixture  and flame stabilization, 
and also  a supersonic discharge nozzle  of the  type  of Lava]   nozzle 

4. 

Fig.   1.4.     Diagram of a ramjet  engine   (PVRD) 
1 - inlet supersonic  diffuser;  2 - ramjet 
combustion chamber;   3 - device  for fuel 
injection and of flames  stabilization;   4 - 
discharge nozzle. 

11 
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In  the diffuser of the   ramjet  engine   at   superr;onla   fllc;iit 
;:rt.'odr-   aeceleratlon  of  the   flow  ir   car'rlei   ow^    [-;/   ■•   .■■,••   ;:      V 

bjjque  shoukü,   as   a  resuJl   of which  Ih-.i-c   1.:    ;i,   l;.! ■. i,.-. L v    in-: 
in  air pressure with   little   losses. 

In  the  combustion   chajnber,   as   a result   of   ihu   ~A'..bu.:' j.i.  ., f 

the  fuel-air mixture,   combustion products   of high  tomperaturcr   nr^ 
generated.     Since  in  the  gas   and air channel   op the   PVHD ;.:<li!]'. 

elements   are  absent,   then  the   temperature    ,!'  tin.'  gä..;'.-.;   a.:    i;.' 

cutlet   from  the  combustion  chamber can  be   raised   up   to  its   limiting 
value   (7'* =  2000-2800,K) ,  which  corresponds   tj   the   .■'■ I ;ii! on,»!, r: o 
mixture  ratio   (a ■   1.0/. 

I.n  the  discharge   nozzle   of the   F'VRD  there   Is   ■'.xi ■;.>.■ !   :.   "f  the 
gases   up   to   the   external  pressure   (counter; ressur  ' ,    is   o  i" .>,:'. 

of which  they  flow  out   into  the  surrounding medium  at   high  speed, 
forming  a  discharge   pulse   of  the  engine. 

Ramjet  engines   are   intended for use  as   the  basic  power plant 

of  flight   vehicle  at  high supersonic  flight   speeds   (M     >   j.0). 

1.3. Turbojet  Engine   (TRD) 

The  Thh   (Pig.   l.Sa)   is   the  simplest   type   ;•;'  ■ilrTn.r   ots 
turbine.     The  basic   design elements   are:     inlet   device   Ü muJti-stage 
axial   compressor  (one-or  two-shaft)   H with   a  developou inr-<;iiunl::!Xtlon 

■ind   control   system,   combustion   chamber IJ,. C.   most I;;   .-f  r!.i    onnu'ar 
type with individual   flame  tubes   and sprayers   for effective   fuel 

combustion,   one-or  two-stage  axial  turbine  T   and  a Jet  nozzle  F'.C. 
When  a  short-term  Increase   (boost)   of thrust   of the  engine   Is 
necessary,   after the   turbine  of the TRW" a  transient   diffuser 1{ and 

afterburners &,H,  are  installed  (see  Fig.   l.^b). 

The  turbojet  engine   operates   on ohe  thermodynamic  Brayton 
cycle   in  the  following manner:     in  flight   the  air  from  the  external 

medium  is   sucked  into  the   inlet   device.     The   axial  velocity  in 

front   of the   compressor  reaches   1^0-200 m/s,   and   the   rarefaction 

12 
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appearing here   is   respectively  equal   to  Ap  =   0.1^-0.^0  at.      Jn   flight 

at  high speeds  the  air undergoes  dynamic  compression In  the   free 
Jet  arid in  the  supersonic  diffuser.     The   oC'cunu  JI<M   . f ^ompj't'u;-. i nti 

is  the multi-stage  axial   uompressor.     Corapresjur.'  ul' 'Ji-i;  tiavi.1 

compreasiun  ratios   TT*     =   G-14  and  consist   of  7-17  stages.     t'reiieating 
of the  air in  the   compressor is   220o-380o.     The  axial   velocity   at 
the  outlet   from   the   compressor is   equal   to   JüU-120 m/s. 

As  a result   of the   combustion  of  the   fuel-air mixture   In   ihu 

combustion  chamber,   the   temperature  of working medium reaches   1100°- 
1^00oK;   in  this   case  the  pressure  of  the  gas   drops   j-Gt. 

The  obtained  combustion  products   are  expanded  it:   the   turbine 

(first   stages  of expansion)   for tl-.    creation  of power necessary   to 
drive  the  compressor,   and,   finally,   are  expanded  in  the  discharge 
nozzle   (second  step  of expansions).     The  axial  gas   velocity   at 
the  inlet   into  the   turbine  is  equal  to   180-200 m/s   (M,     =   0.1i;-0.20) 

and  at   the exit   from  the   turbine,   300-450 m/s   (M, 0.^0-0. ?r.) . 

The  velocity  of outflow of gases   from the  Jet nozzle   during 

complete  expansion  reaches  600-750  m/s.     The  temperature  at   the 
outlet   from the  nozzle  is  equal  to  900-1000oK.     At  high  T*  and  p» 
the pressure  differential  in the discharge  nozzle  on a test  stand 
reaches   critical  and  supercritical   values.     If the THIJ  is   intended 
for flight  at  speeds   corresponding  to  M  >   1.0,   then it  must   be 

equipped adjust  with  a discharge nozzle   of the  Laval  type  of nozzle 
As   a result   of  the  outflow  of gas   at  high  speed  from the  discharge 

nozzle,   reaction  thrust   appears. 

Figure   1.5c   shows   curves   of the   change  in gas  parameters 
{p*,   T*  and  a)   along  the  gas-air channel  of the  TKD. 

Turbojet  engines  have  received widespread  use  in military   air- 

craft  and partially   in transport  aircraft.     However,   in recent 
years  they have  been  forced out  of the   air  transport  by more 
economic  and  less   "noisy"  turbofan  engines. 

lU 



1.3.3.     Ducted-Fan Engine  (DTRD) 

Th'j  duoted-fan engine  (Pig.   1.6a and b)  is  a turbojet engine 
whvo  thrust  If;  created In two ducts:    gas turbine  (first)  and 
t ir.  (second). 

The  term "fan" is  conditional:     it  notes  that  the  compressor 
f the second duct has considerably less  ratio compression than 

the  compressor  : i' main duct.    The higher the bypass  ratio of the 
n^lnf   [^    J, the less ratio the  compression of the  fan.     At high 

..pass ratios the DTRD Is  frequently called a turbofan engine 
U'VID). There is a large number of ducted-fan TRD of various schemes 

-ind  types. 

i'he basic design elements of the TV1D (or duoted-fan THD)  are: 
common intake 1,  compressor of the first duct 2,  combustion chamber 
rrie  first  duct  3» multi-stage turbine  4,  compressor  (fan)  of the 

second duct 5, afterburner of the second duct 6a or common after- 
burner 6b,  discharge nozzles of the first and second ducts  (during 

separate gas outflows) or common discharge nozzle  7  (in the presence 
of a mixing chamber). 

During afterburners the process of forming draught in the 

,;econd duct  in principle does not differ from the process  of its 
formation in th3 first duct of the DTRD and also in the TRD. 

At present  the TV1D  (DTRD)  becomes  the basic  type  of power 
plant  of transport aircraft of main and  local air lines. 

The main advantages  of the DTRD, which provided its widespread 

introduction lr:tc  transport  aviation,  are:    high economy  at  subsonic 
flight speeds, the possibility of the use of an engine  at high 

-•upersonlc   flight speeds,  low level of noise produced and,  finally, 
high  level  of operational reliability. 

15 
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1.3.3.  Ducted-Fan Engine (DTRD) 

The duated-fan engine  (Pig. 1.6a and b) is a turbojet engine 

whose thrust ir. created in two ducts: gas turbine (first) and 

fin (second). 

The term "fan"  is conditional: it notes that the compressor 

of the second duct has considerably less ratio compression than 

the compressor jf main duct. The higher the bypass ratio of the 
/'»HI 

'nftltio   [  1, the less ratio the compression of the fan. At high 

. jpass ratios the DTRD is frequently called a turbofan engine 

(TV1D). There is a large number of ducted-fan TRD of various schemes 

and types. 

The basic design elements of the TV1D  (or duoted-fan THD)  are: 
common intake 1, compressor of the first duct 2,  combustion chamber 

the  first duct 3j multi-stage turbine ^,  compressor (fan) of the 
second duct 5, afterburner of the second duct 6a or common after- 
burner 6b, discharge nozzles of the first and second ducts  (during 
separate gas outflows) or common discharge nozzle  7 (in the presence 
of a mixing chamber). 

During afterburners the process of forming draught In the 

r.econd duct in principle does not differ from the process of its 
formation in the first duct of the DTRD and also in the TRD. 

At present the TV1D (DTRD) becomes the basic  type of power 
plant of transport aircraft of main and local air lines. 

The main advantages of the DTRD, which provided its widespread 
Introduction into transport aviation, are:    high economy at subsonic 
flight speeds, the possibility of the use of an engine at high 

supersonic flight speeds, low level of noise produced and,  finally, 
high level of operational reliability. 
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1.3.^. Turboprop Engine (TVD) 

üince the thrust of a turboprop engine Is added from two compo- 

nents, the thrust of the propeller and of reaction thrust appearing 

In the gas-turbine duct, then the TVD's commonly refers to engines 

of indireat reaction  and also mixed thrust. 

At the same time, the TVD can be conditionally added to the 

class of airoraft  duoted-'fan gaa  turbine  engines. 

The basic design elements of the TVD (Pig. 1.7) are:  shaft of 

propeller 1, reduction gear 2, Intake 3» compressor H,  combustion 

chamber 5, multi-stage turbine 6, exhaust ?• 

The working processes in a TVD and TRD in principle are not 

different from each other; only in the TVD because of the less 

pressure differential in the discharge nozzle there is considerably 

less speed of outflow. The reactive component of thrust of the 

TVD on a test stand does not exceed 10%. 

Aircraft with TVD are widely used In air transport at subsonic 

flight speeds (V ■ 400-700 km/h). The TVD's provide good takeoff 

a/i<i landing characteristics of aircraft, but in operation they are 

considerably more complex, than the TRD. 
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CHAPTER  2 

ÜRIEP DESCRIPTION OF THE HISTORY OF DEVELOPMENT 
OP REACTION ENGINES 

2.1.  From Gunpowder Rockets to First 
Designs of Reaction Engines 

The principle of reactive propulsion has long been known to 

science, and humanity has used it even from ancient times.  The 

initial form of reaction flying vehicles was the gunpowder rocket, 

which was used for fireworks and also for combat purposes. 

First references to rockets are found In ancient Indian and 

Chinese characters several centuries ago up to our era.  In the l?th 

and 13th oentnrl^s Chinese and Arabs widely used reaction arrows 

equipped with gunpowder charge placed in a small paper cone, which 

provided them with great distance, accuracy of hit and a penetrative 

force. 

In the 17th and 18th centuries the majority of the European 

armies showed an interest in the rocket weapon. It is known that 

Peter the First established in 1710 in Moscow a "Rocket Institution" 

for the manufacture of rockets and training of specialists on rocket 

methane.  At the end of the 18th century troops of Indian principali- 

ties in severe battles with English colonizers used combat rockets 

on a mass scale.  Subsequently, the production of these rockets 

was studied and adjusted by the enterprising Englishman Congrave. 

During the Napoleonic Wars  the English widely used the combat 

rockets of Congrave in battles against the French. In 1812, as a 
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as   a  result  of bombardment  by   these  rockets   Copenhagen  waj  burned. 

An enthusiast   of development  of combat   rockets   In  Russia  at 

the  beginning of the   19th   century  waj  Uenex'al   A.   lia^yadko.      '.^nMUii* 

rockets  were   used by   the   Hussian  and  Anglo-Krei.uh   tl'u^pi;   Oui'iiij-;   Hit- 
Crimean War of 1853-1856. 

One   of the most  prominent  specialists   in   field  of rocket  building 

in  the  19th  century  was   the  Russian scientist   and  artilleryman 
General  K.   I.   Constantlnov.     His  rockets were   successfullv   used  by 
Russian troops  against  the  Turks  in the  Russian-Turkish War of 
1877-1878.     General   Constantlnov in his  work   "Combat   rockets" was 
the   first  who made   the   important   conclusion  on   the   uneconmuli'   va 
of rockets  at   low  flight   speeds. 

The  gunpowder  rocket     f  the   19th   century   could  not  ;, ■-I   be 
examined  as  a reaction engine  because  the  time   of  its   operation was 

very  brief,   the   force   of thrust  was  not  regulated,   and  range  of use 
was   too  limited. 

The Great English Scientist  I.   Newton  is  given  credit   for the 

invention of the reaction  vehicle   (1680)  being  driven by  reaction 
of a Jet  of steam flowing out  of a long nozzle   (Fig.   2.1).    This 
vehicle   consisted of a burner,   a boiler with  a nozzle   and  valve  of 
regulating the  velocity   of  outflow of steam  and  was   a  prototype 
of the  reaction power plant  with  forward motion. 

Fig.   2.1.     Reaction  vehicle   of Newton 
(17th  century). 
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In  the  19th century  there  appeared  the  first projects  of 

aircraft  reaction engines for controlled flying vehicles.     Among 
thorn   tn important place is occupied by  designs  of Russian inventors: 

1.1.  Treteskiy  (18^9), N. M.  Sokovnin  (1866), Teleshov (1867), 
N.   I.   Klbal'chick  (1881), P.   Geshvend  (1886)  and others. 

In  design of military engineer I.   I.  Treteskiy  and sailor 
N.  M.   Sokovnin there were proposals  to  use for movement  of balloons 
and airships a Jet of outflowing compressed air.    The design of 
"thermal blant"  of teleshov had basic elements  of the  contemporary 
reaction engine:   combustion chamber,  compressor and reaction nozzle. 

The Russian revolutionary and Narodovolets N.  I.  Kibal'chich, 
not  long before his execution,  for the  first time substantiated the 
idea and developed a scheme of an aeronautical apparatus heavier 
than air with a gunpowder rocket engine.    According to the scheme 
of Kibal'chich    the reaction force must be created by gases,   flowing 
from the engine as a result continuous  combustion of the charges of 

pressed powder.    The engine  (Fig.   2.2) was a cylinder vertically 
Installed on stands above the platform.     By changing the position 
of the  cylinder relative to the platform, N.  I.  Kibal'chich    was 
able  to move the appartus in any direction including the horizontal. 

Pig.   2.2.    Gun- 
powder rocket 
engine of N.   I. 
Kibal'chich 
(1881):    a)  sketch 
of the author; 
b)  sketch of the 
artist. 
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Engineer F.   lieshvend proposed the  original  design  uf a  reactJun 

the engine  developed by  hlra for an aircraft.     Used  in the engine 
for the   first  time was   the system of a multi-stage  ejector,  which 

served  for sucking  additional   ai:1 masses   for   Iho-  purpuae  of in^rvas 1; 
the  thrust   and efficiency   of the  power plant .     The  propulsion system 
of the  aeronautical  apparatus   of P.   Geshvend   (Pig.   2.3)   consisted 
of a source  of gas,  pipeline   and an ejector  located  under the wing. 
A  similar design  3^ years  later was accomplished by  the  Frenchman 
Melot,  to whom was  attributed preeminence  in  the  creation of such 

adapters. 

fl *! —| 
Li I 

LJ ^ J 

Fig.   2.3.     Aeronautical   apparatus 
of F.   Geshvend  (1880):     1 - working 
nozzle;   2  — adapters;   3 - slots. 

In the beginning  of the   20th  century   there  appeared  technlcany 
validated designs  of basic  types  of Jet engines.     These  include 

designs  of Russian engineers:     Antonovich  (1909).  N,  Gerasimov 
(1909),  A.  Gorokhov  (1911), M.  N.   Nikol'skly   (IS'N;,  V.   I.  Bazarov 
(192M  and the design of the  ramjet jet  engine   (1913)   of the 

Frenchman Loren. 

The  first  turbojet   engine was  invented  in  Russia by  engineer 

N.   Gerasimov. 

The   first  scheme   of a pulsing VRD was  proposed by  engineer 

Antonovich and was  a pipe  of variable  section  open on one end 
with  a distributive mechanism  for regulating  the  air  feed.    The 
scheme  of Antonovich was   used in  19^2 by  Schmidt   during  the   creation 
of the winged missile   "V-l". 

A piston-driven compressor Jet engine was  developed first 

by  engineer A.  Goroxov.     The engine of A.   Goroxov  (Fig.   2.'*) 
consisted of two combustion  chambers,  Jet  nozzles',   and tanks with 
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Pig. 2.4.  Piston-driven coraprsssor VRD of 
A. Gorokhov (1911):  1 - combustion chamber; 
2 - nozzles; 3 — compressors; 4 — engine 
for driving of compressor; 5 - inlet channels; 
6 - valves for air inlet into combustion 
chambers. 

pipelines.  The air entered through the intake into piston compressors 

of the engine, was compressed in them, and then through valve? was 

guided into combustion chambers where special pumps injected the 

fuel.  Combustion products from the chamber entered Into the nozzle, 

from where they flowed out at high speed into the atmosphere, 

creating reaction thrust. 

The original design of the turboprop aircraft engine was 

developed by officer M. N. Nikol'skiy.  In this engine (Pig. 2.5) 

the propeller was driven by a three-stage gas turbine operating on 

co"1'.1 v-'M on produnts of turpentine and nitric acid.  Gases flowing 

from the turbine- were guided into the nozzle and created an 

additional reaction thrust.  In 1914 at a Russian-Baltic plant the 

building of M. N. Nikol'skiy turboprop engines with a power of 

l60 hp was started.  It was proposed to install four such engines 

on the aircraft "Il'ya Muromets." 

Fig, 2.5. Turboprop engine of 
M. N. Nikol'skiy (1914): 1 - 
combustion chamber; 2 - pipeline; 
3 - turbine; 4 — propeller. 
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Further development of the turboprop engine waa found In the 

design of V. I. Bazarov, who offered a new scheme very similar to 

the eontemporary. The basic elements of the TVD of V. I. Bazarov 
(Fig. d.b) are: centrifugal cowpressor, (juuibustlon chamber, lurblnv, 

discharge nossle and propeller. In the combustion chamber of the 
engine of V. I. Bazarov for the first time was applied the principle 

of the division  of air flow into the   "primary"  and  "secondary". 

Fig.   2.6.     Turboprop engine  of 
V.   I.   Bazarov   (1924):     1  - 
compressor;   2 — combustion 
chamber;   3 - turbine. 

2.2,     Development  of Principles   of the 
Theory of Reaction Engines 

At   the  end of the  19th  century and  the beginning of the  20th 
century  works  of famous  Russian    scientiests  N.   Ye.   Zhukovskly, 
I.   V.  Meshcherskiy,  K.  Ye.  Tsiolkovsky developed basic positions 
of the  theory  of reaction motion, which  unconditionally  furthered 
subsequent  scientific  and engineering-.'/echnical  substantiated 
development  of reaction engines. 

one  of the  founders  of the  theory  of reaction motion is   rightly 

considered the famous Russian scientist Nikolay Yegorovlch Zhukovskiy 
In his  woxds  "On the  reaction of effluent  and Inflowing liquid" 

and  "On  the  theory  of vessesls  driven by  the   force  of reaction 
effluent water", published,  respectively.  In 1882-1886 and in 

1908,  N.   Ye.  Zhukovskiy was  the  first  to derive  the formula for 
determining the  force  of reaction and investigated in detail  the 

tractive efficiency  of a Jet  effluent  from a moving vessel. 
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The theoretical principles of the flight of the rocket are given 

by Fref. I. V. Meshcherskly, who first determined the dependence 

of  the path passed by the rocket and its flight velocity on the 

velocity of outflow of gases, resistances of the air, force of 

attraction and reserve of fuel.  I. V. Meshcherskly created the 

theory of rao-lon of bodies of variable mass, which Include rockets 

nnd Jet aircraft. 

An enormous merit in the theoretical basis of flights cf 

apparatur.ee heavier than of air with Jet engines and In the develop- 

■::.:'■:':   of rooKet engines belongs to scientist and inventor Constantln 

nduardovlch Tslolkovskly. 

The first classical work of K. E. Tslolkovskjy "Investigation 

of cuter space by reaction devices" which brought subsequently to 

nin. world reputation, was published in 1903. This work investigates 

rocket flight in various conditions and derives motion equations 

of a rocket known as equations of K. E. Tslolkovskly; it gives a 

scheme of the system of a liquid reaction engine operating on 

liquid fuels and liquid oxygen, and the advantage of an engine of 

this type is substantiated. 

K. E. Tslolkovskly proposed to accomplish the feed of liquid 

components of fuel into the combustion chamber by special pumps 

and produce cooling of the combustion chamber and nozzle with the 

components of fuel. 

Finally, for control of the rocket at high altitudes, Constantln 

Eduardovich proposed using controls operating In the flow of gases 

flowing from the Jet nozzle. 

During 19II-I912 K. E. Tslolkovskly expressed for the first 

time the idea about the creation of a stage space rocket, which, 

in his opinion, allows accomplishing taking man beyond the point 

of the earth's atmosphere. 

In his w-rks on rocket dynamics (1927-1929) K. £. Tslolkovskly 

2 b 

^ 



ru:k( t  ■ re •w 

r    Earth 
roktt 
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. :q   iJ    • yiit-üi'er. % 

Fig. 2.7.  Rockets of K. E. Tsioxkovskly:  a) 
stage rocket (1929); b) spaceship; a)   rocket 
(1903); d) rocket (Ijl'O; e) rocket (1915). 
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clcvoloped the theory of stage rockets, examined advantages and 

peculiarities of various liquid fuels and oxldlzers for the, and 

also investigated methods of tests of the rockets (193J0.  He proved 

the possibility of rocket flight in airless space and calculated 

the necessary initial velocity of its flight for overcoming the force 

nf the earth's attraction. 

K. E. Tsiolkovskly developed a large number of original, schemes 

of rockets (Pip;. ?.?).  He also proposed the design of a ducted-fan 

Jet engine (Fig. 2.8). 

*" -;     sä   *■- ~ WWm 

pipe 
■»mi'MSEur       h'istor: 

c.g'ne 

Fig.   2.8.     Ducted-fan  jet  engine   of 
K.   E.   Tsiolkovskly   (1932). 

2.3-     Development  of the  First   Reaction  Engines 
and Their Subsequent  Development ' 

The  rapid development   of technology   in  the beginning of the 
■^Oth  century   (of metallurgy,   compressor-gas-turbine   construction), 
successes  achieved in development  of such  sciences  as  aerogasdynamics, 

tne  theory of aircraft  engines  and others  created practical prerequi- 
sites for tho development  of technical  valid designs   and successful 
construction of reaction engines. 

<n  the  1920,s  to   1930,s   in the  USSR various   types  of llquld- 
propeiJ'int  rocket  engines  were   created  and successfully  tested. 

The  first  llquid-propellant rocket engine  in the  USSR was 
built  in  the Gas-Dynamics  Laboratory   (GDL)   in Leningrad In  1930. 

This  engine   (Fig.   2.9),   called  the ORM-1  an experimental  reaction 
niutor -• developed a thrust  of up to  20 kgf. 
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Fig.   2.9.     Liquid reaction 
engine   ÜKM-I   (19 30). 

Proposed as oxlal::er^ fui" liquid rocket engine were nitric 

acid, tetroxlde nitrogen (nitric tetroxide), hydrogen peroxide, 
tetranitrciuethane,   chloric  .\ciu  ana  their'  solution. 

The  gifted  engineer  V.   A.   Tsander  in   1932 built  and  in  1933 
tested  the  jet  engine  ulw   (Fig.   2.10)   with  a  thrust  of  100  kgf. 
P.   A.   Tr^ander also   conducted  aec-p  theoretical   investigations 

in  the   region  of  reactive  motion,   developed  new   thermodynamic 
cycles   of engines   (Fig.   2.11)   and   for  the   first   time  proposed 
a method of thermal   calculation  the   liquid-propellant   rocket   engine, 

Fig.   : 
engine 

.I;';.     Liquid  propellant   rocket 
uh-j of P.   A.  Tsander (1933). 
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Flg.   2.11.     Liquld-prcpeliar.t recket 
engine of F.   A.  Isander with ipotherrr.a. 
aaapter. 

F.   A.   Tsander is  also  credited with   the  ide-i   nf the 
■;he  reket  of "metallic  fuel".     Ey  this  there  iz  achieved 

in  ca'.crific  values  of the  fuel  and,  furthermore,   -m  ir.cr 
•.''.•    "light  distance  of the rocket  train  as  a  result   : f th 
•'■;■■   u-.-reeded  body  of the  spent  rocket.     For such   fueZ   ?. 
fvnpr?eä  using magnesium,   aluminium  and   ether m-, tain. 

ur 

■ace 

During the 1920'5-1950's abroad a series cf rocket; engines 

were built and tested by R. Goddard (USA),   2. Oberth and Xax 7;-.iiej 

(Germany) and ethers. 

Th'- first fi.lght took place in 19^ri in the I'Sri   :f :,  rerf-jticn 

glider of the de.-ign of S. P. Kcrolev and the liquid propell-n.t 

rocket engine RDA-1-I50 was installed on it. 

In May of 19^2 in the USSR there was successfully tested th« 

aircraft developed under the leadership of V. ?. Ec Ikhovlt in:'7, 

■. 3 liquid propel" ant: rocket engine D-l-A-li 

!iot G. Baxchlvandzhi. 

whlcn iioteu 

iicnsiderable development in rocket building recurred during 

he Jecond World War.  Fascist Germany, in attempting toward off 

:r   inevitable defeat, developed the long-range rocket "V-2" with 

iquld prcpellant rocket engine operating on liquid oxygen and 

.:c:hol. 
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2.4,     Conteiiiporary   Level  of Development 
of Aircraft   Reactl-'.n  Ljigliies 

Jet   engines   were  deveJop-d   in   Itr'   D^^ltm.ifig  :.:i'  th*    .-'r-c md  W'jrlü 

War   (l04i)   and  became  operational   at   the  ersd  of  the  war'   d'-jh^i-i'jhlj) . 

Ttiese   Include   the  German  turbojet   engines;  with  an  axial   compressor 

(YuMo-0ü4   and BMV-003)   and  also   the  English TRD with  a  centrifugaJ 

compressor  of the   design  of  Frank Whittle   "Uln-I"   and   "LicrwenL-V." 

These  engines  were  respectively   'nsfuJed  on  jet   bomber;--   Me-l'tu.1 

and   fighters   dJoster  "Meteor",   whlcii   engaged   in  limited   combat 

participation  on  the western   front. 

hi  our  country  development   of the   first  TRD was   started  prior 

tti  the  Second  World War.     The well-known  'aircraft   designer A.   M. 

ujui'kii  as   early   as   in   llJo/  proposed   the  plan  and  design   of  the   firs'. 

ducted-fan  turbojet  engine   (Fig.   <..>.12)   and  in  1947  developed  the 

turbojet   engine   of original   design   "TH-1." 

Fig.   2.12.     Ducted-fan  TRu  of 
A.  H.   Lyui'Ka   (19 37):     1  -inlet 
channel;     2  —  compr-'ssor;   :', — 
combustion   chajnbei';   4   - tuj'blne; 
'j — no:::, le ;   6  —  fan. 

The first turbojet engines were far from being technically 

p-i'f-.'t,; the thrust of them din not oxcoed 800-900 kgf, the speclflt 

weight was very great (y  ~  0.4ü-0.'iü kg/kgf of the thrust); in 

economy, due to the imperfection of the themodynamlc cycle, they 

were considerably inferior to piston propeller-driven engines, and 

'!.• Ir specific fuel consumption on the test stand was much greater 



than 1.0 (c  = 1.25-1.35 kg/kgf'h). 

Nevertheless, the use of the first Jet engines allowed sharply 

increasing the maximum flight speeds of aircraft (by 200-300 km/h) 

and achieving the order BpeeUu of 850-900 km/h.  It Is appropriate 

to recall that the world record of speed of a special aircraft 

"Thunder" with a piston engine In I9k5  was 805 km/h. The better 

serial aircraft with a propeller-piston group toward the end of 

the war developed speeds of not more than 650-700 km/h. 

Kxperience In the construction and outflow of the first turbojet 

engines was widely used in the USSR and abroad with the subsequent 

improvemen', of the Jet engine and the creation of new more effective 

t-ypes of aircraft gas-turbine engines.  As an illustration, Pig. 

2.13-2.17 show cross sections of several gas turbine of the firm 

Rolls Royce. 

During the last 20-25 years the Jet engine underwent great 

development.  They became the predominant engine type not only 

in war but also in civil aviation.  Modern Jet and gas-turbine 

engines are installed on flying vehicles of the most diverse types, 

including helicopters, subsonic and supersonic aircraft, and also 

"hovercraft" operating on an air cushion.  Thus, the field of 

application of the Jet engine covers a broad range of subsonic, 

supersonic, and also hypersonic flight speeds. 

The outflow of jet and gas-turbine aircraft in civil aviation 

began in 1956.  It is connected with the advent of on the air lines 

of the USSR on first passenger turbojet aircraft in the world, the 

Tu-104, with two TRD AM-3 of the design of A. A. Mikulln, the 

thrust of each of which was equal to 8700 kgf. 

During 1958-1960 there began the outflow of the aircraft 11-18 

with four turboprop engines AI-20, with a power of 4000 hp each 

of the design of A. G. Ivchenko. 

Air lines of the world since i960 have been successfully flying 
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!'1lg.   2.17.     Three-sought   l/i'HD  Rüiic   ;-;oy ;:e   "'L:ivr.t."   (cut). 

engmeä  iJft 

■J'.'I.'.^-A'    UU.  Jüligfl'    U . r ,.'!':■; I      : u-^ j.'i , 

of  the   deslen  'A.   b.   Kuznetäov. 

,■( Uli   '   ir'i-.,■;^j- 

have   be en   'ACUI ■ ■ vt-u   uy   •-'i" v_i 

i in.    :,IJL   i.iejatie   is   charactei'liied  by   Lhc   ■■ju^n"':n: itj   liovoiuj.ii:ii;tit 

;!' v/ui'id aii' transport.     The  air  fleet   countries   foremost  in  a 

e.a'u.ioui   reppe^t   was   completely   renovated  ana   became gas-turbine. 

'.;.   i ■■  .-n.i   upprcxlniately   3/''   of all  passenger   travel   i,    accutri) llsli'.-d 

n  :i ' .■• : .■■ai'i,  equipped  v.'ith  gas-turbine  engines,   inoludlng   turb'.'Jet, 

. ui'b ■ ;■ n.   anJ   I ux-boprup . 

v ; .■;.ili.g  widospreai   it.   recent  years   IKIS   ueen   in-     luctea-fan 

n-b •,'e:   eripincs   ,see   Fig.   1,15  ana 2.1'/;,     uti  practically  all 

.■;. v    ;vi..;» r'acloa  passengei'  ::;a'i:  a-lrcrnft   ano   ^.i,'      jn  trie  "iiij'a'lty 

aircraft   of  local   lines   ductea-fan  THIJ  nave   been  Installed, 

uuet ei- fan  turbo.i -JI C M K J- I i ■- .,       C : .nquered   universaJ   acknowleagement 

^f 

^i   ■ in 



because of their high eaonomy,   low   level of producible  noise   (due 

to the low velocities of outflow of gas), the possibility of 

aonsiderable   thrust  augmentation  on takeoff and in flight, the 

possibility of their use over a wide  range  of subsonic and supersonic 

flight  speeds  on various aircraft, and the possibility of the 

concentration of very high thrust in one unit. 

Great successes have been achieved in the increase in the 

service life - period of service of the engines.  If the service 

life of the first TRD was 50-100 hours, then now the bettor gas- 

lurblue engines of civil aviation have a service life of the order 

uf ^000 ncurs and more (service life of the DTRD Rolls Royce Gonway 

RCo. 12 Is equal to 7800 hours, TVD Rolls Royce "Dart" 6000 hours, 

and the DTRD Pratt and Whitney JT :i.n-.j haa a resource of 11,QUO 

houro). 

Increased technical perfection of aircraft gas-turbine engines 

has made it possible to improve considerably the basic technical 

and economic criteria of passenger aircraft - their speed, altitude 

and range of flight; to bring down the cost of transportation of 

each ion-kilometer (or passenger-kilometer) of load. 

Jlu. 19^0's :ind 196 3 ..ire noted for the rapid development of 

Jet and rocket occhnolofc . 

The largest aircraft engine building firms of the capitalist 

world Rolls Royce, Bristol Siddley (England), General Electric, 

Pratt and Whitney (USA), Turbomeca (Prance), have achieved great 

successes in the creation of new effective types aircraft GTD, 

increased in their economy, lowering of specific weight, increase 

in the service life, and improvement in operational characteristics. 

The üovlet school of aircraft engine construction, which is 

headed by well-known designers A. A. Mikultn, V. Ya. Klimov, 

A. A. Shvetsov, A. G. Ivchenko, A. M. Lyul'ka, N. D. Kuznetsovy, 

S. K. Tumanskiy ana others, for the 1st 20-2!; years achieved great 

SUCCC'JSOd . 
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New  types  of nircraft gas-turbine  engines  developed   In  our 

country,  with  respec^   ■o  their basic  technical   and economic   criteria 
du  not   yieid  to  the  best  .....dels   of  worJd  aircr; f:   i. iH;I:.t./   .1. . I-i,. 

At  present  civil  aviation  of the   USSR  is  experi^naiiig   ■; 
responsible   stage  of renovation  and modernlsatiori  cf aizvraft 

technology. 

On   air  lines  of the  USSR  there  began  operation  of  long-range 

::iair;  aircraft   11-62  with  four DTRD  and  short-range main  aircraft 
Vu-lj't with  two  ducted-fan jet   engines. 

During  the  next  two-three  years  Aeroflot  is  being  replenished 

by  new medium main-line  aircraft   Tu-15^  with  thre'    DTHD  and   also 
■■/illi  aircraft   of  local   air   lines   Yak-40  with   three   :..... 

At  present   in the   USSR, England,   France  and  the   USA   there   is 

Lelng  cendusted  an  intensive  development  of supersonic  passenger 
aircraft,  the  outflow of which  should start  in the teglnnlng uf 
the  1970's.     These  aircraft  are  designed for  cruising I'l  of flight 

jKp 
3b   (Tu-l4^,   "Concorde"    .nd M 

OKG 
7   (roe lug   2707), 

and also   altitudes   flight  of the  order  of 18-20 km, 

Soviet   scientists,   designers   and  engineers  persistently   work 

over the   creation of new,  even more   technically  perfect   flying 
vehicles   and engines  necessary  to  the national economy  of  trie 
country. 

4.1.     Development   of Rasic  P: rameters  of Aircraft   Gjh 
'furbine  Engines   (According  to Foreign Data) 

2.4.1.1.      Thrust 

During the last 20 years the thrust, generated by some engine 

has extraordinarily increased.  Foreign experimental and designed 

DTRD for heavy transport aircraft and air buses are calculated 

for thrust of up to 18-22 tons in one unit. 
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The minimum magnitude of "equivalent"  thrust of the gas-turblnc 

onRine designed for auxiliary purposes   (units of starting, 
pi-cur urlzatlon,  supplies of compressed air)   Is equal to 100-^00 kgi'. 

2,4.1.2.    Rate of Airflow 

During the last 20 years the rate of airflow of engines  har. 

Increased many times.     In contemporary  large-scale DTRD with a hlp;h 
bypass  ratio (y ■ 6-8) the rate of airflow G    reaches ^00-800 kp;/n 
and moro. 

2.^.1.3.    Specific Thrust of the TRD 

The specific thrust of TRD without afterburners  in accordance 
with a certain temperature rise of the gas  In front of the  turbine 

during the  last  20 years has Increased and is  the magntiude  of 
t)b-'(b kgf/(kg/s)  on takeoff.    The  specific  thrust  of boortcd THD 
(with afterburning of the fuel behind the turbine)  reaches  100-110 
kgf/(kg/s). 

2.4.1.4.     Specific Fuel Consumption of the TRD and DTRD 

The  specific  fuel  consumption of a one-duct TRD equipped with 
a high-pressure axial-flow compressor  (ir* ■  13-15)  on takeoff conslat..-• 
of the magnitude C      -  0.72-0.78 kg/kgf'h.     With a bypass  ratio  of 

y  ■  1-2 the  level of specific  consumption of fuel Is  reached by  the 
DTRD of the order of 0.5-0.6 kg/kgf'h.     When y  * 6-8 the specific 

consumption of the DTRD on takeoff is  C      =  0.30-0.35 kg/kgf'h. 

In the  cruising flight regime   (ff ■  11 km and M0  =  0.8) 
prospective high-temperature DTRD  {T* »  1300-l400oK)  at high 

compression ratios  of the  compressor of the gas generator  (ir*  =  20-25) 
H 

and high values of the bypass ratio (y  » 6-8) are calculated for 

obtaining a specific fuel consumption of not higher than 

C      = 0.58-0.64 kg/kgf'h. 
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2.4.1.^.  Specific Weight 

uuring Llit' last .'0 yearn 'IK; ^pt'c 1 ib: wolcM <*.'   11 fi'fi f J i. - 

turbine engines liaii beer, continually lowered.  TU.;; ifi.:.^ I/ • >;i ;.;:.■■:. 
ii one hand, by the Increase In the specific thrust of the \hU   {U'l'Hb) 

md on the other hand, by an Increase In the total level of perfection 

of  the design. Improvement In technology of finishing and production 

of aircraft engines, the introduction of new more effective materials      J 

(such, as nimonic, titanium, and composite materials:  HyflJ and 

others), and the correct selection of basic regimes of the mglne, 

which increases its service life and reliability. 

At present the specific weight of a better subsonic D'iMD at 

average values of thrust reach Y  ■ 0.20-0,22 kg/kgf.  The transltlun 
to D'J'HU with high values of the bypasj ratio allow decreasing the 

magnitude y  down to 0.16-0.1'/ kg/kgf.  Supersonic THDF are 

characterized by a specific weight of not more than y  = 0.1C-0.1Ü 

kg/kgf.  The TRD of optimum dimension {H  » 120U-1L.0Ü kgf) , .■.uch a.: 

the General Electric J85, attained a specific weight of the ordex1 

of Y  - 0.12-0.14 kg/kgf. 
AB 

The lowest specific gravity is obtained in .special "lift" 

TRD designed for vertical speed and landing.  In these engines 

(for example, in the engine Rolls Royce Rß.l62) an extraordinarily 

low specific weight — about 0.06 kg/kgf has already been reached. 

In the very near future leading aircraft engine building firms of 

England (Rolls Royce) and the USA (AlMson) propose additionally 

decreasing the specific weight of "lift" turbojet engines proved 

to be possible as a result of the following: 

i) extreme simplification of design (lowering of the number 

of parts from 10,000-12,000 to 2000-3000; transition to double- 

bearing design of the engine; decrease in the length of the 

combustion chamber and others); 

i 
2) rejecting systems of oil feed, cooling of parts drive of i 
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mm 

units; simplification of systems of fuel feed and starting; 

•i) extensive introduction of fiberglass into the construction 

of the compressor; 

4) rational use of the volume of the construction, specifically, 

combustion chambers; considerable Increase in the thrust falling 

on 1 m^ of volume. 

2.U., .     Basic Design Peculiarities of Contemporary TFL 

Tho contemporary turbojet engine installed on passenger 

aircraft 1- the synthesis of highest achievements in field of the 

designer's art applied thermalaerogasdynamlcs, technology, metallurcv, 

Rutnmat.ion, and the theory of strength and reliability.  Ils subsequeni 

Improvement is possible only on the basis of a thorough calculation 

of the enormous experience of operation accumulated in military uid 

civil aviation and the critical evaluation of the colossal flow 

of technical information entering from numerous scientific-research 

establishments working on separate and complex p.'oblems of aircraft 

engine construction. 

Let us mention the basic design peculiarities of contemporary 

turbojet engines and their most important subassemblies. 

2.4.2.1.  Intake of the TRD 

The intake of the TRD, installed on a supersonic passenger 

aircraft, is made in the form of a supersonic adjustable diffuser 

with multlshock deceleration of flow.  In the rated cruising regime 

of flight, the coefficient of drop in total pressure of such an 

air intake is very high, for example, for M0 ■ 2.2 it is o* « 0.90- 

0.92. 

2.4.2.2.  Compressor 

The high-pressure axial-flow compressor (Figures 2.18 and 2.1?) 
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Fig. 2.18.  Inlet guide vanes 
of the compreason. 

mmm kin 
'M 'lb 

yiimirTTuTi 
B 

Fig. 2.19,  Axial-flow compressor, 
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is moit complex unit of the TRD, which determines to a certain extent 

the «Umenslons, weight, economy and reliability of operation of thp 

eiiKln«. 

At high values of the compression ratio (it* ■ 15-25) the compfnaour 
1P male either with first supersonic stages or completely subsonic!. 

In the latter case it consists of a large number of stages, reaching 

12-17. Most frequently the high-pressure compressor is made 

double-shaft, and furthermore, it is equipped with a system of 

mechanlzatJc;, which provides its reliable and steady operation In 

ih' wiiole range of operational regimes. 

The mechanization of the compressor Includes systems of de-lclng, 

overflow of air from separate stages, and also the control of corner 

vanes of the stator. 

The efficiency of subsonic high-pressure compressors have 

attained valves nj ■ 0.86-0.88. 

2.1.2.3.  Combustion Chamber 

A tendency of the continuous Increase in the turbine inlet 

gara temperature (rl) complicates the problem of the creation of 

a reliable operating chamber. Nevertheless, engines having the 

greatest service life (Rolls Royce "Dart" "Conway", "Avon" and 

"Tyne") are equipped with high-temperature chambers (r*    ■ I270- 
j ins A 

1350oK). The combustion chambers of the better subsonic TRÜ have 

a coefficient of completeness of combustion, practically equal to 

1.0 (£ p - 0.9B-0.99). 

In order to achieve a substantial decrease in the length of 

combustion chamber (and consequently, weight of the engine) 

without worsening its effectivenesses, in lift TRD zones of the 

division of air flows, and also processes of carburetion, combustion 

and mixing of products of combustion with air are combined. 
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2.4.2.4.     Turbine 

The THlJ   (UTHD,   TVL)  wilii  h 1.^1.-1 i ^ ..   ,!•.    .;-;„),!■■ .■,    ;■,    N iv    ■/JH.:- 

jlagc  turbines   (Flg.   2,20 and 2.21)  with  Hie  number of titage;.;   rrom 
two to rive  and more.    They,  Just  as  the  compressors,  are made  one-arid 
tow-shaft. 

Pig.   2.20.     Nozzle box 
of the  turbine. 

Pig.   2.21.     Kotor of the 
turbine   (two-stage). 

The rotor blades of contemporary gas turbines, for providing 
the necessary operational reliability and also for obtaining high 

efficiency,  have  a shroud. 

Gao turbines of TRD are made reactive ((K'c,-** 0.25-h0,35); their 

efficiency  Is  very high and reaches  the  value   i|J =0192-;-0,y3. 

For the purpose  of providing the necessary  reliability  of 

operation of the  engine at high temperatures  of the gas   (TRD  and 
DTHU designed  for supersonic passenger aircraft,  DTRU with  high 
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valuer, of the bypass ratio, and TVD) air cooling of nozzle and rotor 

blades of the first or first two stages of the turbine is used.. 

It Is widely acknowledged that the most promising methods of 

ventilation are methods of porous and film cooling.  It Is expected 

that these methods make It possible In the near future to provide 

reliable cooling of the blades at gas temperatures Tt ■ l6üO-l8ooüK 
with a value of selectlsm of 5-8X of the air compressed In the 

compressor. 

Figure 2.22 shows a diagram of film air cooling of a rotor 

blade developed by the firm Rolls Royce. The principle of operation 

of such a system of cooling consists In the following.  Compressed 

air enters Into end of the hollow cast blade and along three radial 

channels spreads to the periphery of the blade, cooling by means 

convectlve heat exchange Its Interval cavity. Over the entire 

height of the blade and along Its periphery there is drilled a 

system of microholes through which from within compressed air Is 

extruded. Then the cooling flow flows past the profile of the 

blade, forming a protective film around it. 

Fig. 2.22.  Diagram of film 
cooling of turbine blades. 

2.4.2.5-  Exit Section of the TRD 

The discharge device of the supersonic TRD has a complex design, 

It is a nozzle of the Laval type of nozzle, with mechanical or 

aerodynamic control of the critical and exit sections. 

In the case a one-duct l-P.V1  or ducted-fan TRD with a low bypass 
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ratio {y   <  1.0), the nozzle Is equipped with a noise suppreasur 

(Fig. 2.^3). 

1 

Fig.     i.'.c'j.       Uoil'.V   .;upi,'ft;:,.',.   f 
of the THD. 

A neceosary  element  of the  exit  system  of the  THD   (UTHD)   of 

contemporary  passenger aircraft  is   a vevei-ae  or  thvuat  de fie Ho v, 

2.^.2.6.     Control of the Engine  in Flight 

The  control  system of contemporary  TRD intended  for  installation 
on high-speed  transport aircraft  is  designed to ensure minimum 
fuel  consumption in throttle regimes   (regimes  of partial  load)   and 

reliable and  steady  operation of the  engine.     Optimization  of 
the  regimes  is  provided with the help  of computing devices, which 

control the  elements  of control   of numbers  of revolutions   and 
critical   section of the  exit nozzle  and acting on parametera  of 
gas 2\,  TT   ,   and  so on. 

J    "I 

2.4.2.7.  Thrust augmentation 

Turbojet engines of supersonic passenger aircraft, as a rule, 

are equipped with a system of thrust augmentation, which is used 

mainly during the transition through the speed of sound at great 

altitudes.  Afterburners of the TRD provide at JV = 2000oK on a 

test stand an increase in thrust of 35-^0% and in the case of a 

DTKD - an additional thrust of 70-80^. 

For compensation of the loss in thrust at high temperatures 

of the surrounding medium (t >> + 1^0C) water injection at entrace 
H 

4H 
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Into the  axial-flow compressor is used. Such short-term augmentation 

thrust is especially rational in turboprop engines. 

2,4,2.8. Heat Recovery 

An effective means of Increasing the economy of high-temperature 

TVD equipped with compressors with moderate compression ratios is 

the heat reoovery  of exhaust gases. At considerable long flight 

distance it can reduce the operational consumption 15-20%. 

2.4.3.  Development of Theory of Jet Engines 

The founder of the contemporary theory of Jet engines is 

Academician B. S. Stechkin. Published by him in 1929 in the 

periodical "Technology of air fleet" the work "Theory of the ,)et 

engine" was the basis for further development of the theory of 

engines of this class.  In 1944-194? B. S. Stechkin and his students 

developed the theory of processes and of characteristics of basic 

types of Jet engines. 

During 1956-1958 the publishing house Oborongiz published a 

two-volume publication "Theory of reaction engines" (authors - 

B. S. Stechkin, P. K. Kazandzhan, L. P. Alekseyev, A. N. Oovorov, 

N. Ye. Konovalov, Yu. N. Nechayev, and R. M. Pedorov), which obtained 

widespread reputation in the USSR and abroad as a student textbook 

for higher educational schools and a manual for aircraft engineers. 

A great contribution to the development of the theory of 

aircraft gas-turbine engines has been made by Deserved Scientist 

and Technician of the RSFSR Professor, Doctor of Technical Sciences 

I. I. Kulagin, who in 1949 published the book "Theory of gas-turbine 

reaction engines". This book was the first systematized manual 

in this field.  I. I. Kulagin is responsible for the fundamental 

developments on the theory of ducted-fan VRD and on the theory of 

control and characteristics of aircraft gas turbines. 
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/in   impurluiii   ouiiLi'ibutiuii  lü  tiiu   aevelüpmenl   '.>.t'   Uie   Liicuxv   uf 

gas-turblne engines was made  to the  Deserved Sciential  and Tecbniolan, 
HroCen.sor,   Doctor' of TeclinicaJ   Scienvo:^   V.   V.   iJv-; :•: v.     .!>.■   ';.    Mi': 

ujtiiur ui' many  brillant  engiriu'-'i'lng id'.a^, i-lai.;.-   anu  aucuinpi i.-,;ii*a 

designs   (for example),  a compressor with  air turbine),  and al.-o 
theoretical  developments   (stationary   cycle   v   ■  const   of the  gas 
turbine).     lie's  monograph   "gas   turbine",  published  in   lyjb by 

the publishing house United Scientific  and Technical  Presses 
for many  years was  the  reference  book   for engineers   specialising 

'n  the   field of gas-turbine   conatruction. 

Investigations  on  the   theory  of processes  and  characteristics 
of Jet   engines  and liquid propellant  rocket engines,   carried  out 
by Deserved Scientist and Technician Professor,  Doctor of Technical 

Sciences  T.  M.  Mel'kumov,  are well-known. 

Fundamental  investigations   on the  theory  of Jet-engines   and 
aircraft  gas-turbines  belong  to professors.  Doctor:.',  of Technical 

oiviicej   N.   V.   Inozcuitsev   (processes   in VRD)  K.   V.   Kholshchevnlkov 
(theory   of two-shaft TRD,  development   of the theory  of axial-flow 
compressors   and gas  turbines),   P.   K.   Kasandzhan  (characteristics 
of gas   turbines,   development   of the  theory  of turboprop  engines), 
0.   N.   Abramovlch   (gas  dynamics   of VRD,   theory  of turbulent  Jets)   and 
others. 

Of foreign investigations  of reaction motion and Jet  engines 
works   of Moriss  Roux*,  Theodor  von Karman,  J.   Griffiths*,   G.   Konstant*, 
G.   Pearson and others received wide  recognition.     Basic   results   of 

these  investigations  are presented in a 12-volume  series   of books 

under general  title  "Aerodynamic  of high  velocities   and reaction 
technology",   published by  the publishing house of Princeton 

University   (USA)   edited by T.   von Karman H.   L.   Dryden,   M.   Summerfleid, 
H.   S.   Tay*,   K.   P.   Donaldson*,  J.   V.   Cherik* and R.   S.   Snedecker*. 

[Translator's  Note:     the  initials  and spelling of these  author's 
last   names   are  not   verified]. 
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CHAPTERS I 

THRUST OP THE JET ENGINE.     BASIC  PARAMETERS 
OP THE JET ENGINES 

3.1.    Theorem of Thrust of Jet Engine 

Thrust is called the moving force generated by an engine.    Thrust , 

is the main parameter of the Jet engine and useful effect  of its 
operation.    Therefore,  an accurate determination of it Is very i 

Important. j 

In its physical sense thrust is the resultant of axial forces 

applied to all elements of the engine.  However, the "term-by-terrn" 1 

finding of its components is very complex and inconvenient. i 

Thrust of a Jet engine is determined with the help of the theorem 

of Euler on the change in the quantity of motion of a moving mass 

of gas, examining the engine as a whole. 

The theorem of thrust for a Jet engine in the whole form was 

proved by Academician B. S. Stechkin in 1929.  Let us prove this i 

theorem in a somewhat changed appearance. 

Let us separate the control surface limited by the external j 

surface of the Jet passing through the engine and by two sections 

(H-H and 5-5), drawn perpendicular to the line of axial symmetry 

of the engine (Fig. 3.1). 

Section H-H is selected in the undisturbed section of the 

flow; section 5-5 is drawn on the section of the Jet nozzle. 

^7 
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Pig. 3.1.  Determination of 
thrust of a VRD. 

Let us stipulate that the engine is motionless and that the 

air moves relatively to It with flight speed V. 

Let us introduce the concept of effective   thrust   of a VHD, 

understanding by this term the resultant of axial forces of c. h L c-p i'a I 

ana external  pressures, i.e.,. 

/?3(1) — "» ^11 n.D 

where R    — resultant  of forces   of internal pressurej 
7?    — resultant  of forces   of external  pressure. 

To determine  the resultant   of forces  of the  internal pressure, 
let   us   apply   to  the mass  of gas   limited by  the   control   surface 

Euler's   theorem in  the  following  formulation: 

"A   change   in   the  quantity   of motion   of the  per seaond mass   of 
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jae  in a given direction is  equal  to  the sum of projeotione  of all 
external  foroea  applied  to  the isolated mass  in  this  direction), 

By such a direction let us select the direction of the  flight. 
Then let  us obtain 

~e-
c*~~- V-p* \(PJ*-PJ*)'r\   Pdf, (3.2) 

where   -Vr_ c _- per second quantity of motion of the mass of gas 
flowing out through section fc\ 

,*?». \'_. per second quantity of motion of mass of air flowing 
c 

out through section  f ; 
(/'„/„ —/jj/O —  resultant of forces of gas pressure applied to the 

frontal planes of the  control surface; 

'.» 
\ pdf _.  resultant of forces of pressure applied to the side 
'» surface of the "free"  section of the Jet; 

<<//  ■«/scosa —• projection of elementary side surface of the engine ds 
on a plane perpendicular to the direction of flight; 

r    — force equivalent to the action of walls  of the engine 
B 

on the gas mass (acts in a direction opposite to the 

direction of flight). 

Let us write by formula (3.2) the expression for P : 

P'=('T r4~"7 v]^pJ*~P*fJ- \ PV--".- (3.3) 

Since according to Newton's third law the force of the action 

of wallr of the engine Pn on the flow will be equal and opposite 
D 

to the  force of action of the flow on walls of the engine,  i.e., 
the resultant of forces of internal pressure ä , then the absolute r B ' 

magnitude R    will be determined by an expression Identical to 
B 

expression  (3.3). 

Let us now find F  . 
H 
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We have 
si 

where  X  - 

/    ^/ 

force  of friction  of external  flow about   the  surface   of 
the engine; 

resultant  of forces  of external pressure  applied to  the 
surface  of the  engine. 

Force R    acts   in  a direction opposite  to   the  direction of 
H 

flight. 

Let   us substitute expressions R    from  (3.3)   and R     from  (j.'J) 
ü H 

into  equation  (3-1). 

Then we obtain 

m / 

f 9 

Let us note that  I /V'/W/s-/.>«■ 

Then expression (3.5 can be reduced to the form 

or 

(3.6) 
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Here 

(1) —- ^s il/— change in quantity of motion of per second 

mass of gas flowing through the engine; it 

is called dynamic oomponent of thrust,   it 
is conditioned by a change in the gas 

velocity; 

(2) f^p — n)-.   atatio component of thrustj   it is caused 
by the presence of surplus pressure on 

the section of the nozzle (case of 

incomplete gas expansion in the Jet nozzle 

of the engine); 

(3) X1v+\(p-PHW/"XrAf-   force of drag of the nacelle of the engine; 
H it acts in a direction opposite to the 

direction of flight.  It is caused by the 

the deviation in pressure on the side 

surface s from the atmospheric and also 

by the presence of friction. 

The sum of the dynamic and static components of thrust is called 

Internal thrust of a Jet engine H. 

Then /?3:j,=Ä—Xr.a. (3>7) 

Thus, the effective thrust of a Jet engine is equal to the 

internal thrust of the engine less the force of total drag of 

the nacelle of the engine. 

It is possible to write the following equation: 

UP-P.)''/•-$ (P~PJ'if A-UP-P,W-A'10n-^.     (3.8) 

where X        — additional resistance  conditioned by the deformation Aon 
of the "free" in flowing Jet outside the engine   (here 
this refers to wave resistance of the diffuser at 

supersonic  flifehv   jj-eeds); 
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"^T" 

X    - resistance  of pressure of the  nacelle  of the  engine 
P 

In general   the   foru«   of drag of the  nacelle   jf  the  etigltif 
equal   to 

'»r.;i ~ «flon + ^p + ^TP T ^»floih 

where  ^T    - resistance  of  the  surface  of  friction; 

X        -"ground"   (rear)   effect  conditioned  by  rarefaction 
appearing  in  rear part  of the  engine. 

(3.9) 

3.1.1.     Formula of Internal   Thrust 

Let   us write  the  working   formula  of internal   thrust  of  the 
VRh,   having noted  that 

Gr-OVl OV'G.O+mi). 

Then  in general 

«, 
H—rW Jr"^~V]+fb(Pö- pB\ 3 .-10) 

where m,----1"-— relative fuel consumption, i.e., fuel consumption 

per 1 kg of air; on the average m     = 0.Ol^-O.0?ü. 

3.1.1.1.  Particular Cases of the Formulas 
of Internal Thrust (for m     =0) 

a) Caae  of complete   expansion of gas   in   a  jet   nuzzlo 

We have n _„ 

Then * -—■('V-V'). 

b)   Case  of inoomplete   expansion  of gas   in  a  jet  nozzle 

(3.11) 

We have P$>P»     and   fs^fls. 

Then R^^.^-VYVfdP-pJ- (3.12) 
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PJW»*««^^^——^—^—^"■W"—■•-^»«^•■■■■■^^^""^^^■P^^W»"^-^««»^» 

c) Case of operation of the engine on a  teat atand. 
We have V *  0. 

Then ^-»-y-^si/s^-/'«): (3.13) 

with p5 * pH 

H—7^ (3.1^) 

■. 2,  Ivoverslng and Deviation In Thrust of Turbojet Engines 

With the landing of contemporary transport aircraft (Its run 

on an airfield up to stopping) reversing of thrust, I.e., if. used 

widely the reversing of Its direction. In this case the thrust 

becomes "negative" - from a force accelerating movements of the 

aircraft. It turns Into a force braking Its movement. 

3.2.1. Formula of Reversed Thrust (Pig. 3.2) 

Let us designate 

U    = G    - G - Gas consumption through the Jet nozzle with 

reverser turned off; 

R       -  reversed thrust: p.y ' 
G       - gas consumption through the reverser; p.y 

V -  flight speed; 

On —  velocity of the outflow of gas from the Jet 

nozzle; 

Q       —  velocity of the outflow of gas from the reverser: 
p»y 

ß - angle of deviation In the flow with thrust 

reversing I(90o<ß<180o); 180—ß^ci0!. 

Inen 

= j(«".-V')- ^-(c,-K7coso
e). (3.15) 
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V   U._.- r 

-p.y 
Fig.   3.2.     Derivation  of the  formula 
of reversed thrust. 

Let uii call the degree of draught reversal the ratio x'eversed 
thrust to the original thrust of the TKD (with the reverser turned 
off),   i.e., 

7?   ^_^L^ K 

a p.r 
 (f5 + f p.y COS 0°) 
K  

n 
tH~Vi 

or 

TJ    - 1 _ JL
9
J1   Jill' <'c»cosa>_ (3.16) 

Let  <"r.y~J<lfp.>0. then finally we  obtain 

Op.r      (1 + 9 rosa) 
A-^-l 

C-i) 
(3.17) 

Tlie  condition of the obtaining of negative  thrust,  i.e.,  the  ensuring 
condition Wp.y<0, 

0r-r     (i + fco$o) 
>1. 

^        ('—f) (3-lP) 

Consequently, the greater the degree of thrust reversal then: 
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1) the greater the portion of reversed mass of gas f-f^^oj. 

2) the greater the angle of deviation of the jet of gas 3 

(I.e., the less a) 

3) the greater the flight speed; 

'I) the less the loss of velocity with reversing of the Jet. 

The selection of angle a is determined by need to prevent the 

entrance of flow of hot outgoing gases into the inlet of the engine. 

The latter can lead to a surging and spontaneous turning off of 

the engine.  Usually a ■ 30-60°. 

Let -—--1,0; r-O.W: |/-0: o*60o. 

Then 

TJp y » —y cos « = —0,45. 

The best reversers have a thrust 

7?p.y-0,4-T-0,5. 

3.2.2.  Deviation In the Vector of Thrust 
of Lift Turbojet Engines 

Sustainer engines, which are Installed on aircraft of vertical 

takeoff and landing are frequently equipped with special thrust 

deflectors - for the creation of additional vertical thrust component 

(Pig. 3.3). 

In these cases (i.e., with deviation in the reactive Jet of 

90°) at suspension nodes of the engine there will be transferred: 

negative horizontal thrust equal to 

K 

and also vertical thrust equal to 
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Flg.   3.3-     Determination of components 
of thrust of a TRD equipped with  a 
thrust   deflector. 

where A        - coefficient  of velocity   in the  deflecting device, o.y 

In a  number of  caaea   lift  engines   vertically   Installed  ■ ■;  V'l 

have rotary  devices,   which by means   deflecting  the  axis   of  the 

engine  from  the   vertical   (15-30°),  makes   it possible with   takeoff 

to  create  an  additional  horizontal  thrust,   and with  landing  - an 

additional braking  force   (Fig.   3.10. 

Fig.   j.M.     Determination  of components  of thrust 
of lift TRD with rotary mechanism. 

We  have 

a) with takeoff 

H. 
o «Vpj.cosp. 

b)  with landing 

o 
#,= -~(«VP«.,stn?-V0; 

e 

A».-—r^ cos p. 
g 
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j 3.3. Basic Parameters of the TRD (VRD) 

Definitions and formulas of basic parameters of the VRD are 

given below and their meanings and dimensions are also given. 

Rate of Airflow   (Gae)  Per Seoond. 

The mass flow of air is the quantity {kilograme)  of air (gas) 

passing through the engine in one second, i.e.. 

Thrust of TRD, 

With complete expansion of the gas 

(3.19) 

*~-^-Ml-MO-l'Ikgf. (3.20) 

Approximately 

K 

Speoifio Thrust. 

Specific thrust is the thrust necessary  for the rate of airflow 
at  1 kg per second: 

.-_*.     fjfi + ff(,)-r    kgf (3.21) 

Approximately 

If     Ä- ^ fA=l (3.22) 

Fuel Consumption Per Seoond. 

The fuel consumption per second is the quantity of fuel 
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expended by the engine in 1 second: 

G, kg/s. 

Fuel   Consumption Per hour. 

3600 O-, kg/h. 

Specific fuel consumption is the hourly fuel consumption of 

fuel referred to 1 kgf of thrust in hour, i.e.. 

Relative  Fuel  Consumption. 

The relative fuel consumption is fuel consumption per second 

referred to the rate of airflow per 1 kg/s, i.e., 

m ~--a* ^-  X       V* (3-24) 
'  fi,  a/0  //„ 

Coeffiaient  of Air Surplus. 

The coefficient of air surplus is the ratio of the actually 

entered quantity of air to that theoretically necessary for complete 

combustion of 1 kg of fuel, i.e., 

a^J---=-fi.—.. (3.25) 

Effeotive  Work. 

The effective work Is  the useful work of a cycle of the VRD 

equal  to the differences  of work of expansion and work  of compression, 

i.e., 

>„/-./      kSf,m (3.26) 
kg 
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Effective Effioisnay. 

Effective efficiency of the TRD Is the ratio of heat equivalent 

to effective work of the engine to the whole heat Introduced with 

fuel, I.e., 

n#=—-. (3.27) 

Thruat Effioienou. 

Thrust efficiency of the TRD Is the ratio of work of reactive 

mrust to effective work of the engine, i.e., 

n   b       W n*-ir - I. - 
Total  Effioienou. 

(3.28) 

The total efficiency of the TRD is the ratio of the heat 

equivalent to the work of reactive thrust to the whole heat introduced 

with the fuel. I.e., 

Frontal  Thruat. 

Frontal thrust of the TRD is the ratio of thrust of the TRD 

to mid-section1 of the engine, i.e., 

« _ Ä (3.30) 
f.««—j— 

Speaifio Weight. 

'Maximum cross section of the engine. 
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^1     ■' ■ ■-■ t ^m^^^—^m^^m—^mim 

the thrust generated by It, i.e., 

^  kgf. (j. '-ii) 

Servtoe  Life  of the  Engine. 

Service life is the period of service (total duration of 
operation) of the engine. I.e., 

T, h. 
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C H A P T Ü H      4 

THERMODYNAMIC  CYCLES AIRBREATH1NG  JET ENGINE 

4.1.     Ideal  Cycles  of Jet Engines  p   =   const 

Let  us examine  Initially  the ideal   cycle  ^r a Jet  engine,   i.e., 

the   cycle  consisting  of  Ideal   rever.jJble  processes.     Such  a  cycle 

is  the  adiabatic cycle p  =  const.1     It  consists  of the  following 

processes   (Fig.   4.1); 

0—2a2  - adiabatic   compression accomplished  in  a  free Je'ü  in 

front of an engine because of  the  impact pressure 

(dynamic  compression)  and in the  compressor (mechanical 

compression); 

2a-3u    - isobaric  feed of heat  in  the  combustion  chamber; 

3u-5a    - adiabatic expansion in a gas  turbine  and in a Jet  nozzle; 

ba-O    - isobaric   rejection of heat   from  a Jet   of hot gases 

flowing from  the engine  into the external medium. 

Pig.   4.1. • Ideal cycle p « const. 

Brayton cycle. 

Sometimes  the section of undisturbed flow is  designated by 
H-H emphasizing by this  that it  is examined in high-altitude conditions 
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The ideal cycle of the Jet engine depicted in Fig. ^t.l by 

circuit 0-2a-3«-5a-0 Is a oloeed air oyole of invariable  ohemioal 

ffompoeition with oonetant thermal apeoifia heat,  which does not 

depend on temperature. The cycle p ■ const is the basic cycle of 
the Jet engine. 

Let us designate by symbols n—-^3--  compression ratio of the 

working medium; {.-s-i»—degree of preheating of the working medium. 

The thrmal efficiency of the cycle p ■ const is determined 

hy ( xpresslon 

where *= -^=.1,4— specific heat ratio for air.  It depends only on 

the compression ratio TT and continuously increases with Its Increase 

The area limited by circuit 0-2a-3M-5a-0 depicts in a certain 

scale the useful work of the ideal cycle L  ,     *.',  this useful work 

can be obtained in the form of an increase in kinetic energy of 

1 kg of air inside the engine - the case of a turbojet engine or 

ramjet VRD, - or also partially in the form of mechanical energy 

capped through the turbine shaft to that using it. The user of 

such energy can be a propeller, fan or an additional compressor. 

In these cases the VRD is respectively called a turboprop, turbofan 

or ducted-fan turbojet engine. 

For proof of this position let us write the equation of the 

energy of flow for sections 0-0 and ?-5. 

We have 

c\-Vt 

Ig 

where c;,(7V—ro)=»^ii—' heat tapped for the cycle (in the isobaric 

process 0-5); /-»M,"ti**/-twiT,,,ii(ii— external work equal to the mechanical 

energy tapped for driving the propeller, fan or compressor of the 

second circuit. 
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In general 

Ltn~ L.J—«-n^0. 

Since   the  difference  between  the   supplied  and lapped heal   la 
equal to  the  useful  work  of the  cycle,   i.e., 

qi—qii^AL,, 

then the  equation of flow   (^.1)  is   reduced  to  the  form 

which had to be proven. 

d -Vi 

?s 
(4.2) 

The obtained relation i^.2)   is valid for any cycle of the 

VRD - ideal and real. 

4.2.  Real Cycle of the Jet Engine 

The real thermodynamlc cycle is considerably distinguished 

from the ideal cycle p » const.  It consists of practical, i.e., 

Irreversible processes, which are accompanied by various losses 

and thermochemical reactions. 

Figure 4.2 shows the real cycle, which has identical compression 

n and preheating <S factors with the ideal cycle.  It consists of 

the following: 

0-1-2 - polytroplc process of compression1 with the feed of heat 

from friction (here 0-1 — process of dynamic compression; 1-2 — 

process of mechanical compression); 

2-3 - polytroplc feed of heat1 in the combustion chamber with 

a drop in pressure because of various losses.  As a result of the 

chemical reaction of combustion of the fuel-air mixture, which 

occurs at high temperature, the chemical composition of the working 

Processes of compression, heat feed and expansion are 
conditionally taken as polytroplc. 
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medium and its quantity change (because of fuel injection), and 

specific heat of the gas increases; 

3-4-5 - polytropic process of expansion1 (here 3-^ - process of 

expansion in the turbine; ^-5 — the same in the Jet nozzle with 

heat feed from friction); 

5-0 - isobaric process of heat removal. 

Fig. 4.2.  Real cycle of a VRD, 

Thus, the real cycle of the VRD, depicted on the circuit 

0-1-2-3-4-5-0, is a polytropio  oyole with  variable  ahemioal  component 

and variable epeaifio heat of the working medium   (air + gas). 

The real cycle, in contrast to the ideal, is an "open" cycle - 

gases flowing from the engine no longer take part in the periodically 

accomplished work and do not enter into the entrance of the VRD. 

The presence of friction in all processes occurring in the 

VRD decreases the useful work of the cycle, which as the final 

result lowers the thrust of the VRD ard worsens its economy. To 

prove this, it is sufficient to compare both cycles with respect 

to the quantity of supplied and tapped heat. 

Since the interval of preheating in the combustion chamber as a 

result of preheating from friction in the compressor is decreased 

Processes of compression, heat feed and expansion are 
conditionally taken as polytrc. ..,... 
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((7,3--7'2)<(r,u -r^)].     then  Qm^tm- 

The  increasü  in  temperature-  of outgoing gaseü   froin  tiju  Jet   no^uie 

in  the   case  of  the   real   cycle   {T^   >  Tr   )   indicates   the   fact   that 

the  quantity  of tapped  heat grew,   i.e.,   i1\up\><l\Mm-     Consequetjt ly,   the 

useful work  of the  real   cycle  is   less   than  that  in  the  ideal   cycle 

i.e., 

'•U</-Il(na), 

ilnce 

(^Kw—7ii(P)) < (7i(itA)—9n(iia))- 

Let  us   call  expression 

/-, i~-/p—.-(n -^) 
ig A 

the  total work  of expansion of the gas 

Similarly,   expression 

xtn-7-o) 

is called, the total work of compression of the air. 

If from the total work obtained with expansion (L ), we subtract 

the total work expended for compression (L ) , then we obtain the 

useful work of the real cycle of the /RD.. i.e., 

c\-Vi 
^-^«/v-(/-,~AlH—^-^v H 

•is (^.3) 

In the particular  case when L    =  L   ,  we  find that 
T H 

/.p-Zc = 
f--V'! (^.3a) 
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Let us apply to processes of compression,  of heat feed and of 

expansion accomplished Inside the TRD between sections 0-0 and 5-5, 
Bernoulli's equation: 

L*~L1~\vdp + L,+ '~^—. (4,4) 

Assuming for the TRD that L    ■ L  , we obtain 
H s 

— \ vdp — Lt 

where 

f »      «I- 
yip-it—Tz 

S t » 5 

work        work at       VOTV of 
compression heat feed    expansion 

— ft«.//»--1/-work equivalent to the area limited by the circuit of 

the cycle, or the so-called indicator  work of the real 

cycle. 

It is convenient to express the Indicator work in terms of 

polytropic works of processes Li™LMli.p + LM,,.,.t,--L„nMtt. 

its« 
L,t*Lf+L, + L,— total work of friction. 

0        0        t        • 

The work of friction in the process of compression Is depicted 

in T-a-coordinates (Fig. 4.3) by the area lying under the compression 

line (area 0-2-fc-a-0). 

The work of friction in the process of heat feed is depicted 

in T-s-coordinates (see Pig. 4.3) by the area 2-3-2f-o-i-2. Actually, 

the area 2-3-d-b-2 lying under the line of the real process of heat 

feed is the sum of the external heat and heat of friction; the area 

lying under isobar 2,-3 is the external heat determined by the same 

temperature range (r^-Tp). 
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a   b  c d    e 

Fig.   4.3.     Detei-raihatiün of 
losses  of frlctiun   in  the  real 
cycle. 

Consequently,   the  difference   in  arc-as   2--3~ä-b 

is  equivalent   to  the heat   of fi'lcLlon   in  the  reai 
feed. 

ani. -3-^-,?. 

r n. at 

The work of friction In the process of expansion in f-n-coort 

nates is depicted as the area which lies under the polytrope of 

expansion (area 3-5-e-d-3)- 

Thus, if from the Indicator work of tiie cycle we deduct the 

sum of works of friction, then we will obtain an increase in the 

kinetic energy in the real cycle, which ir.   considerably lese than 

the useful worn of the ideal cycle, i.e., 

c:   -V2 5 

o' '''    in 
(•-JJa; 

4.2.1.  Change in Total Energy of Gas 
Flow in Elements of the THh 

The representation of real gas conditions in parameters of 

braked flow in t-s-coordinates makes it possible in simple and 

graphic form to show the change in total gas energy in separate 

elements of the TRD (Pig. 4.4). 
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Pig. ^.4.  Change in total energy 
of gas in the real cycle. 

Ihus, for instance, at the entrance into the engine and the 

Jet nozzle the total energy of the gas remains constant: 

'o-'l'   '4      'S* 

In the compressor it increases  as  a result of the feed of 
mechanical energy: 

and   In chamber of combustion - as  a result of heat feed: 

In the turbine the total energy of the gas is decreased, which 

is  conditioned by  the  removal of mechanical energy to the  user 
(compressor): 

4.3.    Efficiency of the Process of Compression 

Processes of dynamic  (outside the   engine)   and mechanical  (in 
the  compressor)  of compression of the TRD occur with different 
hydraulic and gas-dynamic perfection.    The criteria of this 
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perfection are, as is known, for the diffuser - ofl; for the 

compressor - n ■ 

To estimate the effectiveness of the process of compression 

as a whole, let us introduce the concept of total1 efficiency of 

compression. 

The  effiaienoy  of proaees  of  compression is called the ratio 
of adiabatic work of compression to the expended work of compression, 

Which is equal to the sum of kinetic energy of air in the section 

corresponding to the undisturbed flow, and the work of compressor 

(Fig. ^.5), i.e., 

'L—V- tj».f 

)i2- 
2V 

+ L, (4.5) 

Let   us  transform formula  (4.5) 

'iirL-r.) ^r..\i^:)^->] 

(H-0.2.Mg)9;o;i<i n^^J 
r       nl""8'-11 (4.6) 

Fig.   4.5.     Determination of efficiency 
of compression and expansion. 

Subsequently,  for brevity we will omit the work  "total" 
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Prom formula (4,6) it follows that the efficiency of compression 
*  ft 

depends on coefficients of losses of partial processes (6 , nH), and 

also on compression factor of the compressor and M0 ■ of flight, 

i.e., on the part of participation of the partial process in the 

total prooes.! of compression. 

* 1 LU 
V ^rr 

Ä 5 
*;- 'fi 

mo\ h *£ ̂ Ms ^K 4 
S 'k Ofl i wrA ^ fe 

A mo. 
=a4- W ^i-S^ 

s •^ s 3 | 0.7 / r^ S. ̂  
/•<H0 ... 

tin Iff ft IT 
» I 0 10 3.0 ".0 M, 

Fig. 4.6.  Effect of various factors on efficiency 
of compression n • 

Let M0 ■ 0, then 

(4.7) 

Let n "1, then 

(4.8) 

Let a„ ■ 1, then n > nu 

Let n ■ 1, then 

(i+ 0^),;**« <«.»•_i 

(H-O.'.'M»).^ Oltlii 
(4.9) 

Figure 4.6 shows the effect of various factors on nc. 

4.4.  Efficiency of the Expansion Process 

Expansion processes in a turbine and in a Jet nozzle are 

accomplished with different effectiveness and are characterized by 
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different values of efficiency (n  and n   =: (t  ) . 
p.C Yp.;.: 

To  estimate  the  effectiveness  of the process   of expansion  as 

a whole,   let   us   Introduce   the   concept   of  totaj   ri'ricU.-.j.v   ui   expansion, 

The   effiaienay   of the  ppOiieBts   of expansion  Is   called,   the   riil lu 

of the  actually  obtained work  of expansion,   equal   to   the   SUJ»  of 

the work  of  the  turbine  and kinetic  energy  at  the  exit   of  the  Jet 

no22le,   to  the  adiabatic work of expansion   (see  Pig.   't.',),   i.e.. 

'-a'.p Lf-t 

(.4.10) 

bet   us   transform  formula   (4.10) 

C ,1*   '   '.« ,?'<:    ^    /■', T'l* + (/-...p - /■,',.,)rL 

' a i. it 

v M . :. ., 

Let   us   denote 

J:-  -». 
L. i.i> 

(4.12) 

Then 

%  K d-^v- 

When b   =   0.5,  we have 

ir + rf.t ('1.13) 

4.3.     Other Ideal  Cycles  of  Alrbreathlng Jot   Hn|^ io 

4,5.1.  Cycle of the Turborarajet Engine' 

Figure 4.7 shows in p-y and y-a-coordinates the Ideal cycle 

of the TRDF (p = const, with stepped heat feed).. 
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Pig. ^4.7. Ideal cycle of the TDRF 
(p ■ const with stepped heat feed). 

Here 

0-2 

2-3 

3-^ 

H-HQ 

40-5$ 

50-0 

adiabatic curve of compression; 

isobar of heat feed in the main combustion chamber; 

adiabatic curve of expansion in the turbine; 

isobar of heat removal in the afterburner; 

adiabatic curve of expansion in the Jet nozzle; 

isobar of heat removal. 

The TRDF cycle is a combination of two cycles p ■ const: main 

(0-2-3-5) and afterburner (S-^-^-S*); the main cycle has a greater 

compression ratio than that of the afterburner; 

.i = ^>^==^i.. 
Po ro 

and, consequently, a higher thermal efficiency. 

n,-!- >Ti/*=i- 

It is easy to draw the conclusion that 'ehe addition of the 

afterburner cycle to the main cycle p ■ const increases the useful 
work of the total cycle: 

i's=,^'+i'*=,<7i»i«+<7i*n«*. 

which will be greater, the greater the heat supplied in the after- 

ourner.  An increase in useful work of the cycle leads to a 

growth in specific and also total thrust of the TDRF. At the same 
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time, the addition of the afterburner cycle with relatively luw 

thermal efficiency lowers the thermal efficiency of the total cycle 

uf the THbK.  Therefore, t ir. cwituhini'; rf the ■if'.i rb':r: - •• cu. the 

test ütanü always make;: the ucononiy •;i' ^^fration of ttn.' .,0J: . .■; : ■■... 

4.5.2.  Cycle with Isothermal Compreaslon 

The tendency to reduce power expenditures in the compression 

process led to the concept of air coding in the high-pressuro 

axial-flow compressor (for example, by water injection). 

In the particular case of the intensive cooling, the temperature 

of the compressible air can remain constant.  Thus, we arrive 

logically at the examination of the ideal cycle p = const with 

isothermal compression (Pig. 4.8). 

Fig, 4,8.  Ideal cycle p = const 
with isothermal compression. 

The cycle p = const with isothermal compression U-^'M-J-'J is 

distinguished from usual cycle p = const 0-2a-'3-b   in that the 

compression of the working medium occurs not along the adiabatic 

curve but along the isotherm,  in this case the woi'k expended for 

compression is lowered, i.e., 

£...</..;,. 

Consequently, with the same produced work of expansion the 

useful work of the cycle increases, i.e., 

il -lii~i-J -* Lo~2n~3-i- 
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As regards the effect of cooling with compression on the thermal 

efficiency of the cycle, the latter is less with isothermal compression 

tnan with the adlabatic process. The latter follows from the 

comparison of efficiency of elementary Carnot cycles1, which form the 

additional cycle 0~2u~2a  (see Fig. ^.8), anc also the original 

ßrayton cycle 0-2a-3u-5a (see Fig. M.l). 

Thus, the introduction of isothermal compression increases 

the useful work of cycle but simultaneously lowers its thermal 

efficiency '' d, consequently, makes the economy of thermodynamic 

cycle wors<3. 

h.5'3-    Ideal Cycle p ■ const with Heat Recovery 

One of the methods of increasing the economy of aviation gas 

turbine is heat  recovery. 

Heat recovery is understood as the use of heat of gases exhausted 

in the engine for preliminary preheating of air compressed in the 

compressor before its feed into the combustion chamber. Heat 

recovery lowers the quantity of external heat applied to the working 

medium in the thermodynamic cycle, and, consequently. Increases the 

economy of the engine. 

Figure k.9  shows the ideal cycle p » const with recovery heat. 

It is distinguished from the usual cycle p ■ const in that the 
preheating of cold air in the process 2-2p accomplished because of 

the cooling of hot gas in the process ^-^p,  i.e., because of the 

internal heat exchange in the regenerator. 

In the ideal case the process of heat exchange in the regenerator 

occurs isobarlcally, without losses and the air temperature at the 

exit from the regenerator Is equal to the temperature of the gas 

'The efficiency of elementary Carnot cycle is greater the higher 
the ratio of temperatures in the adlabatic process of compression, 
i.e., 

1||Ml— —-, 
't 
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Flg. ^.9.  Ideal cycle p = 
with heat recovery. 

;uns t 

entering  into  the  regenerator i.e.,  !„     =  Tj,,     Cci'respuiidii.gjy 

Let  us  find  the   thermal  efficiency  of  the   cycle with heat 

recovery. 

We  gave 

')/ 
i/.     ^.(r,-^) -ciTj-r,) 

<ii Cßift ~ Tjp) 
(-i. 1 ^) 

or 

% --1 - T3~rt • 

Notlrig that   T--    Tr-    n *  .   we  obtain 

where  .ip    I'r  )      -. compresslcn  ratio of the  cycle p 

in efficiency. 

(^.15) 

= const equivalent 

Thus the cycle p = const with heat recovery (1-2-3-4) with 

respect to thermal efficiency is equivalent to the usual cycle 

p -  const (without heat recovery) but with the raised compression 

ratio (i'-2p-3-V): 

■■ er'- m »-i 
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Expression (1.15) can also be represented, In the form 

»-I 
(4.16) 

n,« i- 
i • 

where A-y5--degree of preheating. 

Thus, the efficiency of the cycle p ' const with heat recovery 

is more, the higher the degree of preheating of the working medium 

(i.e., the higner the temperature of the gas 2-3) and the lower 

oompi-ession ratio. At the same time, in the usual cycle p « const 

•.he thermal efficiency Is higher, the greater the compression ratio 

(Fig. 4.10). 

Let us find the value of the compression ratio of the cycle 

at which the use of heat recovery appears irrational. I.e., 

n/««»/ (!>)• 

From equalities ^-_i_.4-. or Tä  - T0  we obtain 

'max - ltma 

ft-1 (4.17) 

For A ■ 4 (2^ - 2880K and J^ - 11520K) we find v max 11.3. 

1» m 
so 

60 

10 

20 

0 

t t000*K ■ a 
%1 ^ ^ i .-K)" 

— 
9W S 

/ 
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V. 
2    ♦    S   8   to  n   ttKu 

Pig.  4.10.     Comparison of thermal 
efficiency of cycles p ■ const: 
a-c> heat recovery; b)  without 
heat recovery. 

From the aforesaid the conclusion can be made about the fact 

that the  use of heat recovery is expedient in the gas  turbine with 
a high-temperature turbine' and low-pressure compressor. 
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CHAPTER     lj 

INTAKE SYSTEMS  OF  JET  ENGINE 

5.1.     Purpose  of Intake  Devices   and Their iieguirfmenls 

Intake  systems,  or diffusers,  of jet engines  are  Intended   fur 

effective   air  compression by means   of  decelerating  the   flow   f-ntering; 

Into  the  engine.     At   supersonic   flight   speeds   this   function  of  the 

diffuser is   the  main  one. 

At the   same  time.   Intake must   at   all  speeds  and processes   of 

flight have high  carrying  capacity  and provide  at  the  Inlet   Into 

the   compressor   (or directly  Into  the   combustion  chamber of  ramjet 

engines)   a high  level of uniformity   of velocity   ana of pressure 

fields. 

It is  necessary  also that  the  energy   conversions  in diffusers 

of the  test   stand and  in  flight would  be  accomplished with  as   less 

hydraulic  and  gas-dynamic  losses   as   josslble,   and  the;;   do     not 

lead to the  appearance  of cutoff and   surge   conditions,  which  sharply 

worsen the  operation  of the engine. 

Since  the   Intake,  with their sometimes  quite  complex  configuration, 

are  an integral  element   of the  nacelle  of the  engine,   then  it   Is 

very Important   that   they  do not   create  considerable external 

resistance. 

With  an  Increase  In the  speed of  flight  the  role  of the   diffuser, 

in providing highly  economical  operation  of the  engine,   continuously 

increases. 
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5.1.1.    Basic Requirements of Intake 

The basic requirements of Intake of jet engines are: 
1) low losses of total pressure In all flight regimes; 
2) high productivity; 
3) low external resistance; 
4) high uniformity of velocity and pressure fields at the Inlet 

Into the compressor or Into the combustion chamber; 
5) absence cutoff and surge regimes; 
6) Ugh'  weight, simplicity of design and control. 

5.1.2.    Basic Parameters of Effectiveness 
of the Diffuser 

5.1.2.1. Coefficient of Drop 
In Total Pressure of the 
Diffuser. 

The hydraulic and gas-dynamic perfection of the Intake Is 
characterized by the coefficient of the drop In total pressure 

•:-4. (5.i) 

equal to the ratio of total air pressure at the entrance Into the 
compressor or In the combustion chamber to the total air pressure 
In the section corresponding to the undisturbed flow. 

The greater the magnitude o  , the higher the pressure In gas-air 
channel of the engine, and,  consequently, the greater the total 
thrust, the lower specific fuel expense of the Jet engine. 

5.1.2.2. Flow Coefficient of the 
Diffuser. 

The requirement of high productivity of the Intake Is connected 
with peculiarities of Its operation at supersonic  flight speed, when 
at the assigned area of the Inlet Into the diffuser the air flow 
can have different values. 
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Productivity of the supersonic diffuser Is characterized by the 

flow coefficient, which Is the ratio of real rate of air flow through 

the diffuser to the maximum possible flow when tin; uwn.  of f Ir- i.-.frcticn 

of Inlet Jet In the undisturbed flow Is equal to the area of inlet, 

i.e., 

F^mM " iw«-77 ^ (5-2) 

The greater flow coefficient, the higher the thrust. 

5.1.2.3.  Coefficient of Drag 
of the Diffuser. 

It is accepted to estimate the effect of intake systems on the 

external resistance of engine nacelle by coefficients similar to 

coefficients of drag of the fuselage In aerodynamics. 

The coefficient of resistance of the intake can be referred to 

its greatest section (mld-sectlon).  It Is equal to 

o,v' (5.3) 

where X      —  force of drag of the intake: ax 0 ' 
5 - mld-sectlon of the Intake: 

11 ' 

p   ;   /    - density  and velocity  of air In the section  corresponding 
H   — H 

to the undisturbed flow. 

5.1.3.  Concept on External Resistance of the Intake 

Earlier, in Section 3.1, we obtained the expression for force 

of the total drag of the nacelle of the engine in the form 

Ar a « ATAon + Ap+ATp+X^ou- 

In this chapter we will examine the essence of additional 

resistance of the inlet Jet (*„„„), and also the resistance of flon 
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pressure of the diffuser (* ). Precisely they determine the physical 

essence of external resistance of the Inlet device. 

5.1.1*. Additional Resistance of the Intake System 

The additional resistance of the intake system Is the axial 

component of surplus forces of pressure applied to the border of 

the surface of the free Jet between its section corresponding to 

the undisturbed flow and the section at the inlet into the engine, 

i.e., 

•i 

-WM" (P~J>*)(lf'     [BX - Inlet] 
6 

The additional resistance depends on the configuration of the 

inlet Jet and distribution of pressure over its surface. With 

operation of the engine on a test stand (when F » 0) lines of flow 

"merge" from all sides to the inlet into the diffuser. In this 

case along each stream there is the velocity Increase and a lowering 

of pressure and temperature (Pig. 5.1a). 

V>am 

Fig. 5.1.  Change in gas parameters at the 
inlet of the TRD: a) F - 0; b) V < aQ', 

c) V >  a0. 

With flight at low speeds (when V < a    )  the boundary flow 
B X 

lines of the inlet Jet form a convergent funnel (convergent channel), 

and in this case along each elementary stream acceleration of flow 

occurs. 
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In the particular case when K = c  , flow lines of the entering 
B X 

Jet remain parallel; along separate Jets of flow energy conversions 

do not occur. 

At great subsonic velocities, when an  >   V  >   a       boundary lines 

of flow of the inlet Jet form a divergent funnel (diffuser); in 

this case along the elementary jets there is deceleration of flow, 

which is accompanied by an increase in pressure and temperature 

(see Fig. 3.1b). 

At supersonic flight speed infront of diffuser u.e inlet is 

established shock wave (sc  ?ig. r).lc). 

In all cases described here (except for V a  a     ) In the free 
ax 

jet an additional resistance acting it. a direction opposite Lo 

the direction of flight appears. 

5.1.5.  Pressure Drag of the Intake 

At subsonic flight speeds and at nonseparated flow of the 

external surface of the diffuser, pressure drag is absent.  What 

is more, with flow about surfaces of the inlet element of 

the air inlet as the usual profile, there appear aerodynamic forces, 

which give an axial component acting in the direction of flight, the 

so-called suation  force.  The reasons for the appearance of the 

suction force are easily understood by examining spectra of 

pressure distribution along the upper and lower surface.; of the 

inlet element of the diffuser (Fig. 5.2) similar to the aerodynamic 

profile. 

Pig. 5.2.  Determination of suction 
forces of the inlet device at 
subsonic flight speeds. 
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In the Ideal case of flow when friction, shock waves and 
separations of flow are absent, the suction force in accuracy is 
equal  to the  force of additional resistance of the  free Jet and is 
directed opposite to it, and,  consequently, 

Xus" Xgfia—XaoMtB= 0- 

In the actual case of flow, the suction force is less than 

the force of additional resistance, and in the presence of a sharp 

inlet edges f the diffuser it is practically equal to zero. 

At supersonic flight speeds the appearing shock waves increase 

the pressure at the external surface of the conical casing of the 

diffuser. As a result of this the resistance of pressure of thf 

diffuser 

Xf~]iP~PnW, 

which now we will call wave,  increases sharply. 

5.2. Thermodynamlc Processes in Air Intake (Diffusers) 

Let us examine processes of the conversion of energy in the 

standard (Fig. 5.3) subsonic air Intake (diffuser) on a test stand 

(V  « 0) and in flight; at subsonic (0 < 7 < a0) flight speeds.  These 

processes partially occur outside the engine - in the free Jet and 

in the actual air Intake.  Experience shows that in a free subsonic 

Jet (a test stand and in flight) the process of conversion of 

energy occurs practically without losses. I.e., isentropically. 

The air Intake designed for subsonic flight speeds is made 

usually in the form of a narrowing channel (convergent channel). 

In such an air intake there is the process of gas expansion, i.e., 

a certain acceleration of flow. This makes it possible to provide 

a more even velocity field a'; entrance into the compressor, prevent 

the appearance of flow separation and unstable operation and reduce 

gas-dynamic losses. 
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Fig.   5.3.     Engine nacelle  of subsonic  aircraft 
(cross  section). 

Figure  5.^  gives   at   7*; ~ --    j-^üordlnateii   Llie  pi'uccaj   ^r  unergi 
conversion at  the  entrance  into the TRD  for cases   a)   when   l' =  0 and 

Ls shown In the b) when V >  a-..     The process in a free subsonic J 

form of the isentrope 0-1'; the process inside the air Intake li- 

depicted in the form of an irreversible adiabatlc curve of expansion 

I'-l (with an Increase in entropy). 

Pig. 5.^.  Process of the conversion of energy 
at inlet of the TRD:  a) on a test stand U' - Ü); 
b) in flight {V >  a^. 

Let  us formulate the equation of energy for sections 0-0 and 

1-1 of the flow at the inlet of the TRD. 

We obtain 

^A^-h + A^. (5.4) 
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Thus, In processes of dynamic deceleration or acceleration of 
flow, independently of the presence of friction and shock waves, 
the total energy of 1 kg of air remains constant. The total gas 
temperature also remains constant: 

T*=T* (5.5) 

The total gas pressure, as follows from a comparison of braked 
flow conditions in sections 0-0 and 1-1, Is lowered, i.e., 

P\<ßl- 

The drop in total pressure appears greater the higher the 
hydraulic and gas-dynamic losses (in shocks), i.e., the greater 
the polytropic exponent of the process of compression deviates from 
the adlabatic curve. The hydraulic and gas-dynamic perfection of 
the process at the inlet of the Jet engine, as is known, is estimated 
by the coefficient of the drop in total rressure 

9 :r=- 
4 

It can be represented in the form of the product 

V Pi   Pt 
■•     • 

Pi    P« 

*) 
(5.6) 

where p, • p„ ; <J  — coefficient of losses of total pressure in 
J.     p X    BX M 

the intake system; in design conditions s*,«*s0,96-:-0,985; a H ~ 
the same 

in the system of shocks at supersonic flight; a    -  coefficient of 
losses of total pressure in the dynamic process of compression 
(expansion). 

'Such a recording is conditional, since not always can hydraulic 
losses (determined byo ) and gas^dynamic losses (characterized by 
a ) be separated with respect to elements of the diffuser. 
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Figure 5.1 gives  curves  of the  change In parameters  of gas 

(p,   T and a) at the inlet  of TRD for characteristic  regimes  of 

operation of the air intake;  when:     a)   1/ = 0;  b)   V  <    :  ;   -■''   1' 

1 

5.3.  Operation of a Standard Subsonic Dil'fujer 
at Supersonic Flight Speeds 

With the flow about the standard subsonic diffuser by supersonic 

flow, in front of the air inlet a curvilinear shock wave (head 

wave) appears similar to that which occurs with the flow pai>t a 

blynt-nosed body or cone with a large aperture angle.  In the front 

part of the diffuser the head curvilinear wave (see Fig. b.lc) is 

transformed into a normal shock wave the intensity and position of 

which are determined by the M0 of flight and the operating regime 

of the engine and depend on the configuration of the JI iVu.-.cr. 

With an increase in M0 number of flight, the losses of total 

pressure in a normal shock increase (Fig. 5.ij, curve 1). 

t.0 

0.i 

0." 

0.2 

0 

m 
Fig. 5.5.  Change in gas-dynamic 
losses in the system of shocks 
with respect to Mf. number of 

flight:  1, 2,   j, 4 ~ number of 
shocks. 

1,0 2,0 3,0  1,0^o 

Table 5.1 gives coefficients of the drop in total pressure in 

a normal shock (crn_) depending on MQ number of flight. 

Table 5.1. 

Nt 1.0 1.8 2.0 «.5 3.0 

n.32S 

3,5 

0.313 

4.0 

0.139 

4,0 

0.10 

">.o 

0.07 * 

•r 
1,0 0.93 0,721 0.499 
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With an Increase In flight speed the head wave all the more 

moves away from the Inlet of the diffuser. This lowers the coefficient 

of flow and increases the external resistance of the diffuser. 

It is characteristic that when M0 ■ 1.3-1.4 losses in the 
normal shock are relatively few (ö*p <a0,96-r0,98). However, matter not 

only in the intensity of shocks - the appearing shocks cause separation 

of vortices from leading edges of the diffuser, which can increase 

by far the losses of total pressure. 

To prevent separations of vortices at supersonic flight speeds 

the leading edge of the diffuser is made sharp, the angle of opening 

of the dixTuser is made small, turns of the flow are tried to be 

avoided. One should keep in mind that diffusers with sharp edges 

(Pig. 5.6) operate poorly in test bench conditions and also with 

asymmetrical flow (at large angles of attack, etc). 

Pig. 5.6. Flow of air intake 
with sharp inlet edges. 

Considering all these circumstances, it is necessary when 

M0 > 1.4-1,5 to use special supersonic duffusers. 

5.4. Supersonic Diffusers (Design Conditions) 

5.4.1. Qas-Dynamic Principles of the Development 
of Supersonic Diffusers 

Gas-dynamic principles in the fulfillment of supersonic 

diffusers are reduced to effective methods of multishock (theoretically 

shockfree) conversion of supersonic flow into subsonic. 

The replacement of one normal shock by a system of shocks, 
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5.^.2.    Classification of Supersonic Diffusers 

Depending on the method of realization of supersonic deceleration, 

supersonic diffusers   (Fig.   5.8)   are subdivided into: 
a) diffusers with external  oompreseton.   Such diffusers  consist 

of an external cover and central body with a stepped cone  (see 

Fig.   5.8a); 

b) diffusers with internal  oompreasion  (see  Pig.   5.8c); 

c) diffusers with mixed oompresaion (see Fig.   5.8b). 

^ftt^o Pig.   5.8.     Diagrams  of the 
formation of systems  of shock 
waves:    a)  with external compression; 
b) with internal compression. 

The types of diffusers given above are made In a round or box 

section.     In them it is possible to accomplish the so-called 
multishock and theoretically stepless  (Isentropic)  compression 

(Pig.   5.9a and 5.9b). 

.a) 

— 

^ 
üüi^H 

Pig.   5.9.    Diagrams  of diffusers 
with isentropic compression: 
a)  internal  compression; b) external 
compression. 

b) 
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If in  a diffuser with external  compression supersonic  deceleration 
is   carried  out   on  a  stepped cone  outside   the  dJffuser,   then  in  the 
air intakes  with internal  compre.:..'i on  the  w)^ h;  :;y.it,.,:::  of   ih.'-urk;: 
is  disposed  inside   the  channel  of  ll.v  diffuser,   and   li  ,jlitiu;;t   IJ 

not  subjected  to the  external effect  of eircumflowlng  flow. 

5.A.2.1.     Diffuser with Internal 
Compression. 

Figure   'J.IO  shows  a diagram  of  the  diffu.-er with   Lhternai 

compression.     Such  a  diffuser Is   the  profiled  channel   with   steady 
outlines,  which  is   reminiscent  of  the   Lava-i   nozzitj. 

An   ideal   diffuser with  shockfree   deceleration   of  flow   and  with 
the  absence  of a boundary  layer operates   in  the   following manner. 
In  the  convergent   (supersonic)  part   of the   channel  there   is 
deceleration of supersonic  flow in  compression waves  of infinltesima] 
intensity  and  in the  design regime  In  the   smallest  section  of  the 
channel r-r   called the  "throat"  and  the  velocity of the   flow   reaches 

the speed of sound.     Further,  in  the  expanding  (subsonic)   part 
of the  diffuser there  is  further deceleration of the  already   subsonic 

flow. 

Thus,   an ideal  diffuser witn  Internal   compression operates  as 
an inverted Laval  nozzle]  flow parameters  along nucli  :i  diffuser 

change  continuously.     Losses of complete pressure are absent. 

In a  real   diffuser the  interaction   of  compression wave?   with 
an accumulating boundary  layer  lead.;   In  a  certain section  the 

formation of a closing normal  or A-shaped  shock even  to  the 
appearance  of losses   of complete  pressure. 

The  advantage  of diffusers with  internal  compression is   their 
low external   resistance. 

N 
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.*    •!» Fig.  5.10.     Diagram of a super- 
sonic diffuser with internal 
compression:    a)  shockfree 
deceleration; b)  deceleration 
with a shock formation; c) 
formation of "ejected" wave. 

5,4.2.2.    Axisymmetrical Diffuser 
with a Central Body and External" 
Compression. ~ 

One of the widespread schemes of supersonic diffuser is the 

bcheme of the axisymmetrical air Intake with the central body and 
with external compression.    The schematic cross section of such 

a diffuser is shown in Pig.  5.11. 

The diffuser consists of an external conical casing and central 
stepped cone.    The inlet edge of the casing is inclined toward the 
axis of symmetry of the air Intake at a certain angle 6 - the so- 
called angle of "undercutting". 
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Fig. 5.11.  Diagram of a supersonic diffuser with 
external jompression. 

The number of the steps of the cone and angles of their setting 

{Si-.,  ß.-,, 3 J are determined by the quantity ana pujltlon of oblique 
i  i.   j 

shocks in the design conditions. 

The diagram shows a stepped cone with four shcckc (thr-.-e ob, 1 juv 

shocks + closing normal shoük). 

In design conditions shocks are focused on the leading edge cf 

the casing (at point A).     The channel behind the closing normal 

shock is made in the form of a Laval iK-Z-le.  Behind the critical 

section of the nozzle there is the supersonic zone, which is finished 

by a normal or A-shaped "attendant ii i ■■nock  wave.     behind   tills   shock, 

up  to  the entrance  into the  compressor,   the  flow  of ga.   is  subsunlc. 
With a  change   in  counterpressure   at   the  exit   from  the   diffuser 

attendant   shock  is  moved  in the   channel, 

5.5.     Partial Load Conditions  of the Operation 
of a Supersonic Piffuser 

Thus   far we  have examined  the   op;rütion  of supersonic  diffusers 
in  design   oonditiüns   of operatiun.      As   is   known,   in   this   regime   the 

operation  of the  diffuser and engine  of the TKU  is  completely 
consistent:     the   diffuser operates   steady,  with  few   losses   and   the 

least  external  resistances;  productivity   of the  diffuser  is  maximum - 

[Translator's  Note:     This  term  in  Russian   literally  means   "duty" 
and is  used in abstract  form]. 
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the coefficient of flow Is equal to Ij  If In this case the  throat 
of the diffuser Is selected at the optimum,  then In Its  critical 

section the velocity of flow Is equal to the speed of sound. 
However, In operation the supersonic diffuser operates over a wide 
range of partial load conditions:     at  various MQ numbers  and flight 
altitudes,  under various atmospheric  conditions, and at various 
revolutions of the engine. 

Partial  load conditions of operation of the diffuser are 
characterized by several specific gas-dynamic phenomena,  to which 

belong: 

1) the change and destruction of the  calcnlalea system of 
shocks j 

2) ejection of head wave at Inlet of the diffuser; 

3) spreading of Inlet Jet at supersonic flight speeds; 

^)  unstable operation (surging)  of the diffuser; 

5)  appearance of subcrltlcal and supercritical regimes. 

5.5.I.     Change in the Angle of Slope of Shocks of 
the Diffuser with External Compression 

With deviation of the 1^ number of flight  from calculated value 
the slope of oblique shocks of the diffuser with external  compression 
changes.    Now they are no longer focused on the leading edge of the 

conical casing  (Fig.  5.12). 

With a decrease in the M0 number of angles of slope of the 
shocks Increase,  the shocks will move away from the leading edge 

of the diffuser. 

With an increase In the fL angles number of slope of shocks 
are decreased,  and the shocks now partially enter Into the diffusion 

channel. 
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Pig. 5.12. Effect of M0 number 

of flight at angles of slope of 
shocks. 

5.5.2.  Ejection of the Head Wave 

In diffusers of all types in definite regimes of operation, when 

the carrying capacity of the throat appears insufficient and it 

cannot pass all the air entering into the inlet channel, in front 

of the inlet in the diffuser the so-called "ejected" head wave 

is generated (Pig. 5-13)•  Such a wave can either partially or 

completely destroy the rated system of shocks appearing at the 

diffuser with external compression. 

Fig. 5.13. Effect of the ejected 
head wave on the system of shocks, 

The appearance of an ejected wave is an undesirable phenomenon, 

since it increases losses in total pressure and external resistance 

of the diffuser, decreases the flow of gas through the diffuser 

(as a result of the "spreading" of the inlet Jet). 

In the presence of an ejected head wave, a decrease in the 

flow of air usually leads to the appearance of surging. 

5.5.3. Spreading of the Inlet Jet in 
Partial Load Conditions 

Let us examine the operation of a diffuser with internal 

compression. In the design supersonic regime the area of the cross 
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section of the Inlet Jet In accuracy is equal to the area of the 

Inlet of the diffuser, i.e., 

/■—/«i and 9~-yL- = \. 

In partial load conditions of the diffuser (see Fig. 5.10c) 

with the appearance before it of a head (or ejected) wave the Inlet 

Jet with section /  no longer can completely enter Inside the 
B X 

diffuser.     The phenomenon  of apreading   (division)   of the  Jet will 
begin;     itc   internal part with section f    < f      will  flow  into  the 
diffuser;  its  external part   (with  section /    -/    will flou  around 

the   casing of the  Intake. 

A similar phenomenon takes place  In  the   operation of a multiple- 
shock diffuser with external  compression.     In design conditions   cf 
flight  oblique shocks, which appear with  flow  around cf the  steppea 
cone,  are  focused on  the  leading edge of the  casing  (see  Fig.   5.11); 
in this case /    ■ /      and 4 « 1. 

^ H   ^ BX 

In partial load conditions (with an increase in the angle of 

slope of oblique shocks on reduced M0 numbers with the appearance 

in front of the diffuser of the ejected wave, with the advance from 

the diffuser cf adjustable stepped cone) we have f    < f    ,   and, 
H     B X 

consequently,   0 <  1.0   (see  further Fig.   5.15a,  b). 

Thus, with the  spreading of the Jet  the  carrying capacity  of 
the  diffuser,   and,   consequently,  and available  flow of gas  through 
the  diffuser,   are decreased;  the  coefficient  of flow becomes   less 

than  1. 

The reason of the spreading of the Jet is the bend of lines cf 

f_ow in the supersonic flow behind the oblique shocks and in the 

subsonic flow behind the head wave.  In the case of an uncontrollable 

diffuser (in the absence of ejected waves) each number M > 1.0 

corresponds to the single value $. 

At subsonic flight speeds the . efficient of flow of the 



subsonic diffuser can also be less than 1.  However, in contrast to 

supersonic flow, each value of the subsonic Mn number corresponds, 

depending on the regime of the engine, to various values $; the 

greater the number of revolutions of the engine and greater a(.\  ;, 

the greater / and, consequently, 0.  Concordance of the necessary flow 

of the engine and available flow of air intake occurs automatically. 

5.5.3.1-  Effect of Spreading of 
the Jet on Thrust of the Engine. 

The phenomenon of spreading of the jet is an unconditionally 

harmful phenomenon, since it, first, decreases the thrust of the 

po'Aer unit due to an increase in the flow of air and, secondly, 

increases the wave resistance of the diffuser (and, consequently, 

the resistance of the nacelle of the engine). Ultimately the effective 

thrust of the engine can be considerably reduced. 

When the diffuser is not controllable, and the engine operates 

with a constant number of revolutions, the coefficient of flow 

depends only on correlation of the rated number of the diffuser 

M M /   x   and Mn  numbers  of flight.     The higher i-.   ,   *. (p) 0 * D fl(p)* 
less   (p. 

the   lese  M 
O-' the 

Figure  5.11*  shows   the  effect  of M   ,   ,   on  the   coefficient  of 

flow   and additional wave   resistance  of the  diffuser when M.   =   1.0, 

=  0.22  and X      A =  ü Jl   (i.e . .  tne wave Aon ' 
resistance  of  the  diffuser Is   '40%  of  the  internal   thrust). 

For M   ,   s   =   4.5 we  find 
fl(p) 

!> 
0,8 
0,S 
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Fig.   5.14.     Effect   of spreading  of 
inlet  Jet  at  supersonic  flight  speeds 
on:     a)   decrease in the flow of air 
through  the  engine;  b)   additional 
wave  resistance  of the diffuser. 
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5.5.4. Concept on the Starting of the 
Uncontrollable Diffuser 

The starting of the diffuser Is called the process of putting 

the diffuser Into rated conditions of operation. 

To clarify the peculiarities of starting of a supersonic diffuser, 

let us examine the flow in the diffuser with internal compression In 
design conditions (see Fig. 5.10a). 

Let us formulate the equation of flow for sections in the 

undisturbed flow (H-H) and the throat of the diffuser (r-r). 

We obtain 

m —^z hi {*■)=m  —[- ftq (Xr). (5 7 j 

whence we find 

(5.8) 
A _ q(\)     .___  /r    f„ __ fT 

f*       ?(V)v  /•» /H " ? ' 

where "7 — relative area of the throat; /, = —■; 

$ - coefficient of flow; 

c*   —J^ coefficient of drop in total pressure on the section from 
«,r • 

PH
       the  undisturbed section to  the  throat of the diffuser. 

Then 

7 — iM    _j_ cc  en 

Let  us  find /    for Q * 1 and q(Xr)  = 1   (case of the  "optimum" 

throat), 

We have 

/>-^-. (5.10) 
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In the particular case of the isentopic diffuser (a 
H .r = ]. 

find that 

we 

/r-'/(*») • I]) 

Consequently, in the supersonic region of flight with an increase 

in M number of flight [and, consequently, with a decrease in ^(A )] 
H ' H 

the necessary relative area of the optimum throat is continuously 

decreased.  The obtained result has a simple physical meaning:  the 

greater the flight speed, and, consequently, the more the dynamic 

compression ratio, the greater the density of air and the iesj the 

passage section of the throat necessary for passing the ussigned 

mass of the working medium. 

Let us assume that for the assigned rated l< 0 
the  geometry of the diffuser with an optimum throat is calculated. 

With a decrease in the Hn number (> 1.0) the necessary relative area 

of the throat, according to equation (5.11), continuously increases. 

Now on reduced numbers Mn < Mn, * the throat of the diffuser proves 0   0(p) 
to be already ''supercompressed", and it less than the optimum and 

no longer in a state to pass the whole mass of air1 inflowing to Its 

inlet section. 

The noted contradiction is solved by means of the appearance 

in front of the intake the "ejected" head wave (see Fig. ^.lOc). 

Since behind the head wave subsonic flow is established, and with 

the deceleration of which the line of flow is dispersed, then 

now <p  <  1,   and equality (5.9) is satisfied when J(A ,)   = 1 and / = 

const because with the increase in q(X decrease;: when </(?.„)y/(T^r-n-onst. 

Physically this means that throat now passes the whole mass of 

air entering through the inlet section, since the inflow of air to 

diffuser is decreased, (see Fig. 5.10c). 

II . DW we increase the MQ  number of flight up to its rated value 

then although the head wave approaches toward the inlet of the 

diffuser it does not disappear entirely, and, thus the design scheme 
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of the diffuser will not be restored - the diffuser will not be 

started. To start the uncontrollable diffuser, the MQ number of 

flight over its rated value must be increased. This phenomenon is 

called "hysteresis". It is natural that such a method of starting 

of the diffuser is not always possible and convenient. 

For the starting of a multishock supersonic diffuser with 

external compression, it is necessary with the appearance of a 

head wave, for example, to bring forward the stepped cone, and with 

its help transform the head wave into a system of oblique shocks, 

a;.u then move the cone inside the casing (Fig. 5.15). 

Pig. 5.15. Explanation of methods 
of starting of the diffuser:  a) 
starting of an uncontrollable 
diffuser ["ejection" of head wave 
(Mn < M )]; b) starting with the Up 
help of movement of the cone. 

The starting of the diffuser with Internal compression can be 

accomplished by means of adjustment of the area of the throat 

("overexpansion" of the throat) with the help of flexible elements 

and also by means of the use of perforated walls. 

5.5.5. Surging of a Supersonic Diffuser 

Let ur examine the unstable operation (surging) of a multishock 

supersonic diffuser with a central body.  The reason for the 

appearance of surging of a supersonic diffuser mostly is the 

separation of the boundary layer from the surface of the stepped cone 

behind the head wave. 

One of the schemes of the appearance of surging is the following 

(Fig. 5.16).  After the head wave there is separation of the 

boundary layer.  The appeared zone (area) of separation with Intensive 

turbulences decreases the effective throat area (see Fig. 5.l6a). 

Rate of air flow is additionally lowered, which, in cum, leads to 
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Flg. 5.16.  Explanation of the 
scheme of the appearance of surging 
of a diffuser. 

an even greater shifting of the head wave in the nose part of the 

cone and to an Increase In Its intensity. 

However, with the approach of the head wave to the vertex of 

the cone (see Fig. 5.16b) the thickness of the boundary layer, 'J 

decreased and the danger of separation of It from the surface of 

the cone Is reduced.  Now this clrcuinstance Increases the flow of 

air through the throat and decreases losses of total pressure.  As 

a result the head wave begins to move back toward the throat.  Then 

the cycle Is continuously repeated. 

The periodic oscillating process of motion of the head wave, 

which Is accompanied by periodic flow separation and pulsation 

In the air feed. Is called surging   of the   diffuser. 

5.6.  Characteristics of .Supersonic Dlffusers 

5.6.1, Definition 

Characteristics of the supersonic diffuser are dependences of 

parameters characterizing the effectiveness of dlffusers - namely 

coefficients of flow, of drag and drop In total pressure, - on 

regime parameters of the diffuser (speed and altitude of flight, 

external atmospheric conditions, number of revolutions of the engine, 

position of control elements). 

Accordingly, throttle  and altitude  and high-speed  characteristic 

of the supersonic dlffua»r, are distinguished. 
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Subsequently, we will  examine  only  characteristics  of 

uncontrollablt iliri'UBers. 

5.6. Throttle Characteristics of the Diffuser 

Throttle characteristics of the diffuser are dependences of 
» 

parameters of effectiveness of the diffuser (a , <b  and a   ) on the 

given number of revolutions of the engine or given rate of air flow 

through the diffuser at a constant M0 number of flight. 

Figure 5.17 shows the throttle characteristic of an uncontrollable 

diffuser with external compression (Fig. 5.18). 

rn~r. Fig.   5.18.     Diagram of  flow in 
the  diffuser with respect  to t'.ie 
throttle  characteristic:     a) 
supercritical  regime;   b)   critical 
regime;   c)   subcritical   regime. 

Let  us   assume that  a  certain number of revolutions   of the TRD 
n,   (see  Fig.   5.17)  corresponds  to  the  "critical"   regime  of operation 
of the  diffuser,   at  wnich   the whole   flow In the   channel  after the 
normal  closing shock  (before  the  throat  and after it)   appears  subsonic 
isee  Fig.   5.l8b).     In the  throat  of the diffuser the  velocity of 
flow  is  equal  to the  sound speed. 

With an increase  in  the  numbers  of revolutions  over the 
critical,  the  counterpressure  at  the exit  from the  diffusion channel 
is   lowered.     The pressure  dron  leads  to acceleration of  flow up to 
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Flg.   5.17.     Throttle  characteristics  of the 
diffuser. 
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supersonic  values  of velocity with the  formation  of a formal or 
A-shaped shock in the expanding part  of the  diffuser.    A further 
Increase in the number of revolutions  of the engine leads to shifting 
of the barrier (attendant)   shock in the  channel downward along the 
flow,  and also to an increase  in its  intensity  (see Fig.  5.l8a). 

At  a certain maximum number of revolutions  n^  (see Fig.   5.17) 
there  approaches  separation  of flow after the barrier shock - a 
special  form of unstable  operation of tne  diffuser,  tne so-called 

"buzz"   [Tra; ■■ Jator' s  Note:     only translation  found  for this  term] 
ippears.     Auto-oscillations  of flow,  which  appear in this  case,  are 
characterized by Increased  frequency and reduced amplitude. 

Regimes of operation of the diffuser,  which  are  characterized 
by   the  presence  of  a  barrier shock  (i.e.,   supersonic   zone behind  the 

throat)   in the diffuser are   called "supercritical".     Supercritical 
regimes  are  distinguished  by  the  constancy   of coefficients  of 
flow  (0  =  1) and drag a    = o       .     - const.     Since  with an increase °    x x  min Ä 
in n       losses in the normal shock Increase, then a     is continuously 

decreased. 

^L u:i lower now the number of revolutions of the engine shown 

to values less than the critical. An increase in the counterpressure 

at the exit from the diffuser leads to the fact that in front of 

the diffuser an ejected head wave is generated. With a lowering of 

the number of revolutions the head wave will move away from inlet 

of the diffuser, its intensity will grow, and vhe spreading of the 

inlet stream will increase.  As a result the c    'clent of flow 

will be continuously lowered (4) < i.O), and a grow.  Intensive 
# x 

drop In a    will begin when the head wave outgoj:,  from the casing 

will destroy the system of shocks (see Fig. 5.l8c). 

At a certain minimum number of revolutions n-,   (see Fig. 5.17) 

there will begin surging of the diffuser.  Its appearance is connected 

with the separation of flow, which advances after the ejected head 

wave, and with the oscillating process of the shifting of the head 

wave, especially on the stepp ! oone of the diffuser. 
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Operating regimes of the diffuser, which are characterized by 

the formation of the ejected head wave at the inlet of the diffuser 

(In the absence of a supersonic zone in the channel) are called 

"subcrltical". 

5.6.3.  High-Speed Characteristics of the Diffuser 

High-speed characteristics of the diffuser are dependences of 

parameters of effectiveness of the diffuser (o , d) and a   )  with the 

flight M0 number at a constant number of revolutions of the TRD. 

Figure 5.19 gives the high-speed characteristic of a supersonic 

uncontrollable diffuser with external compression.  Point 1 of the 

characteristic corresponds to the rated M„ number of the diffuser 

at which the normal shocks are focused on the leading edge of the 

casing ($ = 1).  Let us assume that the process of operation of the 

diffuser is supercritical (see Fig. 5.l8a). 

With an Increase in the number Mn (IVL > M   ) angles of slope 0       0 p.fl. c' ^ 
of the  normal  shocks  will be   continuously  decreased,   and  the  latter 
will enter inside  the  diffuser  (Fig.   5.20a);   simultaneously,   as  a 
result  of the  increase  in counterpressure  at  the exit  from  the 

diffuser,   which will  begin with  the   lowering  of the given  number of 
revolutions,   the   attendant  shock will begin  to move  in  the   direction 

of the  throat.     On the  section of  characteristic 1-4   (see  Fig.   5.19), 
on which the  super-critical regime  of operation of the  diffuser is 
preserved,  we have  #  =  1 and   f^j^const:   however,  coefficient  a 
will  sharply  drop   from due  to the   increase  in  Intensity  of  oblique 
shocks. 

At point   4   the  regime  of operation  of the  diffuser becomes 
critical   (see Fig.   5.20b)   (when the  attendant  shock reaches  the 
throat  of the diffuser)  and on section 4-5 of the characteristic 

(see Fig.   5.19)  - already subcrltical.     Now  in front  of the  diffuser 
the head wave  appears  ejected  (see  Fig.   5.20c), which even more 

lowers  a   ,   decreases  d)(<1.0)   and increases  a   , Finally,   at  a  certain 
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Fig.   5.19.     High-speed  characteristic  of a diffuser. 
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Flg. 5.20.  Diagram of flew In 
a diffuser at M^ numbers greater 

than the calculated:  a) super- 
critical regime; b)   uritluaJ 
regime; c) subcrltical regime. 

M-, number of flight surging approaches (point 5 in Pig. 5.19) due 

to separation of flow after the ejected head wave. 

The lowering of Mn numbers lower than the rated value (M„ < M fa    0 0   p.fl, 
maintains the process of operation of the diffuser supercritical 

(Pig. 5.21) since with a growth in n       counterpressure after the 

diffuser continuously drops.  However disruption of the rated 

diagram of oblique shocks, which move away from the leading edge 

of the casing (see Fig. 5-21b), sharply decreases $ and increases 

a    (section of the characteristic 1-2 on Fig. 5.19).  At a certain 

M« number of flight (point 2) throat the overexpanded for the rated 

regime becomes optimum (M    < M    ).  With a further reduction 

In M0 number of flight at the inlet of the diffuser, there is 

already generated an ejected bow wave, (see Fig. 5.21c), which 

Intensifies the drop ^ and growth a     (section 2-3 in Fig. 5.19). 

Coefficient o with the lowering of M« number of flight continuously 

increases.  At point 3 the separation of flow after the Intensive 

attfnaant shock wave leads to the appearance of "buzz". 
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Fig. 5.21.  Diagram of flow In a 
diffuser at 

the calculated; 
conditions (Mf 

numbers less than 

a) design 
M_  .  );  b) M- <  M 0 p.fl.'' 0 p.4, 

(throat  la more than the calculated); 
c)  Mn << M (throat  is  less  than 
the  calculated). 

5.7.     Joint Operation of the Supersonic 
~~   Diffuser and Compressor    ~""' 

In the "aircraft-engine" system the supersonic diffuser and 

compressor operate together.    This means that  the necessary rate 
of air flow through the  compressor must be  equal  to the  available 

'•     .:  ::Ar flow through the  diffuser In all  regimes of operation 
of the power system at all values of M    and n, 

H 

Concordance of the  operation of the  supersonic diffuser and 

compressor is produced either automatically  or by  forced means  with 

the help of control elements. 

Let us examine  the Joint operation of the uncontrollable diffuser 
and compressor on M    less than the  calculated. 

When n ■    const with a decrease  in the M    of flight  n      grows. 
H np 

Consequently, the regime point of the compressor moves along the 

line of the working regimes from A  and B  (Pig. 5.22b), and the 

coefficient of flow qi*-,)  grows. 
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Fig.   b.22.    Analysis  of Jolnt- 
operaLion of the uompreosoi1 and 
supersonic diffucer. 

y(A;)noTp 

Let us write the equation of flow for sectiono H-H and 1-1 of 

the compressor. 

we obtain 

m 

Whence by introducing the substitution 

tf-oX and  /„-/„?, 

we obtain 

c.   /l 
(5.12) 

P1rom expression (5.12) it follows that with a decrease in the 

M number [or <?(X )] the available value q{\-.)  of the diffuser must 
H H j, 

be reduced  (see Fig.   5.22a). 

Thus,  at  subsonic flight  speeds,  with a decrease in A     the 
necessary flow of air through the  compressor and available  flow of 

air through the diffuser change  In opposite  directions.    At  low 
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flight speeds and on the test stand, the diffuser Is net In a state; 

to pajf the entire flow of air required by the engine.  To provide 

the condition 

'.:.  the diffuser there Is reconstruction of the flow:  the attendant 

.■h ck is ulsplaced deep into the diffuser, and itr. intensity prov;,- 

(i.e., o drops;.  As a result of the decrease in the air density, 

the v^.1:'!';,'  :' the air In front of the oonpresscr increases, and 

••■ .-i^es of air flow automatically conform. 

"'h spreading of the Jet (i.e., drop in <t) ,  with a Jecrease 

tne M n'omber, even more amplifies the Intensity cf the attendant 

Let us now examine the Joint operation of the diffuser and 

.■u;r,pressor with a decrease in the number of revclutionc of the 

engine. With a decrease In n the  necessary flew of compressor 

Is lowered; the available flow of the diffuser when \    -  const 
' H 

remains  constant.     Concordance of regimes  of operation of the 
T.-imprf-c-pop and  diffuser is provided by means  of a decrease  in the 
intensity  of the  attendant  shock and moving  of it  in the  direction 
jf the  throat   of the   diffuser,   i.e.,   because   of the  growth  In 
o   ;   in this   case  up  to  the  definite   limit   $  =   const. 

5.8.     Adjustment  of the Supersonic  Diffuser of the  TRD 

Assignment   control  of the  supersonic  air Intake of the TRD 
(i-ig.   5.23)   is  the  concordance of carrying  capacities  of the 
jiffuser  (zone  of shocks  and throat)   and  compressor in  the  system of 
the engine  for the purpose of providing steady  surge-free  operation 

of the  intakeand  Improvement  of its  operational  characteristics. 
Jne  latter,  as we already  saw,  can be  achieved by means  of  lowering 

the  Internal  losses  and external resistance. 

There  is   a  large  number   :f various method of controlling  super- 
sonic  diffusers.     The basic  on<..   are  the  following methods:     movement. 
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c) f) 

Fig.   'j.Jj.     Methods  uf controlling  the 
supersonic  diffuser;     a)   axial  movement 
of the  stepped  cone;  b)   deviation  in   the 
inlet edge  of the  conical casing;  c) 
discharge  of air outside;  a)   intake   of 
air inside  the  diffuser;  e)  axial move- 
ment of the  conical  casing;  f)   adjustment 
of critical  section  of diffuser. 

of the inner body  (conic needle)   of the multishock  diffuser in an 
axial  direction;  change  in area of the  "throat" of the diffuser, 
for example,  by means  of the movement  of a special   insert  or the 
use   of  flexible  elements;   bypass   of the  air   (with  the help  of valves, 
shutters  or perforations)   from the  channel  of the  diffuser into 

the  external medium;   additional  supply   (suction)   of  air  from  the 
external medium into  the main  cavity  of the   diffuser;   change  in 
angles   of slope  of the  leading edge  of the  conical   casing or 
generatrix  of the  central  body;   suction or blowing   away   (bleed) 
of the  boundary  layer  from  the  central body  and wall  of the  diffuser. 

Let  us  examine the physical  principles  of separate methods  of 
control,  and also let  us  determine  in which partial   load  conditions 
and in what manner should one  control supersonic diffuser. 

3.8.1.     Movement  of the  Central Body  of the  Diffuser 

At  the  assigned M0 number flight  on the  stepped  cone  of the 
central body  a definite system of shocks is  established.     With 
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advancement  of the central body  from the diffuser,  shocks,  not 
changing their angle of slope, will move away  from the leading 
edge  ;f the  conical casing,  as a result  of which spreading of the 

inlet Jet  increases,  and the coefficient  of flow and carrying  capacity 
of the alffuser are lowered;  and on the  other hand with advancement 

on the  central body  Inside the diffuser shocks approach to the 
leading edge of the conical casing - spreading of the Jet  is 
lewered,  and the  coefficient  of flow and carrying capacity of the 
-ilffuser increase. 

-it  us  note that control of the rate of air flow through the 

ilffuser with the help of axial movement  of the central boay  is 
effective only when a change in the  flow passage section of the 
throat  of the diffuser is carried out simultaneously.    The  latter 

is achieved by  corresponding shaping of the internal  surface  of the 

oonlcal casing. 

Let us  now examine how the position of the central ccay  in 
various  conditions of operation must be  controlled.     With an increase 
In the given number of revolutions n       las  a result  an increase in np 
the physical revolutions, lowering of M« number of flight, increase 

In altitude of flight, lowering of external temperature) productivity 

of the compressor grows. For a corresponding increase in the 

productivity of the diffuser, it is necessary to move the conic 

needle inside the diffuser. Conversely, with a decrease in n np 
It is necessary to move the conic needle away from the diffuser. 

5.8.2.     Control of the  Diffuser by Air Bypass 

A deficiency  in the  control of the  diffuser with the help  of 
axial movement  of the stepped cone  is  a considerable  design 

complexity of such a diffuser.    Therefore, on many military supersonic 
aircraft  of the USA  (F-105,  F-lOb)  there  is  used the  simpler bypass 
of air from the  air inlet,   frequently  in combination with the bleed 
of the boundary  layer from the surface  of the fuselage. 

Ill 
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When the productivity  of the  diffuser should be  Increased 

(takeoff regime,   climbing,   lowering of Mn   number,   reduction  of  T   ) 
.'»./aAv     f externui  air  into  the basl''  (ihaMr."'!   nf  thn  '\\ {".''>:•'",   by 

pausing   Ltd   throat   must   be  prvViUud,     When   It   .!..:   aci;' .:.■;.■ J\V   '"-,   -i'.-.'1 i' 
the   proUuctlvity  of  the   Uiffuser  (increasing  [■;„   ana  i   ,   lowering 

if //)  diauharye  part   of the  air from the  dlffuHor into \l,v ext.t,.'rnaj 
medium must  be provided. 

L-.8.3.     Control  of the Üupersonlc  Dlffufier on Tukooff 

On takeoff the  throat  area of the supersonic'  diffuser,  as  a 
rule,  appears  insufficient  due to  low air density.     The position 

1.:   aggravated by the   fact  that with the  flowing  around of sharp 
edges   of the  concial   casing there  appear separations  of flow,  which 

.■aust .■   the additional   drop   in  total  pressure,   and,   consequently, 
productivity   of the   diffuser. 

i'ur concordance   of the  operation  of the   diffuser and engine, 

removal  of the phenomenon of "buzz"  and providing  the necessary 
takeoff thrust,  it  is  necessary  to remove  the  stepped cone  completely 
inside  the diffuser,   and,   furthermore,  open  the  inlet ports   for 
the purpose of the additional supply  of external  air into  the engine. 

b-SA.     Control  of the Supersonic  Diffuser of the 
Turbojet  Engine   (Olympus)   593  Installed  on 

the Aircraft   "Concorde". 

Figure 5.24 and  5.25  schematically shows  the  system of control 
of the  supersonic diffuser of the TRD  "Olympus"  593 Installed on 
the  aircraft  "Concorde". 

The  diffuser is  the  channel of rectangular section with 
variable geometry.     Control of the throat  of the  channel is provided 

by means  changes  in the  angle between  the  two  inclined planes - 
flexible elements of the  upper surface of the  diffuser - with the 

help  of two hinged suspensions   (see  Fig.   5.2iO.   .With  rectification 
of the inclined planes,  the area of section  of the  throat /    increases 
(subsonic  flight  regime). 
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Flg. 5.21*. Diagram of control of the Intake of 
the TRD Brlstol-Slddley "Olympus" 593 Installed 
on the aircraft "Concorde":  a) "takeoff" position; 
b) "supersonic flight" position. 

Fig. 5.25.  System of control 
of the diffuser of the TRD 
Brlstol-Slddley "Olympus" b9'i: 
1 - regulator; 2 - flexible 
panels; 3 - by valve pass; 
^ - regulator. 

With formation of an obtuse angle between the planes, the area 

of the critical section of the diffuser is decreased (supersonic 

" .i Kht ondltJcifK    In rated supersonic flight  conditions   (M 
Kp 

2.2) 

a system of two  oblique  and one  closing normal  shocks  is  established. 

The air Intake of the engine has a channel for the bleed  (suction) 
of the boundary layer with lower surface of the wing,  and also two 
adjusting shutters of air bypass;  on takeoff and in a subsonic  flight 
regime  an additional air feed inside  the  ahannel of the  diffuser 
Is  carried out.     In supersonic  flight  conditions, with the help 
of these  shutters,  the surplus  quantity of air is  discharged into 
external medium. 

113 

I 



CHAP T t:  H     b 

COMBUSTION CHAMBERS OF THE JET ENGINE 

6.1.  Assignment of Combustion Chambers 

Oombustlün chambers arc the most Important element of any Jet 

ungihc.  in tiiem the pi'ouuss of heat feed to the woi'King meUjUia, 

without whicn it is impossible to realize the thermodynamic cycle 

uf an aircraft engine Is accomplished.  This process is carried out 

a:j a result of the occurrence of reactions of fuel combustion; 

the thermochemical energy freed in them is expended for the increase 

in the enthalpy of the working medium (mixture of air and products 

of combustionj at a high has temperature. 

The process of fuel combustion is a very complex physicocheraical 

process, the effectiveness of which affects the economy  of the engine 

(determining factor — aompleteneas  of aombuation)   and its reliability 

(determining factor — stability  of aombuation  in various regimes, 

and high   temperature  aonditiona   of operation  of the   ahamber,   the 

danger of warping and burnout of its elements, and also the 

possibility of carbon formation must be considered). 

The chamber of combustion of that element cf the engine which 

is most subjected to the Influence of various unfavorable factors 

in operation and which, to a certain extent, determines the operational 

reliability of the engine as a whole. 
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6.2. Basic Requirements of Combustion Chambers. Basic 
Parameters of the Combustion Chamber 

Combustion chambers of Jet engines have a number of requirements, 

the roost Important of wnlch are described below. 

6.2.1. Highest Possible Completeress of Combustion 

Heat imparted to the gas as a result of the Incompleteness of 

combustion and losses to cooling Is always less than the theoretically 

I .. Ible quantity, which Is distinguished with complete combustion, 

i'he completeness of combustion is estimated by the aomhuation efficiency 

(or liberation of heat), which is determined by the ratio of the 

actually liberated quantity of heat with the combustion of 1 kg of 

fuf.'i i,o lowest calorific value of 1 kg of this fuel, i.e., 

Vc--^-. (6.1) 

In design conditions of operation of the engine the efficiency 

of combustion is very high and approaches unity.  In partial load 

conditions of the engine, especially at high flight altitudes, 

toe completeness of combustion can sharply worsen. The less the 

completeness of combustion, the more fuel consumption of the engine, 

the lower the economy and the less the flight range. 

For basic combustion chambers In design regimes 

?i«.c =»0,95-^0,98. 

For afterburners 

&M.=0,85-r0.95. 
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6.2.2. High Stability of Combustion In the Whole Hange 
of Operational rieglmer, of the Operation of the 

Engine.  Abaence of Vibratory Combustion 

This requirement of combustion chamber 1J bualc.  it 1;; neueaaary 

that In various regimes of the engine (with a change in altitude 

and flight speed, at minimum and maximum revolution.", of t.he engine, 

etc.) combustion is not stopped, separation of the flame does not 

occur and that special regimes of unstable vibratory combustion, 

which can lead to the disputlon of normal operation of the entrl.ne 

do not appeal*. 

The stability of combustion depends on the correlation of 

velocities of the distribution of flames and movements of the air 

(fuel-air mixture), and also on the correlation of rates of air flow 

and fuels, i.e., on the composition of the fuel-air mixture, or UISJ 

coefficient of air surplus, which is equal to the ratio of the 

actually entered quantity of air to that amount theoretically 

necessary for the complete combustion of 1 kg of fuel, i.e., 

a = / o. 
/o  /oOT mtl0 

(6.2) 

To ensure the stability of combustion it is necessary to use 

special "stabilizers" of flame, the design and principle of operation 

of which is examined below. 

6.2.3. Easy and Safe Starting 

The combustion chamber must start easily, rapidly and smoothly 

in any operating conditions, with operation on earth and in flight, 

including at high altitudes.  The easiness and dependability of 

starting to a certain extent determine the operational reliaDility 

of the combustion chambers. 

6.2.^.  Minimum Losses of Total Pressure 

The providing of high hydraulic and gas-dynamic perfection of 
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the combustion chamber is a complex matter.  It contradicts require- 

ments of providing good stability of combustion and high completeness 

of combustloni actually, the use of various devices for the atomizatlon 

of the fuel and improvement of carburetlon and the use of vortex 

generators of flow and flame stabilizers of flame from the viewpoint 

of the requirements of hydraulics, aerodynamics and gas dynamics of 

processes of the flow of gas indicates the introduction of additional 

and very considerable resistances. These resistances lead to 

losses of total pressure, which are estimated by the coefficient of 

the drop in total pressure 

Pi 

« 
whrrc pp - total inlet pressure in the combustion chamber; 

p-> - total pressure at the exit from the combustion chamber. 

For the basic combustion chambers 

o;e» 0,92-:-0.97; 

In afterburners at high temperatures of gas preheating losses of 

pressure increase: 

si ^0,88 r 0,95. 

6.?.5. Small Overall Dimensions and Light Weight 

In order to obtain combustion chambers with small overall 

dlme-nnions and with low weight, or, in other words, with a small 

working volume, it is necessary to make combustion chambers of high 

calorific intensity. The latter characteristics the quantity of 

heat arriving per unit of time on a unit of volume of the chamber 

referred to the pressure in the chamber, i.e.. 

kcal 

m^'h'at 
(6.3) 
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where 

G - consumption of fuel per hour in kg/li; 

H    ~  lower calorific value of fuel In kcal/kg: 
u 

V        -  working volume of the combustion chamber In m^; 
H > C 

« 
p2 - pressure at the inlet of the combustion chamber in 

at; 

£   — combustion efficiency. 
^H . C J 

Calorific intensity of combustion chambers of contemporary gas 
■3 

turbines reaches ^O-'^O kcal/m -hour'at; this is 10-lb times more 

than fur the usual steam-locomotive furnaces. 

in uiuwr that the length of combustion chamber not be excessive 

and so that the limit of the flame does not reach the inlet of 

turbine, as great a completeness of combustion as possible must be 

provided; however tne latter, in turn, depends on the extent of the 

chamber and presence in it of devices making the combustion process 

more active.  Thus, requirements of obtaining small dimensions and 

weight of the chamber together with the high completeness of 

combustion are contradictory.  They are solved by the reception of 

compromise solutions in reasonable limits. 

6.2.6.  Optimum Law of the Distribution of 
the Field of Temperatures at the Exit 

from the Combustion Chamber 

The field of temperatures at the exit from the combustion chamber 

(.or which is the same, - at the Inlet of turbine) is always character- 

ized by a definite degree of irregularity. 

One should distinguish the circumferential and radial irregularity 

of the gas temperatures. The circumferential temperature irregularity 
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is harmful, and it should be lowered as far as possible. The radial 

irregularity must obey the definite most advantageous law, at which 

the maximum of the temperature must be approximately at a distance, 

equal to 2/3 of the blade. 

The root elements of blades of turbines, subjected to the 

action of greatest stresses of break, and also outlying elements 

of the blades, having the least thicknesses and therefore yielding 

to burning must be washed by the flow of gas of a lower temperature. 

The degree of irregularity of temperatures is defined as the 

ratio of the greatest temperature difference at the exit from the 

combustion chamber to mean value of temperature, i.e., 

f-i^^.i00K<(20-:-3O)?Ä. (6.4) 

The circumferential irregularity of temperature of the best 

combustion chamber does not exceed the magnitude AT =  50-lü0oK. 

Figure 6.1 shows temperature fields at the exit of combustion 

chamber, characteristic circumferential and radial Irregularities 

oi temperatures of gas, and also the regularity of the temperature 

variation of the cooled moving blades of the ductedfan Jet engine 

Rolls-Hoyce "Spey". 

6.3.  Design and Principle of Operation Combustion 
Chambers.  Types of Combustion Chambers 

Combustion chambers of Jet engines are distinguished from each 

other by scheme and a number of design peculiarities; however, they 

all have similar design and similar principle of operation. Figure 

6.2a gives an individual combustion chamber Installed on a TRD with 

a centrifugal compressor. 

Its main elements are: 

a) dlffucer; 
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Pig. 6.1.  Distribution of the field of 
temperatures at the exit from the combustion 
chamber of tne ductedfan Jet engine Rolls- 
Royce "Spey". 

Fig. 6.2.  Diagram of combustion 
chamber of an aircraft GTD:  a) 
individual; b; annular. 
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b) internal heat pipe; 

c) external Jacket (body); 

d) frontal device consisting of a centrifugal fuel spray nozzle, 

bladed swirl vane and stabilizer; 

e) perforation system (to provide mixing of the air and products 

of combustion). 

Figure 6.2b shows a diagram of an annular combustion chamber. 

6.3.1.  Working Process in the Combustion Chamber 

The  working process in the combustion chamber (Fig. 6.3) occurs 

in the following manner. At the exit of the compressor the air has 

a relatively high velocity (100-120 m/s).  At such a veloolty the 

combustion chamber would have a long length with considerable losses 

of pressure and low completeness of combustion. Therefore, the air 

flow is initially directed into the diffuser of the chamber In which 

its velocity is lowered down to 50-70 m/s. 

6.3.I.I.  Atomlzatlon of Fuel and 
Formation of a Fuel-air Mixture. 

Fuel atomlzatlon is produced by centrifugal sprayers under 

high pressure (Ap = 60-80 at). The angle of the spray cone reaches 

110-130°. To ensure the necessary finess of atomlzatlon In all 

regimes of operation of the engine and at various fuel consumptions 

two-and even three-channel sprayers are used. 

Fuel flows out from the sprayer, forming a continuous thin 

conic film, which, with removal from the frontal device, is decomposed 

and split up into smallest drops of various diameter.  Investigations 

show that from 1 cm of fuel up to 10 million drops with a diameter 

of 10 to 200 um are formed. 
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Flg.   6.3-     Diagram of processes  in the 
combustion  chamber:     1 - spray   cone; 
2 - swirl  air;   3 - reverse   fIowaj   4  - 
circulating  zone;   5 _ zone  of combustion; 
6  - turbulent  tracks. 

For each sprayer the most   advantageous   spectrum  of atomization 
is   selected.     An excessively   large  or excessively   small   fuel 

atomization  can lead to  a worsening of combustion efficiency  and 
narrowing of the  range   of steady   operation  of the   chamber  (big 
drops   fly   through  the   chamber,   not  burning;  with  complete  evaporation 
of the  drops  there  is  superenrichment  of the mixture,  which  also 

make  burning worse). 

6 Division of Air Flow 
into Primary and Secondary. 

In diffuser the air flow is divided into two parts.  Its lesser 

part (approximately 20-50$) occurs inside the flame tube through the 

swirl vane of the frontal device and also through the system of 

openings (perforation) in the front part of the flame tube, is mixed 

with the atomized fuel being injected by the centrifugal sprayer, 

and immediately participates in the process of combustion. This 

part of the air is called primary   air.     It must be noted that the 

primary air must be fed gradually along the length of the zone of 
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conbustlon. This Is connected with the fact that in the beginning 

for the creation of the fuel flame (as a result combustion rapidly 

ovap'.rating small drops) a small quantity of air is necessary. With 

preparation of fuel-air mixture, to ensure its complete combustion 

and prevent aissoclatlon at high temperature, the necessary quantity 

;>!' air Increases (Fig. 6.^).  In the zone of combustion the most 

advantageous concentration of fuel is characterized by the value of 

the coefficient of air surplus Oj- « 1.1-20. 

FU91  i^<L^'~  ""v^^ 
;   -ÄVSsJr '^ """i. ■s'";o'1''''c* MZone of mixing—^ 

Fig. 6.^. Change in parameters of 
gas along the length of combustion 
chamber. 

The greater part of air (50-80%) fills the annular cavity 

contained between the flame tube and external body, and then the 

air enters also through the system of openings inside the flame 

tube - into the zone of confusion.  This part of the air is called 

eeaondavy  aip;  is mainly for the mixing of hot combustion products 

with cold air (entering from the compressor) and for lowering the 

temperature of the obtained mixture down to a safe level, determined 

by conditions of the providirj  - strength of morning blades of the 

turbine. 
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The division of air Into primary and secondary  la  connected 

with  the   Impossibility of the  organization  of effective  fuej   burning 
at   low  temperatures   (800-10u0oC) .     Therefore,   it   la   nuf.-e.-^ary   in 
the  beginning to organize   fuel   jombujtlon  at  high   tempuraturo 

tl60Ü-19üüoC)   and  then  accomplish dilution  of  combustion products  by 
cold  air. 

6.i.1.3•     stabilization of the 
Front  of the Flames  In the  Zone 
of Combustion. 

The  tendency  to boost   the  combustion  chamber,   having provided 

high   values of its   calorific  Intensity,   conditions   the   use high 

velocities of the flow of air (gas) greater than the normal velocity 

of the distribution of the flame.  From a course in physics of 

c.-rnbustlon. It is known that In this case (when a     "-   V ) for 
r    Hup:: 

providing stability of combustion and retention of the flame Jet in 

combustion chamber, there must be created a stagnant circulating 

zone — the i,oiie of reverse flows [ZOTJ (30T) of hot gases - capable 

of continuously and reliably Igniting the prepared fuel-air mixture, 

To create such a zone, there are employed swirl vanes of flow 

and various bluff bodies (annular grooves of the corner sections, 

plates, etc.), behind which an area of low pres&ure is formed. Such 

an area is formed along the axis of the flame tube, in its front 

part, as a result of the ejection of combustion products of the 

annular (hollow) Jet of the mixture of fuel and air. 

Figure 6.3 shows the pear-shaped border of the area of the zone 

of reverse flows. 

6.J.I.4.  Flow Turblllzatlon In 
the Combustion Zone. 

For the intensification of processes of mass-and heat exchange 

and likewise for the Increase In the velocity of the normal flame 

propagation, transition from laminar combustion to turbulent is 

necessary. 
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Turbulence of flow is achieved with the help of swirl vanes, 

centrifugal fuel sprayers, bluff bodies, and also by means of the 

radial admission of Jets of cold air through openings in walls in 

the flame tube. 

In chambers without a frontal device a greater part of the fuel 

burns up in turbulent "tracks" formed with the passage of air through 

the openings. The correct selection of diameter, disposition and 

number of openings to a certain extent determines the effectiveness 

of combustion, limiting dimensions of the zone of reverse flows and 

uavlng an effect on hydraulic losses In the combustion chamber. 

6.3.1.ü.  Gas-Dynamic Structure of 
Flows in the Combustion Chamber. 

Figure 6.5a, b and c shows respectively, regularities of the 

distribution of velocity fields a,  fuel concentrations K  and gas 

temperatures of gas T* in  sections of chamber 1, 2 and 3- 

In an axial direction the total pressure of the gas gradually 

drops.  Gas temperature reaches a maximum in the zone of combustion, 

and then with the admixture of the secondary air, is gradually 

reduced down to the reguired level.  The average flow velocity of 

the gases is lowered in the zone of combustion (midsection of the 

chamber) - this increases the time of stay of the fuel at high 

temperatures and assists the complete burning of the mixture. The 

completeness of combustion sharply Increases toward the end of the 

zone of combustion. 

a) b) c) 
Pig. 6.5.  Fields of velocities, temperatures 
and concentrations of fuel in the combustion 
chamber. 
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At the exit from the chamber the total coefficient of air 

surplus reaches the value «„ = 3.5-5.5. 

in a radial direction the concentration of fueJ reaches l.'.e 

maximmn in accordance with the trajectory of motion of the fuel 

particles.  The greatest irregularity in the distribution of .'txial 

velocities of the air (gas) is observed in sections of the -zone  of 

reverse flows.  With an approach to the exit of the chamber, the 

profile of axial velocities is gradually equalized. 

Temperature of gas has the greatest and apprüximät'-l.v constant 

value in the zone of the reverse flows and sharply decreases in the 

direction of the periphery of the flame tube, where admixture of 

secondary air to the primary occurs. 

6.3.2.  Types of Combustion Chambers 

Combustion chambers of aircraft gas turbines are rubdivlued Into 

can   (or  individual)*   annular and aannular. 

Tubular chambers are used mainly on engines with a centrifugal 

compressor.  They are convenient in operation, and they allow rapid 

replacement of chambers without dismantling the whole engine.  The 

use of individual chambers considerably reduces the time of their 

finishing. 

Annular chambers are used on engines with an axial-flow compressor. 

They are distinguished by great compactness and little weight, 

since they have less overall dimensions.  Annular chambers are 

characterized by fewer hydraulic losses and have at the exit more 

uniform fields of temperatures and pressures.  Deficiencies of annular 

chambers they are the complexity of repair and finishing. 

At present the most widespread are cannular chambers (with 

individual flame tubes), which are an intermediate type of chamber. 

With skillful design fulfillment, they combine the merits of can 

and annular combustion chambers. 
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6A.    Change In Pressure In the Combustion Chamber 

One should distinguish the change In static and total pressures 
of gas in the combustion chamber.    Static gas pressure,  depending 
on the  configuration of the  combustion chamber,   can   decrease,  remain 
constant  or, theoretically,  even in certain  cases,  increase;  the 
total gas pressure in the  combustion chamber always decreases. 

Let us examine these questions in detail. 

6.4.1,     Change  in Static Pressure. 

The change In static pressure of the combustion chamber is 
determined by the presence of hydraulic resistances and acceleration 
of flow.    The greater the hydraulic losses  (i.e.,  the greater the 
portion of energy of gas necessary to expend for overcoming hydraulic 
and gas-dynamic resistances)  and the greater the acceleration of 
flow  (i.e., the more the increase in kinetic energy of the gas), 
the greater the drop in static pressure of the gas.    The aforesaid 
follows  from an analysis of Bernoulli's equation, written for the 
process in the combustion chamber: 

S^^-^l   -^-J^O. (6.5) 

Hydraulic resistances in the combustion chamber are conditioned 
by the  viscosity of the gas,  the presence of various obstacles 
in the  flow - vortex generators of flow and flame stabilizers, - 
sprayers and deflectors, mixers and separators of flow,  and in some 
chambers - at sharp turns of the  flow (up to 180°).    Hydraulic 
resistances can be decreased up to a definite degree, but it is 
impossible to eliminate them entirely. 

Acceleration of flow in the combustion chamber, in turn, 
depends on a number of factors — shape  (profile)  of the chamber. 
Intensity of preheating of-the gas, and presence of hydraulic 
resistances. 
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The   combustiün  chamber,   and  also the  afterburner,   from  design 

and technological  considerations  are  usually made of cylindrical 

form1;  with  configuration of it  the preheating of the  gas   and  presence 

of  friction always   lead te.   ac cole rat Ion   of  flow  and   J.I\.-[J   i;.  .--.t.ali - 

pressure. 

Let   us  write  the equation  of momentum  for the mass   of gas 

moving  in  a cylindrical  chamber  in the presence  of preheating without 

friition.     Such  a  combustion   chamber is   an ideal   thermal  nozzle. 

We  obtain 

~~(r3    c,)~ /{p, -p3). (Di6) 

Thus,   acceleration  of flow   (e,   -■  Cp) ,   conditioned  by   the 

preheating of the gas   (r.,  >  T^) ,   causes  a drop  in static pressure 

ip3  <  p2). 

Expression  (6.6)   can be given another form: 

~ Ct-l-p,/==-£-C3 +pj    const, (6.7) 

i.e., the total momentum of flow in the cylindrical chamber remains 

constant; hence, it follows that the cylindrical pipe does not 

develop as much reactive thrust as the gas passing through it 

has warmed up, - its walls are not able to absorb the axial stresses. 

Let us find now the quantitative correlations connecting the 

drop in static pressures with an increase in the preheating of the 

gas. 

Let us transform expression (6.7), having noted that a  = /c„ „. 

'Sometimes it is made slightly expanding. 
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Then 

Pi-Pi* 
«•iV» (<-,-f2). 

Since with / ■ const 

<r,      i», •   and     *     ksRT, ' 

then 

■t-,-*M'1^-0~,-*'M'(t-,)■ (6.8) 

We sec that the process of preheating of the gas in the 
cylindrical combustion chamber is shown in p-y-coordlnates by the 
equation of the straight line (Fig. 6.6). The more Initial number 
M2 of flow, the more intensive the drop In static pressure. 

Fig. 6.6.  Process of preheating 
of the gas in the cylindrical 
combustion chamber. 

Let us now derive the simple formula for the calculation of 
the coefficient of drop in static pressure o »  P-j/Po« 

The equation of the momentum of gas (6.7) can be reduced with 
the help of the gas-dynamic function 

'(*) -ihi) 
to the form 

r^j/r—corul, (6.9) 
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or 

Hh)~~j!. (C.iU) 

'"a where A----    degree of preheating  of the  gas  combustion  chamber. 

On  the  other hand,   the  equation of the   flow  of gas   for a 

cylindrical pipe  can be written with the  help  of the gas-dynamic 
function r(A)   in  the   form 

J~~ const. 

where 

Then 

where  the  connection between X-,,   X^ and A   is   found with  the  help 

of equation   (6.10) . 

Determination of a  is produced from  tables  of gas-dynamic 

functions  of Kiselev. 

Example:     Let   X2  =   0.20;  A  =   3.     Then 

■raj) a 2.6;   *(X3)»-^=-»),R;   X^n.Wl; 

/■(>2)    0.fl66;   /•{*,)   -0.85S;   « — 0^94. 

6.4.2.     Drop in Total Gas  Pressure 

Preheating of the gas■in the  combustion chamber of any 

configuration,  independent  of the  presence  of friction,  always   leads 

to  a drop  in total  pressure  of the gas. 
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Drop In total pressure, conditioned by the preheating of the 

gas, is called thermal reaietanoe.     The physical sense of the concept 

"thermal resistance" is that at the assigned storage of kinetic 

energy with preheating of the gas the increase in pressure of the 

gas, conditioned by deceleration of the flow, continuously drops. 

Actually, at the assigned magnitude of adiabatic work of 

compression equivalent to the kinetic energy of flow, 

c» 
Att= 102,5r*(n,o:M" D-Hr- • 

wuere 

n— , 
P 

with an Increase  in T* the magnitude  TT decreases. 

Let us examine  the  combustion chamber of arbitrary  configuration 

in which with the preheating of the gas there is  a drop in static 
pressure.    Let us assume that friction is absent.    Let us prove 

graphoanalytically that in this case the total pressure of the gas 
arop: that p, < p?  (Fig.  6.7). 

Adiabatic curve 
j*» of acceleration 

Fig.  6.7.    Graphoanalytical 
illustration of the drop in total 
pressure of the gas with its 
preheating in the combustion chamber 

Let us write Bernoulli's equation for process 2-3 in the form 

£=i-W'- (6.12) 

If the total pressure of the gas in combustion chamber would 
ft        ft 

remain constant,  I.e.,  if p^ ■ p2,  then the area  S^-S-d-a-S1*» 
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equivalent  to  the kinetic  energy  . JL      would be more than  the  area 

..1*-;_,-j-J-a-2*  which depict.-;   the   right-hunu aide   of e:iU3tlon   ''(..'i,?'!; 
this  would  contradict equality   (6.12).     Consequently,  /;■ ,   < /   ,,   aieaa 

J*3-c/-i-3»  and  2*-2-3-^,-a-^*  are  equal). 

The  physical  sense  of the  drop  in total pressure   can be   shewn 
still   otherwise  in the example  of the   cylindrical   combustion   chamber 

P'or subsonic  flows we have  the  approximate  equality 

p^pi.Sf^pW-JUL (6.13) 

For cylindrical  chambers we write 

pf-\ r--^const,    and     />4cf:sa:Consf. 

Thus,   the  total pressure   jf the gas  is equal  to the   constant 

specific  total pulse  [less  the  dynamic  addition of pressure  (Impact 
pressure)J,  i.e.. 

/»♦»const—J1- 

Since  in proportion to  feed of heat  the dynamic head of the 

gas    j^—c\    increases, then the  total pressure p*  drops. 

6.^.2,1.     Determination of the 
Drop  in Total  Pressure in the 
Cylindrical  Combustion Chamber. 

Let   us  derive  the simple  formula for the determination of the 
coefficient  of drop in total pressure 

in a  cylindrical  combustion chamber. 
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Let us present the equation of the flow of gas with the help 

of the gas-dynamic function /(X) In the form (Fig. 6.8) 

p'f (\) * coMsr. 

n(A),?|A);/(A) x(A);y(A) 
9,0 

10 

6,0 

sp 

3.0 

2.0 

0    02 0,U 0,6 0,8 1.0 I.Z  t,4  1,6  1,8 2ft 2.2 # l$k 

Fig.   6.8.    Graphs of gas-dynamic  functions 
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0.2 

. . j., _    _ ,.   A'-nfTT        ...    .../i  

/ 
:  :     iZzzt^iz   _   :: ii~~ 

i*** r         s.   jii\     i ^5""    i- .        ^-/w -f-ir 
* <t3      >•    s^     \r          n  
 _:^ _1       >K_S       l\a\ ■   - jh   --?s   --     --S--V   "/7(A) 

_L   ^^_     V-nm    Wi   - /  :m   V<^(A,      \* 
-X          /I\                 >s»d''''          x-^ 
/\       ^l V                    ^■■«'      S                     ^vV 

>       *sl       a"'''                 ^N'-.          ^^ 

Here 

Then 

-I v*=r 
/W.(,+^(.-^u) 

(6.1^) 

The connection between X, and X2 and A is found with the help 

of the momentum equation (6.10). 

Example. 

Let X2 - 0.20 and A = 3 (fe = 1.33). 

Then   »(A,) =2.6;    «{*,) = 1.5;    X,~0.382;   /(Xj)-I^ZS;   /(I,) = 1.0757      and   a^O.aS. 

Figure 6.9 gives a graph for the determination of the drop in 
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Fig. 6.9.  Graph for the determination 
of the drop of total pressure of the 
gas in the combustion chamber. 

On the graph lines of equal values A2 and A3 are plotted.  With 

an increase in A when A, = const value A3 Increases.  With an 

increase in when \, = const the value A,, drops 

Figure 6.9 gives the boundary line A3 = 1, which fixes the 

limiting degree of preheating of the gas at the assigned initial 

value. 
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.".2.2.  Determination of the 
■Imltlng Degree of Preheating In 
,ne Cylindrical Chamber. 

Froir. the momentum equation (6.10) let us find A-; 

1 and, consequently, when s(X,) » 1, magnitude 

When 

Ä = Ami,«»i(Xj). 
(6.15) 

Several ': .za.  obtained for this dependence are given In Table 

Table 6.1. 

h 0.10 0.20 O.-TO 0,10 0.50 

im» 5.05 2.60 1.82 I.« 1.» 

Thus, with an Increase In the number X?, the limiting degree 
of preheating of the gas In the  combustion chamber sharply decreases. 

c..-i.2,3.    Effect  of Hydraulic 
losses on the Drop of Total 
Pressure p*.    "" 

The drop of total pressure,  conditioned by the presence of 
hydraulic  losses,  is estimated by formula 

.;~i-?- 
k\\i (6.16) 

.■here M,  »  0.07-0.15  and C ■  8-12, 

The total losses of total pressure are equal to 

Vc^'r+V 
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6.5.     Factors  Affecting the  Completeness  of Combustion 
and Stability  of Combustion of the  Fuel 

Earlier we  noted  the   importance of providing  iiigi;   vaiuv^   oi'  Lne 
efficiency  of combustion   for  economic  operation  of  *. he.   engine.     liow 
we will  examine  the  effect   of  various  regime  parameters  and also 
parameters  of the process  on the magnitude  C 

K « C • 

The coefflclency of combustion considers the ahemiaal  incomplete- 

ness of combustion (being determined by the dissociation of combustion 

products, the formation aldehydes Instead of product? of complete 

combustion —ilo0 and COp) and also the meahaniaal  Incompleteness of 

combustion; the latter appears in the form of deposits of carbon 

deposit on elements of the combustion chamber and the coking of the 

fuo 1. sprayer; furthermore, part of the fuel Is taken away by tL~ 

flow of gas beyond the engine. 

The basic parameters influencing the efficiency of combustion, 

are:  coefficient of air surplus a, parameters of air at the Inlet 

of the combustion chamber (pressure p2, temperature T-, and velocity 

c.,), altitude of flight W, number of revolutions of the engine n, 

finess of fuel atomizatlon, determined by the average diameter of 

the drops of fuel, and others.  The enumerated factors have an 

effect on the very complex physlcochemical processes of corabuatlon, 

intensifying or slowing them down. 

b.'j.l.  Effect of Coefficient of Air Surplus a 

Figure 6.10 shows the effect of the coefficient of air surplus 

of combustion chamber a on f,  ,  The maximum completeness of combus- 

iio:. corresponds to the magnitude of the total coefficient u.. = j-5» 

i.e., approximately to the stolchlometric composition of fuel-air 

mixture in the zone of combustion (a, ^ 1.0); this composition of 

mixture corresponds to the highest temperature of combustion, 

smallest volume of combustion, shortest flame. 
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Fig.  6.10,    Effect of the coefficient 
of surplus of air on the complete- 
ness of combustion of the fuel. 

The Impoverishment  and enrichment of the mixture  lowers the 
magnitude C        , and the greater this is, the greater magnitude a, 
iev'.-• oj  from unity. 

At  i:np-verishment  of the mixture the  flame  is  decreased In 
volume,  and it becomes shorter - fuel shortage is affected.    Hot 
combustion products, mixing with the primary air, are  coolea; as 

a result the velocity of the occurrence of the  chemical reaction is 
decreased,  and the combustion chamber is lowered.    All this  leads 

zo a lowering of the completeness of combustion.     With  further 
decrease of the mixture,  the quantity of heat imparted by the zone 

of reverse flows appears  already insufficient for ignition of the 
fresh fuel-air mixture - flameout of the Impoverished mixture 
acproaches. 

With enrichment of the mixture the flame is  stretched, and it 
increases in volume.    Since the surplus fuel evaporates, this leads 
to the cooling of the combustible mixture; as a result the induction 
period of combustion Increases,  and the completeness of combustion 
13  decreased.    With further enrichment the fuel-air mixture can 

"rush" through the zone of reverse flows not igniting - flameout 
:.T the rich mixture approaches. 

6.5.2.    Effect of Air Pressure p^ 

A decrease in absolute air pressure at the inlet of the 

jcnbustion chamber down to p~  * 1 aT (Fig.  6.11) has little effect 
:.n the completeness of combustion.    With further reduction in 
pressure  (p,  < 1 at) the coirpleteness of combustion is decreased as 

i result of the lowering of tie   .-^-jclty of combustion and also due 
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m Pig.   6.11.     Effect  of air pre^r.ure 
in  combustion  chamber ci\ Wr-. 
corupieteness  of combuötloji   ..('  '.nc 
fue 1. 

o.io,sot9 1,0 ifpt\er/cm' 

^ 

to the worsening of the atomization (diameter of drops of fuel 

Increases; the fuel drops easily fly through the chamberj without 

having become ignited). 

6.5-3»  Effect of Air Temperature Tn 

With a reduction in air temperature at the inlet of the 

combustion chamber (Fig. 6.12) carburetion becomes worye it'uei 

evaporation is delayed); furthermore, the induction period Increases, 

and the velocity of combustion is lowered.  Ultimately the ccmpletenes: 

of combustion becomes worse. 

1.0 

0,9 

Ofi 

0,7 

0,6 

0,5 

T 
^^^     i 

s^ 
a' 

c 

-20 ZO 10       60  t/C 

Fig. 6.12.  Effect of temperature 
of air entering into combustion 
chamber on the completeness of 
fuel combustion. 

0.5.^.  Effect of the Velocity of Air Flow c., 

At the assigned composition of the mixture, the increase in 

the air velocity at the inlet of the combustion chamber (Fig. 6.13) 

leads to a decrease In the time of stay of portions of the fresh 

fuel-air mixture in the zone of reverse flows; this lowers the 

completeness of combustion and with a further Increase in velocity 

of the flows can lead to flameout. 
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Pig. 6.13. Effect of velocity of 
air flow at the inlet of the 
combustion chamber on the 
completeness of fuel. 

Effect of Flight Altitude 

With an increase in flight altitude (Fig. 6.14) the pressure 

vl air temperature at the inlet of the combustion chamber decrease. 

This leads, as we already noted above, to the deceleration of the 

passage of the chemical reaction and to the worsening of carburetion, 

Ultimately there is the lowering of the completeness of combustion 

and especially on reduced regimes of operation.  Furthermore, with 

climbing the range of steady operation with respect to parameter 

a is narrowed. 
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Fig. 6.14.  Effect of flight altitude 
on the completeness of fuel combustion, 

6.5.6. Effect of the Number of Revolutions 

Extreme throttling of the engine always makes the completeness 

of combustion worse (Fig. 5.15). 
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Fig. 6,15.  Change in the 
coefficient of completeness , r 
combustion accoi'ding to number 
of revolutions of the engine. 

6.5.7«  Providing Stabilization of Combustion 

Stability of combustion is determined by the range of the 

change in coefficient of air surplus In which there Is not a 

flameout (on Impoverished and enriched mixture). 

Figure 6.16 gives the characteristic of the stability of 

Operation of the combustion chamber in the  form of üependence 

^omav = /(<*)'    The area under the curve is the area of steady 

combustion. The left branch of the curve characterises the limit 

of separation with respect to the rich mixture and the right branch 

of the curve - limit of separation with respect to the impoverished 

mixture. 

«7*0«.    '•'■'•I.'-1 «a u 
FlaiDfo.t  of 

r. iy: i.n- 

Aa   —   i-mrf-  of 

Fig.   6.16.     Characteristic of the 
stability of operation of the 
combustion  chambex1. 

•(■•'j-,   r; 'in'  .st3ir 

With an Increase In a..,  with an Increase in p0 and T?,  with 

an Increase in flight altitude, and with a decrease in number of 

revolutions of the engine, the stability of combustion of the Jet 

engine is made worse. 

140 



6.5.8. Evaporative Combustion Chambers 

The worsening of fuel atomlzatlon and the deceleration of the 

velocity of occurrence of the chemical reaction of combustion with 

hn  Increase In altitude, as we havo already indicated, lower 

Lhe completeness of combustion and makes stability of combustion worse, 

One of the methods of increasing the effectiveness of combustion 

on great altitudes is the use of evaporative  chambers of combustion. 

Principle of operation of these chambers is simple.  It consists 

in Lhe fact that before its feed into the combustion chamber the 

fuel preliminarily flows through a system of tubes warmed up on the 

outside by products of combustion, and it evaporates.  Vapors of 

fuel flowing out of the tubes are mixed in the flame tube with 

compressed air in various proportion, forming a heterogeneous mixture. 

The latter, as is known, has wider limits of ignition with respect 

to a than does the homogeneous mixture. 

In order to eliminate carbon formation on walls of the tubes, 

air is passed through them, and the fuel is injected in the form of 

thin axial Jets inside the tubes. 

Evaporative chambers were used on separate serial gas-turbine 

engines (TVD Armstrong-Slddley (Mamba), TRD Armstrong-Siddley 

(Sapphire) AS-65). However, due to their design complexity and 

large volume, they did not become widespread. 

6.6. Determination of Relative 
Fuel Consumption in the 
Combustion Chamber 

With thermal and gas-dynamic calculations of gas-turbine engines 

and with the calculation of their characteristics, it Is necessary 

to  the relative fuel stability 

fftt—^r- O"*^--^) (6.17) 
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Determination of the average (conditional) specific heat a 

of gas can be produced on special tables or nomograms, complied, 

fur example, by ta.   T. ll'lchev (see work [30j).  in practic  I 

.! o convenient to determine m      by the formula proposed by .-.. ,'. 

Kholshchevnlkov and Ya. T. ll'lchev: 

'i'J 
UJI,-/{T]) 

(o.: d j 

with the help of nomograms (see Appendix 1) or tables glvor In 

work [21j.  These nomograms and tables consider the effect of 

temperature ana a on the enthalpy of air and of gas. 

Ik2 



CHAPTER  7 

EXHAUST SYSTEMS OF JET ENGINES 

Exhaust systems of Jet engines and their rational design, 

V'TL-'JIIveness and method of control acquire an even greater actual 

linpcrtance, especially in connection with the development of engine: 

i r high supersonic flight speeds and also for vertical takeoff 

(landing). 

The exhaust systems of the Jet engine Include:  diffuser, 

extension pipe. Jet nozzle with systems of control and cooling 

MuLjfc, i-.uppressor and thrust reverser (deflector). Sometimes the 

exhaust includes the afterburner, although it is more logical to 

rut it in a special system of the boosting of thrust of an engine. 

7.1.  Purpose of Exhaust Systems of Jet Engines 
and Basic Requirements of Them 

The purpose of exhaust systems o' Jet engines is varied - they 

fulfill a number of responsible functions.  Their main purpose is 

to provide the effective transformation of potential energy of 

IM' pressure behind the turbine into the kinetic energy of outflow 

of the gas, and to form the output pulse of the Jet engine with 

niniinum losses. 

At the same time, the exhaust system of the Jet engine with 

the help of special control must prcvlae the necessary change In 

operating conditions of the engine, control of the direction of 

the vector (reversing) of tlr  ' and magnitude of thrust from Its 
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maximum positive to Its maximum negative values.  Furthermore, the 

exhaust systems uf the Jet engine must provide the necessary degree 

of damping of noise produced by the c-.\gir.e.  in accuraanct wlir, :UL 

aforementioned, it Is possible to formulate the following l.url ■ 
requirernents for exhaust systems of Jet engines: 

1) transformation of thermal (potential) energy of gas Into 

kinetic and the creation of the output pulse of engine with minimum 

losses in all flight regimes; 

2) providing effective control of processes uf operation oV  the 

engine in accordance with the profile and flight regime; 

3) providing control of the magnitude and dlrectlorn; of thi 

vector uf thrust over a wide range of values of thrust; 

;t) providing effective lamping of noise produced by the engine. 

7.2.     Process of the Outflow of Gas From the Jet Mozzle 

Let us examine the process of the outflow of gas from the Jet 

nozzle (Fig. 7.1) In coordinates J",-j—$. 

Fig. 7.1. (Iraphic representation 
of the process of outflow from 
the Jet nozzle. 

Let point ^ characterize the real condition of the gas at the 

exit from the turbine. Let us draw an isobar of external pressure 

pH.  in the absence of losses of friction, the Ideal process of 
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cf complete expansion of gas In the Jet nozzle (up to external 

^ounterpressure Pc ■ p ) will be depicted as the isentrope ^-5a. 

The real process of the outflow occurs along a certain conditional 

polytrope ^-5«  It is accompanied by the growth in entropy due to 

the presence of friction. 

It is not difficult to note that the difference in enthalpies 

In the adiabatic process ^-5a. 

'J-'M   cl 
A 2g 

(7.1) 

I - the kinetic energy of 1 kg of gas on the section of the nozzle 

with the Ideal process of outflow. 

Difference in enthalpies in the real process 4-5 

2.?      A 
(7.2) 

is the kinetic energy of 1 kg of gas flowing from the nozzle, with 

allowance for losses with expansion. 

7.2.1.  Velocity of Outflow from the Jet Nozzle 

Let us find the adiabatic velocity of outflow from the Jet 

r.nzzle  with total expansion of the gas (pp. = p ) with the help cf 

the energy equation (7.1): 

wnere p^, Tu —  total pressure and temperature of the gas respectively, 

at the inlet of the nozzle; p - external counter- 

pressure. 
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Setting fe    =1.33 and 2^ — = 2310, It  Is possible  to present 

in the   form formula  (7t3) 

/^:['~(tr i 7. a) 

^4 If we  substitute  —-"--•''pe   an^ Introduce   the  gas-dynamic   {'unction 

■...=1-  ' 
«-1 
* 

where T;    - available degree of expansion of the gas in jet p.c. 
noszle, then formula (of 7.^) takes the form 

^-/^lor;.,.;. (70) 

It Is convenient to determine In terms of the given velocity 

Aj in this case the velccity of expiration from the nozzle 

or, subsituting fe = 1.33; g = 9.81 and R  = 29.5, we obtain 

^-18.3X5/rf; 

(7.6) 

(7.7) 

here 

^-/ C7^) 
where p5 = pH  and p^ = p^. 

7.3.  Methods of Estimating Losses In the Jet .'Jozzle 

The real process of expansion of the gas in the Jet nozzle is 

characterized by hydraulic and gas-dynamic losses, which lower the 

velocity of outflow and exhaust pulse of the engine.  These Include 

losses conditioned by friction In the boundary layer, by the 

nonuniformlty of distribution of axial velocities and by the 
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:  LiivV (radiallty) cf flow at the exit of the nozzle, and also 

rsaes conditioned by the deviation in the regine frcn the design 

:-gi~e (losses of "underexpansion" and "cverexpansions"). 

7.3.1.  Coefficient of Velocity 

The ratio of actual (with an allowance f 

it flow to the adiabatic (without losses) vel 

■effioient  of vel'-aity 

• vi   r : 

,' - ,.    < J s ca-lea the 

('7  UN 

.ich is always less than unity. 

The concept cf the coefficient cf velocity cf the Jet nozzl« 

similar to the concept of the coefficient cf velocity of the 

c^le apparatus of the turbine. 

Fron expression C7.Ö 

cutflow 

7 . R\    •< r <s n.'.isslhl» -- P'y .s pcssib! a tne reax ve.ocl* 

Ci^fpcCi«, 

fj^fi. |..t r^^'itn C -  - V 

y <f,, . = 0.97-^-0.985. 

cmuia (7.9< can be used in all cases of subcritical outflow 

he standard converging nozzles and also in cases of supercritical 

w from Lavi-l nozzles, calculated on total expansion of the 

7.3-2.  Efficiency of the Jet Nozzle 

"he ratio of the kinetic e-ergy of 1 kg of gas at the exit cf 
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the nozzle in the real process of outflow to the kinetic energy of 

this gas In the adiabatic process of outflow is the efficiency of 

the Jot nozzle.  It is equal to 

U .10) 

7.3-3.  Relative Exhaust Pulse 

The effectiveness of the exhaust system of the Jet engine b: 

frequently estimated by its relative exhaust pulse.  The relative 

exhaust pulse is understood as the ratio of the real exhaust pulse 

(wltn an allowance for hydraulic and gas-dynamic losses and also 

losses of the overexpansion or underexpanslon of gas in the !.oz::le} 

to the theoretically highest possible exhaust pulse with complete 

i^entropic expaslon of the gas.  In this case 

.      fS + / (Ä - /'») 
T—JLL--S =». (7.11) 

g fit««) 

where /j^—«"i r/jl/»* —P«)— real discharge pulse; 

/j(i-u = — fj(iu) — theoretically highest possible (Ideal) 

pulse; 

Of-  —  real velocity of outflow from the nozzle; 

a, ,     N — theoretically highest possible velocity of 

outflow from the nozzle. 

Thus, the relative discharge pulse is nothing less than the 

given coefficient of velocity $Q,  which considers all forms of 

losses In the nozzle, Including partial load operating conditions. 

Let us express now the relative thrust losses in terms of 

the discharge pulse (l-^0) 
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We have: 

/?,-/i—/«, and ^a"•'«■«—/• 

whex^e F      and R -  ideal and real thrusts respectively; 

lt=*-V~  inlet pulse. 

Then 

or 

^V«—!-»» ^lo 
,_../•_   , «L (7.12) 

Prom expression (7.12) it follows that on the test stand (when 

the inlet pulse is equal to zero) the relative thrust losses is 

exactly equal to losses of the relative discharge pulse. 

At a high flight speed, when magnitudes of the inlet and exhaust 

pulses are distinguished little from each other, a small change In 

the parameter ^0 can very greatly affect the magnitude of the thrust; 

at these velocities each percent of the change in the coefficient 

of velocity of the nozzle can correspond to the change in thrust 

of 3-5X and more. 

Figure 7.2 shows the effect of ^p on AÄ. From this graph it 

follows that the 5-percent lowering of the velocity of outflow from 

the nozzle  causes: 

1) on the test stand (M0 ■ 0) - drop in thrust of 51; 

2) with transition through the speed of sound (M0 - 1.2) - 

drop in thrust of 8$; 
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3) in cruising supersonic flight conditions (M0 ■ 2.2) - drop 
In thrust of 1^%. 

QM o.9t   W   qp   4M C 

Fig. 7.2.  Dependence of losses 
of relative thrust on losses of 
relative exhaust pulse for* different 
M,, numbers. 
Ü 

7.^.     Control of Process  of Work of Engine 

The presence  of a  regulator of the  critical  section of the  Jet 
nozzle makes  it possible  to change  the regime of operation of the 
engine  (temperature of the gas  in front  of the  turbine,  degree  of 

compression of the  compressor,  number of revolutions),  improve 
the economy of the engine, increase temporarily tne thrust  of the 

Jet engine and so  on.     At  the same time,  by regulating the  nozzle 
throat,  it is possible with short-term switching on or switching 

off of the afterburner    to provide invariability  to operating 
conditions  of    tne    turbocompressor part  of the engine. 

7.^.1.    tquatlon of Joint Operation of Turbine and 
Jet Nozzle of the Turbojet Engine 

Let  UJ  txajnine  how  control  of the   critical nozzle affect  the 
regime  of operation of the engine. 

For this  purpose   let   us  formulate  the  equation  of flow  for 

critical sections  of the nozzle apparatus  of the  turbine nozzle  box 

assembly  [s.a.J   (c.a.)  and Jet nozzle   CJ-S). 

We havs 

oe.«-0». 
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or 

»i. -~- /. W (V.) ='», —- A7 (V. 

Ol' 

(7.13) 

!ii re we assume that the temperature in the critical section of 
...e Jet nozzle can be higher than that in the turbine cavity (as a 
rssult of the preheating of the gas in the afterburner, i.e., 
Tr   » T.);  It can be lower than T,.   (as a result of the heat removal 
in the extension pipe, I.e., Tc  -  T  ). 

Then, substituting into expression (7.13) 
P4 

=-1, and -yr'-Xt * 

and assuming that in operating regimes ^().Ci)n=i, we obtain 

at —      ;    V       T*     ' (7.1^) 

in the absence of an afterburner and with a short gas channel 
« « 

of the exhaust system JV ■ 2^;  then 

n;'»-' -AvW. (7.1^a) 

From the expression (7.1'*) It follows that a decrease In the 
throat area of the nozzle leads to a lowering of the drop in pressure 
on the turbine. A similar action Is produced by an increase in 
temperature of the gas at the exit of the afterburner. 

It is characteristic that the effect of the change in /V on 
T is valid both in the subcritical and supercritical regions of the 
outflow of gas from the Jet nozzle. 

The lowering of the drop in pressures on the turbine leads to 
a decrease in the operation c /    turbine. Consequently, the 
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the balance of operations of the turbine compressor Is disrupted 

(L < L   ),   and the number of revolutions of the turboccmpressor 

must be decreased.  However, the regulator uf r'i-volutlo;i.: of HK; 

engine interlinked with the automatic fuel metering increases the 

supply of fuel and increases it so much that the operation cf the 

turbine at a new, increased value y, will be equal to the operation 

of the compressor.  It is characteristic that the new equilibrium 

regime of operation of the TRD will be determined at a higher value 

of compression ratio of the compressor.' 

From formula (7.1^) there is one more, very important, conclusion, 

and this is that with an Increase in the velocity of outflow In the 

critical section and with the approach of it to the speed of sound 

(i.e., with an increase Xc ■*   i   and q{\r)   ■*  1) the drop in pressures 

in the turbine continuously grows, approaching a certain limiting 

value. 

If thp velocity of outflow in the critical section becomes equal 

to the speed of sound (i.e., the Jet nozzle becomes "choked" on the 

gas flow), then the drop in pressures in the turbine remains constant. 

Independent of the flight conditions (speed and altitude) and the 

regime of operation of the engine (number of its revolutions). 

I.e., when Ar = 1 we have IT = const.  In other words, choking of 

the Jet nozzle and turbine (with respect to the drop In pressures) 

approaches simultaneously. 

7.5.  Adjustment of the Jet Nozzle at 
Supersonic Flight Speeds 

With an increase in the flight speeds available drop in pressures 

in the Jet nozzle grows: 

•    • •     «i 
Pi ".VW«      «C'l.t 

•ip.c(0)——-= ;— = —; nc, 
Pn rt.        a_ 

lFor more detail on this see Section 10.3. 
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and It grows In proportion to the total compression ratio1 TT . 

Use  of the standard converging nozzle at great flight speeds will 

lead to great losses of thrust due to the underexpansion of flow, 

and the higher the flight speed, the greater the losses of thrust 

will be. To ensure complete expansion of the gas at all flight 

opeeds, and mainly at great supersonic velocities, the Jet nozzle 

must be made converging and enlarging (the type of Laval nozzle) with 

an adjustable ratio of exhaust section of the nozzle to its 

critical section: 

7=r^i- = vnr-9(^e). 
/«p 

The greater the Mn number of flight,  and,   conseqeuntly,.the 
Pi 

greater  the triggered drop of pressures in the nozzle flp.c* ^ 
(PsmP><} 

the  higher the required ratio  of the exhaust  section of the nozzle 
to  the critical section  fc//    ,  and the more it  is necessary to 

D      Up 
"open" the exhaust section f,.. 

Figure 7-3 shows the possible relative increase in the thrust 

during the transition from the converging nozzle to variable-area 

nozzle of the Laval type of nozzle depending on the M0 number of 

flight (curve 1). 

When MQ « 1  the gain in thrust is Aä - k%; 

when M0 - 1.5 "  "  "    " " Atf = lOJ?; 

when M0 - 2.0 "  "  "    " " A? = 18%; 

when M0 = 2.5 "  "  "    " " A? « 30%. 

Thus, the Jet engine must be equipped with a variable-area Jet 

nozzle of the Laval type of nozzle. 

n 
^hen q{\c) *  1 we have TT » const. 
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It is possible to select for the engine a simple unregulated 

Jet Laval nozzle so that It would prove to be uptiinuin at a maximum 

M0 number of flight (for example, M0 ■ 2.5); such a nozzle  w1]j 

operate poorly at M0 numbers less than the maximum, ",:., v.lth drop^ 

in pressures less than the rated.  The less the Mn number of flight,, 

the less the required valves fc/f    ,  and the more the so-called 
* 2      Hp 

degree of overexpansion of the nozzle will be. 

The process  of outflow of gas  from the Laval nozzle  in  the 
regime of overexpansion1  is  characterized in a number of cases  by 
the formation  inside  the nozzle of a normal A-shaped shock wave, 
behind which subsonic  flow is  established. Just as  in the   diffuser. 

The  less   the M0  number of flight,   the  deeper the  shock  enters 

inside  the nozzle,   the  less  the  velocity of outflow  of gas   from the 
nozzle,  and the more the relative thrust losses will be. 

Figure  7.3 shows  the change in thrust of the TKÜ during  the 

transition from a converging nozzle to a fixed-area Laval nozzle, 
selected for Mrt/ *   *  2.5  'curve  2).     As we see,  when M.,  «  ü  the 
fixed-area of Laval nozzle leads to an 8-percent relative drop  in 
thrust. 

AR% 

Fig.   7.3.     Increase  in thrust  of 
a Jet  engine obtained with  sub- 
stitution of the  converging  Jet 
nozzle by variable-area and 
fixed-area Laval nozzles:     i  - 
variable-area Laval  nuzzle ; 
2 — fixed-area Laval  nuzzle. 

30 
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'in this case separation of flow from the wails are possible, 
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Thus,  from Fig.   7.3 it follows that the  fixed-area nozzles  (both 
tho converging, and Laval nozzles),   intended for operation over a 

wide range M0 numbers of flight, are characterized by great losses 
in thrust:     first - at great supersonic M0 numbers, second - with 
operation on the test stand and, to a lesser degree, at subsonic 
and supersonic  flight  speeds.    Jet nozzles  of engines of supersonic 

aircraft must be made variable-area; and both the critical section 
of the nozzle and its exhaust section should be  regulated. 

Th'j oUpv i-sonic nozzle with meahanioal adjustment is   complex  in 
xvol ana possesses much weight.  The  use  of nozzles with  acrodynamio 

adjustment  — the so-called ejector nozzles is most  rational. 

Adjustment of the oritioal section of the nozzle makes it 
oosslble to change the regime of operation of the turbo-compresaor 

or maintain it constant.    Adjustment of the exhaust section of tho 
nozzle provides  complete and optimum CApansion of the güs  in all 
regimes of flight and operation of the engine. 

7.5.1.    Determination of Losses of Thrust Which Appear 
as  a Result of the Incomplete Expansion Gas in the 

Jet Nozzle TRD (♦      . -  1;  ♦„  <  1) 
p • C is 

Let us assume in general parameters of gas at  Inlet of the 
• « 

Jet nozzle p^ and Tut and also the external counterpressure p  . 

Let us express  If..     »  and /,.   [see equation  (7.11)]  in  terms  cf 
ga^-dynamic functions \c , *(^i,) and    (".(A.,     .). 

Wo obtain 

<•.+ -~—MV j/2 ~~**T\ • (7.15) 

Further let us  transform expression 

t%rn      «*MJg ^ *"«WVPt (7 16) 
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Let us present also the ideal velocity a^,     % in the form 

^••»-y ,-;-, aHK ?.„,..,, :7) 

Then,  after the appropriate  substitutions   in  formula  (7.11) 
with  the help  of expressions   (7.It))»   (7.16)  and  (7.17;,  we  obtain 

(7.18) 

For fe ■  1.33 we have 

wr * + i 

Then 

_!.. JL_'-..  . « It.39 and -l-^i- . 1.75. 

^TMI^W-1.39^1. (7.19) 

From expression (7.19)  it follows that the  relative loss in 
the exhaust pulse depends only on the correlation of the available 
degree of expansion in the Jet nozzle  fjip,,^,^-^.) ' and realist-d 

/ P\\ V *•' 
expansion ratio   l•Vt:a'7"j•  or on the correlation of parameters 

K, ,   „v   and  A- . 

If into  formula  (7.19)   we substitute X^ ■  1,  then we will 
obtain the expression  for determining  the loss  in  relative puJse 
with  the  use  of the standard  (converging) nozzle  instead of the 
Laval nozzle. 

7,= 
1.75-I.«HI a,,,,,) (7.20) 

"»(■D 

Figure  '].k  shows the  effect  of the  available  drop in pressures 
-/»*»/;»■    an(i M    number of flight  on lo 

of the use of simple converging nozzles. 

?tp.r(0)■»/»»//»■    and M0 number of flight  on losses in thrust LH in the case 
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■ig.   7.ü.     Effect of the  available  drop in 
pressures   and MQ number of  flight   on losses 
in  thrust   in the  case  of the   use  of converging 
.nozzles. 

.-'itTure   7.r   rh3W3   the  relative  thrust   losses of flxed-afea 
•. A.i.-.a.i ^   ^iva:   :...zzl(.^  with  a different  expansion ratio   of the 

supersonic  par*   /.   =   ft/f      depending ov  the  available  drop  in 

pressures ■irciO'-Pj/PM   I-'- regimes  of underexpansion and overexpanslons. 

In design conditions i/? When fr.   *  1   (converging nozzle) 
w • • h an  Increase  in  TI       ,.«   losses  of underexpansion  continuously p. c (. ü; r 

rr. w 
In   TT p. cw) 

.   *■"    ■   ;   (Laval  nozzle  wltn TT       ,   > 
' j p . c C p; 

lease.-   of overexpansicn grow. 
18)  with  a decrease 

Fig.   7.5.     Relative  losses of 
thrust   of  fixed-area Laval nozcles 
depending  on the  available drop 
in pressures. 
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7.5.2.  Determination of Exhaust Pulse of a Jet with 
Respect to Total Pressure of the Gas 

We have; 

/.-> (7.21) 

where 

rJ=fls(Kp)X5=;.8 yf^L-gfir;; 

G^m -Jl-fah). 
VTl 

m -V-T Vfaf ■ 

(7.22) 

(7.23) 

(7.2^) 

Let   ua reducje  expression   (7.23)  to  the form 

assuming  complete expansion of the gas in the  Jet nozzle and, 
consequently,  the  validity of equality p^ =» p   . 

0 H 

Let   us  substitute  into   (7.21)  expressions   (7.22)   and (7.24) 
Then,  after simple  conversions,  we find: 

(7.25) 

It is easy to see that when Aj- = 0 we have x{\^)   = 0 and when 

A, = 1.0 we have aKA^) = fe. 

Figure 7.6 gives dependences Jf=/f//'li/5=/(np.c) for fr= 1.4; 1,33; 1,25." 

Having these dependences, it is easy according to the measured 

total pressure on the section of the Jet nozzle or in front of the 

nozzle (with an allowance for losses in the channel) to determine the 
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Fig.   7.6.     Determination cf tert 
stand thrust of a TRD according 
to the measured total pressure 
behind the  turbine. 

',»   V   V V 

given pulse I/p  /'  arid then, knowing the area of the exhaust 

r.ection of the nozzle find the total exhaust pulse. 

7.6. Gas-Dynaniic and Design Diagrams of Jet Nozzles 

Jet nozzles on their gas-dytiaiulc and design peculiarities are 

subdivided into:  converging, fixed-area nozzles of the Lav«tl type 

of nozzle (Including with special shaping the supersonic part), 

nor.zles with a central body, t-aval nozzles with mechanical adjustment 

of the critical and exhaust sections, and ejector nozzles (with 

aerodynanil c adj ustment). 

Converging nuzzles are used when M« < 1.5, fixed-area LavaJ 

neazles - when Mü < 2.0, and ejector nozzles - M0 > 2.0. 

The subsonic jet nozzie (Fig. 7.7) is in the simplest case 

(see Fig. 7,7a.)  an annular converging channel, formed by an interval 

fixed cone and external housing.  For rectification of ihe flow 

outgoing from the turbine In a number of cases with considerable 

twist (up to 10-15o>, and, consequently, for the purpose of using 

L.'ie circumferential component of velocity uu   , In the Jet nozzle 

aligning streamlined bars are .■  times installed. 
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Fig.   7.7.     Design diagrams  of 
Jet nozzles. 

One- should, however,  keep in mind that  the  use  of the  aligning 

lattice  for the swirling flow of gas in the turbine is irrational. 
Such a lattice can be made only in the diffusion form (Fig.  7.8); 

tne  flow in it is  characterized by considerable hydraulic losses. 

Fig.  7.8.    Diagram of aligning 
turbine  lattice. 

The  less  the  losses  In the Jet nozzle,  the   less  its  length. 

However,  in a number of cases peculiarities of the arrangement of 
the  THL on an aircraft  require the use of long pipelines  (up to 
^-7 m and more)   for rejection of exhaust gases  outside.     It  is 
obvious  that  the gas   flow with high velocities   (t>00-600 m/s)  over 
such long connections would lead to great  losses  in kinetic energy 
for the   )vercoming of friction,  as  a result  of which  reactive  thrus* 
would be decreased considerably. 

Therefore,  the Jet nozzle of the TRD sometimes is made of two 

elements  (see Fig.   7.7b):    transitional chamber (diffuser) and 
inherent Jet adapter.     In the diffuser there occurs a decrease in 
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• IM    V' !•.city   or outflow   (and corresponding increase  in the gas 
proSiiure),  as  a result  of which with installation of the intermediate 
ext«, uöion  pipe  up  to  the Jet  adapter losses  of  friction proportional 
u    llu   . jutre  of the  velocity  are decreased by   far.     Final accelera- 
tlur.  ox   tue  cu^ in tne  short  reactive adapter is   carried out without. 
iwi.w. ...,   i;i practice  along  the   isentrope. 

(■.6.1.     Jet Nozzle with a Central Body 

A   ■< ,uc with a  central body consists  of a profiled central 
on' :  needle)  and external  casing  (crown). 

Aiju.-  ment of the  oritiaal  section of such nozzles  can be 
c.irriud out eltner by means of moving the  central body   in an axial 
cjlrf'ctlon  or by means  of the  opening  (covering of shutters  on the 

i ru-) . 

Aujustment of the exhauav  aeotion of the nozzle  la achieved,   for 
example,   by meuis  turning  the   flow relative to the angular point. 
Waves  of rarefaction outgoing  from this point  form one  family of 
charai'tt.rl.-.l.Irs.    In the nozzle presented In Fig.   7-9  regime of 
ov.'rexpaniji'. i praollcally do not appear.    Such a reactive nozzle 
operates  :;!mllar to tlie r»ozzle  box of a turbine with slanting section 
(line  AB  - generatrix  of  the  cone  of the ecotion). 

Pig.   7.9.    Jet nozzle    with a 
central body. 

The iraxlmuni expansion ratio of the nozzle,  depicted in Fig.   7.9, 
.iMuuld oe  otiHi .f u as  the  ratio of the cross  section of the 
Jet,  which has   i dl.un.-.'t.er equal  to the diameter of the exhaust 
:■< Jtlon   (c-':)   "f the  c.-lng,  to tlie  area of the   critical section 
if   the   r.n::^ 1c ,   I.e., 
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The basic advantage of nozzles with a central body in  their 

less length ( in comparison with Laval nozzles equipped with rigid 

walls), and also the automatic adjustment of the expanji^n ratiu. 

A disadvantage of these nozzles is the difficulty of the realization 

of their reliable cooling. 

7.6.2. Ejector Jet Nozzle 

An ejector nozzle (Fig. 7.10) consists of the usual converging 

nozzle and a cylindrical or conic casing (crown) concentrically 

Installed around it.  The casing can have a special profile and 

lilet and exhaust system. 

Fig. 7.10. Ejector Jet Nozzle. 

From the converging nozzle ejecting (active) gas of high 

pressure, usually with critical velocity flows out. Entering into 
1 

the annular cavity ,  formed by the external surface of the nozzle 
and internal  surface of the  casing  (crown),  with subsonic  velocity 
is  the ejected external  atmospheric a.'.r or high-pressure air Jet, 
bled from the  compressor or air intake of the engine  (passive 
gaj).    The combination of the converging nozzle and external 
cylindrical  casing  resembles a shortened ejector (without  a  long 
mixing chamber). 

The principle of operation of ejector nozzle consis's in the 
fjllowing. In a supercritical regime of operation. Jet of active 

t-us   flowing  from the  converging nozzle  is expanded in accompanying 
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•.' .■ .'. : flew, acquiring the form of the diverging part of the Laval 

nozzle  with "liquid" walls. Along this Jet there is a further 

.jcn-'leratlnn of the flow and also lowering of the temperature and 

t >■<•. nur« . f thf g^s . 

if 'i.e.- caslng, has a cylindrical form, the Increase In flow 

. L.-.p '■ ■.;!,-:>;M;tl. n areas of the active Jet of gas leads to a 

n-ti.wiic, ;l .Mi passive subsonic Jet, along which the velocity 

-r ..fiiKii Iv ': ••■ci.- ■  .-".nd the temperaturt.' and pressure of the air 

/■.i   L'i-tiL:i ■o.'A^n   (of "equal presf;ures") the static pressures 

i   ^:  ■.■ u.i passive Kas art- equalli-.ed (p^. ■ p-, ■ p,, see 

hi ,<•:     •;  t.'il; '.iv.i:  v<l'  the operation of the ejector nozzle 

'n Uu ji-culcni  t • ; ■! pressures on the section of the nozzle 

.\it,<TiiI preoauiv (; * (.<   )   is  fstabllshei.  Such expansion of the 

gas li U.i nozzle .-.'■IJ be complete. 

Lu'. ui. will-, the expression of thrust of an engine with an 

•t-i^ : [,>,:-.•.• It; the regime of complete expansion of the gas, 

■ -.-; .•'.•■! u.- :.i\i'.     tue magnitude jf the obtained thrust with the 

'.;u.-.t . ! ei:giiie equipped with the standard converging nozzle. 

he», ü.. i     i'itt tt.ü control surface (see Fig. 7.10) encompassing 

". p  . xi ( •■).   ;Irc'ill üf ttie total Jet flowing Into the engine and 

lr;'i (..Jec'or circuit .v,'i lliiilttd by sections of undisturbed flow 

-■.) ir.n OVJ'.L p)•».■.i.■■■ires (c-c). 

:.■' i; »i.c ti.fi.i  r th>.* THD with the ejector nozzle will be 

■ iu-i; T, : 

"' i?''*>+~;'•»>)--—• * (7..'6) 

H.     ?-K.)-V')+-0i(*w,-lO. _  x_:  (7.27) 
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It is easy to see that the thrust of the engine with an ejector 

r.ozzle is lesü than the thrust of the engine with a rated mechanical 

Laval nozzle, i.e., 

since the thrust of the passive Jet ft    with an allowance for losses 

of friction, is negative and acts in a direction opposite to the 

direction of flight.  Actually, from equality (p  = p ) it follows 
U      H 

that 

Cn(c)<V. 

At the same time, an analysis of expression (7.27) shows that 

the thrust of the engine with an ejector nozzie is greater than 

the thrust of an engine with the standing converging nozzle. 

Actually, at cylindrical casing the total impulse of flows In 

sections I   ai,i II   (see Flg. 7.1Ü) are equal, i.e., 

/|l(») + 'll(n) = /||I = /l(a) ■}-/|(n) = /u. ( 7 . 28) 

However, the momentum of passive gas in section I  is more 

than that in section II,  in contrast to the momentum of active gas, 

which is more in section II,  i.e., 

/ll(a)—/i(a)>0. 

Consequently, 

It is known that the cylindrical casing does not create 

thrust, since it cannot absorb axial forces (forces of normal 

pressure are directed In radial directions perpendicular to the 

casing). 

how in this case is it possible to explain physically the 
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Inolsputable Increase in the exhaust pulse of the engine equipped 

with a uyllndrical ejector casing? 

An increase in the exhaust pulse of the converging nozzle in 

thi. presence af an ejector crown is explained oy the increase in 

nressur'-1 of the passive flow, which is imparted to the external 

surface uf the coverging nozzle.  As a result of this there appears 

an additional axial component forces of pressure, which acts in the 

direction of flight and which increases the thrust of the TRD. 

.Raised ntntic ; rtssure of passive gas appears in flight with 

;.•■:: "aticn of the flow, which has quite high velocity. 

Let u»' examine now the operation of the ejector nozzle in 

uncalcuiated pressure differentials (Fig. 7.11b).  With a decrease 
» 

..;i the available drop in pressures p^/p     in the nozzle of the active 

;.';a.. (for example, due to a decrease in the flight speed) the section 

of equal pressures approaches the mouth of the converging nozzle, 

and exhaust section of the expanding Jet is decreased.  A change in 

/, //-, . depends on parameters of the passive Jet - consumption of 

pressure and of temperature of the braked flow. 

.Vlth a further decrease in the pressure differential the 

section of equal pressures can coincide with the section of the 

converging nozzle,  in this case the Jet of the active gas will 

nave a cylindrical shape (see Fig. 7.11a). 

'i I 

'■) 

'i *l 

;l   ;l 

d) 

Fig. 7.11. Operation of the 
ejector nozzle in various 
regime: a,  b)  subcritical 
regimes;   c)   critical  regimes; 
d)   regime  of choking. 
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With an increase in the drop in pressures (which corresponds to 

an Increase in the flight speeds) the section of equal pressures 

will move away from the mouth of the nozzle, and tne velocity of 

the active and passive gas in this section will increase.  At a 

definite magnitude of the drop in pressures, the velocity of the 

passive gas becv.'.'S critical.  Such a regime of operation of the 

ejector nozzle is called critical (see Pig. 7.11c).  If the drop 

of pressures increases even more, then the expanding active Jet can 

fill the whole available section of the ejector circuit,  in this 

case (see Fig. 7.lid) the flow of passive gas becomes equal to zero. 

Such a regime of operation of the nozzle is called regime  of 

ahoking, 

Thus, with a change in the regime of operation of the ejector 

nozzle automatia aontrol  of its passage sections occurs. 

In conclusion one should note the fundamental distinction In the 

operation of the ejector and ejector nozzle.  In the ejector an 

increase in the thrust occurs because of the addition of additional 

masses of gas, which as a result of the energy change in the process 

of mixing between the active and passive gas acceleration is obtained, 

In the ejector nozzle the mixing of flows and the exchange 

of energy between them do not occur.  An increase in thrust is 

accomplished as a result of the additional expansion of gas in the 

supersonic nozzle with gas-dynamic control of its liquid walls. 

7.6.3.  Comparison of the Effectiveness 
of Various Reactive Nozzles 

Figure 7.12 gives results of the experimental investigation 

of the effectiveness of various nozzles in the form of dependences 

of the relative exhaust pulse with the available drop in pressures 

in the nozzle (xp.c(0)~pS/Pu)- 

Curve 1 is the change in relative exhaust pulse of the standard 
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Flg. 7.1.2.  Effectiveness of various 
Jet nozzles on partial load conditions; 
1 - converging nozzle; 2 - fixed- 
area of Laval nozzle; 3 - shortened 
fixed-area of Laval nozzle; 4 - ejector 
nozzle. 

converging nozzle. With an Increase in the drop in pressures in the 

nozzle the coefficient 4>0 continuously drops.  Being very high 

(* = 0.97) when tr   =2 (regime of expectation of landing of 
^0 ' p i c 
aircraft  at  subsonic speed),  it  is  lowered to  <t>Q  -  0.89 at 

p. c 15  (Mf 2.2). 

Curve 2 refers to the fixed-area Laval nozzle with complete 

expansion selected for M0 = 2.2. Such a nozzle with an expansion 

ratio of the supersonic part of the nozzle h^Mw^Zfi   has a very 

high value $„ i<pQ  = 0.97) In the rated regime (TTpiC = .15) and badly 

works at subsonic flight speeds. Thus, for instance, for v p. c 
we find that <|>0 < 0.8. 

Curve 3 shows a change in coefficient <P0  of a shortened fixed- 

area Laval nozzle with a expansion ratio fc  = 1.69-  Such a nozzle 

wnen M-, = 2.2 has a reduced value of ^n ((j»n = 0.9^). 0 

Finally, the use of an ejector nozzle (curve 4) with an 

insignificant coefficient of ejection iy  -  0.05) makes it possible 

•:G avoid the dip formed by'curve 2 at subsonic speeds and provide 

a high exhaust pulse at supersonic flight speeds. 
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Thus, the ejector nozzle has the best thrust characteristics. 

With an increase in the MQ numbers of flight characteristics of 

such  a nozzle  are Improved. 

II should be noted once again that losses of thrust at high 

flight speeds (with an allowance for the input pulse) considerably 

exceed losses in the exhaust pulse. 

Figure 7.13 gives a diagram and principle of operation of a 

perfected ejector nozzle with three adjustable elements: 

1) variable-area nozzle of active flow; 

2) adjustable exhaust shutters of the ejector nozzle; 

3) adjustable inlet ports for external air. 

Fig. 7.13.  Diagram and principle 
—-«■»^■«=1 HtL^1^»»     of operation of the ejector 
'^^Oyyijy^Sty....•. ,-.•• nozzle with three adjustable 
Ä^^^^V!-:^.^;'^'^ elements: 1 - altitude; 2 - 
^^•;;42ai^l^SÄ»'-^-^-i-     flight at cruising speed. 

7.7.  Concept on Base (Stern) Drag of the 
Exhaust System of the Engine 

Base (etern) dray of the exhaust system of the engine is 

understood as the force of resistance to flight, conditioned by 

the appearance of stagnant zones of reduced pressure (so-called 

"base pressure" in the stern part of the nozzle for various end 

surfaces, and also on the external surface of the casing of the 

engine nacelle adjacent to the Jet nozzle. 

The base resistance usually appears on supersonic or low 
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supersonic flight speeds of reactive nozzles calculated for great 

supersonic M« numbers of flight. 

The physical essence of the base resistance is that at reduced 

uncalcualted pressure differentials the Jet stream flowing from 

nozzle is not in a state to fill the whole available exhaust section 

of the nozzle, and, consequently, in the stern part of the exhaust 

system zones of reduced pressure are formed. 

The baö^ resistance, in accordance with expression (3.9) is 

; ■•' ?rinlned by formula 

^■.-=f (P-PnW* '*«■—i Kf     r»'-" (7-29) 

where r - "base" pressure; 

/   - "base" area. 

The more the base area and the lower the base pressure, the 

more the base (stern) drag. 

Let us give several examples of the appearance of base pressure. 

7.7.1.  Outflow of Gas From the Laval Nozzle 
with Reduced Drops in Pressures 

(Regimes of Overexpansion) 

Let us assume that the reactive nozzle is calculated for 

number Mwpj^S.O (.ip.c^SO) • and is made a^ a variable Laval nozzle 
(MKP-7 = 4.0). 

Let us note that the exhaust maximum section of the nozzle 

determines the outer diameter (raid-section) of the engine nacelle. 

When M0 = 1.0 the pressure differential in the nozzle is about k 

ä:.i the relative necessary area of the section of the nozzle (/ ■ 1.25) 
is by far less than when NL - 3. 
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If the expanding part  of the nozzle Is  adjusted when Mfi =  1.0 
to ensure  complete expansion  of the gas,   then the  difference between 
/i.imM,,  3,0»   and /iu.rv(Mo-o,0)    "bajw"   aroa with   r-^iucej  ;,■■:.::..:■■■   (KI^.   7.'. *':i,' 

which will  cauöe  considerable  additional resistance  of the engine 
nacelle. 

If the Laval nozzle  Is  fixed-area,  nozzle  and in  the regime 

of overexpansion of the nozzle   ( TT        =4,0)   there  occurs  separation 
p,c 

of the   supersonic   flow  from walle   of the  nozzle   (see   Fig.   7,],ib), 

then  In  the  space  of the  nozzle   unfilled by  the  Jet  reduced pressure 
will  be  established.     This   reduced pressure,   being  imparted on walls 
and   the   base  area,   again will   condition  the  appearance   of considerable 

base  drag. 

jo« 

b) d) 

Fig. 7.14. betermlnation of "base" pressure 
of a Jet nozzle: a) shutters of Jet nozzle 
in subsonic position; b) separation of flow 
from walls of Jet nozzle; c) stern shock on 
external surface of the nozzle; d) ejecting 
of air inside  Jet  nozzle. 

If we make  the external  surface  of the   casing  of the  engine 
nacelle when Vi„  =  1.0  rotary with  shutters  of the nozzle,   then 

with  flow around of the  deflected  external  curved surface  of the 
casing  by  supersonic  flow a  zone   of reduced pressure  is   formed 
(see Fig.   7.14G), which will   condition the   formation  of base  drag. 

If,   however,  in the  expanding part of the nozzle in the regime 



of overexpansion there will not be any flow separations, but a shock- 

wave will arise, for which the entire flow becomes subsonic, then 

losses in thrust will be approximately commensurable with losses 

of base drag. 

7.7.2.  Outflow from the Ejector Nozzle 

The use of an ejector nozzle with the injection of external 

air from the external housing through special ports (slots makes 

it possible tj fill the expanding part of the nozzle and prevent 

n-r expansion of the gas when M0 = 1.0. However, in this case in 

the space between the diameter of the housing and external diameter 

of the ejer-r.or a base area is formed (see Pig. 7.1^d). 

Figure 7.15 gives the effect of the rated M0 number of flight 

on losses of thrust conditioned by base drag of the Jet nozzle 

during flight at the speed of sound (M, =1).  We see that with 

an Increase in the rated number MQ,   •.   >  1.0 the base drag rapidly 

Increases (due to the Increase in base area). 

so 
HO 
30 

20 

W 

10    2.0   3.0     «.ÖM^p, 

Fig.   7.15.     Effect  of rated 
M0,   x   number of flight  on  losses 
of thrust  conditioned by  the 
base  drag. 

when 1 

If when Mn/ v = 2 losses in thrust consist of about k% .   and 

L/ N « 3 they are equal to 10%.  then when Mn/ v 
LH p; (M p j 

4.5 losses 

In thrust already reach 30^. 
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CHAPTER  8 

MIXING CHAMBERS OF THE JET ENGINE 

8.1.  Principles of the Theory of the Mixing 
of Gas Flows in the Jet Engine 

8.1.1.  Mixing of Gas FIOWJ in a Ducted-Fan Jot Enginu 

In connection with the development of a ducted-fan Jet engine, 

designed for wide speed ranges of flight, in recent years the problem 

of the rational mixing of gas flows has received greater actuality. 

The mixing of gas flows in the DVRD is used for various purposes; 

1) for the suction of an additional mass of gas from without 

("ejection") and, consequently, fur an increase in momentum of 

flow coming out  f the   slue, 

ejector thrust Lmenoli'lers j 

The appropriate devices are called 

J) for an exchange of mechanical energy between ducts of the 

DVRD, as a result of which the total tnrust of the engine also 

Increases and specific flow of fuel is lowered; 

3) for the design simplification of the flowing part of the 

engine. For example, the unification of flows of gas flowing from 

ducts of the DVRD makes it possible to simply the exhaust system 

of the engine, having replaced it by some variable-area nozzle.  In 

this case systems of noise suppression, cooling and of thrust 

reversing are simplified] 
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Li)   for the lowering of the noise level produced by the flowing 

Jet of gas from the engine; 

5) for gas-dynamic control of the supersonic Jet nozzle. 

8.1.2.  Actual Regime of Mixing 

8.1.2.1.  Physical Model of the 
Mixing of Flows. 

Flowing from the nozzle of the active (high-pressure) gas Is 

a Jet of gas of mass per second Afj»— with parameters £?,, p, and 

r, into the space, in which the passive (low pressure) gas of mass 

per second M2 » Gp/g in parallel to the x axis with parameters ool 
p9 and Tp flows. 

In the case of subsonic flows (Pig. 8.1) the static pressure 

In the Initial Jets is equal, i.e., Pi " P? = P*  Parameters of 

active gas In section 1-1 and passive gas in section 2-2 are 

distributed evenly. Plowing out from the nozzle into the surrounding 

space, the active flow spreads as a free turbulent Jet in the wake 

flow, taking a conic form.  On the surface of the cone in the 

boundary layer of the Jet condition o, = o- is observed. 

nmmißsjjjiffij 

Flg.   8.1.     Physical model  of mixing of fl 
(subsonic  flow). 

Between the initial  section of chamber 2-2  and  its  final section 
3-3 there  is  a mixing of the  flows,  as  a result   of which a gradual 
averaging and levelling off is   ^rried out  of fields  of static 
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''  complete  flovi parameters   (velocity,  pressures   and  temperatures) 

<l>i.'' ir   is. ij.    f"- 

•:,-   I::   '.:  in; io1     . 

iJlstrJ'.-uced  over the   cros; 

•! :'.', : ■::.' li. '].•' parslvt gat: Ly tru .lOtive IU .w ..i . i;tlAi;.t 

\- r..ioles uf both flows occur because of the presence of transvt 

'buient   pulsations   ("mainly   In  the active Jet). 

i lio   l/;tens"fty  of the process   of mixing depends   on  correlation 

-■■■i.'-'fyr''1" I ■■  f ■.""•:■ .•i-"-'"  of Initial   flows  and  nJs:    i'V   the  profi"" 

 L.'.'       ; :::.:-,fj   jh';r)b-r. 

'; ; ■    ; r.'.fSS   it   ,;i>'  ■;.i;>: 1 ütT   chsmft^r  can  b^  ccndi t ion'il ly  divide.i 

: '      ! ■•.■     ■:■■'. '. ;      :u'o'i    ■''     ru^It-;;   '.■!"   thv   nucleus  "f activ    i'Low  b,/ 

:/■    -xtendirig boundary  layer of the Jet   (£-,)  and area of levelling 

(T of parameters   of the mixture,  when the boundary  layer envelopes 

h     wir J.' m'xzc  uf  ' ho t-a?   (:'.,). 

The physical model of mixing of flows when the outflow of the 

Ive n'.ir, with suDersonla velocity somewhat is distinguished from 

'    i'      J ':• 'j ,'ibovs.     In this  case  at  the entrance  into the mixing 

i '.; I--T ■.-j-^.i   f'JeM of static  pressures  is established. 

[f the no.-oio   uf the active gas   is made  converging  then with 

ipercritIcai   drop   In pressures,   the  Jet   of high-pressure gas 

IIVIM.   !'/• '.-   t!i;-   ti   y.vle in  expanded,   taking  the  form  of a  Jiutural 

i'il   !;.:•:;Je   (K.ir.   ■i.2).     Along  this   expanding part of the Jet  there 

•   ''irti, -r acceierat ion of flow  and  a  corresponding lowering  of the 

■i'. i •■  [■'■■ .;..; ure . 

At   constant passage sections   of confusion chamber the  expansion 

f" the  ijupersonic  active jet  lead  to  'i  narrowing of the  subsonic 

ct.     Along  the  latter there is also acceleration of flow and lowering 

f the static  pressure.     Finally,   in a  certain section   (l,-2') 
t » » 

latlc pressures  of the mixed Jets  are  equalized, i.e., p,   - p? 
s p   • 
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Pig. 8.2. Physical mode of 
mixing of flows (supersonic 
flow). 

It   can be  considered that  up to this section  (of  "equal pressures") 
the  gas  Jets  flow in an isolated manner from each other,  not mixing. 

With removal  from the section of equal pressures,  as numerous 
experiments show, there approaches erosion of the border of flows 
and nuclei of the supersonic Jet accompanied by  the  formation of 
shock waves; gradually  fields  of velocities,  of total pressures  and 

temperatures of the mixture of gases along mixing  chamber are 

equalized. 

8.1.2.2.     Basic Assunptions  and 
Concepts. 

In  the s^-udy o)     t .  process of mixing we will proceed from the 
following simplifying suppositions and assumptions: 

1) irltial flows  of gases  are homogeneous  and identical in their 
chemical  composition,  i.e.,  they have identical gas  constants 

and specific heats  and specific heat ratios  are  also  identical,  i.e., 

<:p\='Cp2'='Cpi=*Cp    and ki=k2=k3=k', 

2) in sections 1, 2 and 3 parameters of initial flows and 
mixtures are evenly distributed over the cross section; 
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3) specific heats of the gas  depend on the temperature; 

4) nydraullc   losses  are  absent; 

Let   us   introduce  the  following  parameters  of mixing  and  th.*lr 

symbols: 

y~ ■-—    coefficient   of ejection; 

Ft 

Pt 
« 

available  drop  in  total  pressures; 

jr.—--'—    compression ratio  of low-pressure gas  in  the mixing 

chamber; 

0*=a--—    available  drop  in  stagnation  temperatures; 

.r==— ratio  of velocities  of initial gas   flow. 

8,1.2.3.     Fundamental Equations 
of Mixing  of Flows. 

The  basic  equations  of mixing  of gas   flows  refer  to  equations   of 

continuity,   energy  and of momentum.     They have  the   following  form: 

1.     Continuity  equati.n 

or 

whence 

Gi + Gj^Gj (8.1) 

C3 = G,(l+0). (8.2) 

2.    Equation  of energy 

Gü + G^G^ (6.3) 
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r'~     \+y 
'* + v'i (8.4) 

For o  ,  ■ <J 0 ■ o    we obtain pi        p2        p 

jltüL_ (8.5) 

3. Equation of momentum (pulse) 

Applying to Isolated control surface (see Fig. 8.1) the equation 

of the change in momentum we obtain 

(-^ '.W.)+(f-<vl-;>*/,)+ \ /"//-(-J-M^).'  (8.6) 

From equations (8.2), (8.4) and (8.6) it follows that the form 

(profile) of the mixing chamber affects only the momemtum equation 

(8.6). 

Let us note that in equation (8.6) the integral of static 

pressure is a reaction of the action of side walls of the chamber 

on the flow of gas. 

It is characteristic that the momemtum equation automatically 

considers specific losses of kinetic energy, conditional by the 

difference in gas velocities at the inlet of the mixing chamber 

(o2 ^ o-^ . 

8.1.2.4. Losses in the Actual 
Process of Mixing. Thermo- 
dynamics of the Actual Process 
of Mixing. 

The actual process of mixing is accompanied by losses. These 

Include: 

a) losses of diffusion; 

b) losses of kinetic enerw with mixing; 
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c) hydraulic and gas-dynamic losses in all elements of the 

ejector (including in nozzles of the active and passive gas flow, 

In the mixing chamberj in the exhaust System of the ejector ~ 

diffuser or Jet nozzle). 

Losses of diffusion and kinetic energy are specific losses of 

mixing. 

In Figure 8.3 in the ——e-coordinates the actual process of 
A 

the mixing of gas flows In the ejector of the DVRD with a cyllndricaJ 

mixing chamber is represented. 

Pig. 8.3.  Actual process of 
mixing of chamber flows of the 
mixing. 

Here:  1-1' - process of expansion of high-pressure gas in the 

nozzle box assembly] 

2-2' — process of expansion of low-pressure gas in the 

nozzle box assembly; 

lt-3 and 2,-3 - process of the actual mixing of gas with increasing 

pressure along the chamber; 

3_i] _ process of deceleration of mixture in the diffuser 

or acceleration of the mixture in the convergent 

channel. 
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Point 3*u  characterizes the state of the mixture with Ideal 

mixing; 

points 1#, 2*, 3*» '** - respectively characterize states of 

active and passive flows up to mixing, 

and also the state of the mixture at 

the exit from the mixing chamber and 

exhaust system of the ejector; 

As - total increase in entropy conditioned 

by losses in all elements of the ejector, 

8.1.2.5. Losses in Kinetic 
Energy with Mixing. 

Losses in kinetic energy with mixing are conditioned by the 

difference in velocities of outflow of initial flows, i.e., 

«i 

With the mixing of flows there is collision of particles of gas 

moving at different velocities, the exchange of momentuma of these 

particles and, thus, averaging and levelling off of the field of 

velocities of flow.  Losses appearing in here are similar to losses 

of mechanical energy with a shock of Inelastic spheres. As is 

known the kinetic energy of the spheres after their collision is 

less than the sum of kinetic energies of these spheres prior to 

collision. Similarly with the mixing of flows the kinetic energy 

of the mixture is less than the sum of kinetic energies of Initial 

flows up to their mixing, i.e., 

/••    ü1    ,* 

* 2^ ^ ' 2^ ' * 2g 

Losses in kinetic energy with mixing are conveniently estimated 

with the help of efficiency of mixing, which for the isobaric chamber 

(PfPi-'PfP)  has the form • 
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Let  us  transform expression  (8.7),  having noted  that   for the 

isobaric  chamber the pulse  of the mixture is  equal  to  the  sum of 

momentuma of initial  flows,  i.e.,   that   [see   formula   (8.6)] 

egg 
(8.8) 

Introducing  the  replacement CJ/CI—x; G^IGy-y   and having  substituted 

value  o-,   from  (8.8)   in   (8.7),   we   obtain after simple  conversions 

1.« = 
 (1 + xy)1 
(l-|-y)(l + *V) 

(8.9) 

Figure 8.4 gives the effect of the ratio of velocities of 

initial flows x  and ratio of miscible masses y   on the efficiency of 

mixing of the isobaric chamber. 

1,0 

0.6 

0,1* 

0,2 

0 

Fig. 8.4.  Effect of the ratio of velocities 
of initial flows x and ratio of miscible masses 
y  on the efficiency of mixing n 
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The greater the relative losses of kinetic energy with mixing 

of flows, the less the ratio x * o^/o-^'    They reach the greatest 

value when x *  0, i.e., in the case of the outflow of the turbulent 

Jet into the surrounding stationary space; when x = 1 we have n  ■ 1. 
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8.2. Process of Mixing In the Cylindrical Chamber 

In practice - on different test Installations and in wind tunneh 
- cylindrical mixing chambers (/ ■ const) have become wide spread. 
The theory of these mixing chambers has been developed in detail. 

In tnis section we will be limited in that we give fundamental 
equations for the calculation of the process of complete mixing in 
these chambers, having in mind mainly subsonic flows.  Furthermore, 
let us examine the effect of various factors on the effectiveness 
of the cylindrical chamber of mixing. 

8.2.1. Momentum Equation for the Cylindrical 
Mixing Chamber 

For the cylindrical mixing chamber the momentuma equation (8.6) 
takes the form 

{fry + PJ^fct+p^y^c^pJty (8.10) 

Expression (8.10) shows that the total momentum of the mixture 
is equal to the sum of total momentuma of initial flows. 

Expression (8.10) can be transformed, having noted that 

^-c+p/^ttM, ahz(l)~comiG VrsO-), (8.11) 
g Kg r 

whence 

Then we obtain 

G,/rj*().,)+Gjj/Tjz^G, /rjzW. (8.12) 

whence 

181 



r^-i^iZX *0\) + y/***Oi) 
/0 + !/){\+Py) (8.13) 

Using tables  of gas-dynamic   functions,   It   .Is   f.'asy  to dote mine 
with respect to the known value six.,)  the given velocity  A.,. 

8.2.2.     Determination  of the  Degree  of Increase  in 
Pressure  of the  Cylindrical Mixing Chamber 

Let   us  replace in equality 

Wi+/a 

values  /", ,  /„  and /,  from  corresponding equations   of  flow reduced  to 
the   for:!. 

G — m 
/ft nv. 

Then after simple conversions we obtain 

iÖ.lH) 

Determination of qiX?)   is produced with respect to the found 

value A-, with the help of tables of gas-dynamic functions. 

8.2.3.  Effect of Parameters of Mixing on the 
Compression Ratj.0 of ^ow-Pressure Gas 

in the Cylindrical Chamber 

From formula (8.14) it follows that the compression ratio of 

low-pressure gas in the cylindrical mixing chamber depends on four 

independent parameters of mixing. I.e., 

tWOto. 0*. y and/-»)- 

The effect of parameters of Initial gas flows on the effectiveness 

of mixing can be examined as a result of the compression of low- 

182 

m  i*« 



pressure gas by high-pressure gas with subsequent  equalizing of 
the  temperature 

8.2.3.1.     Effect of Available Drop 
in Pressures  T   . 

With an increase in the available drop in pressures  TTn  (for 
« u 

example,   as  a result of the  increase  in p,)  the work  of the  expanding 
of active  gas,   always equal  to the work expended  for  compression 
of the passive gas,  increases.     Consequently,  the   compression ratio 

* 
~    and pressure  at the exit  of the  chamber p, grow.     Since with an 
increase  in x =  Op/c,   is  decreased,  and losses  of kinetic energy 

with mixing grow,  then curve  TT    ■ f^n^  becomes  all  the more  sloping 

(Fig.   8.5). 

If 
r ■l.O,y-i.0;Kr3J;k-i.*   \ 

i i "- 

III 
1 >- t 

s ̂ 1   ' 

H / 1    ! 

Ill 

f.o ! i i 1 

Fig.   8.5.    Effect of available 
drop  in pressures TTQ  on  the 
compression ratio of low-pressure 
gas  TT   . 

0     2      *      S      t    n. 

8.2.3.2.  Effect of Available 
Drop in Temperatures o«   ~~ 

With a decrease in the available drop in temperatures 0* (for 

example, ar a result of an increase in r,) the operation of the 

expansion of active gas increases.  Consequently, at the assigned 
« 

temperature Tp of passive gas its compression ratio TT grows. 

If, however, magnitude T- is lowered, then at constant expended 

work of compression the numeral value IT also increases (Fig. 8.6). 
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Fig.   8.6.     Effect  of available 
drop in temperatures  Q'   on 
the  compression ratio  of low- 
pressure gas  n  . 
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b, 2.3.3 Effect of the 
Uoeffici^nt of Ejection y. 

Independently of the magnitude of the coefficient of ejection, 

the total work of expansion of the active gas as previously is 

equal to the total work expended on the compression of the passive 

gfi.1--,  Consequently, with the increase in y  the expansion ratio of 

the active gas increases, and the compression ratio of the passive 

gas IT is lowered (Fig. 8.7). 

Fig. 8.7.  Effect of the coefficient 
of ejection y   on the compression 
ratio of low-pressure gas n . 

8.2.3.1* 
Flow of Passive Qas. 

Effect  of A2(M2)  of the 

At  the assigned parameters  of mixing .to, 0*   and y, losses in 
total pressure of the mixture are determined by  the absolute value 
of A(M)  numbers of initial flows and also by  the ratio of velocities 
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x = ö^/ö-,, which determines the efficiency of the mixing. 

The less the  absolute  value of numbers  A,   and A? and the  nearer 

ratio  a0/a1 to  unity,  the more  complete  the pressure of the mixture. 

From the expression of the connection  of gas-dynamic  functions 

n(),)- n p.-) 
no 

It  follows that any Increase in X-  (when TT.  = const)  is always 
accompanied by a growth in A,.    However,  the  ratio of velocities 

ei X, 
(8.15) 

in this case increases, tending to unity.  Thus when TT- > 1.0 the 

growth in number A^ from zero to 0.6-0.8 usually leads to an inerear. 

in pressure of the mixture (i.e., to a growth In n ). 

When TT0 ■ 1 the ratio of velocities öp/c, with an Increase 
In A- remains constant; thus, the absolute growth in numbers 

A., = Ap leads to an Increase in the losses of mixing and to a 

continuous lowering of a total pressure of the mixture (a  < 1). 

However, the absolute magitude of these losses is small and in 

region ^i = ^p < 0"5-0.6 (encompassing possible actual flows in 

mixing chambers of the ductedfan Jet engine) does not exceed 2-2.5% 

(Fig. 8.8). 

«3 
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Pig. 8.8.  Effect of given 
velocity of passive gas A, on 

compression of low- 
pressure gas TT and coefficient 

of the drop in total pressure 

of mixture a  . 
CM 
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Thus, in depending on the correlation of parameters of initial 

flows, there always exists the optimum value A,, at which TT^ reaches 
the maximum 
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CHAPTERS ' 

EFFECT  OF  PARAMETERS  OF  THE  WORKING   PROCESS  ON 
SPECIFIC   PARAMETERS  AND EFFICIENCY 

OF THE TURBOJET ENGINE 

In this  chapter we will examine the  effect   of parameters   of the ' 

working process   (compression ratio  of the working medium;  temperature 

of gas  In  front  of the  turbine;  temperature of the external medium; 

efficiency  considering losses In processes  of compression,  heat   feed 
expansion)  on specific thermodynamic parameters  of the engine   (useful 
work of the  cycle;  specific thrust  and specific  fuel consumptl jr.), 
and also on the efficiencies of the engine. 

9.1.     Work of the Real Cycle  of the TRD  (Internal 
Work of the Turbojet Engine)    ~~ 

In Section ^.2 we showed that  the work of the real  cycle  of 
the TRD Is  an Increase in the kinetic energy of 1 kg of gas  Inside 
the engine,  i.e.,  that 

'•"    2/r      "kg 

Let us express now the work of the cycle in terms of basic * 

parameters of the working process. 

9.1.1. Effect of Parameters of the Working Process of 
the Work of the Cycle1 of the Turbojet Engine 

The work of the cycle can be expressed as the difference of real 

(taking into account losses) or works of expanding and compressions: 

'.Subsequently, magnitude Le  will be called work of the ayole,   the 
term "real," 
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L^'Lf-L, (9.: 

or as the difference In the adlabatlc work of expansion, decreased 
on losses In the process of expansion, and adlabatlc work of 
-onpresslon. Increased on losses In the process of compression: 

;^ 

where 

£#**£*•, A ~ ^M «"■^~' 

r\p,r\e— tot&l  efficiency of processes of expansion and compression. 

Then 

^r ■H^'-^m^-' I (9.^0 

Expression O.*») can be reduced to the form 

(9.5) 

where 

^r 

a=m- f-(^l 
[-(1)^ 

Here a - correction coefficient considering the pressure drop 

In the combustion chamber and also difference in magnitudes of gas 

constants and specific heats of the air and  products of combustion. 
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The  coefficient  a somewhat exceeds   unity   (Fig.   9.1).     On  the 
average   for  r; -1000-1-lOO'K    and .1-5-20 magnitude a  *   i.OP-l.C'.. 

Fig.   9.3.     2ffect  of parameters 
of  the worklnp,  process   on 
coefficient a. 

I   J   S   1   9   tf  13 tS tl N * 

With the help of this coefficient we reduce the vcul   cycle of 

the TRD to the equivalent conditional air cycle p = const ' with 

itivarlable chemical composition of the working medium and with 

Invariable specific heat capacity. 

Let us designate P'JPn^*—  compression ratio of the working 

J-L)  ^-I'-^r^-, ratio of temperatures In the adlabatlc process 

of compression (H - 2): 

r„=f,: *,=* = 1.4: ^,=^=29.3 W'm
A. 

kg«rad 

Then formula (9.^) takes the form 

(9.6) 

or 

^(.-i)(^-r.t). (9.7) 

Thus, the work of the cycle of the TRD 

^/{K7**'1**  and «U 
is a function of temperature of the gas in front of the turbine, 

temperature of the external atmosphere, total compression ratio of 

the air, and also efficiency of expansion and of compressions. 

'I.e., to cycle with feed of heat at constant pressure (PI-P»). 
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Let us examine how  the enumerated factors effect the work of 

the cycle. 

9.1.2. Effect of the Gas Temperature In Front 

of the Turbine (T-J 

With an Increase In gas temperature in front of the turbine 

Ti  (with other factors remaining constant) the work of the gas 

expansion increases 

'.•-T^'-TOV 
with invariable work of the compression this  leads to the 

continuous growth of the work of the cycle  (Fig.  9.2)  and,  consequently, 
to an increase in the velocity of outflow of gas from the Jet nozzle. 

Fig.   9.2.     Effect of gas 
temperature in front of 
the turbine on the cycle 
of the TRD. 

Fhe increase in the velocity a,, can be physically explained 
by the fact that with invariable work of the compressor the growth 
In gas temperature in front of Invariable work of the compressor 
the growth in gas temperature in front of the turbine leads to a 
temperature and pressure rise behind the turbine, i.e., at the 
entrance into the Jet nozzle (2^ and pn). It Is natural that in 
this  case the velocity of outflow of gas  continuously increases.1 

Fr&m expression (9.7)  it follows that with an increase in 2' 

the work of the  cycle grows according to the linear law (Fig.  9.3). 

'Here and further we will proceed from the assumption on the 
complete expansion of the gas. 
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Pig.   9.3.     Effect  of T..  on £  , 

Let   us  find now the minimum value  of To(min))  at which  the work 
of the  cycle becomes  zero. 

It   is   obvious  that  £    *  0 when /"Xa-r, —=0. 
e *1e 

Then 

T* —T        * 
(9.3) 

Table  9.1 gives  values  ^Cmtn)  for different  values  of ■''» 

(when fli)p = 0.iM; Hc = 0.85; fljii'>lc = 0,80; ru=2880K). 

Table 9.1. 

• 
n 
R 

5 10 15 20 25 30 

'^(inln) 
570 C96 780 850 900 955 

What is the physical meaning of the minimum temperature of the 

gas in front of the turbine? It consists in the fact that at that 

the temperature of the work of real processes expended and compres- 

sions of the gas are identical, and, consequently, the effective 

work of the cycle is equal to zero. 

9.I.3. Effect of External Air Temperature (T ) 
H 

With the reduction  of external air temperature T    the work 
H 

expanded for air compression is decreased, 

'•.■^•"-»v- 
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With constant work of expansion this leads to a growth In the 

work of the cycle (Flg. 9.'*) and to an Increase In the velocity of 

outflow from the Jet nozzle. On the other hand, an Increase In T 

the work of the cycle Is lowered. 

p 

is£-l Pt \v 
So 

Po 0' 0 

Pig. 9.1*.  Effect of external air 
temperature on the cycle of the TRD. 

The effect of r and L Is depicted as a straight line (Fig. 
M 6 9.5) 

The effect of external temperature on the work of the  cycle  is very 
considerable.    Thus,  for Instance, the seasonal lowering of T^  from 
+ 30oC to -30oC increases (with r, = 1200°K; .1 = 15; oin.le-O.fiO)   the magnitude 

Lg by approximately 43*. 

Physically the velocity increase in outflow from the Jet nozzle 
with the reduction of T    (and,  consequently, with a decrease in the 
work of compression) is explained by the fact that the total pressure 
and temperature    of the gas at the exit  from the turbine  Increase, 
I.e., at the entrance Into the Jet nozzle. 

Pig.   9.5.     Effect of 2*    on L   . 
H 0 

9.1.4.    Effect of Compression Ratio of Air (it) 

With an increase In the compression ratio of air, the work 

obtained with the expansion of gas  and the work expended for compres- 

sion of the air increases. 

Let us depict the effect TT  (or e) *on the work of expansion and 

work of compression graphically   (Fig.  9.6).    We see that,  in 

193 



"1 

Flg. 9.6. Effe ■• cf J wpr? 
ratio of air on i;.e wui'k ^;' 
compresslun  ana work of expc 

^mox ff"«' 

accordance with expression (9.6), with the increase In e  the  werk of 

compresrion indefinitely grows from ziro according tu the   llnoar 

law, and the work of expansion grows according to the hyperbolic 

iaw, approaching a certain limiting value when ?-*<". 

Thus, the work of the cycle, being equal to zero when TT =« 1, 

initially grows, reaches a maximum, and then in the region of high 

degrees of compression drops, tending to zero. 

It is convenient to observe the effect of compression ratio on 

the work of th0 IdcaJ jycle in the system of coordinates p~v  and T-s 

(Fig. 9.7). 

. I  ^ ■ i   i 

fP^ m u V 
2 3SS Ss>>< s 
^ vr 

Po_ ■~t 
Lemax 

Fig. 9.7.  Effect of TT on the 
image of the ideal cycle p = 
a const in coordinates T-s. 

Let us draw the isotherm T~  • const, which characterizes the 

maximum permissible temperature of gas from considerations of 

strength in front of the turbine.  Let us construct a series of 

cycles p = const for various TT, beginning from small values and 

gradually Increasing them.  We see in Pig. 9.7 that with the increase 

in TT the magnitude of work 'of the cycle (depicted, by the area of 

the circuit of the cycle) Initially grows, reaches a maximum at a 

certain optimum  value TT and then drops down to zero. The maximum 
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of compression ratio at which value L    ■ 0 is determined by the point 

of Intersection of the adiabatic curve of compression with Isotherm 

T.  * const, i.e., 7'^l(mM^a■ 7j ov e  » 6. 

The physical meaning of this equality is that with a definite, 

quite large compression ratio of the heat feed to the working medium 

appears impossible (i.e., q-  ■ 0), since the final temperature of 
compression is equal to the maximum permissible temperature of the gas 

since the turbine. Consequently, the adiabatic curve of expansion 

coincides with the adiabatic curve of compression, and the useful 

w.irk of the cycle is equal to zero.  In other words, the ideal cycle 

degenerates into the adiabatic curve. 

It is characteristic that in the presence of losses In processes 

of compression and expanding, the work of the cycle becomes zero 

with a compression ratio less than that In the case of the ideal 

cycle. In this case 7'jin«x<73 , and consequently, heat feed to the 

working medium is carried out. However, this heat is sufficient only 

in order to compensate the appearance of friction losses In the 

working process. In this case qT  ■ (JTT and I = £ -  L    »0. 
X     iJ.        8 p O 

Lot us now find the numerical values of the optimum and maximum 

compression ratios. 

To determine ir „ the zero expression (9.7) must be equated, 
lilälX 

I.e. , 

wnence we  obtain 

1 ' "  1e 

^r^r-'P- 
(9.9) 

(9.10) 

For fe »  1.^1 we find 

^wf (9.11) 
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Work cf the  cycle becomes  ^ero also when n—nma^l  the (cycle 
degenerates  Into an Isobar).     However In  flight  the  case  r =   I  1: 
Snif osslble ,  since 

•V„i..     ^C,**,,.!.    *. > I. mla 
(' *J) 

i'ht   value  of the  optiraiuft corapi'esaion ratio  can be  I'uuna   froiii 
the   condition 

JL* -o. 

Differentiating equation  (9.6),  we   find 

Wiivnci; 

'.,-,= KT-W •• (y.i.') 

whence 

■^.■pi — /(;fwf l Mj) 

Comparing expressions   (9.11)  and  (9.13),  it   la easy to note 
that 

(4,-0)   (t#-Z,;m,t)) 

* mac        *. mi     "op»« 

(9.1^) 

(9.L!;) 

i.e.,   the maximum compression ratio is equal  to the square of the 

optimum compression ratio. 
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It  is characteristic that quantities   jtopt.   and .tma« depend  on 
flight speeds.     The magnitude  of optimum compression ratio of the 

compressor «*,0|o   depends  on the dynamic compression ratio, i.e., 
on M0  of flight.     The more MQ,  the  less     K(.»!)• 



^r 

or 

Thus , 

■p^ 

'■(ojl) 

'«(oH> (I+0.2AI2); «.; (9.1b) 

Example; 

Let 7";«= 1200*K:   ai)pi)e«0,8: //»II   KM   (r--2I6,5,K); M- ■ 0.9.     Let  us 

rind  iTopi and AMI: 

»«H" •(I/SM r-,3-,i 
««..»"Jn"184- 

Setting o* -0,97, let ua determine 

.1«- (I +0.2-0,9») »•»•0.97« 1,69 • 0,97-1.64; 

Then^-J^-M. 

Figure 9.8 shows the dependence of the work of the cycle on 

.^nprcöslon ratio of the engine. 

Pig. 9.8.  Effect of ir on the 
work of the real cycle. 

' «min *ojl *«tt 

For test bench conditions on land  (M0 • 0 and tf ■ 0) in the 
teraierature range T^ - 1100-1300oK at achieved values of efficiency 
of expansion and compression (for example, on„i|c«0.S)   we find  .!„,«- 
*  7-10 and .-r««.-49-100. '    ' 

For hlgh-altltude condlti r ^3 (//>I1 K.«) in the same temperature 
range .ton--212—16 and :!««•• I44T-256. 
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9.1.5.  Effect of Losses With Compression 
and Expansion 

.vith a decrease in iuuyes In prucease? of ■.■'.■jtipre;;.'i ■wi ■it,-; 
expansion, i.e., with an increase in tip and i^ the werk ^f the jyjJe 

increases.  An increase in the losses, conversely, lowez-s /, .  At a 

certain minimum value of work m]pi]c    the work of the cycle becomes 

zero.  This value is equal [see formula (9.8)]. 

b'or  .i*--l'»; 7'3  -1100 K; rH^'28S  K  we find 

(«'Ip^U^-Y^—0.57. 

Let (7 = L.Ü3 and 'IP^IC^I- 

Then 
'lp(nilei) = tlc(mln) ^ 0,7o. 

Thus, the creation of economic gas-turbine engines with a high 

compression ratio of the working medium is possible only at high 

values of efficiency of the compressors and turbines.  The lower 

the assimilated value of temperature of gas in front of the turbine, 

the higher the minimum necessary values of efficiency of expansion 

and compression for obtaining the effective work of the cycle. Now 

It is easy to understand that the difficulties were in the creating 

gas-turbine engines in the 1930's when the efficiency of the first 

compressors and turbines was very low (did not exceed magnitudes of 

0.60-0.65)» and the materials used then for the manufacture of 

blades of turbines did not allow using elevated gas temperatures. 

One should note the different (specific weight) of losses of 

compression and expansion. The point is that the wcrK of expansion 

is always more than the work of compression, and the more significant 

this difference the higher T,, the greater the altitude of the flight 

(i.e., the lower T  ),  and the less the compression ratio. 
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^1 ■ I 

Usually 

Therefore, a 1$ Increase In »ii> a numerically greater affect 
on L    than a 1%  Increase in TJC (two-three times). 

9.2. Specific Thrust of a Turbojet Engine 

Lfit us express the specific thrust of the TRD in terms of the 
work uf the thermodynamic cycle. 

We have 

Kn  
(a) 

c!-v» 
2* (b) 

Let us find o,. from (b) and substitute it into (a); then 

^.—L lV(2^+VJ)0 + '".)-l/]- (9.17) 

If we can disregard the difference between masses of outflowing 
gas and inflowing air (i.e., take m    - 0), then 

(9.18) 

and for the case of work of the engine on a test stand (K ■ 0) 

^-j/-*-• (9.19) 

Prom formulas (9.17) and (9.18) it follows that the specific 
thrust depends on the same parameters of the working process as the 
work of the cycle, and, furthermore, on the flight speeds, i.e., 
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H^fiTl Tu, n, %, \ and V). 

Let  us examine  the ej'i'eut  of every  factor separately  on  /■ 

9.2.1.    Effect  of Gas Temperature In Front 
of the Turbine 

At a certain minimum gas temperature/"•(„„„j'[see formula  (9-8)] 
the specific thrust, Just as  for the work of the cycle,  becomes   zero, 

With an Increase In f- the specific thrust  continuously grows, but 
slower than the work of the cycle  (Fig.   9-9). 

h, 

'n "/ 

/fe 
* ^^ //^ 

n r 
Fig. 9.9-  Effect of T,.  on 
specific thrust. 3 

r* 

9.2.2. Effect of External Air Temperature 

With a reduction In external temperature the specific thrust 

of the TRD increases, and this growth proceeds more slowly than the 

increase In the work of the cycle (Fig. 9.10). 

Fig. 9-10. Effect of T    on 
specific thrust. 

9.2.3. Effect of Compression Ratio 

From formula (9.18) it follows that the specific thrust becomes 

zero and reaches a maximum at the same values of TT as does the work 

of the cycle. 
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Thus, the character of dependences Äyn-Mn).and L, ^fiin)    is 

identical (Pig.  9.11). 

LtA 

1 ^mln   ^opt 

Pig.   9.11.    Effect  of ir on specific 
thrust and work of the cycle 

mas 

One ought to note that In flight (F > 0) the minimum value 

Let us find the magnitude of maximum specific thrust of the TRD 

with operation on a test stand (K - 0).  For this let us substitute 

into expression (9.7) for Le  the value eopt from expression (9.12). 

TJW)*^*«*^») 

Pig. 9.12. Effect of 2,
3 on 

specific thrust. 

e-n 

Then after simple conversions let us find; 

(9.20) 

When r: = UOO-1300° K. r„-2880K, i|p-=0,9 and iic=0,85  we gave Rym»x\^ö-70 

kgf/(kg/s). 

Figure 9.12 gives a family of curves *„=./(*), plotted for various 

values o** m*; through points of maxlmums of these curves passes 

a straigh^ line of maximum thrur'.s corresponding to equation (9.20). 
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9.2.4. Effect of Flight Speed 

Flight speed has an immediate effect on tnc- jpecJfic ihi  ».■*>, 

a designed TRD and generally all forms of the VRD. 

At assigned values TJ, .-t, T)p and »Ic. being determined by the levoJ 

of development of technology, and consequently, at the given magnitude 

of work of the cycle, with an increase in flight ypeed^ the täpeoiflc- 

thrust of the VRD continuously drops [see formula (9.18)J.  Ihe 

latter is explained in that when L, ■ const with an Increase in V 

exh'iust velocity from the Jet nozzle increasea more slowly, sc that 

the difference (cs~V),  proportional to the specific thrust, acntlnuouölj 

drops. 

However, at great flight speeds the Inevitable Increase in n 

always leads to a lowering of L  .     This circumstance accelerates the 

drop in specif*'! thrust, of the TRD In  design corditlons arid Mrdt ■ 
the range of flight speeds In which utilization of the Jet engine i3 

expedient. 

9.3. Effect of Parameters of the Working Vrocezc  on 
Efficiency of the Turbojet Engine 

9.3.1. Efficiencies 

The economy of the engines is estimated by their efficiencies. 

For the TRD auch coefflclönts are: (effective < internulJ, tractive 

(external)  and total (aomplete) efficiency. 

Efficiencies have a clear energy sense, being the ratlu of 

obtained work to that expended; at the same time, they possess that 

deficiency which cannot be directly measured by devices on the 

operating engine.  For their determination special tests of engines 

on a test stand and also the known calculating work are necessary. 

It is convenient to produce all this In laboratary conditions, but 

li is inconvlnlent to carry out, for example. In flight.  At the same 

time, knowledge of the efficiency still does not make It possible to 
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Judge directly the duration, distance of flight, etc. 

In the practice of the operation of the engines an estimate, of 

their economy Is taken on specific consumptions of fuel referred 

either to unit of power (work) or unit of thrust. 

The use of hour and specific consumption of fuel allows tying 

►■conorry with the duration of operation of the engine (I.e., with the 
duration of flight), with necessary fuel reserves on the aircraft, etc. 

When the fuel consumption Is referred to 1 hp/h, the estimate 

if economy with respect to efficiency specific consumption Is equiva- 

<nt. In that case when the fuel consumption Is referred to 1 kgf 

of thrust per hour, the estimate of the economy of various engines 

according to specific fuel consumption is possible only on the 

condition of Identical flight speed. 

Since the most important parameter characterizing the effective» 

ness of the TRD is its draught, then for the determination of its 

economy we use fuel consumption referred to 1 kg of thrust per hour. 

9.3.1.1. Effective (Internal) Efficiency. 

The effective (internal) efficiency is called the ratio of heat 

of equivalent useful work of the cycle to all the heat put into the 

engine with fuel, i.e.. 

»»* -Jk 2* (9.21) 
fm ♦.» 

Effective efficiency of the TRD estimates the effectiveness 

(I.e., thermodynamlc perfection) of the TRD as a thermal machine 

(Intrinsic engine); it considers all losses connected with the 

conversion of heat into kinetic energy of gas, i.e., losses of heat 

with outgoing gases conditioned by the action of the second law of 

thermodynamics and also by the presence of friction In all elements 

of the TRD and also losses of heat as a result of the mechanical and 

chemclal Incompleteness of combustion. 
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Factors  affecting effective efficiency. 

Let   us   transform the  expression 

Let  us  replace 

'«.-'>('-v)(7>,,'-T-i): 

(9.22) 

Then 

(9.23) 

where ;K e —   coefficient of completeness  of combustion; 8=—.? degree 
7V 

of preheating of the working medium;  k. aa——    coefficient;   considering 

differences   in specific heat  of the  air and also gas  in  the  combustion 

ij jhamber; fce  < I; on the average ke   ^0,90--0,92; <>ffl-- average specific 

heat in the temperature range Tf — Ta*- 

Prom formula (9.23) it follows that the effective efficiency of 

the THD depends on the ratio of gas temperature in front of turbine 

to the temperature of the external medium, on compression ratio, 

efficiency of expansion and compression, and also on the combustion 

efficiency. 

* 
Effect   of the   Degree   of Preheating  6 (ov  T„) 

(Fig.   9,12) 

When ö«Amii,=e/Tipiica the .effective efficiency is equal to zero. 

With an increase in the degree of preheating of the working 

medium effective efficiency of the TRD continuously increases, 

approaching the limit equal to 
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mm mm 1 

«l,(m«)-(l -) V'««*»,- {9.2k) 

Pig. 9.13. Effect of 3'3 on 

effective efficiency. 

If In the first approximation we consider that product aft- Is 

distinguished little from unity, then the effective efficiency tends 

the limit 

";..«,-(»--rh1- (9.25) 

which is always lower than the thermal efficiency of the cycle 

1,-1—-. (9.26) 

Physically the continuous increase of effective efficiency, 

determined by the given value a(e),, with an increase in 5 (as a 

result of the growth in T~  or lowerings of 2" ) is explained by tne 

decrease in a relative portion of the work of compression, taking 

into account losses of friction in the work of the cycle. 

Effect of Compresaion  Ration   (Fig.   9.14) 

V * 

Pig.   9.11».    Effect of ir 
on effective efficiency. 

mm mas 

205 



From analysis   of expression   (9.23)   it   follows   that  the  effective 

;iency  twice  be ffleiency  twice becomes   zero -  when  e  =  1  and ffaiai:-- A »luHc.   -•"•I  when 

With  an  increase   In  IT   (or e)  the  effective  efficiency  increases 

uiij  i'eache?   a maximum  at   a   certain value  IT',  which   is   greater  than 

the  optimum,  I.e., 

Actually,  with  'in   Increase  In  e   the  quantity   of heat  fed (7UH~(?''-?"j)_ 

■;■•.: ir.'.t iulsy   lecreasos   according  to the   linear  law.      \i  e-u\n.i, when 

L     -   const,   the magnitude  n     continues   to  Increase   all the  mere. 

The  growth  In n    ceases  at   a certain  value d'>i\,n,     when  the  appr^a^ning 

Ir.'l    1::   . _    ■ompfriL-at e.;.   co.jtlnuing  lowering of   </u,„   !.<•.,  '■■:': v u 

alt ^ rfTwi, 
./«   '      i/r 

Trie determination of n' in the general Is difficult. Grapno- 
i 

■malytlcal calculations show that for T~  - 1100-1300oK, Hc^-O.Sr», mip-0,94 

•ind T     *  28Ö0K we have IT' ■ 15-20; in this case the effective 
efficiency II.„„,,M-'0.22-0.28; for T     ■ 216.50K (// « 11 km) and other data 

given above we find i^max)^0,32—0,40. 

Let us note tnat the effect of TT on the thermal and effective 

efficiency proves to be fundamentally different.  Whereas with the 

increase in TT tne first efficiency continuously grow.;, asymptotically 

tending to unity, the second reaches a maximum (which Is considerably 

below iji), and tnen tends to zero (see ^Ig. 9.1'0. 

9.3.1.2. Tractive (External) Efficiency. 

The tractive (external) efficiency is called the ratio of work 

of tne reactive thrust (tractive work) to the increase in kinetic 

energy Inside the engine, I.e., 
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■Pi 

1«' (9.27) 

Having substituted /?_,« ct-V 

*!«= 
2V 

cs + V 

we obtain after reductions 

. v 

i + - 

(9.28) 

Thus, the tractive efficiency depends only on the ratio of the 

flight -peed zo  the velocity of outflow of gas from the engine; with 

■ui increase in this ratio from zero to unity the tractive efficiency 
also increases from zero to unity (Pig. 9-15). 

Fig. 9.15.  Dependence of 
thrust efficiency on the 
ratio of velocities V/a&. 

M    Q* tut   41 /,0-Jj 

Let us examine in more detail the mechanism of formation of 
reactive thrust of a Jet engine.     In general the whole increase in 
the kinetic energy obtained inside the engine is  expended for work 
of reactive thrust and for losses of kinetic energy  outside the 
engine,  i.e. , 

or 

'»-'" „„ frs-tov [  ici-vy (9.29) 

Increase In    Tractive kinetic work 
energy M!cin 

energy 

The physical sense of losses of kinetic energy consists In that 

It Is Impossible to transform c . :.pletely the kinetic energy acquired 
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inside  the TRD into work of reactive  thrust.     Part  of this  energy 

will be uselessly  dispersed Into surrounding space,  outside  the 

•ti/j .v. 

Actually, if the velocity of outflow of gases relacive to the 

engine is equal to a,    (aL -  relative velocity, and fJight .-peed of 
0 0 ' 

an aircraft V - transport velocity), then the velocity c of motion 

of the Jet coming from the engine relative to the ground (absolute 

velocity) will equal (Fig. 9-16) 

^•BbU- 

\y CCT 
Fig. 9.16. Determinatlor. of fhr- 
coneept of lossec with exit 
velocity. 

c ~c.-v 

•fi^r^f»t^5rsn 

Then the kinetic energy  of free jet  unused  Inside engine will 
equal 

" 2* 

This energy is also called loaa uith  exit   velocity. 

Thus, the tractive efficiency considers external losses of 

energy, connected with the transformation of kinetic energy into 

thrust work:  it estimates the perfection of the TRD as a propel I ih-j 

urjon t. 

Let us now examine particular cases of operation of the engine. 

1.  Let 7 = 0 {V/o&  = 0); In this case ii« = 0. This means that 

with operation of the engine on the ground (before takeoff) on a 

te..t stand the thrust work is equal to zero (/L|, = 0), since the acting 
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foro-a does not produce displacement; In this case the whole kinetic 

energy of Jet outgoing from the engine turns Into losses. 

2. Let I'^fj (I7f5=l); In this case »jn« 1.0. This means that 

losses In kinetic energy are absent. However, we think of this case 

only as being limiting when the Increase In kinetic energy of the gas, 

thrust, and tractive work becomes zero. 

For the Jet engine this case does not represent practical Interest 

J. Let us find the ratio of velocities Vies,  at which the thrust 

work reaches a maximum. 

From condition dLrldV^Q   we obtain V/cs-l/2.     In this case 

Consequently, tij|»2/3. 

Figure 9.15 gives the curve /*=//—j. 

Effect of parameters of the working process on »)„ .: 

Prom expression 

JV 2K 
% — =  . ■ ■ 

V + cs y+V7eLt + Vi 

it  follows that at the assigned flight speed any Increase in the 
work of the cycle or velocity of outflow from the nozzle leads to a 
drop in thrust efficiency as  a result of an increase in losses with 
the exit  velocity. 

Effect of Temperature T     (Fig.   9.17) 

When/s-•7,,,
0lllll( we have 2    ■ 0 and a    -  V,  consequently,   'l«"I.O. 

With an increase in T~ magnitude o, continuously grows, and 
is continuously decreased asyn. * otlcally approaching zero. 
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Fig.   9.17.     Effe-t   nf   T _,   on   1 h 
efficiency   of  the THU.   J 

Effect   of the   Compression  Ratio   (Fig.   9.18). 

Itile'-lt 
?N '                    ^n 1 
[ ^v              J^L^-^^^   i   i 
1    1^ 1-^^              |  | 

1    1 
1     ^ 

»if 

1 ^ Nl 
Pig. 9.18.  Effect of TT on 
the efficiency of the THD. 

'.örcminnopln'    1jK       «moj, 

When   11   =   1  and IT  =  IT    „we have   fs-V;     consequently,   nn-l,0. max ">    • 
When .T = .i<.ri     we  have C5 = Cj(n,aX);    consequently   nn^lndnin».        Thus,   the 

dependence  of thrust  efficiency  on  the  compression ratio  is  depleted 

in the  form  of a concave curve with  a minimum at .lopi- 

Effect  of Losses   in  Processes   of Expansion 
and  Compressions 

A decrease  in  losses in processes  of expansion and  compression 

(i.e.,  growth  in iip   and   'ic)   leads   to  a velocity  Increase   in outflow 

from the nozzle  and a result which  is  paradoxical  at  first   sight  -  to 

the  lowering  of thrust  efficiency. 

9.3.1.3.     General  (Complete)  Efficiency TRD. 

The  total   (complete)  efficiency  Is  called the  ratio  of heat, 

equivalent  to work of reactive  thrust,  to the whole heat  introduced 

with the  fuel,  i.e., 

T, ^  AL*   x    A***V 

f« 9m 
(9.30) 
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The total efficiency Is the product of effective efficiency on 
thrust  efficiency.    Actually, 

fM *■#        fa (9.31) 

Thus, the total efficiency estimates all  loaeea  of heat energy 
in the TRD, both internal^ connected with the conversion of heat into 

kinetic energy,and external,  connected with the conversion of kinetic 
energy into thrust work.  In other words, the total efficiency 

'-Lt I mat es the effectiveness of the TRD also as an engine  and as 

a propelling agent,  i.e., as a power plant  as a whole. 

The total efficiency serves as a criterion of economy  of the 
TRD, 

From a comparison of formula (9.23) and (9.28)  it is easy to 
conclude that the total efficiency depends on the same factors as n» 
and rin, i.e., 

lo^/lK ru, jr. v »».. 5,.c. V). 

Effect  of T, 

Figure 9.17 shows the effect of gas temperature in front of the 

turbine on n , n« and ru. 

When T'^Tsfmia)  the total efficiency is equal to zero, since the 

effective efficiency is equal to zero. With an increase in T~  the 

total efficiency increases, reaching a maximum at a certain economic 
» 

gas temperature (T",^,). With further growth in T~,  with a continuous 

drop in tractive efficiency, the total efficiency also Is continuously 

lowered. 

It is characteristic that the economic value of gas temperature 
in front of the turbine on-a test stand is comparatively low, it 
Increases with an increase in the compression ratio of the working 
medium. 
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When ir «  6-10  and at  usual values  of UP   and  tje, magnitude T',,,,, = 

=   7ü0-850oK.     When  TT =   15-20 magnitude  T*   . =900—950°K. 

Thus,   assimilated  in  technology   values   oi'  T-,   :uri3ide:-:iL iy 

exceed its  economic  values. 

Effect   7T 

Figure  9,18  shows  the effect   of  the   compression ratiu  nn   »i-.'ln 

and T)O. 

The  total  efficiency   us  in  effective  efficler.c;,'   Is   equal   to 

/.era when  TT  =   1  and when  7t ■ VQV'     With  an  increase in  TT  up  to  a 

■ortaln eoonomia  value   (.T1M)   the  total  efficiency   increases,   reaching 

a maximum,   and then, with  furtner growth  in  TT ,   li  .irops  down  *-- 

zeru. 

The economic  value  of the  compression ratio does  not   coincide 

with that  value  TT ' at which the effective efficiency  reaches   a 

maximum;  it  is  always more,  i.e.. 

Actually,  when TT ■ T? ' the effective efficiency reaches   a maximum, 

and  the  thrust  efficiency   increases.     Therefore,  product  v'l" ='|ii 

also  increases.     The growth in nQ  ceases  at  the   largest   compression 

ratio TT  ■>   -n*,  when  the  approaching drop   n     compensates   the   continuing 

growth  in n,,. 

The economic  compression ratio of the  air of contemporary  TRD 

reaches  very   high   values.     At  IT,  ■   1100-1300oK,   T    ■ 23b0Kt   at 
o h _ 

usual  values   uf    Tip   and  He, when   {„.c  "   O.y?  the magnitude .T«~^0-r50t 

which  Is   corislderably more  than  the  assimilated   values  *lt on  a  tost 

stand. 

Effect  of Flight  Speed 

With operation of the TRD on the ground (K • 0) the total 

efficiency is equal to zero. With an Increase in flight speed the 
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totil efficiency Increases.    However, at very high flight speeds, 
when f.he specific thrust of the TRD Is sharply decreased, tending In 
the   Jlmlt to zero, the total efficiency also drops down to zero. 

9.1.    Effect of Parameters of the Working Process on 
Specific Fuel Consumption 

Let us find the connection between specific fuel consumption 
and total efficiency. 

A. havü 

let us replace mT« As and multiply the numerator and denominator 

•)f the right side of formula (a) by AV. 

Then we obtain 

'*-***!:-&-■*■&■ ""^ 

Thus, at the assigned flight speed the specific fuel consumption 

Is inversely proportional to the total efficiency. 

Formula (9.32) is unfit for an analysis of operation of the THD 

on the test stand, since its right side turns into an Indetermlnancy 

/when l' • 0 and HQ ■ 0 we have ^»" jj« 

Let us transform formula (9*32). 

We have 

V^Vfc-n,^—-. (9.33) 

Having substituted value n0 from expression (9.33) into (9.32), 

we obtain 
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^v 

C,4=4.2isi£±£i (9.34) 

"hen  for the   case   / =»  Q we   find 

<^-4•2,5^-• 
»,9. 'ibi 

From  formula   (9.32)  there   can be made  conclusion that   the  specific 
fuel   consumption depends  on the same  factors   as  the  total  efficiency, 
i.e., 

«V^/cn. r,. n, n,. nt. •;... V). 

Let   us  examine  the effect  of these parameters  on the  specific 
fuel  consumption. 

9.4.1.     Effect  of Gas  Temperature  T~   (Fig.   9.19) 

Fig.   9.19.     Effect of I-   on  the 
specific  fuel  consumption. 

tymin)   5(3K) 

When r|-"jr',mln) the total efficiency is equal to zero.  Consequently, 

tne specific fuel consumption is equal to infinity. With an Increase 

lr. :., from the minimum to the economic value {Tn^)  the specific fuel 

consumption is continuously decreased, reaching a certain minimum 

value.  A further increase in gas temperature in front of the turbine 

It-ads to a continuous increase in CM, 

Curve C>4=/i(rj) graphioally is as though it were a mirror image 

of curve »jo="Mrj) (see Pig. 9.19). 
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The design point of operation of contemporary TRD on a test stanl 

(V'^-0; .n=-npaM) Is located on the right branch of curve Cy^Mrj). In 

other words, computed value of gas temperature in front of the turbine 

Is much higher than the economic temperature.  The latter is explained 

by the tendency to increase the specific thrust of the engine, 

reduce its dimensions and specific weight, even to the detriment of 

the economy of the TRD. 

N 

P.4.2.  Effect of the Compression Ratio u 
(Pig. 9.20) 

At minimum (ir • 1) and maximum (.i^.-inut) values of the compression 

ratio the total efficiency of the TRD Is equal to zero, and the 

opeclfic fuel consumption of the engine Is equal to infinity. 

With an Increase In ir from 1 to the economic value .T»« the 

specific fuel consumption Is steadily lowered, reaching a minimum. 

A further growth In w from :fm to xmn already causes a continuous 

growth of Cn. 

Curve C,a-/i(a) is graphically as If It were a mirror image of 

curve lo-M.-i) (see Fig. 9.20). 

Pig. 9.20.  Effect of T- on 

the specific fuel consumption, 

''.» ««in 

It Is necessary to note that in test stand conditions (V'-O; 
Ti'Ti,**) the design point of operation of the engine is  located on 
curve CH-M-'O.   between the optimum and economic values of the 
ompresslon ratio, i.e.. 
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•Xipi < nptCH <^ ntH. 

The   last   circumstance   Is  explained by the  ten'U t ■ i - 

the specific thrust of the TRD, reduce its dimensions, and slnipUf':, 

the design (i.e., reduce the number of stages of the compressor and 

turbine) and as a result lower the specific weight of the engine 

with a simultaneous providing of hi£;h economy of the engine. 

9.^.3.  Minimum Possible Specific Fuel Consumption 
of the TRD 

In connection with the tendency to develop highly economical 

turbojet engines, it is necessary to know at which values of 

parameters of the working process and also at which parameters of 

flight does the specific fuel consumption take the minimum possible 

values. 

Pnor this purpose, first of all, let us determine analytically 

trie economic gas temperature r^,,,, . 

Let us transform expression 

Cya -VOO-r^. 
iy) 

having substituted in it 

'r-ln-r.^'-^)] 
ftcc"« 

(9.36, 

^^^{/^^[^('--rJ^-^V^J'^^'"^- (9-37) 

Then after simple conversions we obtain 

jr —* 
Cy, -* / vz~=nr-d ' (9.38) 
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^^p» 

wnere jr,r;; 

kmT»   —=—-0,2 I; 

/"T(-T)-. ' 

Let  us   find the minimum of the  function from condition 

rfCr, 

Assuming  that a«-conM; Mn-conM; TN "con«!; np"""««  and t^-con»!, after  a 

series  of  conversions we obtain 

(T*\ 1 /   l« W»      J + \*     I   . 

Mi(i-)+(i-)]- (9.39) 

From formula  (9.39) it follows that  the higher the economl-j 
value  of the gas  temperature in front  of the turbine,  the greater 
the    M    number of flight,  the  greater the  air compression  ratio  and 
the  lower the efficiency of expanding and efficiency of compression. 

Let us examine a particular case. 

Operation of a  TRD on a Teat Stand (V -  0) 

In this  case  formula  (9.39)  takes  the  following form: 

Vro/,,      tu'"In        /     Vile       / 
(9,10) 
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Having substituted  (g.^O)  Into equation for C„   (9.3B),  we  obtain 

"ten simplifications 

(9.^n 

. •>'. -..■ :. VJ ritiJ the value of the optimum economic com^re^cior. 

r-.itlc ut whl':h the minimum specific fuel consumption has the least 

v ■. i-    -   "mlnlnum-mlnlmorura''    of the  specific  fuel   consumption (C,a»1^.111.1). 

;■•   ;   '!,; •   .•••   ur   hive al^ate  the   function  (9.41)   at  runlmum. 

:•'!•:,   ;otidltlon   i '""""--..O we   find after conversions 

/1 -- onpit 
'«(OH)", + 1/ 'rr^- (9.^) 

rhud,   the  economic  compression ratio at which  the  specific 

fuel   consumption  reaches   an  absolute minimum depends   only   on  the 

'.•fflclen 7   ;f expanslcn  and   compression. 

Let  us  examine the numerical example. 

Let  uo  assume tnat given Is: r.-2M*K; fln»-o,94; »j.-o.M; |,., »0.97;//,-10250 

kcal/kg. 

Further  according to equation   (9.^2) we  find '»»«»PD-'AM; JI.KUHI-M 

and  r,  ■  91Ü0K.    Then according to equation  (9.^0)  we determine 
r*MjoH>~,,35*K-    According to found values of 7, and T2 we find f^-o.29 

kcal/vkg'deg).     Finally, with the  help  of equation   (9.^1)   let  us 

determine  t-M,ll,„,„-o.62   kg/(kgf'h).     In this  case  *ya-26 kgf/(kg/s). 

Calculations show that with  further Improvement of gas-air channel 

of the TRD C,,,^,« ■ 0.56-0.58 kg/(kgf'h)  can be  obtained. 
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Klgure 9.21 gives dependence cTa-/(rJ)for different .i-comt  There 

the envelope of these curves are drawn, which fixes: the absolute 

mlnl-ium of specific fuel consumption of the TRD and also optimum 

values of the economic gas temperature and economic compression ratio, 

cy« «aCOMi 

\ \  \  \  /    / «« 

M,-» 

^•w 
Fig. 9.21. Determination of 
the concept of minimum possible 
specific fuel consumption. 

'MfW 
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CHAPTER       10 

THERMODYNAMIC   PRINCIPLE3   OF  THE   CONTROL  OF 
TURBOJET ENGINES 

10.1.     Concept  Operational  CharacteriotiJJ 
af  Aircraft  Engines 

operational   cnaracteriatics  of aircraft   engines   (including  gas- 

turbine)   are  called  dependences which  show  the  effect  of conditionL- 

)f operation  MI  the  effectiveness  of the  engine  and  its main 

characteristics  -  thrust,  power,  specific  and hourly   fuel  consumption. 

These  conditions   of operation include:     state   of external 

atmosphere  (pressure,  temperature, humidity  of the  air),  flight 

parameters   (altitude  and  speed  of movement   of the   aircraft),  program 

of  control  of the  engine   (determining  selected  regularity  of  the 

change in controllaole  variables),  peculiarity  of operation of the 

engine on the  aircraft   (system Inlet  and   exit  aircraft channels). 

Operating  conditions   determine  the   regime  of operation  of  the 

engine.     The   latter is  estimated by  regime  parameters,  to which  refer 

such  "strictly  engine"   parameters,  as,   for  Instance  the number   if 

revolutions  of the  engine,   the position  of  tne  regulator of the 

critical  (exhaust)  section  of the exhaust  nozzle  and others,  and 

also the  above parameters  of "external"  effect  on the  engine 

(flight  conditions,  state  of external  atmosphere). 

The effectiveness  of the engine  is  determined not only by  its 

basic  "exhaust"  Indices   (thrust, power,   specific  fuel  consumption), 

but  also by such most  important operational properties, as,  for 
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liu.t.'uice: by the tendency toward unstable operation, the level of 

■ioist produced by the engine, level of reliability and service life 
of the engine. 

Thus, the operational characteristics of aircraft gas-turbine 

engines show the regularities of the change in parameters of 

(.ffectiveness of the engine from its regime parameters, which 

considerinc the variety of operating conditions. 

T+ is  necessary to keep in mind that conditions of operation, 

. . ! • daily with prolonged operation, have considerable effect on 

the  reliability of the engine, causing mechanical disturbancer. and 

deformations of the gas-air channel of the engine and of Its elements 

(wnrplng, dents, corrosion, erosion of blades, carbon formation, ice 

depcslt, growth of radial clearances, wear of labyrinths, ir:lsalignment 

separate subassemblles).  This leads to a drop in the efficiency of 

these subassemblles, conditioning the worsening of basic indices cf 

the engine, dlsturbes the thermal engine operating regime (over- 

heating of the hot part is possible), and causes unstable operation 

of the compressor. 

10.1.1.  Forms of Operational Characteristics 

Operational characteristics of aircraft gas-turbine engines are 

subdivided into throttls,   high-speed,  altitude  and also apeaial. 

Throttle oharaoterietioB  are dependences of basic indices of 

operation of the engine (thrust and specific fuel consumption) on 

lt.? regime parameters (for example, on the number of revolutions) on 

regimes of "partial" load, with (throttling) of fuel feed into the 

combustion chambers. The greater the degree of throttling of the 

fuel feed, the less the thrust of the engine; however, specific 

regularities of the change in parameters of the engine and also its 

economy can be different depending on the assigned program of control. 

High-speed and altitude  jharaaterietioe  of the engine show the 

change In basic Indices of its operation depending on conditions (of 

velocity and altitude) of flight at the assigned program of control of 
the engine. 
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Sometimes the altitude-high-speed characteristics of the engine 

are depicted in accordance with the specific profile of flight of the 

■iircraft.  Such characteristics are very oJ.f-ar sin.T- t^. •■ r-;-. .v '■ 
what way In flight the concordance of required thruütc {^■^^i\   .: 

the aircraft and available thrusts (power) of the engine is produced. 

Throttle and high-altitude-hlgh-speed characteristics of the 

engine must consider the possible physical limitations appearing 

with the operation of the engine and the specific range of their 

operation.  These include limitct:.ons conditioned by the following; 

1) strength of the parts (subassemblies); 

2) appearance of maximum permissible gas temperatures; 

3) appearance of unstable regime of operation; 

^) appearance of regimes of gas-dynamic choking of the gac-air 

channel; 

5) appearance of regime of auto-oscillations ana vibrations. 

10.1.2.  Methods of Obtaining Characteristics 
of the Engine 

Characteristics of the engine can be obtained experimentally 

by means of tests of the engine on a test stand or In flight on the 

so-called flying laboratories. They can also be obtained analytically 

with a high degree of authenticity. To obtain sufficiently accurate 

characteristics of the engine by calculation, it is necessary to have 

model or specific characteristics of separate eubasaembHee  or 

semi-empirical dependences, which with acceptable accuracy reproduce 

such characteristics. 

The usual test stands, which are found at aircraft serial or 

repair plants, allow removing the earthly "test stand" characteristics 

of the engine and reduce them to the so-called standard atmospheric 

conditions (pQ ■ 760 mm Hg and TQ  » 2880K at / « 0 andff = 0). 
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To obtain altitude-high-speed characteristics there must be 

special test stands, which allow the simulating altitude-high-speed 

conditions of flight, in other words, to reproduce at the entrance 

Into the engine as well as at the exit from it the necessary values 

of pressure and of temperatures of the gas. Such special test standr-. 

with altitude chambers are very complex, bulky and expensive devices. 

Vo operate them, expenditures of enormous energy power are required. 

The creation of such test stands are of Interest only to special 

scientific-research and designer organizations. 

The most reliable method of obtaining flight characteristics of 

an engine is the use of the flying laboratory.  An example of such 

a laboratory is the English aircraft Avro "Ashton," created on 

the basis of the bomber Avro "Vulcan" and equipped with four Rolls- 

Hoyce "Avon" TRD. As a flying laboratory in the USA it is planned 

to use the supersonic experimental bomber Boeing [sic] "Valkerle" 

B-70, designed for flights with an M0 =» 3.0 number. 

Disadvantages of flying laboratories are their complexity and 

high costs and also limitedness of range of high-altitude-high-speed 

tests (at M0 and H  numbers), which is determined by flying and 

technical data of the aircraft laboratory. It is obvious that the 

new engine cannot be tested at speeds and altitudes of flight which 

are inaccessible for the aircraft laboratory. 

As regards to the analytical method of obtaining characteristics 

of the engine, at present it has reached a high degree of perfection, 

especially in connection with the advent of electronic computers. 

Characteristics of engines obtained ir. such a way give a small degree 

of error, as a rule, not exceeding 2-3$. 

10.1.3. Control Elements and Controllable 
Variables of the Qas Turbine 

Any gas-turbine engine has regulating elements with the help of 

which it is possible to assign and change the process of operation 

of the engine.  Control elements of the aircraft gas turbine include, 
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first of ail, a fuel feed regulator, usually intei'iink^j wlti. :L-J 

automatic regulator of the number of revolutions. The regulator of 

revolutions is Intended for maintaining the constinf riuv.itev  : :' 

revolution^, uf the engine 'J.I  a fixed pcji: 1 jn ..,'■ :... ./..■.;.: ... ; 

of the engine [RÜDJ (PYA).  Acting with the help of trie HVJ  on thc 

regulator of the fuel feed, it is possible to change the flow  f 

In the combustion chamber and, consequently, change the i-egiice of 

operation of the engine determined by its number of revolutions.  Thus, 

the aontrol  element   (regulator of fuel feed) through the reguluitnj 

/..--i :■ r (flow of fuel per second of engine) acts or. the i'e^'r, 

pai'ameter  of the engine (number of revolutions). 

The basic parameters of the TRD - its thrust ur.u jpi cific fuel 

flow (at assigned values of efficiency of elements of the engine, and 

also the speed and altitude of flight) - are functions r;f twc 

parameters of the working process;  T and /'.,.  Thus, tu ccnti1-:! ihe 

engine on the test stand and in flight, there must be the two named 

Independent control parameters. 

One should keep in mind that immediate control 7rH is inconvenient, 

complicates the design of the engine, and requires the introduction 

of special regulators.  It is substituted by the control of numbers 

of revolutions, which, as is known, furthermore, determine the 

strength of the elements of the turbocompressor.  With an increase 
* 

In the r/min of the TRD the rate of air flow increaacj, unU ^   also 

Increases. 

Th us, the control regime parameters of the TRD are n  and I'-, 

If the TRD has invariable geometry, the change in fuel fetid 

simultaneously changes the parameters n  arid T.,  according to tne 

scheme 

cf — /i * rj. 

When the engine  (TRD).has two control  elements  Independent  from 
each other (for example, a regulator of fuel feed and regulator of 

exhaust nozzle),  and,   consequently,  two regulating factors   (fuel 

224 



^FT 

norioumptlon per second G    and  critical or exhaust section of the 

exhaust nozzle /,-), the number of regime parameters Independently 

controllable from each other Is also equal of two (number of revolutions 

of the engine n  and temperature of the gas In front of the turbine 

T.).    in  this case control of the TRD Is produced according to the 

üi.'heme 

©»-»«and/i-^rj. 

fU-uerally, the number of Independently controllable variables Is 

*ays equal to the number of controllable factors. 

The more complex the aircraft gas turbine, the greater the 

number of Its regulators.  Additional regulators of the TRD [TRDP] 

(TP^tti) can be these regulators: angles of exit of the nozzle box 

.m^embly of the turbine ouj angles of Incidence of guide vanes of thu 

compressor Vk.*; fuel feed Into the afterburner of.# etc. The corresponding 

regime parameters can be: 

<. o- r;. 

10.2.  Control Programs of the Engine 

The control program of a gas-turbine engine should be understood 

as the regularity of the change in processes of operation of the 

engine and, consequently, parameters of the working process determined 

by the position of control elements. This regularity of the change 

in parameters of the engine pursues the goal of providing the most 

advantageous flow of characteristics of the engine. 

Examples of programs of control are programs of control for 

maximum thrust (power) of the engine, better economy of the engine, 

c nservation of complete similarity of operation of the turbo- 

compressor minimum sound level of the engine at the assigned thrust, 

etn. 
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The simplest programs of control of the engine with respect  l. 

speed and altitude of the flight are programs providing the 

invariabl illy uf the flow fart of the engine. ."...:':. i rcw.ir.ic   ;; ., 

called programs of control with invai'iable geometry o'.' '<.•   •.•.•..■':•,. 

lü.l.l.  Program of Control of the TKD ;'o:* 
Maximum Thrust 

One of the most widespread programs Is the program of covirol 

for maximum thrjst.  This prograjn automatically provides the 

obtaining at all speeds and altitudes of flight of maximum thrust. 

For Its fulfllJment the observance of the following ooruiltlon^ !:: 

/. >■ ju J t" arj .■ 

J) maintaining the maximum and constant number of revolutions 

of the engine-, i.e. , 

rt" «mat «const; 

,1)  maintaining the maximum and fixed temperature in front uf the 

turbine, i.e. , 

rt~rHmnt~c<m*t. 

Actuilly, thf> fulfillment of condition 1 provides the obtaining 

of the maxli'.un r:it^  .)f air flow (/ and maximum com;, re J ; I on ratlc 

(see further Fig, 11.6); the observance of condition ? provides 

together with the fulfillment of condition .t^.i*,,,,,.) the obtaining of 

the maximum specific thrust (see Fig. 9.9). 

Thus, the product 

Äya(m»«)"m«tm "' mat 

appears maximum at any assigned values // and  V. 

Maintaining the maximum number of revolutions Is achieved with 
the help,  for example, of a centrifugal regulator of revolutions 
(of the Watt type of regulator) interlinked with automatic unit of 
fuel  feed. 
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« 
Maintaining the maximum temperature of the gas T?  Is a complex 

problem. It can be provided by direct and Indirect means. 

For direct control 3*- ■ const It Is necessary to transmit a 
puiae obtained from thermocouples Installed at the entrance Into the 

nozzle box assembly of the turbine Into automatic fuel unit for the 

limitation or Increase In fuel feed supply Into the combustion chamber. 

Such automatic units are Installed on a number of Soviet and foreign 

engines. 

In a number of cases the condition of conservation r, ■ const 
Is observed quite accurately automatically. Let us assume that at 

all flight speeds the pressure difference In the Jet nozzle Is 

supercritical, I.e., qi^c)  • 1«0* Then, on the basis of expression 

(7.11*), with an Increase In the flight speed the drop In pressures 

In the turbine ir  likewise remains constant. 

Consequently, from equality 

Lf-'L,  or r;—rrr. 

we find 

If A,*^const when «=const and f'—var, then /"J^conit. 

10.2.2.  Program of Control of the Turbojet Engine 
with Invariable Geometry 

With Invariable geometry f/»-const; oca^-const; q»,,.- const) the engine 

has a single automatic unit of fuel feed. Interlinked either with 

the regulator of the number of revolutions or with the regulator 

of gas temperature In front' of the turbine.  In this case the possible 

programs of control with respect to the speed and altitude of flight 

have the form: 

227 



l)«^const (/*J = var)  and 2) 7"J=const (/i-var). 

When g(h)-\,0{i.e. , rtj = const) and Z-K^const when  n •-r-nrt: 

change  in  speed and  altitude   of flight we have  2',   =   c^onst,   ana,   tuuz 

control programs  1 and 2  completely  coincide with  control program fox- 

maximum thrust. 

» 
If, however, when n  = const we have T~  = var, then, in considering 

the need of the limitation of temperature T^  by its maximum permissible 

value, it is easy to draw the conclusions about the fact that, at all 

speeds and altitudes of flight, where 7'5<r*(mlI), the thrust of the TRD 

will be lower than that in the case of the control program for maximum 

thrust. 

10.2.3.  Control Program of the Turbojet Engine 
for the Greatest Economy 

The control program of the TRD for the greatest economy is used 

for example, in the case of flight range.  It consists In the providing 

of minimum specific fuel consumption at the assigned magnitude of 

throttled thrust at a cruising regime of flight. 

In such a case when the TRD has fixed geometry, the fixed value 

of thrust with respect to the throttle characteristic corresponds 

to the single value C 
yfl 

nozzle, for condition R 

of values T .,  and n   (or T0  and IT*) at which £.. 
o i " 

In  the presence of the  controllable exhaust 

const  it  is possible  to  find  the  combination 

>a- 

10.2.4.  Control Program of the Turbojet Engine for 
Complete Similarity of the Regime of Operation 

of the Turbocompressor 

The above control programs n  ■ const have an important general 
feature - with the change in speed and altitude of flight the regime 

point of the compressor is moved into the field of the characteristic 

of the latter.  The more the change in T  ,  the more change in the 

given revolutions: 

228 



/¥' 
and the greater the danger of the drop In efficiency and productivity 

of the compressor, appearance of undesirable physical limitations of 

its operation - separations of flow, surging, local flow choklngs; 

in short, the effectiveness of the compressor can  considerably become 

worse. 

The tendency to provide the best and fixed conditions of operation 

i Liic compressor and also turbines led to the development of the 

program of control for complete similarity of the regime of operation 

of the turbocompressor. Conditions of the reallntlon of such program 

are: 

1) constancy of reduced revolutions of the turbocompressor 

«M-« y^r -«»»t.and «^V^Ü' 

2) constancy of reduced gas temperature in front of the turbine 

T^-r;—-const, or T";-^. 

With fixed geometry of the TRD the observance of conditions 1 

and 2 automatically provides complete similarity of the regime of 

operation of the compressor. 

Actually, from equality 

or 

I* 
it follows that when —j-"«cqnst we have 2i*»contt, setting 

'• 

^»const (for^V—ll.*^—contt and nl—coiwt. 
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The observance of relations /ip^consl and n* = const can be examined 
as the fulfillment of conditions of complete gas-dynamic similarity 
of the  compressor. 

The observance of conditions 1 and 2 also automatically provides 
similarity of the regime of operation of the turbine. Actually, from 

relation £r = ll8rjtX   when «I^co"5* (for v^)53*) it  follows  that 

»const. 

Comparing condltionJ   1  and  2, we also find tha: 

 —const. Cb) 
v* 

However, equalities (a) and (b) can be examined as conditions 

of providing the similarity of the process of operation of the 

turbine. 

The control program for complete similarity, guaranteeing the 

optimum conditions of work and operation for the turbccompre.ssor of 

the TRD, considerably affects the regularities or the chinge In 

thrust and specific fuel consumption of the engine with respect to 

speed and altitude of flight. 

For realization of the considered program of control of the TRD 

(when *(Xj) "I) it is sufficient to provide fuel feed into the ccmbustlon 

chamber according to the law 

(7t„-n>coml, and Ö, ~^ KfJ, 

at which the constancy of reduced temperature T]*,   is observed, or 

In this case the constancy of reduced revolutions of the rotor 

of the 7RD will be automatically observed. 
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10.3.    Joint Work of Turbine and of Compressor 
In System TRD 

Characteristics of the TRD are to a certain extent determined 
ty the Joint  operation of basic elements of the engine. In the first 
plnce,  the compressor and turbine. 

With a change In the regime of operation of the engine the 
compressor and turbine operation jointly,  their parameters  cannot 
change randomly.    The Joint  operation of the compressor and turblneo 
..•   ic  ormlned by the fact that:     air outgoing from the compressor 
.uters Into the turbine; the power necessary for rotation of the 
oorapressor Is generated by the turbine; numbers of revolutions of the 
compressor and turbine are Identical  (between them there Is  a rigid 
kinematic connection). 

The basic equations of the Joint operation of the compressor 
and turbine of the TRD pertain to the four equations  enumerated 
below. 

1.    Equation of flow, or equation 
of material balance 

This equation establishes the dependence between flow rates of 
air per second at the entrance Into the compressor and the gas 
through the turbine. 

It has the form 

Or-O»-0« + CT, (10.!) 

where Gt— flow of air at the entrance into the compressor; Or— flow 
of gas  through the turbine; Got— quantity of air bled from the 
compressor:     for cooling turbines,  for aircraft needs   (drive of 
aircraft units, blow away of the boundary layer, etc.),  for the 
antisurge bypass system; GT—fuel expense in the combustion chamber. 
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Expression (10.1) can be written thus: 

where 

Equation the ballance of power (equation of 
energy balance) 

i i' 

We have 

^-^, (10.J) 

where IJ,,, — mechanical efficiency,  connlderlng  friction  In bea."li,^.    o: 
the turbocompressor,  and also expenditures  of power for driving  the 
units  (fuel pump,  counter of revolutions, generator, oil pumps  ar.-i 
others).    Usually n« =»0.99-0.995. 

Let us write down  expression  (10.3)  in   :erms  of work of the 
compressor and turbine: 

. ~        £.0. 

or 

^--^T- nc.M 

Equation (10.'O is called the equation of balance of the work.; 

3.  Equation of equality of numbers 
of revolutions 

In turbocompressors of contemporary TRD 

/it«*/I*--/i I 

sphere are schemes of turbofan engines in which «,#«•• 
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k.    Correlation between compression ratio of the 
compressor and expansion ratio of the turbine 

s    «MO) 

where 

»■I 

10.3.1. Equation of the Line of Working Regime 

Using equations (10.1) and (10.4) - Joint work of the compressor 

and turbine, It Is possible to derive the generalized equation of the 

line of working regimes of the TRD In the form of the functional 

dependence 

K-/W)] 

and apply It to the characteristic of the compressor of the TRD. 

Let us write down the relation between flows of air and gas for 

the section at the entrance Into the compressor (1-1) and critical 

section of the no««le assembly box of the turbine (cs—c.«). 

We have 

or 

^ J^/rf(W~«r-^r/...*&.): (10.5) 

Uotlng that 7"^—rj; ^»-rj; ^'.. — Pj^.,•!!.••   *• reduce equation (10.5) to 
the form 
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K—~r~M{M j/-^- ?. (10.6) 

where 

A = - 
, JUs. 

/cW^c.) «e.. Ve 
=const. 

If we  take    «^«1,0;   ^(^.,) = 1; <*'c^\$     and <i;c== 1,0, then ^=/,//e.i. 

Equation  (10.6)  Is the transformed equation of flow.     On the 

characteristic of the  compressor in coordinates n\ and «/(M this 

equation for different values  A=»—7"=const  is  depicted as   a pencil of 
■ « # 

straight  lines.    The greater A   (i.e., the more r, and the  less  T ), 
and the more  the  slope  of the    straight  line A ■  const   (Pig.   10.1). 

Pig.   10.1.     Pamily of lines  A  = 
■  const  on the  characteristic  of 
the compressor. 

Let  us now trans form the equation of balance of works   (10.'i). 

We have 

whence we  find 

w-tiarjo;-102.67;«- « -^ 
1« 

(10.7) 
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r, 
(10.6) 

.et us now substitute the obtained value rj/rj Into the equation 

Then after simple conversions we obtain 

-=^i)VT. 
/" •O.J86_, (10.8) 

where 

c=- (w,/wr)(/i,ye.t) 

n« 

Expression (10.8) is called the equation of the line of working 

regimes. 

Let {»=const; »i;=const; i)J=const and aJr=const (i.e. , X,=» 1.0). 

Then the equation of the line of operating regimes (10.8) will 

be depleted on the characteristic of the compressor in the form of 

a parehoilcal curve abe  (see Pig. 10.1) with the Inflection point 

at.-t:=1.75l). 

^We have 

V< O.Jbö 
^^Bqih). 

•1 

We find n*(0,,0 from condition-2-J-'==ü; then 

and further 

whence 

2«;0•,3•-2-0,28Ca;o•,s•. 

.    /  2   !»■» 
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Along this  curve the gas temperature  in front  of the  turbine 3 
continuously drops.    This is found In complete correspondence with 

equation  (10.7)  at  conditions stipulated  above (p = 1,0; nj = const; nj ^const; 
TI* = const). 

If, however, we take  into account  the practical regularity  of 
the  change a,» (see  further Pig.   11.2),  and also the drop  in TJ;   and t|j| 

(see  further Fig.   11.1)   in the area of small numbers of revolutions, 
then the real  line  of the  operating regimes will be depicted by  the 

* 
curve aod  (see Pig.   10.1).     Along this   line the gas  temperature  T~ 

in the beginning drops,  reaches a minimum,  and then continuously 

increases. 

10.3.1.1.    Effect  of Adjustment of the Jet 
Nozzle on the Position of the Line of Operating 
Regimes. 

The line  of operating regimes aad (see Fig.   10.1)  is   conditionally 
designated  as  /V  =  const,  since it is plotted on  the assumption  that 

the  exhauat   (critical)  section of the Jet  nozzle regulated, 

Each value of /V  ■  const  corresponds  to the single line of the 

operating regimes.     With "opening"  of the Jet nozzle  (i.e., with 
an increase In  fc)  the line of the operating regimes is displaced 
into the area of reduced values *»   and T^..     With the "closing"  of 
the Jet nozzle,   conversely,  the line  of operating regimes  shifts 

into the area of raised values nt  and T^. 

Figure  10.2 gives  a family of lines  of operating regimes  /v  = 

=  const. 

Pig.   10.2.     Family of lines  of 
operating regimes /V = const. 
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10.M.?. Effect of Adjustment of the Jet 
Nozv:lti on the Regime of Operation of the 
Turbooompressor when n      • const. 

With an Increase In the exhaust section of the Jet nozzle the 

repime point of the turbocompressor [TK] (TH) Is moved along the 

pressure characteristic of the compressor (/inp»const) Into the area of 

t-educed values a* and T-j with "closing" of the Jet nozzle, conversely 

tne regime of operation of the TK Is displaced In the area of raised 

values nl  and T^. 

Actually, with the "opening" of the Jet nozzle. I.e., with an 

increase in Its exhaust (critical) section. Instantly the counter- 

pressure behind the turbine1 and, consequently, the pressure 

difference on the turbine Increases. Thus, the work of the turbine 

at the assigned number of revolutions becomes more than the work of 

the compressor: 

and, consequently, the number of revolutions of the turbocompressor 

tends to grow. However, since the regulator of revolutions maintains 

n  « const, then it decreases the fuel feed in the combustion chamber, 

as a result of which the gas temperature ir front of the turbine will 

decrease. Simultaneously - for concordance of rates of air flow 

through the compressor and gas flow through the turbine - the compres- 

sion ratio of the compressor will be lowered.  Thus, the regime point 

of the compressor will be displaced along the line /»Dp=const of the 

compressor from position to a positlor b   (see Pig. 10.2). 

j 0.3•1.3. Effect of Adjustment of the Nozzle 
ßox Asrsemby of the Turbine for the Regime of 
bporatlon of the Turbocompressor at 
K ~   = const, np    

Let us examine how the adjustment of the critical section of the 

nozzle  box assembly of the turbine affects the regime of operation 

of the turbocompressor at fixed revolutions of the turbocompressor. 

, «i+i 
»• ~conM- fs9(^\ -/» [see equation  (7.1^)]. 

237 



^*- 

Adjustment of the critical section of the nozzle box assembly 

Is carried out by means of synchronous turning of blades of the 

nozzle box assembly by a special mechanism; the connection between 

the angle of exit of the nozzle box assembly ot, and its critical 

section has the form (Pig. 10.3). 

fe.«(Kp),"'*slno«i 

where t -  blade pitch of the c.a; b  - height of the blades of the 

c.a. 

Pig.  10.3.     Diagram of an adjustable 
nozzle box assembly of a turbine. 

Thus, with a decrease in ot,  magnitude f     Is decreased; with 

an increase in o,  magnitude / Increases. 

/, c. a 

From the equation of flow (7*1*0 it follows that an increase in 

decreases the drop in pressures on the turbine .tj- Actually, the 

larger angle o,, the less the circumferential component of velocity 

of outflow from the nozzle box assembly of the turbine Ciu=cicosai and 

the less the work of the turbine stage 

L,=— (f 1 cos a, db «s cos Oj). 

Consequently,  at the same value T^ the pressure differential n'T 

will be  less. 

However, with a drop in n* for the conservation of the balanced 

regime of revolutions the regulator of fuel feed will increase the 
ft 

fuel feed into the combustion chamber. Ultimately T.  increases. 

This will lead, in turn, to a growth in .t* and to the displacement 
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a« regime point of the TK Into the region of raised values T^ 

Thun,  the   "opening"  of the Jet nozzle  and increase in  critical 

'■pction of the nczzle box assembly of the turbine when «„1)=const    have 

an opposite action on the change in  n* and T~. 

Figure  10.^ gives  a family  of lines  of operating regimes /o.a^const. 

With an increare in the critical section of the nozzle box assembly 
of t-1,.:   ' .rbi-.j   (tf/c.a>0) ,  the  line of the  operating regimes  is  displaced 

the region of raised values x*   and T^. 

The method described influences  of the  change in the  critical 

section of the  c.a of the turbine on parameters  of the engine  are 

frr-uently used at aircraft plants  in process  of finishing of 

experimental engines. 

Fig.   10.4.     Family of lines  of 
operating regimes /.  _ ■  const. 

c. a 

As  regards  the use  in operation of adjustable nozzle box 

assemblies   (r.s.a.),  the  latter have not  become widespread because 
of  organic defects inherent  in them:     high gas  leakage in the  radial 

clearance and difficulties  in providing  reliable  operation  of  the 

rotary mechanism at high gas temperatures. 
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10.3.2. Peculiarities of Passage of Lines of Operating 
Regimes of High-Pressure and Low-Pressure 
Compressors of Single-Shaft and Double- 

Shaft of the TRD (Pig. 10.5) 

AM) 

ÄK(8Ä) 
qyaSD^i 

fß>) 

Pig. 10.5. Comparison of lines 
of operating regimes of single- 
shaft and double-shaft TRD. 

Let us give a comparison of lines of operating regimes of turbo- 

compressors of high and low pressures in the system of double-shaft 

TRD (with free cascades) and in the system single-shaft TRD (with 

these rigidly connected cascades). 

Let us assume that in the original, calculated regime, parameters 

and exhaust indices of single-shaft and double-shaft TRD are identical, 

Consequently, design conditions of the operation of VD and ND 

cascades are depicted on characteristics of corresponding compressors, 

which are plotted in relative parameters of single-shaft and double- 

shaft TRD, by the same point 0 (see Pig. 10.5). 

With choking of fuel feed in combustion chambers, the line of 

operating conditions of the ND compressor of the single-shaft TRD 

(OB) will be gently sloping,   approaching the border of surging; the 

latter is explained by the growth in angles of attack on blades of 

first stages of the ND compressor. In contrast with this, the line 

of operating regimes of the VD compressor (OB1) of the single-shaft 

TRD will be steep,  rushing at low revolutions into the region of 

regimes of "choking." 

The line of operating regimes of the ND free cascade of the 

double-shaft TRD (0A) is considerably steeper than for the connected 

ND cascade (OB), not intersecting the border of surging. The line 

of operating regimes of the VD free cascade (OA1), conversely, is 
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mort; gently sloping than In the connected VD cascade (OB1), so that 

reelmes of "choking" will be automatically removed. 

It is possible to explain this regularity In the following manner 

Let us assume that at a certain reduced number of revolutions n.   of 

a single-shaft TRD the gas flow Is equal to G,. Mentally let us 

disengage at this number of revolutions VD and ND cascades.  Then 

the single-shaft TRD will become a double-shaft TRD. 

/. ■ a riijult of the approached unbalance of works of compressorr. 
i:;l turbines, 

L -^"T    * 
'MM)   '•ttBa) 

the number of revolutions of free cascade ND will drop, and the numhop 

of rftvolutions of the VD free will increase (in comparison with the 

number of revolutions of the turbocompressor of the single-shaft THÜ). 

Correspondingly, the ratio of the compression of the ND compreaaor 

will drop, and the compression ratio of the VD compressor will 

increase.  The total compression ratio, and also the flow of nir 

through the TRD in this case will change little. The distribution 

of axial velocities along the compressor will also change little. 

It is easy to conclude from an examination of Pig. 10.5 that 

the drop in n'(ltJ1, at C ■ const denotes the deviation in the line of 
the operating regimes in the direction of the leading of the MD 

compressor out of surging; an increase in n^,,;,, when G  • const leads 

to a deviation in the line of the operating regimes in the direction 

of the leading of the VD compressor out of regimes of "choking." 

Physically the removal of surging of the ND compressor with 

choking of the double-shaft TRD according to the number of revolutions 

Is explained in that a decrease in circumferential velocity of the 

h tades at practically the same magnitude of the axial velocity leads 

to a lowering of angles of attack of the rotor blades; as a result 

of this the compression ratio of the cascade drops, and the danger 

.if flow separation from the back of blades of the compressor is 

decreased. 
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Similarly, the leading of the VD compressor from the zone of 

"choking" is physically explained by the fact that an Increase in 

circumferential velocity of the blades at practically the same 

magnitude of axial velocity leads to an increase in angles of attack 

of the rotor blades; as a result of this compression ratio of the 

cascade increases, and stages of the VD compressor are led out of the 

regime of "choking." Nevertheless, the line of operating regimes of 

the ND compressor (DA) is more gently sloping, i.e., with less a 

stability margin than for the VD compressor (DA'). 
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CHAPTER  11 

THROTTLE CHARACTERISTICS OP TURBOJET ENGINES 

11.1 Concept of Throttle Characteristics of 
Turbojet Engines  "—-*" 

Under conditions of operation aircraft gas-turbine engines 

produce a major portion of their service life in reduced, or throttle, 

'•eglmes at which the thrust is considerably less than rnaxlr.am. 

In the simplest case when the engine has fixed geometry (constant 

flow passage sections), the lowering of the thrust is provided by 

means of a decrease in the number of revolutions.  Dependences of 

thrust and of specific fuel consumption on the number of revolutions 

of the engine at the assigned program of adjustment are called 

ohafaateriatioe  aonording   to   the  number of revolutions.     These 
enaracteristics are usually supplemented by curves of gas temperature 

behind the turbine. The latter makes it possible to Judge the degree 

'f reliability in the operation of the "hot" part of the engine 

(combustion chamber, turbine and Jet nozzle). 

Thus, characteristics according to the number of ■ ■/-rations is 

£l\'-n-.  in the form of curves: 

^=/(«): CyJ = /(«); 7>/(«). 

When in a definite interval of thrusts the number of revolutions 

..f the engine is maintained constant, the choking of the thrust 

Lo carried out by adjustment of passage flow sections of the TRD 

(Jet nozzle, turbine, compressor).  In this case the throttle 

jharacteristicr! are depicted in the form of dependences of thrust 
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and specific fuel consumption on corresponding parameters of control 

elements of the engine (for example, areas of critical section of the 

Jet nozzle). 

Sometimes throttle characteristics are presented in the form of 

the dependence of specific fuel consumption on the degree of choking 

of thrust of the engine, i.e., Cy^=l{R),  where H^RIRmnf 

The change In the number of revolutions of the engine occurs by 

means of the change in fuel feed Into the combustion chamber.  The 

latter is carried out with the help of the shifting of the control 

lever of the engine (RUD), which the pilot or tester controls. 

With an increase in fuel feed into the combustion chamber the 

turbine inlet gas temperature increases; consequently, the power of 

the turbine Increases and becomes the power of the compressor, the 

regime of operation of which in the first instant remains constant, 

i.e. , 

The surplus power of the turbine equal to 

AN-Nr-N,,, 

is  expended for the accelerated rotation of the turbocompressor of 

the engine, i.e.,  for an increase in the number of its revolutions. 
The Increase in the number of revolutions  ceases when in a certain 

regime again there is established the equality of power 

If we decrease the fuel feed into the  combustion chamber,  then 
the process will be the reverse:    now the  changed power of the turbine 
will be less than the power of the compressor.  I.e., 

The appeared unbalance of power is  eliminated by means of the 
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lowering of the number of revolutions of the engine down to its new 

balanced value, when again equality of powers will be restored.1 

11.2. Throttle Characteristc of the Turbojet Engine 
" """"  with Fixed Geometry 

11.2.1.  Change in Efficiency and Coefficients 
of Losses of Basic Elements (Subassemblies) 

of the Turbojet Engine on the Number 
of Revolutions 

nü is known the hydraulic and gas-dynamic perfection of elements 

of the TRD is estimated with the help of the efficiency n (compre;3;.or, 

turbine), coefficients of the drop in total pressure o* (inlet devlcf, 

combustion chamber, afterburner, diffuser) and coefficient of 

velocity $ (Jet nojzle). 

Of all the em-rerated efficiency and coefficients of losses, 

the most importan.- •'s the change in efficiency of the compressor 

according to the n-imhci of revolutions. In accordance with the 

mutual disposition >'  Tines of operating conditions and Isolines of 

efficiency on the characteristic of the compressor (see further 

Pig. 11.17)J with throttling of the engine efficiency of the compressor 

initially increases (up to magnitude 0.84-0.88 in the zone of 

maximum efficiency), and with further lowering of the number of 

revolutions the efficiency of the compressor drops (Pig. 11.1). Thus, 

the efficiency of the compressor, while being considerably less than 

1, moreover, very considerably changes with throttling of the engine1 

Numerous experimental investigations show that the efficiency of 

the turbine has a steady value over a wide range of numbers of revolu- 

tions and drops only in the region of great choking (see Pig. 11.1). 

Equation of steady movement (rotation) of the turbocompressor 
has the form 

/£-*,--.«, or y~ =.-6~-(VT-vK).  . 
whence it is  clear that the unbalance of power of the turbine and 
compressor (N,—NH*Q)   leads to a ?hange in the number of revolutions  of 
the turbocompressor. 
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Pig. 11.1.  Change In efficiency 
and coefficients of losses of bar-ic 
elements of the TRD on the number 
of revolutions. 

As regards coefficients a*,, a*.,., «J,.,, «,. 9P.C. with a high degree of 

accuracy it is possible to assume that in the whole range of 

operating revolutions they maintain an invariable value, which differs 

little from unity (see Fig. 11.1). 

11.2.2.  Change in Gas Pressure in Characteristic 
Gectiono ol the Gas-Air Channel of the 

TRD with Throttling of the Engine 

With an increap" ^n the number of revolutions of the TRD the 

work and compression ratio of the compressor continuously increase. 

This follows from expression 

/.„«IOWOK
0
'»

1
- \)-\—«*• 

« 
Consequently, the total air pressure behind the compressor p0 

continuously Increases. The increment In air pressure in the channel 

of compression is extended on the channel of expjansion:  the total 

pressure of the gas in front of the turbine poi lat the exit from the 

turbine pj., and also on the section of Jet nozzle p^ increases. 

Thus, with an increase in the number of revolutions the total 

pressure of the gas along the gas-air channel from the compressor to 

the exit section of the Jet nozzle continuously increases (Fig. 11.2). 

As regards the total pressure at the entrance into the compressor 

p., , with an increase in the number of revolutions it somewhat drops. 

Here the effect of the increase in hydraulic losses in the inlet 

device of the engine with an Increase in ha (Mu). 
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Pig. 11.2. Change In compression 
(expansion) ratios In elements of the 
TRD. 

Let u.i now examine expansion ratios of gas In the turbine and 

the Jet nozzle of the TRD change with an Increase In the number of 

revolutions. 

An Increase In the compression ratio of the compressor leads 

to an increase In expansion ratios of the turbine and of the Jet 

nozzle, since 

Howaver, this process Is accomplished only in the subsonic region 

of outflow of the gas from the Jet nozzle, up to a certain number 

of revolutions at which the drop In pressures In the Jet nozzle 

reaches a critical value. I.e., 

Pt 
fl—«jt^f—I—) ~ =1,85 (when * = lt33). ~ p» \* + J/ 

With further growth in the number of revolutions and, consequently, 
the total expansion ratio, the drop in pressures in the Jet nozzle 
remains constant, no matter how much the inlet pressure in the nozzle 
increases, i.e., 

As 
=const. 

Thus, the expansion of th«. t:as in the usual (narrowing) nozzle 

24? 



1 

of the TRD proves to be incomplete; with an Increase in the number 

of revolutions above the "critical" on the section of the nozzle the 

excess static pressure appears and continuously increases, I.e. 

P»>Pn. 

The described phenomenon leads to one more Important circumstance( 

The appearance of the critical section in the Jet nozzle (Xs^I and 

</('•»)"') leads to cutoff of the turbine with respect to the drop in 

pressures.  This denotes that now the expansion ratio of gas in the 

turbine remains constant, no matter how much the number of revolutions 

Increases, i.e.. 

Pi 
n. !=-^- --const. 

P* 

The latter results from the transformed equation of consumption 

(7.1^) composed for Che system "turbine-Jet nozzle,^ 

/f.ff^C.) 

Actually when Xc.a«| (or const), /V = const and at the fixed 
» 

geometry  of the  engine with an increase in  X^ up to  1 magnitude  TT 
-)   » ' 

increases; when  A,-  =  1 =» const we  find  that     IT    =  const. 
o T 

11.2.3.  Redistribution of Total Expansion Ratio 
Between the Turbine and Jet Nozzle with 

Throttling of the Turbojet Engine 

Let us examine how the total expansion ratio of the TRD will be 

redistributed between the turbine and Jet nozzle at subcritlcal 

regimes of expiration from the engine (Xj<l,0). 

Let us introduce the following assumptions: 

1) V(^c.«) = l or const over a wide range of throttle regimes; 
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m*~~~*^ 

2)   nj —I and,  consequently,  «=»*; 

,)   »;..-! (.I.e.,  ^-pj). 

öfdng the system of relative parameters,  let us present the 
equation of flow  (7.11*)  In the form 

% u -fw. (ii.i) 

uut us replace In equaltly 

—•   —•—• 
}Tl|Ss.'TTnp.e 

parameter nij   from equation (11.1).    Then we obtain 

^=_iMl!_ (ii.2) 
n(Äj) 

where 

—• 

«Hi*,) aihhp 

«p.c pt pi 

Subscript  "KP"  refers to the critical regime of outflow. 

Let us introduce the gas-dynamic function of the redistribution 
of pressure 

u 
»»+i 

rw       u(Xs) (11.3) II (Xs) 

The dependence of n(X,) on A when fe ■ 1.33 is given on a graph 
(Fig. 11.3). With an increase in A,- from zero to unity function nfXs) 

likewise increases from zero to 

2^9 

^^■BMt^ j 



KWK.« "'     a(is)u. 
.1,85 (*-lf33). 

Pig.   11,3.     Gas-dynamic  function 

1.0   iz 

It  Is easy to see that 

Then  the  equation of the  redistribution of pressure   (11.3) 
takes  the  form 

J» (Xi)= 1.85 KV^l.SSn^-iM-p-. (ll.^O 

The determination of nj and npc at any value n*<n*tliJ,( is produced 

graphically (see Pig. 11.3) or by the tabular method according to 

the following scheme; 

nl-*.^^(Xj) -ji(X4)-+ n(X5)-+ n^x->■ n*. 

Prom Pig.   11.3 it follows that  in the range of values jtp.c=l.6—'.85 

It is possible approximately to consider IT    * const  (whennp.c=»l,6 we 
have ji;=0,97). 

250 



11.2.^. Temperature Change In Gas In Characteristic 
Sections of the Oas-Alr Channel of the TRD 

on the Number of Revolutions 

Lee us now examine the regularity of the change In total 

temperature of gas In characteristic sections of the gas-air channel 

uf the TRD with throttling of the engine. 

The stagnation temperature of the gas at the entrance Into the 

compressor maintains at all numbers of revolutions the Invariable 

val'je equal to the external air temperature: 

r^Tl^Tt  (when//=0 and M0=0). 

The air temperature behind the compressor with an Increase In 

the number of revolutions continuously Increases and approximately 

according to the quadratic dependence. The latter follows from the 

equation of energy of flow written for the compressor: 

rts=87o+ ,i'» =T0+Cn\  where CÄCcnsf. (11.5) 

The most important and complex dependence is the change in gas 

temperature in front of the turbine T~  according to the number of 

revolutions. The magnitude of this temperature in the most heated 

section of gas flow is governed, on the one hand, by the effectiveness 

of the cycle of engine and its "exhaust" indices and on the other 

hand, by the calorific intensity of the hot part of the engine. 

The regularity of the change in gas temperature in front of 

the turbine according to the number of revolutions is determined by 

the equation of balance of works of the turbocompressor 

L*      %  ' 

or 
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whence 

■n- Ciii 
(11.6) 

where 

»•o.« 

In the range of working numbers of revolutions the value C  changes 

by 5-10%. 

In the supercritical region of outflow of gases from the Jet 

nozzle (?.5^1), when n>nKp,  drop in pressures in the turbine TT maintains 

an invariable value.  Consequently, in this region of throttling of 

the engine, with a decrease in the number of revolutions the gas 

temperature in front of the turbine is lowered and is approximately 

proportional to the square of the number of revolutions (Fig. 11.4). 

Fig. 11.^1.  Change in gas temperature 
in front of the turbine according to 
the number of revolutions of the TRD. 

With a further decrease in the number of revolutions (nKn,^)  the 
« 

efficiency of the turbine, determined by its expansion ratio ir , 

begins to decrease.  This circumstance delays the drop in gas 
« 

temperature üf-, which with a further decrease in the revolutions 

ceases (see Fig. 11.1). 

In regimes of deep throttling of the engine there approaches an 
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Lal.fii.ilv".! drop In efficiency of the compressor and the turbines1; 

flip exp-malon ratio of the gas In the turbine In this casv  la MO 

inrjjgnlfleant that realization of the balanced process of work of the 

online (1.P., n  ■ const) appears possible only with increarwei values 
-• Kas temperature in front of the turbine; and, since with a 

loorease In the revolution number of the engine the drop In n*t, nj and nl 

is Intensified, the Increase in T?  also Increases. 

Thus, the change in T~  according to the number of revolutions 

Ir icpi.fid as a concave curve with three characteristic sections 
1 ■•■■v  Fig. 11.4). With a decrease in the number of revolutions of the 

THD the v.'iB  temperature in front of the turbine initially is sharply 

liecreaaed (section 1-2), then over a wide range of numbers of 
« 

revolutions the drop in temperature T^  is slowed down and practically 

'■'i;.<\; (section 2-3), and, finally, in the region of numbers of 

ruvolutlons close to "idling" there is an intensive increase in gas 

temperature in front of the turbine (section 3-4). This increase in 

temperatures is very considerable and sharp. The illiterate 

operation of the engine in the regime of "idling" can lead to an 

Inadmissible overheating and even damage of the TRD. Therefore, it 

is necessary to have means and devices for preventing an undesirable 
ft 

innvf>rt!5.-! Jn 3", in the zone of maximum and minimum revolutions of the 

engine. 

ft 
Figure 11.5 shows the change in T?  according to the number of 

revolutions of the engine. The stagnation temperature of gas in the 

whole turbine channel (between sections 4-1 and 5-5) maintains a 

constant value, i.e., 

'« *•• 

The regularity of the change in this temperature according to 
the number of revolutions is similar to curve ^■■/(/i).    Actually, 
from the equation of the energy of flow written for the turbine, it 
follows that 

'Appearance of regimes of separation and "choking" on blades of 
outer steps in the compressor, and deformation of velocity triangles 
In revolutions of the TRD. 
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r*—T* ~ ^"'  " = 7" - - Cnt 

(11.7) 

Fig.   11.5.     Curves   of the  change   In 
total gas  temperature In characteristic 
sections  of the TRD. 

Consequently,  In  the region of maximum and minimum engine 
tf 

revolution In accordance with a change in  T~,  there is  an Increase 
» J 

in temperature Tu.     However,  with a reduction in the number of 
revolutions the temperature range between  curves T0 and Th is 

decreased gradually.     In the zone of revolutions  of idling curves  T- 
* * ^ .. and Tu  practically coincide. Thus, the temperature 7V is a "satellite" 

of temperature ?V. 

According to the deviation of temperature T^  from the "norm" 

it is possible to Judge quite validly the level of the gas tenperature 

in front of the turbine and the calorific Intensity of the engine as 

a whole. 

Figure 11.5 gives a typical curve of the change in total gas 

temperature in the characteristic sections of the gas-air channel of 

the TRD. 

11.2.5.  Change in Air Outflow on the Number 
of Revolutions 

From the theory of turbomachlnes it is known that the rate of 

air flow through a compressor increases approximately in proportion 

to Its number of revolutions. However, In the region of maximum 

revolutions this dependence, as the experiment shows, deviates from 
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the   iii.oar G.-Cn, — increase In flow of air Is delayed (Pig.   11.6). 
Z'M.:h  i'fjgularlty is  connected with the phenomenon of "choking"  at an 
entrance Into the compressor.     With the approach of the axial velocity 
of inflow ci« to the speed of sound  (Xio—1(0) the relative current 
aenalty   q(\i) approaches  its  limiting value and,  consequently,  the 
Increase in  flow of air ceases, i.e., 

C.=m-^-/^(X1)~^(M. 

Pig. 11.6. Change in air flow on 
the number of revolutions of the 
compressor. 

Therefore, the nearer the number X, is to 1 in design conditions 

(which is conditioned by a tendency to decrease the dimensional 

diameter of the engine), the greater the dependences G  = f(n)  deviate 

from th^ linear. 

11.2.6. Change in Specific Thrust of the TRD 
According to the Number of Revolutions 

With an increase in the number of revolutions the velocity of 

outflow of gases from the Jet nozzle Increases and is equal to 

*=? y28 7" 7«v« • 

where 

•»•«■ »~i 

>e 

«,..- 
* 

An increase in a,,  is conditioned by an increase in the drop in 

[ ressure in the reactive nozzle and in the region of maximum revolutions 

hy an additional factor - by an Increase in stagnation of gas tempera- 

ture at entrance in reactive nozzle. 
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Thus, with an Increase In the number of revolutions and the 

specific thrust of the TRD continuously Increases (Fig. 11.7) and is 

equal to 

g 

Pig. 11.7.  Change in specific thrust, 
air flow and fuel consumption of the 
TRD on the number of revolutions. 

"mtx 

The underexpansion of the gas, which occurs at supercritical 

drops In pressures in the usual (convergent) nozzle of the TRD, 

lowers the specific thrust of the engine.  However, calculations 

show that at any assimilated values of T~  and TT the difference between 

ft      with complete and incomplete expansion of the gas in a maximum 

regime on the test stand (V * Q)  does not exceed 2-3%. 

The Increase in specific thrust of the TRD with the Increase 

in revolution number can be given a different explanation connected 

with a change in work of the cycle of the TRD.  It is known that 
* 

when T~  ■ const with an Increase In the compression ratio magnitude 
L    increases.  The increase in L    is intensified at maximum revolutions e e 
when these approaches the Inteslve increase in gas temperature in front 

of the turbine. 

11.2.7.  Change in Total Thrust of the Turbojet Engine 
on the 'Number of Revolutions . 

The change in total thrust of the TRD on the number of revolutions 

(Pig. 11.8) is determined completely by regularities of the change in 

256 



ri- 

ffle I 

NVM 

Fig. 11.8.  Change in total thrust 
and specific fuel consumption of 
the TRD on the number of revolutions 

i ;Liic thrust and air flow per second (see Pig. 11.7). 

Let. ur examine the TRD with an average compression ratio of the 

compressor and moderate value of axial velocity at the entrance into 

eomnr";.-£?3or In a maximum regime (?.ia=0,6).   For these conditions we 

fin assume quite accurately that the flow of air is proportional to 

the number of revolutions in the first degree, and the specific 

thrust is approximately proportional to the square of the number of 

revolutions , i.e., 

0,=C,n; ÄTa-Cj/i«. 

The. as a first approximation we find 

A^AyaO.-Cm». (11.8) 

Analysis of numerous experimental data shows that the cubic dependence 

of thrust on the number of revolutions is valid for the majority of 

TRD rtith a program of adjustment f^  ■ const in the region of numbers 
of revolutions less than nominal.  In the region of nominal and 

maximum numbers of revolutions, considering peculiarities of the 

passage of curves Gi—M«) and flya=»Mrt), the increase in thrust of the 

THD is slowed down.  In this region the exponent at n is lowered (at 

^,„ — 1) from 3-4 to 1. 

Thus, the dependence of thrust on the number of revolutions is 

described by the power depende:..;o 
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R~An', (11.9) 

in which index x has a variable value x  = 1-4. 

11.2.8.  Change in Total Coefficient of Air Surplus 
According to the Number of Revolutions 

Let us examine initially how the relative fuel consumption changes 

in. = — — 

according to the  number  of revolutions   of  the TRD 

Prom equality  Li-L*  and on assumption  that  Cpt = Cpv-Cp,   there 

follows  the  approximate  relation 

rj—/"o—rj—r4i or T^T^^^T^—T^. 

Thus, parameter m    changes In proportion to the stagnation 

temperature of the gas behind the turbine (see Pig. 11.7). 

The total coefficient of air surplus 

»Mo 

changes Inversely proportion to magnitude m   ; Fig. 11.7 gives curves 

n=-/(«). With a decrease in the number of revolutions Initially 

there is a depletion in the mixture (down to a = 4.5-5.0); with 

further throttling of the engine the fuel-air mixture is already 

enriched. 

11.2.9.  Change in Specific Fuel Consumption 
According to the Number of Revolutions 

The change in specific fuel consumption according to the number 

of revolutions is determined by peculiarities of the change in 

parameters of the working process of the engine: ' n\, T\,   and also «ij. 
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With a decrease in the number of revolutions of the engine from 

maximum to minimum, the compression ratio of the compressor is lowered 

many times, from •tl,|)iei|) down to a magnitude differing little from 

unity.  This regularity at considerable less oscillations In gas 

temperature In front of the turbine (ratio Tum\n)ITl(m,x)   ■ 0.65-0.80) 
conditions the basic tendency - an increase in specific fuel consump- 

tion with throttling of the engine. However, in the region of 

maximum revolutions, in which the absolute values are still high, 

an intensive lowering of the gas temperature in front of the turbine, 

propo");' rmj. ry the square of the number of revolutions, and also a 

^■rrcain Increase In efficiency of the compressor along the line of 
operating regimes lead to the fact that the specific fuel consumption 

of the TRD lg somewhat Initially lowered (by 3-8%)- 

Thus, the regularity 

has the form of a concave curve with a clearly designated minimum, 

which determines the so-called "cruising" or "economic" regime of 

operating the TRD (see Pig. 11.8). 

The obtained regularity can be also explained by the Joint 

effect of two factors: specific thrust and relative fuel consumption, 

since 

Cy. = 3600-^-. 
'     *n 

Actually, with throttling the specific thrust  of the TRD drops 
continuously.    The relative fuel consumption follows  regularity 

7W(«). 

Thus, the initial depletion of the mixture predetermines the 
appearance of the minimum on curve C    j the subsequent enrichment of 
the mixture  (increase in m  )  Intenslflfes the growth in C      in the 
region of reduced regimes  of the TRD  (see Pig.   11.7). 

Figure 11.9 gives throttle characteristics of the TRD Bristol- 
Siddley "Viper"   11 and "Viper"  20. 
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Pig. 11.9.  Throttle characteristics of the TRU 
Bristol-Siddley "Viper" 11 and "Viper" 20. 

i1.J.  Throttle Unuraclerlatlcs of the TurLojcl nugluo 
with Special Adjustment 

11.3.1.  Throttle Characteristic of the Turbojet 
Engine at Constant Revolutions 

When the turbojet engine is equipped with an adjustable Jet 

nozzle, the starting of the engine and putting it at maximum 

revolutions are produced with maximum opening of the critical (exhaust) 

section of the nozzle.  This considerably lowers the time of splnup 

of the engine and improves its pickup.  After exit TRD on maximum 

revolutions an increase in thrust of the engine is carried out by 

covering the Jet nozzle when n  ■ const; in this case the compression 

ratio of the compressor and gas temperature In front of the turbine 

increases.  On characteristic of compressor (Pig. 11.10a) has been 

depicted the line of operating conditions is 1-2-3 for the indicated 
* 

case.  The simultaneous increase in values n* and 2' sharply Increases 

the specific thrust of the TRD.  As regards rate of air flow, its 

change when n -  const is determi'ied by the peculiarity of the passage 

of the pressure characteristic of the compressor.  Usually the flow 

of air with covering of the nozzle is either somewhat lowered 

(inclined characteristic) or even remains constant (case of the 

vertical characteristic). Thus, thrust of the engine with covering 
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Fig. 11.10. Throttle characteristics 
of the TRD at n = const (b) and line 
of operating regimes of the comprensor 
(a). 

of thf Jet nozzle of the TRD continuously Increases. Specific fuel 

consumption In this case Is Initially lowered, and In the region of 

rlrj'.  values T.  it  again increases. 

Figure 11.10b shows throttle characteristic of the TRD when 

n  « const. 

11.3.2. Throttle Characteristic of the Turbojet Engines 
Equipped with an Air Bypass System 

Let us assume that a turbojet engine Is equipped with an air 

bypaos system (from the intermediate stage of the compressor), 

which provides steady operation of the compressor In all the whole 

range of operating numbers of revolutions. 

Let us designate the number of revolutions n~n„, at which with 

throttling of the TRD the bypass syste.u operator, and, consequently, 

pari jf the compressed air in the compressor Is carried off through 

bypass valves (ports) to the outside. Thus, when n<nn   we have 

Figure 11.11b gives a throttle characteristic of the TRD 

equipped with an air bypass system. With throttling of the engine 

In the region of revolutions Htt<'i<nmn   (when the bypass valves are 

closed) curves R**f(n);  CM-/(n) uud T^  » f(nj  are in no way distinguished 
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Pig. 11.11.  Throttle characteristic of the 
TRD equipped with an air bypass system. 

from the earlier examined dependences (see Fig. 11.9).  When «-n,, 

there is expulsion of part of the air into the external medium; 

disruption of the material balance (Gr<Gt   and ß<l,0) leads, respective!", 

to a disruption of the energy balance (A,
I<A'K); for maintaining the 

balanced process of operation of the turbocompressor (n  =  const; the 

regulator of revolutions increases the fuel feed in the combustion 

chamber, and the gas temperature in front of the turbine increases 

in the necessary degree. 

Since with the opening of bypass valves the counterpressure at 

the exit from first steps of the compressor is lowered, then the air 

flow at the entrance into the compressor usually increases somewhat. 

Ultimately the compression ratio TT drops (see Pig. 11,11a).  Corre- 

spondingly the pressure along the whole gas-air channel is lowered. 

As a result the velocity of gas consumption, specific thrust, and 

gas flow through the Jet nozzle are decreased.  Consequently, the 

total thrust of the engine drops; the specific fuel consumption 

increases.  The latter is explained by the fact that the interval 

of preheating of the gas in the combustion chamber (T'—T",), whereas 

the specific thrust is lowered essentially. 

Physically the growth in C      is  explained by the drop in 

effective efficiency of the cycle due to the poorer use of heat at 

reduced pressure of the working medium, and likewise uneconomical 

flow of compressed air. 
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Figure 11.12 gives the throttle characteristic of the TRD Rolls- 

Royce "Avon" with two bypass valves. 
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Fig. 11.12. Throttle character- 
istic of the TRD Rolls-Royce 
"Avon" with two bypass valves. 
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11.3.3 Throttle Characteristic of the Turbojet 
Engine Equipped with a Rotrary Guide Vane 

of the Compressor 

Figure 11.13 shows by continuous lines the throttle characteristic 

of th: TRI} with invariable neutral position of the rotary guide vane 

W„f  -»•_ 

Fig. 11.13. Throttle character- 
istic of the TRD equipped with a 
rotary guide cane of the 
compressor. 

"HA * 

Let us assume that with choking of the engine at a certain 

revolution number «<nii,ax (when the margin of stability of compressor 

io small) blades of the rotary guide vane turn at angle Atf) in the 
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direction of rotation of the rotor of the compressor, and further 

throttling is produced at a new and fixed position of thf- blade 

(for example, 'Pn-a^'O0)- 

Turning of the guide vane in the direction of rotation of the 

rotor when n  "  const decreases angles of Incidence of flow on rotor 

blades and, consequently, increases the reserve of the compressor 

with respect to surging.  Tn this case the work and compression 

ratio of the compressor drop.  Consequently (assuming in the region 

of high revolutions that Jt* =const), gas temperatures in front of the 
# « 

turbine T    and behind the turbine IV.  As a result of the turning 

of the blades of the air flow, specific thrust and total draught drop 

the guide vane; the specific fuel consumption is also lowered. 

Wll great throttling of the TRD, as a result of the sharp lowering 

and n' the relative: Increase in C       and T, 

compared to the case when the guide vane is not adjustable) 

or rr, ami nf tne relative increase m u       ana r,.   is possible (as 

.;^wulon of characteristic of the TRD with turned blades of tht 

guide vane (at angle (pii.a=108) is depicted in Fig. 11.13 in the form 

of dot-dashed lines. 

11.^.4.  Peculiarity of Throttle Characteristics 
of a Double-Shaft TRD 

In comparison with characteristics of the single-shaft TRD, 

throttle characteristics of a double-shaft TRD possess the following 

peculiarities.  The most important of them is the slip  of the rotors; 

it is expressed in the fact that any change in the regime of 

operation of the TRD, conditioned by the effect of regulating 

factors (by the increase or decrease in fuel feed, adjustment of the 

critical section of the Jet nozzle, etc.), leads to a change in the 

correlation between numbers of revolutions of rotors of high and low 

pressure, i.e., 

Let us show this in an example.  Let us assume initially, for 

example, on the maximum regime, drop in pressures in the exhaust 

264 



no:':'le has the supercritical value. I.e., 

In this case [see equation (7.1^)] with the fixed Jet nozzle 

the pressure differentials in VD and ND turbines remain constant, !.>■■ 

nJBa=const and n;H;|=const. 

The ratio of works of the ND and VD turbines equals 

— ■■■■■       ■     ^0 
^■j'THaliHJ (l~tTB3TlTll3)*tHJ,>tH3    l* 

^•tBijItBa itjfllBa 

(11.10) 

where 

•;=i 
•». 

In this case also remains constant. 

rtith choking of the engine (by means of a decrease in fuel feed), 

in all the balanced regimes the ratio of works of ND and VD 

compressors equals 

LK ua _ _ Lrim 
'■KBA ^rBfl (11.11) 

and when gO^^l  it remains  constant. 

Since with the decrease in the number of revolutions of the TKD 
angles  of incidence of the flow on blades of the ND cascade Increase 

(the ND compressor Is "loaded" and work of compressor relatively 
Increases),  and angles of incidence of flow on blades of the VD 
cascade are decreased (i.e.,  the VD compressor is  "lightened" and 
work of compressor Js relatively lowered), then for observance of 

condition  (11.11)  the number of revolutions of the ND compressor 

T*Ba - ?» - |]i « 'j (l - SBJJIIBJI)- 
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must  additionally be  lowered1,  and the number of revolutions  of the 

VD compressor will  respectively increase. 

Consequently,   the  ratio  rtHii/''pÄ   is  decreased,   i.e.,  Jlij.   of the 
rotors will begin  (Fig.   11.14).     Slip of the rotors  is  increased 

in regimes of great  throttling when the drop  in pressures  in the 
Jet nozzle becomes  subcrltlcal.     In this  case  the decrease in  the 

total  expansion ratio is  perceived,  first  of all, by  the ND turbine 
( .tJiu   drops - ND turbine  is  "lightened")   and  the  ratio of works   of 

the turbines (rM]   drops. 

With an increase  in  fuel  feed the ratio /JHa//iBa increases. 

Another peculiarity  of throttle  characteristics  of a double-shaft 
TRO   La  the higher level  of efficiency of the  compressor In  comparlscn 
with the  compressor of a  single-shaft TRD equipped with the  system 
of air bypass   (Pig.   11.15).     This  circumstance  leads  to the  lowering 
of the   level of gas   temperature  in front   of the  turbine in the whole 
raji^e  ox   operating revolutions  even to a corresponding decrease  in 
specific  fuel consumption. 

double-Dhaft 
TfJt 

Fig. 11.14. 

"M.r       "max 

Fig. 11.15. 

i~n 

Pig. 11.14 Slip of rotors of double-shaft TRD. 

Pig. 11.15.  Comparison of «j« and C      for 
single-shaft and double-shaft TRD. y,q 

'in comparison with balanced revolutions of the TRD for which VD 
and ND cascades are rigidly connected with each other. 

266 



Finally, the third peculiarity of throttle characteristics of 

the TRD is the regularity of the effect of adjustment of the Jet 

nozzle  on the margin of stability of VD and ND compressors. 

Earlier (see Section 10.3) ve  showed that a decrease in the 

t.hroat area of the exhaust nozzle of the single-shaft TRD when 

n  = const decreases the margin of stability of the compressor and 
« 

Increases T~. 

In the o.-.ru of a double-shaft TRD the covering of the Jet nozzle 

. .• . ■:  the drop In pressures on turbine ND and practically does not 
a-t'fect the drop in pressures on the VD turbine. When noa  »con't 

■t result of a decrease in the work of the ND turbine the number of 
revolutions of the cascade of low pressure falls. The flow of air 

through the compressor Is also decreased but considerably more slowly 

than the number of ND revolutions (since nBA  -const). As a result the 

ratio (rm/u)HA, increases. I.e., angles of incidence of flow on 

blades of the ND compressor, and the margin of stability of the ND 

compressor increases. Consequently, the covering of the Jet nozzle 

moves the line of operating conditions on the characteristic of the 

Uü  comprtbdor into the region of raised values q(Xi)  and reduces 

values «;. 

As regards the VD compressor, ratio (etJu)9t   is decreased, and 

angles of Incidence of flow on blades of the compressor VD increase. 

As a result the stability margin of the VD compressor is somewhat 

decreased. The covering of the exhaust nozzle insignificantly mover, 

the LRR into the region of raised values of «J (Pig. 11.16). 

'const, 
KfflJO 

fi<n 

IMM ffA/;BÄ 

Pig. 11.16. Effect of fc  on 

LRR of VD and ND compressors 
of a double-shaft TRD. 
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With the program of adjustment  niij = const   cover of the  critical 
# 

Kectlon of the exhaust nozzle causes an increase In T'_, and il. -- 

loads to an Increase In margin of stability of the liu   :.,■;..;:!■..•,;.•;,;■. 

Actually, an increase in the number of VD revolutions, conditioned 

with a growth in JT-,, leads to an Increase in the total flow of air 

through the compressor.  Consequently, ratio (ci«/«)aa increases, and 

angles of incidence of flow on blades of the ND compressor are 

decreased, and the margin of stability Increase.  Ratio (c,,/»)H.T  is 

decreased, as a result of which the stability margin of the VD 

compressor is decreased.  Thus, in contrast to the single-shaft TRD, 

the covering of the Jet nozzle of the double-shaft TRD always 

increases the stability margin in the ND compressor. 

11.4.  Region of Possible Regimes of Operation 
of the Turbojet Engine 

Above we showed that with adjustment of the exhaust section of 

thi, j L  u';».le the line   of operating   regimes   of the  TRD, appllel 

to the characteristic of the compressor, is displaced and thus 

describes a certain region  of possible   regimes   of operation. 

However, operation of the TRD appears physically possible and 

permissible rot in the whole field of characteristic of the compressor' 

In certain regimes of operation of the engine in Its separate elements 

(compressor, combustion chamber, turbine) appear physical disturbances 

and changes, which limit and narrow the real  region of possible 

regimes of the operation.  Several process of operation of the TRD 

can be physically realized. 

The noted limitations are connected with the appearance of: 

1) unstable operation in elements of the engine; 

2) gas-dynamic "choking" of separate sections of the gas-air 

channel; 

3) danger of disruption of strength and reliability of operation 

of the engine and its separate subassemblles (for example, with an 
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Increasa in revolution number of the engine and of gas temperature 

in front of the turbine above permissible limits). 

Figure 11.17 gives a model characteristic of a compressor with 

lines of limitation of regimes of the turbojet engine applied on It, 

H*,a) 

Pig. 11.17.  Field of operating conditions 
of the compressor of the TRD 

These refer to: 

The limit of steady operation of the oompreaaov (surging limit); 

It Is locus of regimes of the appearance of surging of the compressor 

at various numbers of revolutions. 

The   limit  of steady  operation  of the engine  at  revolutions  of 

idling (n = rtM.r).  With lift to an altitude revolutions of Idling 

Increases. 

The   limit  of gas-dynamia  ahoking  at  the  entrance   into  the  aom- 

preeeor with  respeot  to  the  axial  velocity.     Theoretically choking 

nrnroaches when g{}.u)~\   (or Mi«—I); in practice (with an allowance 

for narrowings at the entrance channel due to struts) - when 

<7(>.ia) =0,80—0,85. The physical meaning of this choking is that with an 

Increase in the number of revolutions the flow of air through the 

compressor does not increase. 
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The   limit  of gaa-dynamia ahoking  at   the  exit   from   the   acmpressor 

hilth   respect   to  the   axial  velocity.     Theoretically   choldng  approache? 

when  q(Ua) = \   (or Mja^l).    '-I'he physical  meaning  of  jnoklng id   that 
with  a decrease in   counterpressure  at  the  exit   from the  compressor 
the   compression ratio and work of  compressor  remain  constant. 

The   limit   of ahoking   at   the   exit  from   the   turbine  with   respect 

to   the  axial   velocity.     Theoretically  the   choking  approaches  when 

«Zp^ci)"!   (ox1 ,^0 = 1);   in practice   (with  an  allowance   for narrowings  in 
the   turbine  channel)   - when   <7(X<o) = 0,70—0,75.     The  physical meaning 

of this   form of choking is  that with an  Increase  In the  critical 
(exhaust)   section   of  the Jet  nozzle  the   drop  In pressures   and  work 
of the  turbine no  longer Increase.     The  turbine  becomes   "blunt"   ana 

not  adjustable. 

The   limit  of maximum  permissible   (from  conditions  of strength) 

gas   temperature   in   front   of  the   turbine. 

The   limit  of maximum permissible   (from  conditions  of strength) 

of revolutions. 

11.5.     Unstable Operation of the  Compressor  (Surgint?:) 

11.5.1.     Physical Essence  of Surging 

Unstable  operation of the  compressor  appears  In the   form  of 
periodic  and  sharp   pulsations  of air  flow -  oscillations   in  pressure, 

velocity  and  of  flow.     Mean pressures  generated by   the  compressor 
usually drop,   and   the  inlet   temperature  of  compressor considerably 
Increases.     At  times   It   is   as  though  the   compressor were  "flooded," 
ejecting masses  of  air in  the opposite  direction,  into the  entrance. 

Surging is  accompanied by  strong knocks   and  shocks. 

Experimentally  it  Is  established that  surging is  connected with 

periodic separations  of flow appearing mainly  on  convex surfaces 
(backs)  of profiles   of blades with  flow  about  the  compressor  lattices. 
At   a  constant number of revolutions  of the  compressor  (and, 
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consequently, at a constant circumferential velocity of the blades) 

a decrease in the flow leads to a decrease In the axial component of 

velocity of flow at the entrance Into the given lattice. ConsequentJ;, , 

the relative velocity with flow about the profile in the lattice 

changes Its direction, and the angle of incidence of flow t, having 

•iioreased, becomes more than the critical, in consequence of which 

jop.tratlon of the flow from the back of the blade appears. 

Figure 11.18 shows a diagram of separated flow about the airfoil 

lattice of the rotor wheel of the axial compressor. Vortices appearin* 

i.li ;.;> paration of flow Is unstable (see Pig. 11.18a) [sic] and have 

.*  tendency toward automatic Increase. The fomring vortical shroud, 

extending in an Interblade channel under action of centrifugal 

forces of inertia, decreases the effective section of the flow, as 

a reauit of which the flow of air is even more decreased. There 

comes the moment when the vortices completely fill the interblade 

channels, and the air supply by the compressor In this case ceases 

(the air flow Is equal to zero).  In a subsequent Instant there Is 

washing of the vortex sheet; In this case ejection of the air at the 

entrance Into the compressor is possible.  Repeated and frequent 

oompreö;älon of the same portion of air in the compressor with 

.«nr-p-in« ifinaa  to an increase in air temperature at the entrance into 

the compressor (repeated feed of energy to the same air mass). 

Fig. 11.18. Diagram of choking of flow about 
an airfoil cascade of a rotor wheel of an axial- 
flow compressor:  a) surging; b) regime of 
"choking." 
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With an Increase in the air flow (negative angles of attack of 

the profile) the separation of flow occurs on the concave oide rjf the 

blade.  The vertices generating here are pressed c.v ih-. r:-\i:i   !'";.v; t ■ 
the profile and have a steady character (see Pig. 11.16b). 

The given explanation of the physical essence of the phenomena 

leading to surging is found in accordance with the form of the 

characteristic; its left branch corresponds to surging ana the right 

branch - steady regimes. 

11.5.2.  Relative Postion of the Limit of Surging and 
Line of Operating Regimes of the Compressor. 
The Concept About Margin of Stability with 

Hespect to Surging 

The combination of points of the beginning of surging at 

different numbers of revolutions forms the so-called limit   of surging. 

With a decrease in the number of revolutions, the limit of surging 

^ '.T-J.-.; ' t„ tht ciJo wf less flows. 

The combination of regime of points in compressors of the TKD 

forms the operating curve of the compressor.  Its form and passage 

on the cnaracterlstic depend on conditions of the Joint operation 

of the compressor and turbine and also on the program of control of 

the engine. 

To provide the normal operation of the TRD in the whole range 

of numbers of revolutions, velocities and altitudes of flight, the 

operating curve of the compressor {.a-a-b in Fig. 11.19a) must pass 

to the right of the limit of the surging {a-e-h). 

The calculated regime of operation of tne compressor is selected 

from the condition that at the assigned given numbers of revolutions 

the surging reserve, being determined by the coefficient of stability, 

iVlOOX, (11.1?^ 

where 
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is not less than 12-17*  (see Pig.   11.19b). 

first stage (t) 

»,"/»; 

Last at>ge'      f7^ 
'~' " ,»* ,•.•./#■ 

A Mi4-surging (t^i,,,,,) 

AMf-rotary M«f4»<0) 
■plrectlon of «•/ A,,.   „ ,  i.      . at nonseparated  •     ATM-bypass   |c, *e,) flow 

e)      AÖM-double-shaft compressor 

Fig. 11.19.  Explanation of surging phenomenon. 

In lift engines, which are characterized by Increased non- 

unlfomlty of the temperature field in the inlet device (due to the 

possible entrance of hot exhaust gases), the surging reserve 
Increases up to 20-251. 

11.5.3. Surging in a High-Pressure Axial-Plow Compressor 

The peculiarity of operation of a multi-stage high-pressure 

•Klal-flow compressor Is a ••mismatch" or "divergence" of the 

operation of extreme (i.e.. fir^ and last) stages in uncalculated 
regimes. 
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Let  us   assume that  in the   calculated regime   of operation  (for 
example,   at  a nominal revolution number)   all stages   of  the  compressor 

operation  stably  without   flow  separation,  with   calculated   values 
of degrees   of compression  and efficiency.     If the   compressor  d^es 
not  have  special control elements   (for example,   throttle   valves  at 
the  inlet   and  exit),   then  any   change  in  the  regime   of  its   operation, 
being  determined by the revolution number,   leads   to  a  change  in 
angles   of attack of the blade -  in  the  first  place,  extreme  stages 
ana,   to  a  less  extent,  middle  stages.     With  a decrease   in  revolution 

number  angles  of attack in  the  first  stages  increase,   and  in  the 
latter stages  the decrease.     As  a result,  in  first   stages   of the 
compressor  there  appears   separation  of  flow  from backs   of  the blades 

and,   as   a  consequence  of this,   surging;  in the  last  stages  there 
appears   the  so-called  turbine  process,  which  is   characterized by  a 
..•harp   drop   in  compression  ratio,   and  also regime   of  choking. 

The mismatch of the  operation  of extreme stages   is  more,   the 
Vs.    the  nur.ii ;.■;    .jf revolutions   and  the more  the   value   of  compression 

ratio  of the   compressor in  the initial  calculated  regime. 

With  an increase in the  number  of revolutions   above  the nominal 
the mismatch  of the operation  of extreme stages   changes   - now 
surging in  the  last stages   appears;   in the  first   stages  with the 
appearance   of sonic and supersonic  relative  velocities   of  flow the 
regime  of choking appears. 

Figure   11.19c shows  diagrams   of  flow past  blades   of the  first 
(1),  middle   (4)  and last   (7)   stages   of the  axial-flow  compressor 
at  a reduced number of revolutions,   and Fig.   11.19c  gives   the 
combined   eharacteristics   of  the   first,  middle  and  extreme  stages  of 
the  compressor with  lines   of operating regimes  of  these  stages 
applied  on  the  figure. 

11.5.^.     Measures  to  Prevent  Surging of the  Compressor 

Measures  to prevent  surging of the  compressor  can be  subdivided 
into  operational and design. 
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operational measures are directed towards not allowing surging 

and with its appearance - rapidly eliminate it. Preventing the 

possibility of the appearance of surging is achieved by providing 

the correct fuel dosage with respect to the number of revolutions 

both with starting and in transitional regimes of the engine (by the 

i.*u of automatic units of accelerating capacity) and also by providing 

'he required spinup of the rotor of the engine by the starting starter. 

With the arpearance of the unstable operation of the engine it 

'r-  noc;t--aary with the help of the RUD to decrease the revolution 

•-er of the rotor of the engine up to the disappearance of surging, 

reduce the flight altitude, or increase the flight speed.  Any of 

these measures lowers the reduced revolution number and transfers 

the n.Ttme  point into stable region of the characteristic. 

Design measures consist in the fact that: 

1) at the assigned line of regimes of the Joint operation .of 

the compressor and turbine move the limit of surging into the region 

of less flows. This Is achieved by the use of rotary blades of the 

stator er rotor at the entrance into the axial-flow compressor and 

at the exit from it, by special selection of angles of setting of 

the blades of rotor wheel of the axial-flow compressor, etc.; 

2) at the assigned surge limit of the compressor move the line 

of regimes of the Joint operation of the compressor and turbine into 

the region of great flows. This is achieved by the use of the 

adjustable Jet nozzle and nozzle box assembly of the turbine; 

3) provide consistent and surgless operation of all stages of 

the high-pressure axial-flow compressor.  For this purpose air 

bypass from intermediate stage of the compressor into the atmosphere, 

rotary blades of the stator, and also double-shaft axial-flow 

compressors are used. 

Figure 11.19e schematically gives methods of eliminating the 

appeared surging of the stage o:^  the axial-flow compressor with the 
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help  of an  adjustable  guide  vane   (I.e.,  by  introduction of preliminary 

twist  of  flow at  the  entrance  into the  rotor wheel);   air bypass   (i.e., 

increase  in the axial  flow velocity);  passage  to double-ehaft  alagrani 
(i.e.,   lowering of circumferential velocity  of rotation of the  rotor). 

11.6.    Nomenclature  of Basic Processes   of Operation 
of the Turbojet  Engine 

At  present  there   is   no  standard  or  united  nomenclature   of basic 

processes   of operation  of gas-turbine  engines. 

Each  firm manufacturing aircraft  engines   and every  aircraft 
company  using these engines,   in  the  course  of  finishing and operation 
of the  gas  turbine,  refines  and  changes  the  enumeration  of tasic 
regimes   of  operation   of  the  engines  and  the   correlation between 

thrusts,   and values  of basic  parameters  of the  engine  on these 
processes.     In the  civil  aviation of our  country   the   following 
nomenclature  cf ba^ic  processes  of the TRD has  been  accepted   (see 
Fig.   11.8) 

11.6.1.     Maximum  (or Takeoff)   Regime 

In  this  regime   (at   maximum revolution number)   the  engine must 
develop maximum thrust   at   continuous  operation  during  a  limited 

time,   as   a rule,  not  more  than  5-10 minutes.     In  the  maximum regime 
maximum permissible  of the  condition of providing  the  reliability 
of gas   temperature   for  the  turbine  is   fixed  and   limited. 

The  takeoff regime  is  used  in flight,   in  altitude gain and  for 
the   achievement  of maximum  flight  speed  in  combat   conditions   (with 
pursuit  of the enemy  or withdrawal from him). 

11.6.2.     Nominal Rating 

In this regime  (at  a nominal revolution number)  the engine must 
develop the greatest  thrust  at  continuous  operation  for  30 minutes 

to  1 hour.     In the nominal regime maximum permissible gas  temperature 
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behind the turbine is also fixed.     The thrust In the nominal regime 

Is  usually  lower by  10-151 than that  in the takeoff process.  I.e. , 

A«»« (0.85-7-0,90) Am«: 

in this  case 

naoii"» (0,96-4-1,0) nB,f. 

Basic calculations of the engine (for strength, gas-dynamic) an 1 

the selection of the flow passage cross-sectional area are produced 

In the- .i-jminal regime. 

The nominal rating is the basic process of operation of the 

engine on a fighter aircraft. On passenger aircraft this regime is 

used In climbing. 

11.6.3. Crusing Regime 

In this regime the greatest thrust is guaranteed at continuous 

and reliable operation of the engine during the whole established 

period of service (service life). 

"'a: cruising regime is used in flight over a route, at long 

range in altitude and high-speed conditions. 

Relation between thrust at maximum and cruising processes 

equals: 

ÄKP- (0,70-7-0,75)ä«„«0,85ä.OM; 

In this case 

The Indicated regime is frequently  called "maximum cruising." 

11.6.4.    Economic Regime   (Reduced Cruising Regime) 

This regime can be obtained with deeper throttling of the engine; 
it  corresponds  approximately to the regime of operation with minimum 
specific fuel consumption; the "elation between thrusts  at reduced 
cruising regime equals: 
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/?.«- (0,5-r0,6)/?,„«« (0.60-^0,75) ^„OM. 

Even more  reduced regimes  of operation  is  possible. 

11.6.5.     Regime  of Idling 

This regime  corresponds, to the minimum revolutions  at which 

steady  operation  is  possible of the  engine   for a limited time   (10-15 

min)   is  possible.     The  thrust  in this  regime must be  3-5% of the 

maximum  (when B =  5,000 kgf we have H     .  =  150-250 kgf).     This 

thrust  must be  sufficient  for taxiing an  aircraft  on  an airfield. 

It  must  not be excessive  to  avoid an increase in the  run of an 

aircraft when landing with an operating engine. 

Usually, 
'I.M.r = 0,2-f0,4/tInM. 

In the process   of idling permissible  gas  temperature behind 

the turbine must be regulated. 

in  a number  of  cases   (special,  extreme),  in  the practice  of 

foreign aircraft  engine  construction,  the  so-called  extreme regime. 

has  been Introduced.     In  this   (forced)   regime the  engine,   in  the 

case  of an emergency  situation, must   operate  for   1-2 minutes  without 

breakdown. 

One must  distinguish between ground and also altitude  and high- 

speed  regimes. 

Sometimes  the boosting of an engine   (i.e.,  short-term increase 

in  thrust  of the  gas  turbine)  on takeoff and in  flight  is  carried 

out with the help  of water injection an  the  entrance  into the 

compressor  (DTRD Rolls-Royce  "spey," TRD Rolls-Royce  "Tyne")   or 

the  afterburning  of  fuel  in the  afterburner   (TRDF Bristol-Siddley 

"Olympus"  593),  etc. 
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11.7. Effect of External Atmospheric Conditions on 
the Work of the Turbojet Engine 

Above we examined In detail throttle characteristic of the TRD, 

assuming with Its analysis that the external atmospheric conditions 

remain constant. However, external conditions (temperature T    and 

pressure p ) in Itself have a substantial effect on parameters of 

the working process, regime of operation and basic Indices of the 

turbojet engine. 

Let us explain this In detail: let us assume that the number 

1' revolutions of the engine and position of the control elements 

remain constant (I.e., n  ■ const and /,- ■ const). 

Let us examine from the beginning the case of the Increase In 

.eternal pressure. An Increase In p and, consequently, air density, 

leads to an Increase in the mass flow of air through the engine. 

Since the change In p causes a proportional change in pressure along 

the whole channel of the engine, the velocity of outflow of gas 

from the Jet nozzle and, consequently, the specific thrust of the 

TRD do not change. Ultimately, the total thrust of the TRD Increases, 

and this growth Is proportional to the growth In external pressure. 

'.v; ^i -H  eduction in p , conversely, thrust of the TRD drops. 

Let us now examine the case when external air temperature is 

decreased. A reduction T    leads to an increase In the mass flow of 
H 

air through the engine (air density pLj increases); furthermore, the 

specific thrust of the TRD grows up, since with the same expended 

work for the compression of 1 kg of air 

Z,,« 102,57-;; (n,* w»«-1) -7- = const 
1« 

values of the compression ratio of the compressor Increase, and, as 

consequence, temperatures and pressures of the gas at the entrance 

Into the Jet nozzle Increase.  Ultimately the velocity of outflow 

>v from the Jet nozzle of the engine increases. Thus, the total 

thrust of the TRD Increases and as a result of the change in its 

two components (C and R    )  and not one (C_), as in the preceding case, 
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The increase in T  ,  conversely, leads to a drop in thrust of the TRD. 
H 

One should keep in mind that the relative oscillations in 

external pressure are small. Actually, the real change in t     from 

-1i50C  in winter to +H3°C  in summer of the relatively standard 

temperature (t = +150C) consists of magnitude 
H 

ÄT—=^--31%. rcr   288 

A change in p    from 720 mm  Hg of the relative standard value 

p    -  760 mm Hg gives only 

*    Ptt     w 

Thus, the change in external temperature has a greater total 

effect on operation of tne engine than does change in external 

pressure.  This circumstance is a well proven and established 

experimental fact. 

Thus, for instance, it has been noted that with the exploitation 

of aircraft with TRD under conditions of the far north engines 

develop substantially greater thrust (30-40/S) than in southern 

latitudes. 

It Is known likewise that stationary gas-turbine power units at 

thermal power stations in Switzerland with operation of them in the 

winter develop a power 30-4055 greater than that with operation in 

the summer. 

Prom the experience of operation of the TRD in air transport 

s known that an increase in T    from +15' 

leads to a thrust drop in the TRD of 7-11^. 

it is known that an increase in T    from  +150C to +30oC (i.e., S^)1 

Figure 11.20 shows the effect of T    and p on throttle 
H        H 

characteristics of the TRD. 

280 



^^ mm ^m 

Pig. 11.20.  Comparison of normal 
and universal (reduced) character- 
istics of the TRD. 

Thus, a change In external atmospheric conditions has a consider- 

able effect on the operation of the TRD. The question arises how to 

take into account the effect of atmospheric conditions on throttle 

characteristic of the engine.  Indeed test bench characteristics of 

the TRD are taken at various atmospheric conditions. Which indices 

of t^e engine should one record in his service record? How does 

one compare characteristics between each other, for example, of 

engines of the same series taken at different values of p and T  ? 

It would be senseless to attempt to take characteristics of the 

TRD accurately at the same atmospheric conditions.  It is obvious 

that the correct solution to the problem of considering the effect 

of external atmospheric conditions on characteristics of TRD is in 

order to:  exclude this effect, having taken certain atmospheric 

conditions as "standard"; reduce results of tests obtained under 

any conditions to these standard conditions, and, consequently, 

constant any throttle characteristic of the TRD only for these 

conditions. 

Accepted as standard have been these conditions: t +150C 

U, 2880K); p ■ 760 mm Hg.  Conversion of the characteristic of 
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the TRD, obtained under any external conditions, into standard 

characteristics is done with the help of the theory of gas-dynamic 

similarity. 

11.8.  Application of the Theory of Gas-Dynamic Similarity 
to the Turbojet Engine 

In examining the TRD as an aggregate of separate gas-dynamic 

elements - inlet device, compressor, combustion chamber, turbines 

and Jet nozzle, - one should draw the conclusion that the gas- 

dynamic similarity of the TRD as a whole assumes the observance of 

the similarity of all of its parts.  However, it is possible to show 

that in several elements of the engine gas-dynamic similarity is 

rarely observed; such elements are the Intake and Jet nozzle. In 

other elements of the TRD, as, for instance, in combustion chambers 

and afterburners, the realization of similar regimes appears generally 

impossible. The theory of the gas-dynamic similarity is applicable 

mainly to turbnmaohlnes:  compressor (fan) and turbine. 

Thus, it is more correct to speak not about tne aonplete 

similarity  of the regime of operation of the turbojet engine (which 

does not exist in nature) but about the partial  similarity   of the 

TRD, understanding by It the similarity of regimes of operation 

of its turbocompressor part. 

Let us look at this question In detail. 

11.8.1.  Intake System 

It is known that a necessary condition of gas-dynamic similarity 

Is kinematic similarity, I.e., the similarity of the configuration 

of flows and the proportionality of velocities at similar points. 

Let us examine the spectrum of flow lines of the standard 

intake on a test stand (F - 0) even in flight (y > 0) (Fig. 11.21a 

and b). 

2 82 



Pig. 11.21.  Spectrum of flow 
lines of Inlet device on a test 
stand and in flight. 

On a test stand (see Fig. 11.21a) flow lines at the entrance 

into the engine converge in the form of a funnel, forming a natural 

convergent channel. Along each elementary stream the pressure and 

temperature drop, and the gas velocity increases. 

In flight (see Fig. 11.21b), as a result of the deceleration of 

flow, the flow lines diverge, forming a diffusion channel with "fluid" 

walls.  Now along each elementary stream the pressure and temperature 

of the gas increase, and the velocity Is lowered. 

A comparison of spectra of inflow on the two named regimes shows 

that the geometrical and kinematic similarity of flows entering into 

the engine is absent; consequently, the gas-dynamic similarity is also 

absent.  At supersonic flight speed there appear shock waves at the 

entrance Into the engine, which continuously (with a growth in 

velocity) Introduce qualitative changes into the physical streamline 

flow and change the fields of velocities, pressures and temperatures. 

Thus, the aubeonio and euperaonio regimea  of the intake ayatam in 
prinaiple  can be aimilar in a g -^-dynamic reapeot. 
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The aforesaid can be generalized In the following manner:  since 

in undisturbed sections of flow on the test stand and in flight M 

numbers are not equal, i.e., 

M{y>o):?fcM(v=0). 

then the gas-dynamic similarity of regimes of operation of the intake 

of the engine is provided automatically. 

Kinematics of the flow entering into the TRD for the sase of 

1'light can conditionally be reduced to the case of operation of the 

Intake on the test stand, if we assume that there always exists a 

certain zone (region) in front of the engine on uhe border of which 

the flow is completely braked (V-0; p = /»;; 7" = ^).  With respect to this 

•.-one lines of flow have exactly the same form, as those in the case 

of air inflow on the test stand.  Cunaequently, for case of flight 

with velocity V  the process at the entrance into the »ngine can 

be represented as consisting of adlabatlc deceleration (up to 

pararuetera V ~~0- T* — TmA-~~~-  » etc.) and subsequent accelt;ratiuh cf IK« 

in front of the entrance into the compressor (see Fig. 11.21c) [sic]. 

Such a model of flow, being conditional. In a number of cases 

considerably simplifies the analysis and calcualtlons of character- 

isticoa of the TRD. 

11.8.2.  Jet Nozzle 

Flows in the Jet nozzle of the TRD at different flight speeds, 

generally speaking, are not similar, since on a test stand and In 

flight expansion ratios of gas In the Jet nozzle 

p. 
.■V«~ — /const 

are different, and, consequently, Mr numbers at the exit from the 

engine are different. 

if, however, the Jet converging nozzle operates on critical 

pressure differentials, i.e., 
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» 
* + i\i=r 

then on the section of the nozzle Mj- ■ 1 ■ const, and such a nozzle 
operates in a similar regime. 

For a Jet nozzle of the Laval type of nozzle similar regimes - 
are regimes of underexpansion when />$>/»■• 

11.8.3.  Combustion Chamber 

Plows of gas in combustion chambers (or in afterburners) cannot 
be similar.  Actually, in similar regimes the following conditions 
must be observed: 

-!-=-const (1) 

(similarity of temperature fields) 

a=const. (2) 

(constancy of the coefficient of air surplus 
as a dimensionless parameter) 

Having noted that 

g~ -*' -. «crust. (3) 

we come to the conclusion that the observance of conditions (1) and 
(3) is possible only when 

7*5«const and rj=const. 

However, this will denote no longer the similarity but the identity 
of gas flows. 

It is easy to conclude that with a change in regime of the 
engine (for example, number of Its revolutions), and also the 
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regime of flight (for example, speed and altitude of flight) the 

regime of operation of combustion chamber changes. 

11.8.^.  Compressor 

Conditions of the observance of similarity of regimes of operation 

of the compressor are the equality of M numbers with respect to axial 

and circumferential velocities or magnitudes proportional to them, 

i.e., 

MI«~'/(
X
I<.)~G1, = const; (1) 

M~«—'X,=const. (2) 

In similar regimes 

.i' —const;    »^--cotist;    /I,, „—const;     jVk—const, etc , 

11.8.5.     Turbine 

The condition of the observance of the similarity of regimes 

of operation of the turbine is also the constancy of two M numbers 

with respect to axial and circumferential velocities: 

M«. ~ 7 (X«) ~ Or=c0"st: (1) 

Mg ~fl — X4 —const. (2) 

In similar regimes 

.ij-const;  «J*, —const; iV,  -comt; £,., -const. 

11.8.6.  Turbojet Engine 

Conditions of the observance of partial similarity of regimes 

of a geometrically invariable TRD are equalities: 

I) Mo=const and 2) iMM = const. 
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For  a test stand (M0 - 0) fulfillment of the single condition 

.'■' ■ crist is necessary. 

In similar regimes the relative and dimensionless parameters 

of the  TRD maintain the invariable value. 

Consequently, 

no=const; /?=const; Cy,^const; Gt=const, etc. 

11.8.7. Formulas of Similarity 

Using the basic positions of the theory of similarity, 

'•crrelations between parameters of the engine in similar regimes can 
v.- found. For this purpose it is necessary to present the investi- 

gated parameter of the TRD as a function of three parameters of 

flow in any i-th section: pressure p., temperatures T.  and velocity 

a.;  then, using the property of similar flows - constancy of ratios 

of pressures and temperatures in any sections and the invariability 

of M. - one should express the parameter of the TRD as a function 
1 it 

of magnitudes pH and TH. 

The connection between gas parameters in sections "t" and "H" 

has the form 

Pi - /»*: T, — r«: 

fj-V^fj — l/'r; feince Mi=const). 

11.8.7.1.     Formula of Sirrilaritv for Thrust. 

We have 

further we  find 

(r.-VO-Krl: 
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Then 

Consequently,   in  similar regimes 

",=const. (ll.l 

11.8.7.2.  Formula of Similarity for 
Specific Fuel Consumption. 

We have 

Cy»==Tr^-~Kr«   (si™6    To=const and//^cons«« 
"«10 

consequently, 

11.8.7.3. Formula of Similarity for Fuel 
Consumption Per Hour (Per Second). 

We have 

Using  (11.13)   and  (11.14),  let  us write 

Consequently, 

-Jj^coiist. (11.15) 

11.8.7.4. Formula of Similarity for Specific Thrust. 

We have 

v^r-^. 
Consequently, 

R 
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11.8.8. Reduction of Parameters of the Turbojet 
Engine to Standard Atmospheric Conditions 

In order that It is possible to use characteristics of the TRD 
taken on the test stand or in flight independent of external 
conditions, and in order that these characteristics are univereal, 
results of tests and parameters of gas flow and the engine must be 
reduced to standard atmospheric conditions. Accepted as such 
conditions are: p__ ■ 760 ram Hg; T _ ■ 2880K. 

C T C T 

I'sing formulas of similarity for two regimes (measured and 
.andard), the' so-called reduction formula can be obtained. 

11.8.8.1. Reduction Formula for the Turbojet Engine. 

The reduction formula of thrust. 

We have 

whence 

M. (11.17) 

For  test stand conditions (7 ■ 0) 

/?'»~/'»-*- (n,l8) 

Reduction formula of specific fuel consumption. 

We have 
C»      C njaiL 
VT:    ST7, • 

wnence 

cu t„p) ■» CjHtNM» 1/ -^s" c«(w"» y j*'. (11.19) 
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For test stand condition  (7=0) 

cr* w ~C
M ("

M
> 1 / y~ • (11.2 o .^ 

Reduction formula of the number of revolutions. 

We have 

'lnP=frmyYy (11.21; 

For test stand conditions 

/288 
nnf----n3My -jT' (11.22; 

11.8.9.  Representation of Characteristics of the 
Turbojet Engine in Parameters of Similarity 

Tn order that the characteristics of the TRD are universal, 

they are plotted in parameters of similarity in the form of these 

dependences: 

It is easy to see which great convenience is the use of universal 

characteristics of the TRD.  The whole variety of throttle character- 

istics of thrusts, plotted for various values of fa  and pQ  (see 

Pig. 11.20), is turned into a single thrust curve, represented In 

parameters of similarity. 

Let us Intersect the family of characteristics R - fin,  TQ) 

horizontally (see Pig. 11.20a), and let us note the obtained points 

of the Intersection (a, b  and a).    On the appropriate universal 

characteristic /?«p=/('»np). these three points will be depicted in the 

form of a single point a'   (the same value of reduced revolutions Mnp 

at various TQ  correspond to different values of physical revolutions 

«). 

If, however, we dissect the family of these characteristics by 

a vertical line, then the obtained points of the intersection id, e 
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and /) will be depicted on the universal characteristic of the TRD 
in the form of three points: d't e't  and /' with different values 
of reduced revolutions (the same value of n at different 2"« correspond 
to different values of n^p). 

Let us now dissect the family of characteristics R * fin,  p0) 
by a horizontal line (see Pig. 11.20b) with points of Intersection 
a,  h  and <?. On the universal characteristic these points will be 
depicted also in the form of three points a't b'  and a' (different 
value? nf n  when JV, ■ const correspond to different values of n ). 0 np 
i oiufca d,  e  and /, lying on the vertical line, are depicted in the 
form of a single point d'  on the universal characteristic (since when 
Tn  ■ const and n  ■ const we have also n  ■ const), u np 

Results of test stand tests of the TRD are reduced to standard 
atmospheric conditions In the following manner: 

1) in accordance with the checked reduced revolution number and 
external conditions, we determine the physical number of revolutions 
which the engine must develop, i.e.. 

''"**"]/&'' 

2) on the obtained number of revolutions parameters of engine - 
thrust, specific fuel consumption, etc., are measured; 

3) according to reduction formula (11.17)-(11.22) we determine 
the reduced values of parameters of the engine and compare them with 
the reduced characteristic. 

The divergence between reduced parameters of different engines 
of the same series (when n  • const) must not exceed 0.5-1.0$. In 
this case the engines correspond to technical requirements. 

With the help of the reduction formula It ia possible to solve 
the Inverse problem: determine real parameters of the TRD correspon- 
ding to any atmospheric conditions. 
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CHAPTER   12 

HIGH-SPEED CHARACTERISTICS OF TURBOJET ENGINES 

Definition.      High-speed aharaoteristias,   or oharaateristias  with 

respect  to flight  speed,   of turbojet engines are called dependences 

of thrust and also of specific fuel consumption on flight speed at 

the assigned program of control of the engine.  High-speed character- 

istics are frequently supplemented by curves of temperature change 

in the gas in front of the turbine, fuel consumption per hour, and 

also other magnitudes important in operation. 

12.1.  High-Speed Characteristics of Single-Shaft 
Turbojet Engines Without Afterburners 

Let us examine high-speed characteristics of single-shaft TRD 

without afterburners with a program of adjustment for maximum thrust. 

Let us analyze the peculiarities of approximate  characteristics 

of the TRD obtained by calculation witnout the use of characteristics 

of elements of the engine:  compressor, combustion chamber, turbine 

and Jet nozzle, considering only the change in gas-dynamic losses 

in the Intake at supersonic flight speeds. 

As the basic conditions placed as the basis of the calculation 

of these characteristics let us take the following: 

1) constant flight altitude H  = const; 

-' «=*,,,„-const; 

3) r3=7'](ni„)—const 

~) n=n    —const* 1 program of adjustment for maximum thrust. 

292 



i^ 

The baalc assumptions usually taken In approximate calculatlonr 

of high-speed characteristics Include: 

1) constancy of work of the compressor, I.e., ^„«const when 
n  «  const; 

2) constancy of efficiency and coefficients of losses of elements 

of the TRD, I.e., niaecunst: nJ»coiis(; ^«coiist: f^/wcomt: {«.c "»const 

T-e roughest assumption Is the one about the constancy of 

'fiiciency of the compressor. The effect of i|*»var on the high-speed 

characteristic of the TRD Is examined below. As the dependence 
n\*m  ~f(V)i    Is possible to use the curve given In Pig. 5.7 for the 

.supersonic adjustable diffuser; 

3) complete expansion of the gas In the Jet nozzle of the TRD, 

I.e., Pi^p,,.. 

The last assumption assumes the system of the all-regime 

adjustable Jet nozzle of the Laval type of nozzle. 

12.1.1. Generalized Characteristics of Compressors 
and Turbines 

An accurate calculation of altltude-hlgh-speed characteristics 

of aircraft gas turbine engines Is very complex and extremely 

"Individualized," since It requires the use of specific characteristics 

of compressors and turbines. 

Analysis of experimental characteristics of a large number of 

compressors allowed R. M. Fedorov to find and N. D. Tlkhonov to 

refine the seml-emplrlcal dependences of the effect of the computed 

value i*0   on the regularity 

^■=/{«np) and »!*»/(»„) 

with the program of adjustment n  ■ const (Pigs. 12.1 and 12.2). 
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Fig.   12.2.     Effect of .tK0 on dependence n»?/(""p) 
when n =  const. 

The  obtained dependences must be  examined  as  certain generalize1: 

characteristics  of  compressors;  they  can be  used  for the  approximate 

calculation of altitude-high-speed characteristics of aircraft  GTD. 
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Regularities U=l{nap)    can be explained In the following manner. 

With an Increase in 7"^   the axial velocity at the exit  from the 
compressor.*    The axial velocity at the entrance into compressor 
Increases at small values .t',,   and decreases1 at  large values   *# - 

Thus, with the Increase in T*m   there is redistribution of axial 

velocities along the compressor; when u ■ const this  leads to a 
change in angles of Incidence of flow on rotor blades and, consequently, 
to a change in the operation of separate stages.     As  a result  at 
small values n*0 (<6)   with an increase in  T"*, due to the decrease in 

anzl'?-  of incidence of flow in all stages, the operation of the 
compressor is decreased;  at large values of "^ (>6)   the work of the 
compressor increases;    when .ij0 «6 changes in  A£ct   compensate each 
other,  and  £»•» const. 

Used in calculated practice frequently are simplified relations 
when evaluating works of the compressor in the  form 

A,—const and nil «const   when  «»const 

and when evaluating the work of the turbine - in the form 

^«const. ■^r-l/7»~^(iti)=const and n;=coii$t. 

12.1.2.  Effect of Plight Speed on Compression Ratio 
of Air in the Turbojet Engine 

With an increase in the flight speeds the dynamic compresrlon 

ratio , 

n  * .(,+o.2M;)^:. 
Pn 

and also the kinetic heating of air in front of the engine. 

An increase In stagnation temperature at the entrance into the 
"ompressor 

lProm the equation of flow for sections 2-2 and f.«—«.». under the 

condition that rjwfor«!, it follows that f (»j»>-|/"rj: on the other hand 

a 
fl•■*■'S^,■ 
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•it  the  same magnitude  of expended work 

102,5/* (n • /  'o.?» 1) const 

leads to the fact the compi-esslon ratio of the compressor monotonicai. 

drops; magnitude .ij , with an increase of MQ number, asymptotically 

approaches unity. 

However, the total compression ratio of the air 

a-nAn:=(«\o-H».2.M;)
,$ 

in this case increases, since the growth in n^, which proves to be 

greater the leas losses in shock waves appearing In the intake, is 

the determining one. 

Figure 12.3 shows curves of the change in compression ratios a, .i* 

and -i,, with respect to flight speed (according to PL number). 

tt.Rj.ltji 

Pig.   12.3.     Effect  of flight 
speed on  compression ratio  of 
the TRD. 

12.1.3.     Change  in Specific Thrust 

With  an increase in the flight  speed the  total  compression 

ratio and,   consequently,  and total expansion ratio continuously 
increases.     Since  the pressure differential  on the  turbine  remains 
constant   (when /.j^I   always  nj^consl),    then the expansion ratio  of 
the gas   in the Jet  nozzle  continuously  grows  up  also: 

•V- />« «P      •■"it.e -,-=—i SI, 
-1, Jl, 

and It  increases in proportion to the  compress ion ratio. 
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The gas temperature behind the turbine In this case maintains  an 
invariable value: 

7«=,'r»-j^=const   (since   7*1-= const and Z.^const), 

As a result the velocity of expiration of the gas from the Jet 
azzle, equal to 

r. v^/^f-Sr 
x3o continuously Increases. 

The specific thrust 

'/*" 
.t*-V 

with  an Increase flight velocity Is  lowered,  since a velocity Increase 
in outflow from the nozzle occurs considerably slower than the 
increase In flight speed  (Pig.   12.'»). 

tf-uar 

K<v*> 9 

Fig. 12.^.  Change In velocity of 
outflow from the nozzle with 
respect to flight speed. 

The drop In specific thrust of the TRD on flight speed (Fig. 12.5) 

;an be explained still differently. 

With an Increase In compression ratio when rg ■ const the 
effective work of the cycle L    (being on a test stand close to 

maximum) drops, approaching zero.  Consequently, the specific thrust, 

t:- this results from expression 

■also with an Increase In V  It aj • coaches zero. 

297 



ct*y4.g 

Fig.  12.3.     Effect   of   flight   a^ced 
on  specific  thrust,   flow  of air and 
total thrust  of the TRD. 

v> 

12.1.4.  Change in Air Flow 

With an increase in the flight speed the mass flow of air throu.;' 

the engine continuously increases and is proportional to the tuiai 

compression ratio.  It is easy to be convinced of this, having written 

the expression of the rate of air flow for the critical (throttling) 

section of the nozzle box of the turbine: 

whence we obtain that 

since 

C7.*Cr=m-^=/e.W(V.). 

7'c.»=r3=const; 
^cj^l« const; 

pn—const. 

Figure 12.5 shows the dependence Gi=/(Mo). 

12.1.5.  Change in Total Thrust 

The change in total thrust of the TRD with respect to flight 

speed is determined by regularities of the change in its factors: 

specific thrust and flow of air, i.e., 
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Figure 12.5 shows the curve of the change in total thrust R  TRD 

depending on flight speed (MQ). With an increase in ^(MQ) in the 

region of small values MQ (M- < 0.^1-0.5) the thrust initially drops, 

since the lowering of specific thrust is still not compensated by the 

thrust in mass flow of air; in transonic and supersonic regions of 

night the thrust of the TRD Increases, and at small compression 

ratios of the compressor (."tj|0 -3—5) can considerably exceed the test 

bench value of thrust HQ. Such a regularity is explained by the 

intensive increase in flow of air in combination with the more 

moderate drop In specific thrust.  Finally, at high supersonic flight 

peeds the thrust of the TRD, having attained a maximum, then drops 

down to zero in accordance with an inevitable tendency of the drop 

In specific thrust, 

12.1.6. Change in Efficiency of the TRD 

Let us examine how with respect to flight speed efficiency of 

the TRD - effective, tractive and general is changed. 

12.1.6.1. Effective Efficiency. 

Fr'Mf expression 

'   *.. ' ' cpm{l\-T\) 

it follows that the change in effective efficiency is determined 
by the regularity of the change In useful work of the cycle and 
Introduced  (with fuel) heat with respect to the flight speed  (Fig. 
12.6). 

Since the quantity of Introduced heat imparted to 1 kg of air 

with an Increase in V  is continuously decreased (due to the increase 

in air temperature at the entrance into the combustion chamber), 

and the work of the cycle at subsonic flight speeds changes little, 

then the magnitude n increases intitially.  At high supersonic 
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Flg. 12.6 'hange In efficiency 
with respect to fllrht f.po 

flight speeds the increasing drop in work of the cycle leads to a 

continuous lowering of parameter n  (down to zero). 

12.1.6.2.  Thrust Efficiency. 

The magnitude of thrust efficiency is determined from the 

expression 

1« = L,      V + c, 

When  K ■ 0 we have n. Ü; when  V * ac we  have  nD "on I.Ü. 

Consequently, with  an increase in  flight   speed the magnitude  of 
thrust effiolency r\    Increases  from zero to  unity   (see  Fig.   12.6). 
Thus, with an increase  in  flight  speeds   losses   of energy with  the 
exhaust  velocity  are   continuously decreased.     However at  the moment 
when these  losses  completely  disappear and thrust  efficiency  reaches 
the  maximum possible  theoretical  value,  thrust   of engine  disappears. 

12.1.6.3.    Total Efficiency. 

From expression 

vi« 

it follows that a change in total efficiency of the TRD with respect 

to flight speed is determined by regularities of the change in 

partial efficiencies:  internal and external (see Fig. 12.6). 

When V * Q  and when 7 ■ o,- the total efficiency becomes zero. 

With an increase in V  the total efficiency increases, reaches a 

maximum at high supersonic velocity, and then drops to zero (see 

Fig. 12.6). 
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The change In total efficiency characterizes the economy of the 

TRD In the whole speed range of flight. 

12.1.7. Change in Specific Fuel Consumption 

The connection between specific fuel consumption and flight 

jpeed was determined earlier 1 1 terms of total efficiency in the 

form of expression (9.32): 

For the case of operation of a TRD on a test stand (K ■ 0) 
formula (9.32) will become expression (9.35): 

Thus, on a test stand, when t\Q 
m 0,  the specific fuel consumption 

has a quite definite finite value.  For the best TRD 

Cr.,o,-0.71-4-0.76  
kg ' 

kgf.h 

With an increase In the flight speed the specific fuel consumption 

Increasoc, since the Increase in total efficiency log flight speed. 

At great flight speeds, when OQ reaches a maximum, and then is 

decreased, the increase in C      is intensified. With the approach of 

HQ to zero the specific fuel consumption approaches infinity. 

A continuous increase in the specific fuel consumption with 

respect to flight speed does not at all indicate the continuous 

worsening of economy of the TRD, since parameter C      is not a 

criterion of economy. The economy of the TRD is made worse only In 

that range of flight speeds in which there approaches the drop In 

total efficiency. In the range of flight speeds from zero to the 

"economic" speed (at which no-noonm)) the economy of the TRD continuously 

Increases (Pig. 12.7). 

What is the physical meaning of the continuous increase in C   7 
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Flg.   12.7.     Change  In specific 
consumption with respect  to  Vlii 
speed. 

It  Is  that the work of every kilogram of thrust with an Increase In 

flight  speed 

continuously Increases.     Consequently,  the expended heat energy 

proportional to the expended fuel upon the receiving of this kilogram 
of thrust must increase;  In other words,  the ♦peeific fuel con^uraptlon 
c      Increases. 
y^ 

12.1.8. Effect of Parameters of the Working Process 
(Qas Temperature in Front of the Turbine and 

Compression Ratio of the Compressor) on 
Peculiarities of High-Speed 
Characteristics of the TRD 

The given dependences of basic parameters of the TRD on flight 

speed have a fundamental nature. However, numerical values of 

specific and dimenslonless parameters (ä . C    ,  n , nR,  n«), which 

characterize the perfection of the TRD, and magnitudes of flight 

speeds at which the thrust of the TRD becomes zero depend on the 

level of parameters of the working process of the TRD (2'^ and n,9h 

12.1.8.1.  Effect of .i;, (r; -coml). 

Each value of complex  «nnpijr/r« corresponds  to the entirely 
determined limiting magnitude of the total compression ratio of the 
TRD equal to 

'««V, 
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at which Oc- * V and the useful work of the cycle becomes zero (£ ■ 0). 
Consequently, with an increase In the compression ratio of the 

compressor Is a less dynamic compression ratio Is necessary, I.e., 

less flight speed V , for the achievement of .Tnun- ö   r max "1 

Thus, with an Increase In .\|0the specific, and therefore, and 

total thrust, more sharply drop with respect to flight speed, reaching 

zero at less values of If . (Pig. 12.8).  In accordance with the max        w 

sharper    drop In Ä    ,  there Is a faster Increase with respect to 
flight  rpeed in the magnitude of specific  fuel  consumption, approaching 
iiii'inity at less values of K_„  .    The test bench value of C „ in this ' max yfl 
case seems the less, the higher the magnitude  .-i^. 

Pig.  12.8.    Effect of calculated values 
»üo   on high-speed characteristics of the 

TRD. 

Curves of passages of air flow also depend on the numerical 
value .i*0.    The greater .i*. the less the portion of dynamic compression 
In comparison with the mechanical, the slower the rate of air flow 
increases with respect to flight speed  (see Fig.   12.8). 

Thus,  larger values of   .t*0   correspond to a sharper drop In ä 

md slower increase in <#..    This circumstance causes the deformation 
of curves  of thrust of the TRD - with the Increase In  .i*,   ,'humpM on 
high-speed characteristics gradually disappears.    When ^e>(IO—12) 
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and at usual values of rj (<I200oK) the thrust drops continuously 

In the whole range of speeds of flight (see Pig. 12.8). 

An analysis of graphs, given in Fig. 12.8 shows that the une o" 

high values .-f* (>I2—15) sharply Improves the economy of the THD on the 

test stand and at subsonic flight speeds.  Transition to reduced 

values ^»o. (^-8) makes it possible to Improve thrust characteristics 

and raise the economy of engines at supersonic flight speeds. 

12.1.8.2.  Effect of fafa^ «const) . 

With an Increase in gas temperature in front of the turbine, 

the effective work of the cycle and velocity of gas consumption from 

the Jet nozzle increase.  Consequently, the drop In specific thrust 

with respect to the flight speed is slowed down (Fig. 12.9). 

Ultimately the specific and total thrusts of the TFD become aero at 

larger values of ir „ and V_ov,     Correspondingly, the specific fuel max     max 
Cünsumptlon reaches infinity also at larger values of V.     However, 

with an Increase in T-.  the test stand value C      continuously increase 
3 yfl 

Fig. 12.9. Effect of calculated values 

T~ on high-speed characteristics of the 

TRD. 

It is characteristic that an increase in T~  does not affect the 
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r-f 'KHMty of the change In air flow with respect to flight speed. 

However, passage of the characteristic of total draught becomes- more 
rJivorible. 

Finally, It Is possible to note that for the Improvement of the 

i ociiotny of work of the TRD on the test stand and at subsonic flight 

.-•peeds one should use comparatively low values of r, (1000-1200oK). 

At supersonic flight speeds an Increase In T-  (1250-1300oK) Improver, 

the passage of the thrust characteristic and relatively lowers the 

specif I-1 fuex consumption. 

Conclusion. To Improve the economy of the TRD with its operation 

Mr. the tes*. stand and at subsonic flight speeds, one should use 
« 

r,:.'. ü-i values of .T.0 and moderate significances of T...  The use of 

.■'vJ1 values of .i',, and high values of T^  makes It possible to 

■:i.Drove considerably the economy of the TRD and passage of thrust 
characteristics of the engine at high supersonic M0 numbers. 

As an example Fig. 12.10 gives a high-speed characterlstif, of 

the TRD Rolls-Royce "Avon" with a corapresson ratio n*0 ^io. 

jtlffff 
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- 'Js-Rcyce   ■kvor.<'M*S3J ' >J\ 
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V 
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i ; n w it W 61 Ifl so 0 wo ov Km/ 

Fig. 12.10.  High-speed character- 
istic of the TRD Rolls-Royce 
"Avon." 

i'he data are given below on the economy of the TRD Intended for 

the- supersonic passenger aircraft "Concürd" and Boeing B-2707. 

The engine Bristol "Olympus" 593 at MQ = 2.2 and tf = 11 km has 

yfl 
= 1.23 kg/(kgf-h) and n, 0.^37. 
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The engine General Electric GEVJ5 at MQ = 2.7 and H *  11 km 

has C      = 1.5. kg/(kgf'h) and n0 » 0.438. 

12.1.9.  Plotting of the Line of Operating heglmes 
of the TRD for the Program of Control n =  const 

* 
and T^  = const 

The plotting of the line of operating regimes of the TRD (Fig. 

12.11) on the characteristic of the compressor for the program of 

control n  =  const and T~  = const occurs in such a sequence; 

1) a series of values T    is assigned; 

2) for each value of T    the reduced number of revolutions 
H 

» - ». /288 

"np- »y -p. 

and also reduced gas temperature 

.28«. 
I 3np —= / 3 —• • 

are found; 

3) dotted on the characteristic of the compressor are points of 

the intersection of curves n,lHl-, and lines rj*,,^.) , and they arc connect., I 

by a smooth curve.  This curve is the sought line of operating regimes. 

K 
/"/"■COirStj 
i-const 

Pig.   12.11.     Plotting of the 
it 

line  of operating regimes   T~ 
-  const. ^ 
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12.1.10.  Comparison of Lines of Operating Regimes 
for Two Programs of Control:  1) « = const, 

r, « const and 2) « » const, /V = const 

Plotted on the characteristic of the compressor (Pig. 12.12), 

. jn;itructed in dimenslonless coordinates 

is the line T-, <*  const and n  ■ const; its position does not depend 
■in hh'- namerlcal value of the compression ratio of the compressor .i*0 

Ines /c ■ const and n ■ const are also plotted there. Their 

position depends on value a*o "* the higher .t^, the more sloping is 

the LRR. 

..LU        1 
/_, »const jipnj 

inZ0~w) <jj 
j^^X /l\ 

r/^const 

|  /j-const 
r^^-jj 

Pig. 12.12.  Comparison of lines 
of operating regimes with two 
programs of control: 

/—n-consl a-:d T   -coiiM; 
J-(i=con»l a: td   /|-const 

JJW 

Figure 12.12 illustrates the fact that with transition to less 

values of «»p (by means of throttling or an increases in the flight 

speed) various cases of the change in T^  are possible. 

12.1.11. High-Speed Characteristics of the Turbojet 
Engine with Program of Control at Complete 

Similarity of the Turbocompressor 

The program of control for maximum thrust (n=*nmas=*   const); 

^* = 7*'(IllJO-const) with its use over a wide range of supersonic M0 

numbers of flight, possesses the following important deficiencies. 

Actually, with a decrease in the reduced numbers of revolutions the 

regime point of the compressor is moved along the LRR (for example, 

from point 1 to point h  in Fig. 12.13); in this case the efficiency 

of the compressor drops and ita  productivity, being determined by 
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magnitude </(Xi),   Is   lowered,  I.e., 

and 

q0.i)*<g{h)i. 

(T 'H=O,M-0'4'''""'«M-Jll 
Pig.   12.13.     Effect   of speed   and 
altitude  of flight on  the  regime 
of operation of the  tui'lo- 
compressor. 

THUS   at   the   calculated  supersonic   flight  speed  (AU-MIMI)   the 

flow passage sections  and external diameter of the  compressor  appear 

oversized  in  comparison with  their values   on  takeoff.     Consequently, 

at   the basic  supersonic  operating regime   (at point   k)   the  compressor 

will be  overloaded. 

Furthermore,   at   considerable  lowering  of reduced numbers   of 

revolutions   surging  can appear.     For the  prevention  of it  in   flight, 

the  simplest  methods   of control  of  the   compressor  can  prove  to  be 

Irrational.     For example,  the  opening of the bypass  valve  at   super- 

sonic  flight  speed will  lead to a considerable ejection  of compressed 

air  into surrounding medium,   as  a result   of which  n*   and n«   will 
« 

irop  and  'l\  will   Increase.     All  this  will   lead to  a drop   in   thrust 

of the  engine  and  a sharp worsening  of its  economy. 

With  operation  of the TRD at  great   supersonic   flight   speeds,   the 

program  of control  for complete similarity  of turbocompressor*   can 

prove  to be  expedient: 

'Program of control "Point." 
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«„p=const;   7"^=const. 

The essence of this program of control is that In the whole 

range  of the  change In velocities  and  altitudes of flight,  the  regime 
f ooeration  of the  turbocompressor is  maintained  constant.     As   such 

a regime we select  the point   (for example,  point  1)   on the  character- 

istic  of the  compressor with  sufficiently high  values  n*   and   q(}.,) 

and the necessary surging reserve. 

Tc maintain this  regime similar in all  velocities  and altitudes 
.. i' flight,  it  is  sufficient when /V  "  const  and in the presence   of 
a supercritical drop in pressures  in the Jet nozzle to provide   fuel 

feed according to the  law 

G>(np) —const,   or    GT~plyT,, 

Thus,  conditions  of operation the  compressor and turbine 
according to the program of control  "Point"  appear stable  and better. 

Now let us examine what are the regularities of the change  in 

thrust and specific fuel consumption with respect to the considered 
program. 

With a decrease  in the Mn number of flight and,  consequentlyj 
* u 

magnitude T  ,   the physical revolution numbers  and also gas  tempera- 
ture in front  of the turbine  continuously drop  (Fig,   12.14)   in 
accordance with the property of similar processes  on which 

-r^s—const and —J-~ roust. 

i'he compression ratio of the compressor remains constant, whereas 
» 

with the program of control n  ■ const and T    = const magnitude .tu „ H 
increases with a decrease in 2* .  Finally with a decrease in the 

flight speed the flow of air, specific thrust, and also total thrust 

■f TRD sharply drop.  The specific fuel consumption in this case 
ian increase. 
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7^=const    7}*=const 

•S*~T: 

/j=const/rnp=const 

Fig.   12.14.     Change   in  numbex's  of 

revolutions,   air  flow  and   ?.; witi; 

two  different programs   of m4; rol 

28a°K 

The  drop in  total  thrust   of  the TKD   (Fig.   12. ib)   can  pruve   to 

be  :-.o  considerable   (80-90?  and more)  that   the  takeoff thrust  will 

i'-   injuffi^nt   f,or  flight   of the  aircraft.     To prevent   ^.  i-nari    .M 

drop  in  thrust, which  appears  greater,  the more  the maximum M, 

number'  of   flight,   it   is   rational   to use  combined program  of   ?oni,rol 

at   whioj   -tL   ümall  values   of i"     (takeoff,   climb,   flight   at  subsonic 
H u 

speed) the program «np^const and T3nf =const, and at high values of T 
#        H 

(flight   at  great  supersonic  speed)   the program n  =   const   and T~ = 

=  const   are  carried  out.     Point   2  in Fig.   12.15  determines   the MQ 

number  of   flight,  which  corresponds  to the  switching  of programs   of 

control. 

Pig. 12.15. Change in thrust 
and specific fuel consumption 
with three different programs 
of control. 
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Thus,  according to the  compromise   (which Is the combined program) 

program,  the thrust  ohKngts  according to  a certain intermediate  law 

5-2-1 (see Pig.   12.15) instead of 3-2-1  (program n * const  and T~ ■ 
= const)  and ^-1  (program "Point").     In this case the drop In thrust 
'.n the takeoff regime appears permissible and conditions of operation 

of the compressor entirely satisfactory. 

12.2.     Peculiarities  of High-Speed Characteriatica 
of Double-Shaft TRD 

Lot,  us examine peculiarities  of high-speed characteristics  of 

louble-shaft TRD at  two different  programs  of control:     1) «nj =-• const; 

/5=const   and 2) "na •= const;/s=const. 

First of all,  it is necessary to explain how the  following 

magnitudes   change with respect  to flight  speed of:     number of 
revolutions  of the  free cascade  of the  compressor and gab  temperature 

in  front  of the turbine. 

Figure  12.16  shows  a diagram of a double-shaft TRD with symbols 

of characteristic sections  of the gas-air channel.     We will assume 

that  at  an  speeds  and altitudes  of flight a jet nozzle  operates  at 
a supercritical drop in pressures   I^(Ä5) = l]. 

f»4        IB A     2 HA JBA "BA 1HA     S 

III !   '   '    ' 

HHA        KBA TBA 

Pig.   12.16.     Diagram of double-shaft TRD. 

12.2.1.     Program «      =  const  and  fc ■  const 

With  an increase in flight  speed  there approaches  a "loading" 
if the  cascade  of the  low-pressure  compressor  (angles  of attack  on 
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blades and, as consequence increase, in compression ratios and work 

of the ND compressor increase) and "lightening" of the cascade of the 

high-pressure compressor (angles of attack on the blade:-, are decrease l 

and, as consequence, significances nma  and LKIU az-e lowered). 

Accordingly, lines of operating conditions of the KND and KVD are 

deformed, deviating from the direction which they would have if the 

TRD consisted only of an ND or VD turbocompressor (excluded would 

be the joint effect of cascades of the compressor). 

The lowering of work of the VD compressor when /iH1 =--consl leada 

Lo a decrease in the fuel feed Into the combustion chamber' and to a 
K 

reduction in 2' .  Actually, from the balance of works of the KVU 

Luna.-" Lrnji— llSTVrnji'lTBa 

iu ;i .-iIin—const    It   follows   that 

'KUd Tl. 

A decrease  in  f,,   in  turn,   leads  to  a proportional   .lowering  of 
the  gas   temperature  in   front   of the ND turbine  T\av      Since  the  ND 

compressor with  an increase  in  V is   "loaded,"   then  the  resultins; 
unbalance   of works 

^Kiu/iKDa^Tna/^Tna^const [see equation   (li.M)j 

Ic   removed  only  by  muans   of   lowering  l!.'  numbers   of revulutlona  of 
the  ND  cascade.     Finally,  wi'      m   increase  in   flight   velocity,   the 

number of revolutions   JT  in     iJD  compressor and gas  temperature  in 
front   of turbine  decrease, 

Regime  points   of KND  and KVD are moved  along   lines   of working 
processes   In  direction  of reduced  given numbers  of revolutions. 

12.2.2.     Program n       =  const  and  /,-   =   const Hfl J b 

With an increase in flight speed, just as in the preceding 

case, the "loading" of the-cascade of the ND compressor and "lightening" 

of the cascade of the VD compressor approach. 
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An increase in the work of the ND compressor when n      *  const 
Hfl 

leads to an increase in the fuel feed into the combustion chamber and, 
» 

consequently,  to an increase in T-, and  r4M. 

The  "lightening"  of the VD compressor with a simultaneous 
« 

increase in T^ leads to an unbalance of works  on VD and ND the turbo- 
compressor,  i.e., 

^KuV^Ktu < '-TBJ I htm - const 

The latter is overcome by means of acceleration of the VD rotor. 

Finally, with an Increase in the flight speed, the revolution number 

(if the VD compressor increases, and the gas temperature in front of 

the turbine increases. 

In conclusion let us note that the change in V  and H  with the 
« 

; rogram of control I1- ■ const and ,/V ■ const leads to spinup one of 
rotors and to deceleration of the other. 
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CHAPTER 13 

ALTITUDE  CHARACTERISTICS  OP  TURBOJET ENGINES 

Definit ion. Attitude  oharaetgvistiae,   or  ahapaaterist tu 

peapcat   to  altitude  of flight   of turbojet engines, are called 

dependences of thrust and specific fuel consumption on flight altitude 

with 'in assigned program of control of the engine.  Altitude 

characteristics, similar to high-speed, are frequently supplemented 

by curves of the change with respect to altitude of flight of gas 

temperature in front of the turbine, fuel consumption per hours, and 

also other parameters important in operation. 

Frograms of control of the THÜ with respect to altitude 

characteristic. 

With an increase in height the same programs of control of the 

engine as with respect to flight speed are used.  We will limit 

ourselves here to a detailed examination of altitude characteristics 

of a single-shaft TRD constructed for the program of control at 

maximum thrust. 

13..1.  Altitude Characteristics of Single-Shaft 
Turbojet Engines Without Afterburners 

Let us examine altitude characteristics of single-shaft TRD 

without afterburners plotted as a result of approximate thermal and 

gas-dynamic calculations of the engine with a program of control for 

maximum thrust. 
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Let us take as basic conditions of the construction of altitudi- 

char-Mcterlstlcs the  following: 

1) constant flight  speed 

V^» const: 

2) constant number of revolutions 

n-WmM-const; 

3) constant gas temperature In front of the turbine 

r;=»rJ(«...)=const. 

Assumptions usually taken In approximate calculations of altitude 

high-speed characteristics,   as before, are: 

1) constancy of wo k of the compressor at a fixed number of 
revolutions of it; 

2) constancy of efficiency and coefficients  of losses In elements 
of the TRD; 

3) tocal expansion of gas In the reactive nozzle of the TRD. 

The assumption on constancy of the efficiency  of the compressor 
and turbine at high altitudes   {H >  15 km)  Is quite  approximate.     It 
is  known that at high altitudes   fall numbers  of Reynolds  referred  tr 
the  chord of the blade -  characteristic linear dimension of the 
compressor and turbine cascades.     As a result  of this, with a TRD 
of small dimensions  there can be a drop in efficiency of the indicated 
elements. 

The assumption on the Invariability of the efficiency of 

combustion with  lifting of the engine in altitude also appears 
approximate.    At very great heights the pressure drop In the fuel 

system and in combustion chambers  leads to a sharp worsening of 
carburetlon and to a drop in mochanical completeness of the fuel 
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combustion.     To maintain the high  completeness  of combustion,   the use 

of special  evaporative  combustion  chambers,   multlchanue]   sprayer of 

I'U'-i,  etc.   Is   necessary. 

13.1.1.     Effect   of Plight  Altitude   on Compression 
Ratio  of the  Turbojet  Engine 

With  an  increase   in  altitude   up   to  the   Isothermal   limit   (H  =   11  km) 

the  external  temperature  T  ;  is   continuously   lowered;   consequently 
H 

there is also a drop in stagnation air temperature at the entrance 

Into the compressor equal to 

The indicated circumstance leads, on one hand, to an increase 

ie M ' number 

compression ratio 

In the M0' number- of flight and to an increase in the dynaml 

where 

,T,={l+0,2M?)3so;. 

^-/^r-H* 

and,  on the  other hand,   to an  increase   in  the   compression  ratio  of the 

compressor.     Actually,   from an examination 01   equality 

Z,K -102,57-« UK      — 1) ~ - const 

it  is  easy  to   conclude  that with  a reduction  in T    magnitude n* 
H 

increases. 

Thus, the total compression ratio 

also itjcreases (Pig. 13.1). 

An increase in the total compression ratio proves to be more 

considerable, the greater the absolute value of compression ratio 

of the compressor :i'0, and the less the flight speed (Fig. 13.2). 

^ince the speed of sound is decreased, 
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n^jTiji 

Flg.   13.1. 

0 llHM Hum 

Flg.   13.2. 

Flg. 13.1. Effect of flight altitude on 
the compression ratio of the TRD. 

Fig. 13.2.  Effect of computed value «*„ 

on the change In total compression ratio 
with the Increase In altitude. 

13.1.2.  Change In Air Plow 

Let us now examine how the mass flow rate of air throught the 

TRD changes with an Increase In altitude (Fig. 13.3). 

li*jii& 

Pig. 13.3. Effect of flight 
altitude on specific thrust, 
total thrust and mass flow 
rate of air through the TRD. 

Prom the expression of the flow of air, recorded for the nozzle 

box assembly of the turbine. 

It follows that 

(13.1) 
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Thus, rate of airflow through the engine with an increase in 

altitude is decreased; however it is decreased more slowly than the 

external pressure drops.  The factor delaying the fall in G    proves 

Lu be the increase in the total compression ratio, which 1.; conUltionou 

by the lowering o" the temperature of the external atmosphere up to 

altitude H  -   11 km.  At the altitude ^ = 11 km the relative pressure 

Is 

p%~ *""-" ^0.223. 
PO(H-O) 

For n*0=10; Mo=0,9;//=1I KM  and Z,h.---const, we find the relative 

compression ratio n=l,57. 

Then 
0, ^~pHn=0.223 • 1,57 « 0,^5, 

i.e., with a quintuple drop in external pressure the flow of air is 

decreased three times. 

13.1.3.  Change in Specific Thrust. 

At constant flight speed the change in specific thrust (see 

Fig. 13.3) depends only on the velocity of outflow of gas from the 

nozzle. 

It la easy to conclude that when T~ -  const and /.n^const the 

velocity of outflow of the gas depends only on the drop in pressures 

in the Jet nozzle, I.e., 

where 

■;..->  Ei 

•v.- n«, ~~;i (noting thatal=const). 

Since the compression ratio Increases with an increase In 

altitude up to the Isothermal limit, then the velocity of outflow from 

the nozzle of the engine and, consequently, specific thrust increases. 
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An increase In specific thrust proves to be more Intensive, the 

higher the ground compression ratio of the compressor n*0, the lower 

the gas temperature In front of the turbine 3", and the greater the 

flight speed. 

Thus, with an Increase In altitude up to Ä = 11 km the specific 

thrust Increases In the considered range of values nj0. and T~  by 

40-50*. 

13.1.4. Change In Total Thrust. 

The change In total thrust with an Increase In height Is 

determined by a change In Its components, I.e., 

*=3,Ä~/(//). 

The basic factor determining the change In thrust with respect 

to the altitude of flight Is the drop In flow of air, conditioned by 

the continuous decrease in the external pressure.1 However, the 

thrust drop occurs more slowly than the lowering of G  .    It delays 
B 

the increase in specific thrust (see Fig. 13.3). With the quintuple 

drop in external pressure, the air flow is decreased approximately 

three times, and the thrust of the TRD - no more than two times. 

Thrust decay is intensified with an Increase in flight speed, 

with the lowering of .^0 and with a decrease in T?. 

13.1.5. Change in Thrust of the Turbojet 
Engine at Altitudes fl > 11 km. 

On altitudes greater than 11 km, the external temperature 

maintains a fixed value Tu  ■ 2l6.50K up to altitude H  ■ 25-30 km. 
At these altitudes (In the whole Isothermal region) we have IT « const. 

Consequently, the specific thrust is also constant; the drop in air 

flow and total thrust of the engine is rapid; now it occurs in an 

accuracy proportional to the atmospheric pressure, i.e., 

i»i(M>ntj»»"Ä"^B. 

'Or density of the atmosphere. 
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13.1.6,  Change in Efficiency of the Turbojet Engine 

13.1.6.1.  Effective Efficiency (n.) . 

With an Increase in altitude the velocity of outflow from the 

nozzle and, consequently, kinetic energy of 1 kg of gas at the exit 

from the engine increases.  On the other hand, the quantity of heat 

fed with the fuel to 1 kg of gas into the combustion chamber Increases 

(since the Interval of preheating AT"*^-/"J—TJ) increases. Since L 

Increases faster than 7»".  the effective efficiency of the TRD with 

an Increase in altitude increases (Pig. 13.^). 

"ya 

fyi       "   " — 

10 Pig.   13.^.     Effect   of  flight 
altitude  on the  efficiency 
and specific  flow of fuel 
of the TRD. 

IlitM H** 

An Increase in i), with respect to altitude can also be explained 

by a simultaneous increase in the total compression ratio TI and 

degree of preheating Ä« 
r\ 

of the working medium during the cycle 

(see Pigs. 9.13 and 9.1^). 

13.1.6.2.     Thrust Efficiency    (n<) . 

A  velocity  increase  in outflow from the  reactive  nozzle with 
fixed  flight speed  leads  to an increase  in  losses with exhaust 
velocity  and to a drop in thrust efficiency 

V 2V 
^+*l 

with  an increase In height.     The nearer the magnitude \\H  to unity, 
the   less  considerable  the effect  of the  increase  in c». 
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13.1.6.3.   Total Efficiency  (n.) . 

The  change in total efficiency depends on the  change in partial 

effluiency - its  factors: 

ilo «Vl»- 

Calculations show that at high values of tin the determining 

factor ia an increase in effective efficiency. Thus, with an 

increase in height the total efficiency of the TRD increases. This 

fact characterizes the improvement of economy of the engine with an 

in.'-rc'we in flight altitude. 

13.1.7. Specific Fuel Consumption 

Since at a fixed flight speed the specific fuel consumption is 

Inversely proportional to the total efficiency, i.e., 

"«lo  «lo 

then with an Increase in altitude up to Ä « 11 km, magnitude C 

is  continuously decreased  (see Pig.   13.10. 
yfl 

rui „uer ascent in altitude (when Ä > 11 km) does not have an 

ffcct on magnitude C 
Yfl 

An exception is those cases when there is 

worsening of combustion efficiency,  as a result  of which C      will 

increase,  since 

If   YcA 
tiuu 

S ^iolIi-Soyoe   " Avoi 1" M*SJi f eVi 

SSOO 
\ 

V 
V-3St  hn/h k« 

N 
^ 

■« 

2800 ^ 
/v > s 
^ ^ ^ s 

k 
1 

<M 
1 200Ü 

■^ ««> *s s 
^ d "T- 

mo N «^ "T" 
^ 
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•.•• 

7 1 ' 4 » 1 t n 1 ft '   fi -M 

Fig. 13.5. Altitude characteristic 
of the TRD Rolls-Royce "Avon." 

Figure 13.5. gives the altitude 

characteristic of the TRD Rolls- 

Royce "Avon." 
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TURBOJET  ENGINES  WITH   AFTERBURNERS.     RAMJET ENGINE; 
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CHAPTER     11 

METHODS  OP  THRUST AUGMENTATION 

1^.1.     Concept  of Thrust Augmentation 

Thrust augmentation Is called a short-term Increase In the 
i;nrust  of the engine.     Thrust augmentation Is used on takeoff - for 
the  reduction of takeoff distance In climbing and during the 

transition through the speed of sound - for the  fastest exit of the 
aircraft  at the calculated regime of flight,  at maximum speed in 
combat conditions — in pursuit of the enemy or withdrawal from him, 
and in the cruising regime of flight with the failure of one of the 

engines  - for the compensation of thrust losses of the power plant of 
the  aircraft as a whole. 

Forcing is also used for the compensation of thrust  (power) 
decay of a gas-turbine engine in unfavorable atmospheric condltionp.  - 
high temperature and low pressure of the external medium. 

Ik,2    Methods of Thrust Augmentation of 
Gas-Turbine Engines 

There are many different methods of thrust augmentation.    These 
are: 

1) forcing of the TRD with respect to number of revolutions; 

2) forcing of the TRD with respect to gas temperature in front 
of turbine; 
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3) Injection of water or special liquids Into the compressor; 

k)   Injection of water or special liquid;' Into Mi" corr.bu.:! ion 

chamber; 

5) bleed of air from the compressor into a special boost 

circuit in combination with water injection into the combustion 

chamber; 

6) additional combustion of fuel behind the turbine in the 

afterburner. 

Let us examine the essence and also the comparative merits and 

deficiencies of these methods. 

14.2.1.  Forcing of the Turbojet Engine with 
Respect to the Number of Revolutions 

The  foi'oing  of the  TED with  respect to  the  number of reoo lutions 

makes It possible briefly to Increase the thrust of the engine by 

15-20%  and more.  For this purpose in a number of engines there is 

provided the Introduction of a special, extreme (emergency), regime, 

the operation of which is permissible in exceptional oases Tor 2-3 

minutes. 

One must keep in mind that the forcing with such method leads 

to an increase in basic breaking stresses in the turbine blades 

proportional to the square of the number of revolutions and in the 

same degree increases the gas temperature in front of the turbine; 

this substantially lowers the strength of the basic strained element 

of the hot part of the engine - rotor blade of the turbine. 

Tn a number of cases in instructions on operation there is 

provided heat removal of the engine, which operated in the extreme 

regime. 
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:U.2.2. Forcing of the Turbine on Gas Temperature in 
Front of the Turbine 

The possibility of forcing TRD with reapeot  to gaa  temperature 
in front of the  turbine   (when n ■ const) for the reason mentioned 
above is also rather limited, and, furthermore, at such a method of 

forcing the introduction of an adjustable Jet nozzle is necessary. 

A short-term Increase in the temperature T*  of lOÜ, depending 

on peculiarities of the characteristic of the compressor, can 

InT' ase the thrust of the TRD 5-8$. 

14.2,3.  Injection of Easily Vaporizing 
Liquids into the Compressor 

The simplest method of considerable thrust augmentation of the 

THD is water Injection at the entrance Into the compressor (Fig. 

Ik.l). 

Fig. 14.1. TRD diagram with 
water Injection at the 
entrance Into the compres- 
sor. 

The physical essence of thrust augmentation by this method 

consists In the following: as a result of intensive heating in 

compressed hot air the water being Injected evaporates; for the 

transformation of 1 kg of water having a temperature of t ■ 100oC 
into water vapor with the same temperature heat equal to 539 kcal/kp 

is expended (so-called latent heat of vaporization). Under the 

action of intensive heat removal there is either a decrease in 

temperature of air entering In the compressor (If evaporation of 

the water Is accomplished mainly In front of the entrance Into 

compressor) or the approach of the polytroplc process of compression 

toward the isothermal (If the process of water Injection and 

evaporations Is accomplished along the whole air channel of the 

compressor). 
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As a result, with invariable work for driving the compressor, 

being determined by the number of its revolutions, the compn. jr.ion 

ratio TT* of the compressor increases (Fig. 1^.2), and, consequently, 

the gas pressure along the whole gas-air channel of the TRD increase 

This leads to a velocity increase in expiration from the nozzle, and 

consequently, specific thrust of the engine. Since the gas constant 

of water vapor is much greater than that in usual combustion 

products f/?Ho-- —= --=47,2 l^,!1" ), then this also increase:; the 
V     HH.O  18     kg-deg/ 

specific thrust. 

Fig. 14.2.  Effect of water injec- 
tion into the compressor on its 
compression ratio:  a) evaporation 
occurs at the entrance into the 
compressor; b) evaporation oceure 
along the air channel. 

One must also take into account tne considerable increase in 

the mass  of outflowing gas because of the Increase in tne air mass 

and addition of mass of water being injected.  All this Increases 

thrust of the TF'J. 

In practice the method of water injection has the following 

essential deficiencies. 

1. As a result the small time of stay of the water in the 

gas-turbine channel of the engine (about 1/100 j), it does not 

evaporate.  Thus, for instance, in a centrifugal compressor it 

evaporates under standard atmospheric conditions, at the best, not 

more than i/2, and In the axial compressor - not more than 1/3 of the 

water being injected, the relative quantity of which does not exceed 

2-i%,   i.e., 

5.n« - J,f*H  = 0.02 -H 0,03. 
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?.  In standard test bench conditions only a very small quantity 

of water evaporates at the entrance into the compressor (r7„..M.i~'0125';(/). 

In the exhaust section of the compressor about 5%  of the water can 

he evaporated. 

3.  The effect of even well atomized particles of water on 

blades of the compressor leads to erosion of the blade.  Steel blades 

are considerably less subjected to this form of mechanical effect. 

'i,    Finally, in certain cases there appears the danger of 

jimming of rotor blades of the compressor in housing of the compressor 

cooled from the peripheral flow of water. 

With an increase in the temperature of the surrounding medium 

^operation of the TRD in tropical conditions), and also with an 

Increase in flight speed, the beneficial effect of water injection 

on thrust increases. It is equivalent to the result obtained with 

an Increase in the reduced revolutions of the engine. 

One should keep in mind that water injection into the compressor 

leads to a lowering of gas temperature in front of the turbine 

Ulow of gas through the turbine increases faster than the rate of 

air flow through the compressor), as a result of which the thrust of 

the TRD (or power of the turboprop engine) can decrease.  To maintain 

T* =  const, it is necessary with water injection to cover the Jet 

nozzle of the TRD or "load" propeller of the turboprop engine, 

(I.e., increase the angle of incidence of blades of the propeller $). 

In order to avoid the need to install additional regulating and fuel- 

feed equipment (which complicates the construction and operation of 

the engine and increases its weight), it Is expedient to inject Into 

the compressor not pure water but, for example, water-alcohol (water- 

metanoic) mixture in a ratio of .■"»'•«". a» —. 

At equal realtlve quantities of injected liquid, the water- 

metanolc mixture provides less increase in thrust than does pure 

water (when Goo,w=0,0i   and /II=+55
0
C , respectively, we have 7?M-„'»I,20 
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and flu or-l.2'>).    However, operational properties of the wator-motanolo 
mixture aro more  favorable as  a result of the low temperature of 
free:: inf. 

Experimental  Invest lt:ations  of water Injection  In compressors 
of aircraft  gas  turbines,   conducted abroad ami  In  the  '';\0R,   rhow^J 
that  wlien   ^„„„j-O.O.I   and  Cy^^i.O  (I.e., with a triple  increase  In  fuel 
and liquid  consumption)  the Increase  In thrust  Is   from  3  to  PSX. 
Le;--s  values  of the  Increase  In  thrust   refer to the iluct-.-.i-f n   ,1ft 

eu.-iv.e,  and maximum values  - to  the turbopror engine.     With  a  quin- 
tuple  increase  in  fuel and water  consumption the   Incrt-ase   In  thrust 
In  a  TH?  and  TVD can be   jO-.^T  and  more (dependln - on  magnitude   ?•). 

At  present water injection  is successfully used in a number uT 
soi'ial  engines:     THb Fratt-Whltney JT-U-11,  ducted-fan ,!et   er.rlne 
Holls-Koyce  "Spey,"  turboprop engine  Rolls-Royce  "TyneM and  the 
AI - .N . 

lk.2tk.    Injection Kaslly Evaporated Liquid.-,  in the 
(.'ombustion Chamber of the Turbojet  Enrlne 

Tc  intensify the evaporation.  It   Js expedient   to  Inject   n watej 
:r water-netanolc  mixture Aiveatly  into  the tonbuation  shcflcr of 

•.:-,e  ruriej.-*   en.'lne   :"1(-.   1^.3). 

Fit";.  11.3.    : lagram of a 
THP wltb. water  Injection 
into the  corabuJtlor 
chamber. 

rnsl. 

physical essence of the Increase in thrust wltti Uu- 

-. of easily evaporating liquid into the eoml.uatlon chamber 

In the Increase In the exhaust pulse of ^anca with a 

.iraneous decrease in th«1 entrance pulse of t v  air. 

? :vc ■< e 

Actually, water injection into the combustion chamber with a 
r.ozzle box assembly of the turbine produces a throttling ;" 
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action on the operation of the compressor. The regime point of th* 

compressor is displaced in the direction of a decrease in the air 

flow nearer to the limit of surging.  In this case, depending on 

peculiarities of the characteristic of the compressor, Its compression 

ratio somewhat increases. 

The exhaust pulse increases as a result of an increase in the 

total mass of outflowing gas, and also as a result of an increase 

in the gas < unstant. The quantity of liquid injected into the com- 

t n: 'Jen chamber Is United by the allowable reserve of the compressor 

with respect to surging. The conducted investigations show that, for 

a TRD with an axial-flow compressor with optimum water Teed into 

the  combustion chamber equal to OMaH/OMM*0,l6, Ho* of u,< ^ir 

through the compressor is lowered 51, and the gas flow through th- 

turbine increases 10ft; * increases from 4.0 to <t.65; the marnltudc 

of thrust of the TRD in this case reaches 35ft. 

If we take into account the practically total evaporation of the 

entire water being Injected into the combustion chamber, then it 

turns out that in this case the relative flow of water at an equal 

.'nrr.T.ic in thrust Is little distinguished from the corresponding 

i low In the ease of water Injection at the entrance into the 

compressor. However, with the usual small reserves with respect to 

surging of the compressor an increase in thrust of the TRP of mc.ro 

than 15-201 Is hardly possible. 

14.?.5. Injection of Easily Evaporating 
Liquids into the Combustion Chamber 

in Combination with the 
Overflow of Mir from 

the Compressor 

The degree of forcing of the TRD can be considerably increased 

if the injection of water Into the combustion chamber is combined 

with the overflow of air from the compressor in a special high- 

temperature afterburner equipped with a Jet nozzle (Pig. 14.<t).  It 

In obviour that in this case the afterburner of part of the air from 

the compressor compensates the additional feed of liquid into the 

329 



oombuatlon chamber, eliminating the danger of the appearance of 

.•'ir.Mnf.  Compressed air, belnc tapped Into i spnolal afterburner, 

'. .• lued for the additional fuel comhur.tlon, :i.-   a   ■■■■.-.i\'      r  wh.l ■'•i wi 

the outflow of pases from the nozzle considerable additional thrust 

1? created.  To turn off the boost circuit In usual rep.imes of 

operation a special bypass valve is used. 

Pig. 14.i). Diagram of the 
TRU with water injecl Inn 
into the combustion chamber 
and bleed of air from the 
compressor Into the boost 
circuit. 

One must keep in rrd.nd that the boost circuit substantially 

(i'^-^Dt) Increases the weight of the power plant :ind al. ■■' ir,s 

external drag. 

lU.^.u. Additionax Fuel Combustlun u 
Turbine in the Afterburner 

, ] .ud Lhe 

The physical essence of thrust augmentation with additional 

fuel combustion behind the turbine (Fig. 1^.5) consists In the 

increase in velocity of gas outflow from the jet nozzle, which will 

be greater, the higher the ga;? temperature at the exit from the 

afterburner. 

Since In the turbine part of the engine mobile elements1 are 

absent, then the gas temperature in this part of the TRD, as a reBu'M 

of afterburning, can be brought up to a very high level; the latter 

is determined by complete use of an oxldizer, which is contained in 

combustion products entering from the turbine.  The maximum valve 

of this temperature can reach 2000oK and more. 

To maintain the constant regime of operatio,. of the turbocom- 

pressor with the switching on and off of the afterburner, the engine 

'With the exception of adjustable fold of the nozzle. 
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muol be provided with a Jet nozzle with an adjustable  critical 
section. 

The high  values  of the temperature  of forcing predetermines   the 

high  degree of forcing, which in  comparison with  other methodr.  of 
the  Increase  in thrust with equal relative  fuel consumption or 
liquid  flow,  proves  to be the greatest.     Actually,  the  double  IncrcaL 
In  temperatures  of outflowing gases  Increases the test  bench  thrunt. 
of the TRD by  approximately H0%  and even more in  flight. 

The great experience in the creation of afterburners of the TRD 
i-howr.   that with an increase in thrust of the TRD of >)0-50% the 

specific weight of the engine,  due to  an increase  in weight  of  the 

construction,  is  reduced only 10-20%. 

Pig.   1^.5.    Diagram of a TRD 
with  an afterburner. 

1^.3.     Comparison of Various Methods of Forcing 

The  considerable Increase in thrust with a simultaneous  decrease 
in specific weight and specific  frontal  surface of the engine 
predetermined the preferential and very wide distribution of the 
method of  forcing of thrust by means  of afterburning of  fuel  behind 
the turbine. 

Water injection at the entrance into the compressor has  received 
considerable  development  in turboprop engines, whose  use of after- 
burners  is  not  effective. 

Figure  1^.6a and b gives dependences of the degree of increase 
in thrust on the relative flow of additional liquid or fuel  for 

various methods  of thrust  augmentation of the TRD,   respectively, 
on the  stand  (//-0; Mo-0)   and in  flight'(//=. 11 and M0  =  1.5). 
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iZ3l5t18   9  iO h 12 Cr 

t   2   J. k   S   S   7   3   9   10 11 ft ft 
b) 

Pip;,   lh.6.     Comparison of 
effpctlveneer  of various 
Tiothcir,  of   forr-lnr of thrunt 
of  th^   ■■'WI':      -, )      n   •.   tr r;t 
.'land  //=();;•;     =;:);! ) 
in  flight   (// =   11  km; 
M0  =  1.'.).     1   - afterburnlnn; 
of  furl behind the turbine; 
2   - injection of water at 
the entranco  into the com- 
pressor;   3  - rocket  boosters; 
^   - air overflow;   ',   - water 
Injection  Into  the  combuatlon 
chamber. 
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CHATTER    l'> 

TURBOJET ENaiNE5 WITH  APTKRHURNER?   (TRPF^ 

;. t'-.e first stage of development of turbojet er.fflne?,  thi 

aroint- of the TRP by means of the additional  combustion o:* fuel 
. v.ind the turbine was used as a means of a short-tt»rm Increase In 

At  present  for many TRD the forcing regime  Is the» laeic* froöcee 

."f operation of the engine.    It  Is  used as a prolonred or even 
vV^n.^tant means of Increasing the specific and total thrust   ^for the 
purpose of increasing the maximum flight speed)  and lowering the 

r-w'lflJ i#i-»lfht. 

5uch a TRI'F should be examined as special type of engine 
iv^essing Important distinctions  from the TRf with respeot  to It. 

ti.ermodynanle properties and operational characteristics. 

15.1.    Feculiarity of the Vorklng frocesg of the 
Turbojet Engine with Afterburner 

Figure 1^.1 shows a schematic diagram of a turbojet engine with 
ar. afterburner (TRDF);  it  is distinguished from the scheme cf the 
standard TR? by a hot turbine part, which consists of a: 

a> diffuser; 

b> afterburner; 

c? adjustable Jet nozzle. 

333 



Flg. 15.1.  Dlat'ram of a TRDP. 

The diffuser Is Intended for decreaslr.i'; the M number of the 

flow of gas entering Into combustion chamber.  The !• :v th»; X number 

"f flow, the less the hydraulic and thermal losses oV  total pf'.-,:-iir" 

In i-ne afterburner and the higher the maximum posslbl--1 degree of 

heating of the pas.  Furthermor«?, the less  th«.' M number of fluw, Cat 

easier it la to provide a steady and complt.'te coribur.tloti of fuel In 

th«- chamber of assigned length.  However, ;i lowrln,- - :' M number fit 

the entrance Into the afterburner lower than values ',., ,- .:"j 

Is Irrational on account of the fact that this will ica.i lo  ;i 

conslderaill-j Increase In thi) external diameter of the afterburner. 

'IV. „'.ar.t .-!■ I.: ; jyil . :;-l,al tube, incld. .-.,.;.■!; :■■:<:■■■ [r^   J "'.-l 

collectors with sprayers, special Igniters and stabilizers art? 

Installed; the purpose of the stabilizers is to create i powerful 

steady source of continuous ignition of fuel-'ili mixture; they are 

Installed in the immediate proximity of the sprayer (slightly behind 

them If wt- lock in the direction of flow). 

There are various types of flame stabilizers (Fig, 10.,').  The 

simplest and most widespread of them is the corner, curved In the 

Torn of a ring or of part (segment) of a ring. 

The stabilizers are installed net in one section uf the chamber; 

they are displaced relative to one another along the gas channel of 

ihv  afterburner, and their number is selected so that the dlspersinf?: 

turbulent tracks, in which combustion of the fuel occurs intensively, 

cover the whole mass of gas and reach the walls of the afterburner 

at as less a distance as possible from the frontal device.  This 

makes It possible to reduce in reasonable limits the length and 

weight of the afterburner and also limit the so-called "blockage" 

of the chamber and, consequently, decrease the hydraulic resistances 

of the frontal device (Fig. 15.3). 
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Pig. 15.3. 

Fig. 15.2. Different types of flame stabilizers: 
1 - "basket"j 2 - aerodynamic stabilizer; 3 - sta- 
bilizer with "attendant"^ source of Ignition; ^ - 
V-shaped stabilizers. 

•[Translator's Note. This term Is used In 
abstract form.] 

Pig. 15.3. Dependence of the length of the after- 
burner on the  number of stabilizers. 

-n, ^e ire known numerous attempts to use revolving blades or 

the turbine (blades of the rotor wheel) as stabilizing devices). 

For this purpose the boost fuel Is Injected directly In front of the 

nozzle box assembly of the turbine. Since for the preparation of the 

chemical reaction of combustion known time (so-called "Induction 

period") Is necessary, that again the formed fuel-air mixture before 

its Ignition manages to flow through stages of the turbine, and the 

front of the flame appears In turbulent tracks behind the revolving 

operating wheel. 

One of the deficiencies of the described method Is the reduced 

stability of combustion at great altitudes, which leads to flameout. 

As a result of the high degrees of preheating and relatively 

great blockage of the cross section of flow, the coefficient of 

conservation of total pressure of the afterburner is lower than that 
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In the main combustion chamber; on the average It varies within 
limits 

•♦■--0.85-1-0.95. 

The efficiency of combustion in the afterburner due to  reduced 
gas pressure  Is also less than that  In the main chamber and  varies 
for altitude conditions within limits 

(*l<<-0.86-i-0,92: on the test stand  (^„^0,94-r0,96. 

The Jet  nozzle of the TRDF Is made with an adJuötabU;  critical 
section. 

Prom the transformed equation (7.1^) of the Joint operation cf 
turbine and Jet nozzle of the TRDP 

It  follows that the drop In pressures  on the turbine and,  consequently, 
operating regime of the turbocompressor, lo maintained constant when 
the area of critical section of the Jet nozzle changes directly 
proportional  to the  square root of gas   temperature  at   nho <xlt   from 
the chamber,  I.e., 

U-VfZ. (15.1) 

In several designs of the TRDF Inclusion of an afterburner with 
a fixed position of the Jet nozzle Is  provided.    The  Inevitable 
Increase In counterpressure behind the turbine, which In this  case 
begins, displaces the regime point of the compressor along Its pressure 
characteristic nearer to the limit of surging,  Increasing values of 
parameters «^ and r.; ultimately the degree of forcing of the TRD 
very greatly Increases.    Such a method of controlling the parameters 
and thrust of the TRDF Is called thermal oontrol  (In contrast  to 
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meahanioal oontrol  by an adjustable critical section of the Jet 

15.1.1.  Real Cycle of the Turbojet Engine with 
Afterburner 

earlier, in Chapter ft, we noted that the use of the ideal rye If 

p  ■ const with stepped heat feed worsens the thermal efficiency. 
This is explained by the fact that the heat feed in the additional 

"boo^t* cycle is always accomplished at a lower pressure than that 

'n i.c main cycle (Pig. 15.la). 

Fig. 15.1. Ideal cycle of the TRDP: a) on 
a test stand*, b) in flight at supersonic 
speed. 

The lowering of thermal efficiency leads to a worsening of 

effective efficiency of the real cycle and to an increan-. In r.pciri ; 

fuel consumption on the test stand and in flight with moderate 

speeds. 

In flight with great supersonic spocd, the inclusion of an 

afterburner serves as a means of not only thrust augmentation but 

also improvement of the economy of the engine, i.e., lowering of 

specific fuel consumption. 

Actually, at great supersonic M numbers, the effective efficiency 

of the cycle of the TRD drops as a result of the excessive incpeaar 

in the compression ratio and increase in hydraulic losses connected 

with It in processes of crmj  rsion and expansion (see Fig. 15.lb). 
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Effective efficiency of the cycle of the TRDP, because of the high 

Jetrree of preheating of the working medium at precisely these speeds, 

roaches very high values (Fig. l?.5a).  A sharp Increase in of fee1" 1 

efficiency leads to an increase in total efficiency and to a relativ- 

lowering of specific fuel consumption of the engine with inclusion of 

the afterburner (see Pig. 15.5b). 

% 

ft>4«(r9*-JMI*K) 

i      tj   4»        *. 

Fig.   15.5.     Comparison of 
effective efficiency   (a)  and 
r...   (b)   for the TRD  [TP^]  and 
yfl 

TRDF [TPA*1 on a test 
and in flight. 

stand 

15.1.J. Determination of the Velocity of Outflow from 
the Jet Nozzle of a Turbojet Engine with 

Afterburner 

The velocity of expiration from the Jet nor.zle of a TRDF is 

ieter;alned by formula 

'-"/^'-x^'it)'! (15.2) 

If we neglect the relatively small drop in pressure in the 

afterburner, the velocity of outflow of gas from the Jet nozzle of 

the engine will be proportional to the square root of the temperature 

of forcing, I.e. 

?-/£• (15.3) 
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The Increase In temperature at the exit from the chamber Is two 

times (from 1000oK to 2000oK) leads to an Increase In velocity of 

outflow and thrust of the TRDP of approximately H0%. 

15.2. Effect of Parameters of the Working Process on 
Specific Parameters of the TRDF 

Let us examine how parameters of the working process of the 

TRDF - ratio of compression of the compressor, gas temperature in 

front of the turbine and gas temperature at the exit from the after- 

burner - affect the specific parameters of the TRDF {R and c      .). 
yA.v yA'Q 

15.2.1. Effect of Ratio of Compression of the 
Compressor on Ä „ . 

Let MQ > 1.0.  At a compression ratio of the compressor equal 

to unity, the TRDF "degenerates" into a ramjet engine with several 

values of specific thrust and specific fuel consumption. With an 

Increase in the compression ratio of the compressor and at a constant 

gas temperature at the exit from the chamber the pressure behind the 

turbine will Increase; consequently, the velocity of outflow of gas 

from the Jet nozzle 

^y^H^i 
will also grow. It is obvious that the velocity increase in outflow 

from the nozzle will occur until gas pressure behind the turbine 
* 

Pn  reaches a maximum. 

Let us call the value IT to which corresponds the maximum of 

the total pressure behind the turbine and maximum of specific thrust 

the optimum  value. 

With further growth in it    (above the optimum value), in 

accordance with the drop In pf, the specific thrust of the TRDF 

continuously drops. Figure 15.6 gives the change in total pressure 
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behind the turbine and specific thrust of the TRDF depending on »• 

(or on «•). 

P 'Sift 

Pig. 15.6, Effect of parameter •• of 

the compressor on total pressure behind 
the turbine and specific thrust of the 
TRDF [TPA*]. 

15.2.1.1. Determination of Optimum 
Compression Ratio of the Compressor 
of the Turbojet Engine with Afterh urner. 

Let us write equation of balance of works of the turbocompressor 

of the TRDF 

*•-*. 

or 

*4#-']*-'*4-{#] 
Now let us  find 

••-•      _. 

i-^l'-iky-\ AT 
(15.1) 

where 

'-.7:£« (15.5) 

3^0 
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Let us Introduce the assumptions: 

Then we obtain 

^ AS 
(|.)".4-^1-^1. 

Let us Investigate function (15*6) 

'.•-^■-/K) 

for a maximum. 

We have 

Z-M-M'-^l 
whence after simple conversions we find 

.•      m d±i - —:  (15.7) 

Formula (15.7) was first obtained by A. M. Lyul'ka. 

Thus, the optimum ratio of compression of the compressor at 

which the available drop in pressures of the turbocompressor pff/r? 

and, consequently, and specific thrust of TRDF reach a maximum value 

1« greater, the higher the gas temperature in front of the turbine, 

the greater the altitude of flight ff, the less the M0 number of 

flight, and the higher the efficiency of the turbocompressor nJv 
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It is easy to show that the optimum compression ratio of the 

compressor of the TRDF is substantially more than that in the 

compressor of the TRD.  Actually, with an increase in ir* when f- = H      i 
"  const the total pressure behind the turbine of the TRD and TRDP 

changes according to the same law (see Pig. 15.8).  The stagnation 

gas temperature behind turbine of the TRD (JV) continuously drops, 

whereas for the TRDP magnitude TV  = con t.  Consequently, the drop 

in specific thrust of the TRD comes earlier, i.e., at less values of 

n» (Pig. 15.7). 
K 

3» 3/-const; M#-0 

/C 
^"V^*«* 

S^7-^    N. r 
'  W»0pl «KDpl 

Pig. 15.7.  Effect of TT» on 
H 

specific thrust of the TRD 
[TPA] and TRDP [TPA*]. 

TPA9 
H-0; A\-0 

Pig. 15.8. Nomogram for determination of 
total gas parameters behind the turbine of 
the TRDF [TPA*] for test bench conditions. 

It is convenient to produce a determination of parameters pj. and 

Tii  for a TRD for bench conditions with the help of a nomogram 

(Pig. 15.8). 

3*2 



^1 I '■ «■ 

Figure 15.9 gives comparative curves of the change in optimum 

compression ratio of the TRD (a) and TRDP (b) in flight (fl = 11 km) 

\ 
TPÜV ~ H- ttxM "1 A 

* 
ni-Witf-w 

k 
V 
\ 
\ 

P T,'-mO'K 

k \!V ^ISOO 

\ vsuM 
k vX\' woo 
\ xX^ 

k \ e 1 m 5s ^ 
r-: 

-A 
H,    ' 0      I      t      3       ♦  J M, 

a) a        
b) 

Fig. 15.9. Effect of T- on «;,„,,„ for the 

TRD [TPA] and TRDF [TPA*]. 

Values «;,«,„ when r^-isoCK. n',-0.90 and nI-0.85 are given in 

Table 15.1. 

Table 15.1. 
^~——^Jfype of ensine 

Conditions of       ~-^^^ 
flight                             --J 

TPA TP.10 

Mo-0.9; H-W KM "« (npt»^7,5 '.8,0 

M0=-2,0; //«It «Ji "B (Opt)"2,0 6.0 
 : ! 

15.2.1.2. Determination of the Range 
of Expedient Use of the TRDF on the 
Compression Ratio of the Compressor. 

Let us now find values of TI* at which the effectlveress of the 
K 

TRDF on specific thrust is equalized with the effectiveness of the 

ramjet engine. 

3^3 



By comparing expressions for velocities of outflow of gas from 
the Jet nozzle of the TRDP 

f r Lili 

and ramjet engine 

(b) '..n-P^fj/^rJ ji-^)* j 

it Is easy to conclude that under the condition of the equality of 

maximum cycle temperatures of the ramjet engine and TRDF, I.e., when 
r3(nBpji)=''*«(TPa»)' the velocity of outflow from the Jet nozzles are 

equalized when P3(n!ipa)-/'*KTPji») or v1  ■ p^ (assuming that v^nnp;,) ^V. )■ 

Thus, the TRDF is more effective than the ramjet engine with 

respect to specific thrust in the region, where (^J//»J)>l,o (see 

Pig. 15.6). 

Let us find the correlation between parameters of gas (rj:a*) 

and flight (MQ) for which condition (;»J/;»I)" 1.0 Is fulfilled. 

Having substituted in expression (15.6) (yj/^l)^'. we obtain 

(taking for simplicity Ve"') 

•:(-^)-. 

or 

(O'-M+D^-a (15.p) 

Equation (15.8) has two roots: 

•Id)"•'   and  •M«'"^ 

or 
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«.oi-• and »l^-A** (IS!') 

When <-i the TRDP "degenerates" Into a ramjet engine; when 

»I -A**   the specific thrust of TRDF and ramjet engine arc- equall-ed, 

and, consequently, the use of TRDF proves to be Irrational. 

Thus, It Is rational to use the TRDF In the rang« of valuo? 

P om expression (15.9) recorded In the form 

H.O.»M«~£-**-. (15.lt) 

It Is easy to determine the limiting M- number of flight  for the 
u g 

rational use of the TRDF.    With an Increase In 7", and with   i decrease 
In «J, magnitude M0/m|lx»  continuously Increases  (Fig.  15.10). 
FltcUy, having substituted Into expression  (5.10) value «• ■ 1, 
value M0^ratxj can be found, beginning from which the uae of the TRPF 
Is generally Inexpedient. 

Vl'PV 

Flg.   15.10.     Effect   of n   • 
t K 

and 7*^ on Unit of nMrr.al 
use of the  TRDF with rt-apect 
to M0 number. 



Figure 15.11 and Table 15.2 give data characterizing the 

regularity of the  change  in Mn,       .   depending on IT-. 

noo 

mo 

HO0 

1000 

Fig.   15.11.     Effect  of IL  on 
5 

the  region  of rational use 
of the TRDF   [TPA*]  and 
ramjet  engine on  the Mr 
number. 0 

Table 15.2. 

rj. »K 1000 1200 H0O IfOO 

M0(imi) 3.S5 *.o 4.40 4,SO 

15.2.2.     Effect of Parameters  of the Working 
Process   (T*;  n»)  on the Total  Relative 

Fuel  Consumption (/«TI)  of the 
TRDF 

Let us examine the effect of parameters of the working proc<=3£ 

(T*. anJ IT«) on the total relative fuel consumption (»«t«) of the TrDl 
i           K 

Let ua assume that the following are assigned and are fixed: 

1) gas temperature at the exit from Tf  afterburner; 

2) temperature of completely stagnant flow of air In front of 

the enrlne T*. 
H 

Let us write the equation of energy of flow for sections "H" 

and "H" (Fig. 15.1) of the TRDF: 

/•» - /. ~ Ai., - AL, + f... + ♦♦.,. (15.11) 
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Since 

Lt—L,;   i*^con$\  and /n^const, 

th.->n 

7!=?..e !-7.>k=const. 

Conroquently, 

«»Ti —m,(,.,)-}-mt(^)^~=consl, a . 1, 

Thus, the total quantity of heat fed to 1 kp of air ripper..ir  :.i 

on parameters T*   (i.e., M0 and H)  and T*,  but it doe:- not depend : •' 

the compression ratio of the compressor and gas tempt'ratur< 1M ;>. nt 

of the turbine, i.e., 

w»ix=/irj: Tl). 

Physically this regularity is thus explained. With an increase in 

'■'' '•}"? air temperature at the exit of the compressor increases, the 

Interval of preheating in the main combustion chamber (T.-T,,) is 

decreased, and, consequently, q        Is reduced; however, the increai"'-' 
H • C 

in work of the compressor and turbine (L ■ i ) leads to a 

proportional drop in gas temperature behind the turbine and to an 

increaie in the interval of preheating of the jras In the chamber 

(f^.-r^).  Thus, magnitude <?. K increases.  The total quantity of 

heat fed into the two chambers of th^ engine for 1 kg of gas does 

not change. 

• 
Similarly it is possible to show that qv  depends on T?. 

» l i 

Actually, with an increase in 7, q        increases, and simultaneously 
• J  K . C 

T,,  increases; and this means that q.      decreases. The total 

quantity of heat q-  remains constant. 
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15.2.2.1.     Effect  of TT» on C      H —    yfl. 

From formula 

CyA.« = 3600 

It follows that the specific fuel consumption of the TRDF changes 

back In proportion to the specific thrust, since mT: -const.  Thus, 

curve Cya,^—/(n*) is as though it were a mirror image of the curve of 

specific thrust (Fig. 15.12).  The optimum compression ratio of the 

compressor (at which the specific thrust reaches a maximum) coincide! 

with the economic compression ratio (at which the specific fuel 

consumption takes a minimum value), i.e., 

_•    • 
"«(opt) —•'«(«<)• 

Cyj^j^yjy 

v. 
w TPÜV 

A 
'yjVN V 

" it opt 

Fig. 15.12.  Effect of 
TT* on specific param- 

eters of the TRDF [TPA*] 

15.2.2.2.  Effect of T0 on R       ,   and C 
     3 —    yfl.0      yfl.* 

With an Increase in the gas  temperature in front  of the  turbine 
and at  other  constants  conditions,   the total pressure  and  temperature 

of the gas behind the turbine Increase.     At a constant temperature 
* 

of forcing the  Increase In p^  leads  to a continuous increase  in 
specific  thrust  of the TRDF.     Since  the  temperature  change  of the 

ft 
gas  r^ when IVL  =  const and T* ■  const  does  not  have an effect  on the 

jj u it) 
relative  fuel   consumption.  I.e.,   mTi = coiist, then ultimately the 
specific  fuel  consumption of the TRDF 
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Äyl.« fy«^ 

Is continuously lowered  (Fig.  15.13). 

gW»''*»I» Fig.   15.13.     Effect  of r^ on 
specific parameters of the 
TRDP  [TPA*]. 

'3 min 

15.2.2,3.    Effect of Forcing Temperature 
f* on ff n   .   and ff      .. 4)    yfl.^    yfl.0 

With an Increase In the forcing temperature of the engine, tho 

specific thrust and also relative fuel consumption «ifi increase. 

The specific fuel consumption will change differently, depending on 

region of M0 numbers of flight In which there Is forcing of th^ TRD. 

Thus, for Instance, on the test stand and at subsonic flight 

speeds, one specific fuel consumption Increases with an increase in 

T*;  at moderate supersonic flight speeds C can remain constant; 

at high supersonic flight speeds (Mn > 3.0) the specific fuel 

consumption of the TRDP is lowered (Pig. 15.1^). 

•yi* rpav] 

N^AV*^ 

V V 

Fig. 15.14.  Effect of T* 

on specific fuel consump- 
tion of the TRDP [TPA*]. 

Actually, at a great inlet pulse, when the specific thrust of 

the initial TRD is small, an Increase in T*  leads to an accelerated 
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^v 

Increase in specific thrust of the engine In comparison with the 

relative fuel consumption.  On the test stand an increase in P. 

always lags the increase in /nTr. 

15.2.3. Determination of Maximum Possible Gas 
Temperature In the Afterburner 

The highest possible gas temperature in the afterburner is 

determined by the stolchlometrlc mixture ratio, i.e., the value of 

the total coefficient of air surplus equal to unity. 

Let us write energy equation of the flow for sections "H" and 

"V of the TRDF: 

Ut-ll^ALt-Am-q^qi, C15.] la) 

tu 
where q^ --'-— total quantity of heat fed to the main combustion 

chamber and afterburner. 

Thus, 

a,/o ^-/:=-!£?■. (15.13) 

Let us substitute into expression (15.13) value aT  = 1, 

Then we obtain 

b-Mt+c. (15.i^o 
«0 

Assuming for simplicity that Cp^^Cp^^Cp, we obtain 

To,««,=.7*: !-*&-. (15.15) 
tplo 

From  expression (15.15) It follows that the higher the maximum 
possible gas temperature in the chamber, the greater the flight speed. 
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It Is characteristic that magnitude ^„„.j, does not at all depend on 

value a in the main chamber. 

15.3.  Peculiarities of Altitude-High-Speed 
Characteristics of the Turbojet 

Engine with Afterburner 

Program of control of the TRDF for maximum thrust. 

The program of control of single-shaft TRDF for maximum thrust 

Inclndea the following conditions: 

1) n=nmt^consU 

2) r»«= fa(■»«) «const; 

3) 7^=7^ tm„)= const. 

15.3.1.  Control of Fuel Feed into the Afterburner 

In connection with the need to maintain constant gas temperature 

at the exit from the chamber with respect to speed and altitude of 

flight, the question arises about the rational basis of principles of 

control of parameters of the gas-air channel, which provides 7" J,-const 

at a constant critical section of the Jet nozzle.  Such a principle 

is the automatic sustaining of constant drop in pressures on the 

turbine, i.e., u* » const, with the feed of fuel into the afterburner. 

Actually, thermal control of the engine, appearing when T*  = var 

and fn  ■ const, is equivalent in its action to the mechanical control 
of the critical section of the Jet nozzle (/V = var) for the TRD. 

It leads to a change in regimes of operation of the compressor and 

turbine and also a drop in pressures on the turbine (see equation 

7.14a). 

It is obvious that the conservation of .-t*-const can be the 

result of only such a law- of fuel feed at which 7"^"const. 
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15.3.2.     High-Speed Characteristic cf the Turbojet 
Engine with Afterburner 

With  an Increase In  the   flight  jpeed  the .-.j-•; I fl c   ■.;.:■..■    .f • .'.< 
THDF 

*,4-K 
V* = 

falls;  however,  as  a result of high  velocities of gas  expiration, 
Its  drop occurs substantially more slowly than that  of the  TF<D.     The 
regularity  of the change In air  flow with  respect   to   flight  speed 

for the TRDF and TRD coincides.     As  a result the total   thrurt  of the 
TRD with  an   Increase In  V In the beginning changes   little,   and  th«-n 
Increases  very  considerably;  only  in the region of high Kf) number., 
does  the thrust sharply drop, approaching zero. 

Figure  15.15 gives comparative high-speed characteristics  of the 
TRDF with an  included and excluded  afterburner.     We gee that   !n  the 
whole  range  of M0 numbers   (velocities)  of flight  the  thrust  of the 
TRDF is  considerably more than the  thrust of the TRP. 

TP49     j     1 Pig.  15.15.    High-speed  char- 
acteristics of thrust  with 
excluded  (TRD)   [TP/l]  and 
included  (TRDF)  ITPAOJ  after- 
burner. 

The specific  fuel consumption of the TRDF 

C.1(* =.3600 —*- - 8.43 -£— 
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wK i .-.n Increase in the flight speed Increases; however at nupersonl 
flight speeds a sharp Increase of the effective and, ccnsequontly, 
^otai efficiency can even lead to a certain "local"* lowering of C 

rPlt5.  Ir.l6). 
yA*$ 

Pig.   15.16.     Effect of flight 
speed on the total efficiency 
and specific  fuel consumption 
of the TRD [TPA] and TRDP 
[TPA«]. 

Plgure 15.16 gives comparative rugularlties of th<   changes   In 
total efficiency and specific fuel consumption of the TRHP with the 
Included and excluded afterburner.    If on the test stand and at; 
subsonic flight speeds the TRD is more economic than the TRDP,  then 
at rreiter M,, numbers of flight (M0 > 3.0) the specific  fuel 
consumption of the TRDP becomes less than that of the TRD. 

15.3.3.    Peculiarities of Altitude Characteristic.-. 
of the TRDP 

Altitude characteristics of the TRDP with a program of control 
for maximum thrust in practice are no different  from charact^rlmlcR 
of the TRD.    With an increase in altitude the thrust of the TRDP 
continuously drops; at altitudes greater than 11 km, the drop in 
thrust is more rapid, and it obeys the regularity 

As regards the specific fuel consumption, the latter with an 
Increase in altitude is reduced, up to If ■ 11 km; a further ascent  in 
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altitude leads to a worsening of the economy of the engine only In 

the case of a decrease in combustion efficiency. 

15. 3.'*.  Degree of Forcing of Thrust 

The degree  of foroing of thrust  of the TRDF Is called the ratio 
of forced thrust to the Initial nonforced thrust of the engine, i.e.. 

*♦■ (15- - J 

If with the switching on of the afterburner the regime of 

operation of the turbocompressor and, consequently, flow of air throuph 

the engine, remain constant, then 

3> _ ^♦_**»-y 

(15.17) 

Let   the degree of forcing of the TRDF in test bench  coridltions 

be equal   to 

AW (15.18) 

and  let  .-»t all  speeds and altitudes of flight  rI=-consl  (since rJ«consl 
and  n   ronsi) and  T«^«* const. 

Ttien 

(15.19) 

Having substituted in expression (15.17) the value c^ from 
equation  (15.19)» we obtain 

».-%^ 
(15.20) 
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or 

??♦= 

,,. V 
^♦(0) — 

<% 
V 

1 — 
es 

(15.21) 1 

Prom equation (15.21) it follows that with an increase In 

flight speed the degree of forcing of the engine continuously 

increases from fl^o) to infinity, since ratio V/o,.  increases from zero 

T:O ur.Uy (Fig. 15-17). 

«• -1 

'.« 

M i 

/ 

t« / 
^ 

# Ai 
^ 

'." 

fA L 
0    0,1    Ofi    45   o,s   v 

Fig.  15.17. 
ter 

Effect of parame- 
V/or- on the degree of 5 

forcing of thrust. 

Vüth  an  Increase in altitude  of flight when V =  const  the  degree 
of forcing Is   continuously  decreased,  since ratio  V/o,-  is   lowered. 
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C H  A P T  E  K     16 

RAMJET  ENGINES 

16.1.     Deslcns   and Typeg   of Ramjet   Knrjne:- 

Thori- arf  the   following basic  types  of ramJtM   i'nrlnc;;:     .•..-■.■'■...;■ 
supersonia,   and  hypcvsonia   (Fip.   16.la,   b,   c). 

Th.e  . v,'        ' •    :'"'\" ■*   ■ ^■■•'\<   iz   a  ramjet  en ; lulr-f'   i ■..■!»'.   -i 

subsonle  (diverging)   diffuser and subsonic   (converging)  Jet  nozzle. 
Such  a FVRD is  used  at  subsonic and low supersonic   flight   speeds; 
It   has   low economy. 

The supersonic   ramjet  engine  is   a  ramjet   engine equipped with 
n  supersonic   diffuser and Jet nozzle.     Such  a  ramjet   mrlni    !.: 
designed  for high  supersonic   flight  speeds.     If it   ii1  used  in  a  wide 
range  of flight  speeds   (multi-regime  ramjet  engine),   tuen  sucn  an 
engine,   as   a rule,   is   equipped with  an  adjustable  intake  and exhaust 
devices. 

If,  however,   the  ramjet  engine  is   designed  basically   fer 
operation at  a definite,  maximum,  IYL  number  (the case of great   flicht 
distance of an aircraft),  then such single-regime engine   (sustaintr 
ramjet  engine)  is  made,   for the purpose  of simplification of design 
and of lowering of weight, with fixed geometry. 

The hypersonic  ramjet  engine is  a ramjet  engine designed at 
M    numbers  of flight  of more than 5-6.     To  increase the effectiveness 
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and exranjio!. cf the ranre cf rational   use with  ret.rpvct  -^  "•:,,   of juch 
a   ranjet   ermine,   special   k!nJc   nf  fuel   (l!u:!:  iy i-- •• •.  -mi   -*h'-rr) 
- :.•   ' •     J ••   :.     At   :•:,   >   1?   !•,   1.-   • X! -• U-n-    '       : • •• :    I. •    •:•■•.:• r.   : : . 

VhL  wit',  juper.onlc  comLu. t !< t.   ,''•': .'■■'. ,   .:•••      ' •.   ;   .    .   .     :••     ..•■   v'.' 

supersonic  contustlsri   ^without prfllclnary   lecvlt-ral'. .ti  . ''  .".   v.-' 
make;!  It poü^llle  to reduce the temperature  and {^■■■.•.■■iv-   of t:.--   .'.as 

In  sonfcustlcn chanter,   avoli  (In  full  rr  In part     "•)■■   üssoclatlon 
of products  cf comtustlon and expansion,  rrovlic   • lullllrlur.    f the 
-occurrence  of chemical   reactions   and processes  cf nutt'lcw.     Ju.-;. 
rar.Jet engines  can be made nore simple  In design -u.-J with  l-,-.-   w<-!.-nt. 

In  jlvll  aviation,   in connection with the   cr-'-utlcn     1' .'upt r-sonlc 
rajiontter alr:raft,   one  should expect  the  appearance     ;' .upernonlc 
ramjel  engines  of various  type;;. 

Figur'.'  16.1   gives   also  curves  of the  cüan»''1   In parameters   of 
►ra.;  along gas-air  channel  of a ramjet  engine. 

16.2.     Real  Cycle of the  Ramjet   Bn£lne 

Figure   16.2   gives   the  real   (with  losses)   cycle  of   i  ra-.Jet 

engine  In  coordinates (t//0-a. It  consists   cf procejse;:   Df compression 
-. ,  lieat   feed   ?-3t  and expansion  3-5. 

Fig.   16.2.     Real   cycle  of 
the  ramjet  engine  In 
coordinates   (i//l)-fl. 

All processes  which  are accomplished  inside the ramjet  engine 
mpresslon,  heat   feed and expansion)  are  characterized by  a  drop 
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.Lr.  ^ •; ;1 pressure.  The total coefficient of drop In total gas 

rr-e'-^re Is equal to the product of coefficients of drop ir. total 

tr:.- are In partial processes of the ramjet engine, i.e.. 

•  • • 
cX=sJ3»c»i ».C 'pK ' 

P. 
. r . J 

The coefficient si-/»I//»« of the supersonic diffuser in calculated 

flight conditions depends on M/n\  and the selected system of shocks. 

~- i" rr.inc o* in the range of numbers M« < 5, It is possible to use 

urve (Fig. 16.3). 

'0 

0.5 

0.8 

n 

P.S 

0.5 

1 l-i*'-^^^ 
-T i    ^    ^   """"V^ ^^      1* 

1     >                                                      «y ^      41           J I/ 
/ ^„^ ^i " 

1 ^           1  s^ 
1                                 f" 

\    ......j- 
X   LJ   _. 

1                                                                             r ^L    - 
>.o 2.0 3.0 *.0 Ma 

Pig. 16.3.  Change In a» and n_ with 
M 0 

respect to M0  number of flight. 

Coefficient o^      depends  on M.,   (or X-)  number at  the  entrance 
K • C C C. r9 

Into the combustion chamber, on the degree of preheating V,----4-, 

f-.n.i also on the magnitude of hydrauL.c losses caused by the frontal 

.■y.:terr. of the chamber.  With an increase in M- and A, thermal losses 

in the chamber Increase and magnitude 0'^= pljp]   is reduced. 

The less the coefficient a p.t~ pljpi   the Mj. and the lower 4   . 
5 p . c 

The effectiveness of the process of compression is determined 

ctlso by the efficiency of compression (n ).  Let us find the 
C 

connection between n. and a* . c 
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We  nave 

K 
>..,   TT<>('-1>    ,.-„ 

v;?g 0.2.MJ   * 

whero 

e--n 

»-i 

i *  -(-^j       -(1 I-0.2M?)..   * 

?n after  simple  conversions  we  obtain 

c ÖT2M| (ll'.-l) 

From expression (16.3) it follows that when o*= 1 we haw 
A 

Dependence   iic=/(Mo)  is  given  in  Fig.   16.3  even In Table   16.1 

Table   16.1.     Effect  of Mn   number of   flight  en 
a*  and n . 

A c 
0 

|               Mo 0 1 1.3 2.2 3.0 3.5 4.0 5.0 

0.34 1         ,, 0,02 0.97 0.97 o.co 0.76 O.fiR 0.55 

Ic — 0.95 0.9/ 0,04 0.88 O.M n.RO O.fiS 

The effectiveness of the process of expansion in the Jet nozzL 

of the FVHD is evaluated by the efficiency of expansion n  and 
p 

coefficient of pressure drop a* 
^    p.c 

It   is  possible  to  show that 

,'— _   '~'r» 
p.« 

'-«P-clp   * 
(16.4) 
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whore 

1,=^. 

16.2.1. Velocity of Outflow from the Jet Nozzle of the 
Ramjet Engine 

We have 

'.=y ^Htn- 
or 

y   A [  (I+O.2M>)., • j 
(le.s) 

v/here 

(16.6) 

Thus, the greater the velocity of outflow of gas from the Jet 

nozzle of the ramjet engine, the higher the gas temperature In the 

combustion chamber, the more the fL rumber of flight and the less the 

hydraulic and gas-dynamic losses in processes of the ramjet engine. 

16.3. Effect of Parameters of the Working Process and 
Parameters of Flight (7*. ai or  n n » M0 on 

Specific Parameters of the Ramjet Engine 

16.3.1. Some Analytical Dependences for the 
Ramjet Engine 

Let us ierive several characteristic relations for the determina- 

tion of parameters of the rairi^ I engine by parameter L . 
8 
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16.3.1.1.  Effective Work of the 
.Cycle of the Ramjet Engine. 

Let us write equation (9.7) in the form 

Cp   To /        I v 
^T*(,-Trl',''w-<). 

Let us   find magnitude e   from expre/.lon (if). 2) 

« - 1 + 0.2.^.. (16.7) 

Then after the substitution of e In equation (9.7) and simple 

converolons, we obtain 

(Ib.'M 

16.3.1.2.  Velocity of Outflow of 
Gas from the Nozzle. 

(16.9) 

1G . 3.1.3•     Specific  Thrust. 

We  have 

16.10) 

Lot u:-, find the optimum value of NL at which the specific 

thrust of the ramjet engine reaches a maximum value.  From condition 

•/M0 
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we  olitain 

whence we  find 

(l+O.SMjn.^a&vie 

AV 0(epO 
r 1c 

äütejfc -1) 
(16.11) 

The  sp 'ciflc thrust of the ramjet  engine becomes  zero  at 

''iliiilment of equality 

ah\\fj\t ** I H- 0,2.M3T|C, 

whence we  find 

Mo(m«,-/~- («Hic-i). (16.12) 

The M0 number at which useful work of the  cycle reaches  a 
maximum is determined from condition 

t('-*''t*mn)" Y    aiWc 

Consequently, 

Swm„)'*\/ -tw**'*-^ (16.13) 

16.3.1.4.    Thrust Efficiency 

We have 

V 
TV 

V + tt       l+CiA') 
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•   ■•! 

Having substituted Into expreaslon n,, valur a^V  from (!'.);, 

wi- obtain 

1 + V   i+o. 

Kxpresslont'   Tor n   ,  rin»  and C      Fiavo  no pccul 1 ai1! t !<'.■   and  apt 
de term tried  according; to the  appropriate  formula.-.   Tor Ihe  THiJ. 

16.3.2.     The Effect  of Oas Temperature   In  th" 
Combustion  Chamber 

The effect of the maximum tia.;   temperature   In  the  Uiermodynamlc 
cycle on r.prclflc parameters of the  ramjet  enrlne   (Pic.   I'-.'O   l:i 
.•Iml lar  to  knov/n  rocularltlei-   In  the  THD   (TRDF). 

Fir. 16.^.  Effect of ,  oti 

specific parameter;; and efficiency 
of the ramjet engine. 

With an Increase In 7"^ the effective work of the cycJ' aril 

specific thrust, and also the quantity of heat fed to 1 kr of air 

(gas) 'ncreases.  The effective efficiency n In this oa.-.e Increase:-,, 

and the thrust efficiency nD la continuously lowered.  Flnaily the 

total efficiency n0 with an Increase In f, InltlaJly rises, reachlnr 

a maximum, and then drops, asymptotically approaching zero. 
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The specific fuel consumption changes Inversely prorortlonal *^ 

o total efficiency, reaching a minimum at a certain value of ?,  , 
i3H 

which Is more, the higher the M0 number of flight, 

16.3.3.  Effect of Losses of Complete Pressure (oS) 

With a decrease In losses of total pressure the effective worn 

of tne cycle and specific thrust of the engine Increases and specific 

fuel consump^'cn Is lowered; consequently, the range of expedient 

' the ramjet engine with respect to the M0 number of flight Is 

niarged. 

Since at the assigned values of üT, M. and 7. losses In total 

pressure do not have an effect on the relative fuel consumption mtt, 

r-.en with a change In of the specific thrust and speclfl ? fuel 

oonsunptlon change Inversely proportional to each other. I.e., 

Figure 16.5 shows the effect of ol on the relative specific 

hr.^t nf the ramjet engine. The drop In total pressure has an 

»peclally conblderable effect on Ä  at low values of of. 
y« 1 

VTf: 
i.c 

V 

0.9 

t.7 

:t 

v 

^Ä'sv -^TTj^r 

- i^.z   : 
2    : 

u 
fZ--.   --Z JL-   -it: 
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Pig.  16.5.    Effect of oj| on 
th? relative specific 
thrust of the ramjet 
engine. 
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lt.3.1».     Effect  of K    Number of Fllgnl 

I.-,   rtnowii on takeoff  (when  H 0 
n^  tiu-  r-an.^ ! II-' '10' 

jrvrtu   thrust  (Ä|j«0; Ä«'0; CM-w).     At   lew  fil('ht  .i-  • !.      .■..•. .M,,-.0.3^0. 
tho  tfirutit  cf tho  ram.lct   engine  IJ  practically absent   Ju--  to tho 
considerable  losses  In total  pressure, whlcf.  is  Inevltatlo  In 
supersonic  diffuser of an engine  In  these  renlmea   of cj-ci-btlon.     Only 
at   Increased NL   (>0.5) numbers, with the  Increase  in surplus pressure 
In the  ocr.bustlon chamber,  the velocity of outflow of c^c   fror, the 
nozzl«.- of the ramjet engine begins  to exceed the   flight  v-lo.lty  ar.H 

thrust  appears; with a further Increase  In flight  speed the specific 
anJ total  thrust of the ramjet engine rapidly  increaro. 

When F const In the range of Its valuer 1UÜO-<?OOÖ0K the 

. pcclflc thrust reaches r» maximum at moderate supersonic numbers 

M- (l,t-2.0). With further growth In the M0 nu:..l. : Uu' .•;•':'' • 

thrust cf the ramjet engine is reduced down to zero. 

Figure Iti.C shows regularities of the change In H 
y^  y^ 

of the ramjet engine with respect to M0 number of flight.  It Is 

characteristic that optimum values of HQ  numbers, at which the 

specific thrust and useful work of the cycle reach a maximum, do 

not coincide wJth -fach other, as in other typej of Jet engines,' 

■jnJ /, 

Nv#-«) >*S»„-»M m^r 

The latter la explained by the fact that the useful work of 

the cycle reaches a maximum at high flight speeds, at which the 

Inlet pulse sharply lowers the specific thrust of the ramjet engine, 

Since the external heat fed to 1 kg of air Inside the ramjet 

engine is continuously decreased with an increase in number KL, 

'#"'•■••  •»»••r»««* 
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Fig.  16.6.    Effect of M0 of flight on 
specific parameters of the ramjet 
engine. 

* . Mt 

f„~/wlX~(rJ~7",*)~(const_r;;), 

then initially (in ccordance with the increase in specific thrust 
from zero) the magnitude of specific fuel consumption sharply drops 

(from infinity); at M0 ■ Mo(oDt)* when *»"*"•""• the specific 
fuel consumption decreases even more; it reaches a minimum only when 
the approaching intensive drop in specific thrust at large MQ numbers 
compensates the lowering of /«rt. i.e., when 

im. ii 
./M, rfMe 

The M. number at which the specific fuel consumption reaches a 
minimum, depending on values of 2*1, varies within limits of 2.5-3»5; 
consequently. 

M»<«M-e». -ta) >M«tV'»M •«) 

With a further Increase in MQ the specific fuel consumption 
continuously increases, approaching infinity.    Calculations show 
that in the range f- ■ 1000-2000oK magnitude C       *    - 1.8-2.5 
kp;/(kgf«h).    Similar dependences, plotted with respect to compression 
ratio, are characteristic for    11  types of Jet engines. 
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Figure 16.7 shows regularities of the change In ofHcienuy of 

the ramjet engine - effective, thrust and total - on the M number 

of flight.  Qualitatively they do not differ from currcr.poi.'iln»: 

dependences obtained for the THE). 
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Fig.   16.7.     lifff-ct   of M 
of flight  on  the  effi- 
ciency  of the  ramjet 
engine. 

/        2       3 W, 

It is easy to determine that the total efficiency n , which 

characterizes the economy of the ramjet engine, reaches a maximum 

on flight speeds greater than those at which the specific fuel 

consumption becomes minimum. 

Actually, from formula 

.8,43 
//.no 

it   follows  that  the specific  fuel consumption reaches  a minimum  at 
such  a  value of NL  number at which the  first  derivative tl^JJV-' const, 

and the second derivative  d^JdV3 becomes  zero,  i.e.,   at  the  Inflection 
point  of the curve   iiir-/(AV)),   on  Its  left  branch. 

Consequently,   for the ramjet engine,  as  in all Jet  engines 
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The  maximum M0 number of flight at which the specific thrust of 
the ramjet engine becomes zero proves to be greater, the higher the 
tenrocrature 3", and the less the coefficient of losses of total 
prej->sure aj.  For usual values of a| and when T^  ■ 1000-?000oK the 
magnitude M0    ■ 1-5.5.  For an Ideal ramjet engine (ot ■ 1) and 
In the same range of values 7-, magnitude Mn „.,. ■ l».5-6.5 (Flß. 3 u max 
16.8). Thus* tie range of rational use of the ramjet engine», which 
operate on kerosene, for ?^<30m*K Is limited by numbers M«,Mt<3£T-6& 

, 

Fig. 16.8. Effect of T3 on M0 
and M0 «ax ^! " i)' 

Figure 16.9 gives values of the maximum possible specific thrust 
of an loeal ramjet engine, obtained at optimum values of ML and at 

■ s ö 

llfferent f-. As we see, when f. ■ 2000oK, "Q/ tj "2.3 and 
of ■ 1 we obtain 

which Is considerably lower than the level of maximum possible 
sppolflc thrusts of the TRD and TRDP. 

Such property of the ramjet engine Is explained by the fact 
that the maximum possible specific thrust of the ramjet engine Is 
obtained at considerable supersonic flight speeds, i.e., at much 
greater values of input pulta  than those for the TRD and TRDF. 
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FIR.   16.9.     Effect  of T-,  on 
R, »—•    and   c»»• •,.-»,.»..»• 

i6,ft.    Characterlatlca of Ramjet  Lrii'In'1: 

.''Imllrir characteristics of other types of Jet enclri«^»  charac- 
teristics of the ramjet engines,  are  subdlviiled In  throttle»  high- 

oi'ccJ :i:\<i attitude.     Characteristics  of the ramjet    •n^lnf to i 
certain extent  are determined by accepted programs of control. 

IC.M.I.    Peculiarities of Programs of Control  of Uv 
Hamjet Engine 

The basic parameters of the working process of the ramjet 
engine, which determine Its thrust and specific  fuel consumption, 
are  compreaulon ratio n    and gas temperature  behind tlie combustion 
chamber /_,.    Th-.'se parameters of the ramjet engine are tin. 
determining ones, and In the first place they are subject to control. 

Instead of P. the coefficient o" air surplus u can be aelectci 
t)y the oonlrollable parameter.    At tne assigned M,   number uf 
ma^nltuües 7", and a are uniquely connected to each other; the  latter 
follows  from expression 

(10.15) 

Convenience of the selection of a as  the controllable parameter 
Is   that  It determines   the performance of the  combustion chamber and, 

consequently, the posoiblllty of providing stable  an I optlrum 
conditions of Its operation. 
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Instead of ir , as the controllable parameter parameter A? can 

be selected, which determines the performance of the diffuser and, 

consequently, losses in it. 

Other controllable parameters can be gas expansion ratio In th ir 
« 

Jet nozzle p^/pc, coefficient of flow of the diffuser $ and others. 

The corresponding regulating factors are: 

1) fue... consumption G    per second; 

2) critical section of the Jet nozzle fP.<-(„pi: 

3) expansion ratio of the supersonic part of the Jet nozzle f-jf,,,; 

M  "throat" section of the diffuser f   and so on. 

Elements of control of the ramjet engine are the regulator of 
fuel  feed and also regulators of the Jet nozzle and diffuser. 

Since the regime of operation of the ramjet engine with fixed 
geometry Is determined by one parameter, then it has a unique control 
element - regulator of fuel  feed.    The ramjet engine of a multi- 
regime aircraft has two and more control elements. 

The following programs of control of a clngle-reglme ramjot. 
engine ar<.   distinguished: 

U f! -coiKl:   2) a   ro«*t;   3) k,» const. 

■ 
The control of one parameter, for example 7-, 

causes a simple change in other parameters - a and X-, which now 

will no longer be the Independent determining magnitudes. 
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Procrams of control of the multi-regime ramjet engine with 

partial control are: 

« 
1) T    =   const  and  A, =  const; 

i <- 

2) a =   const  and   X0 = const. 

16.4.2.     Control of a Single-Regime  Ramjet  Engine 

The fjrogram of control  'i~. - const  automatically provide.-   the 

obtaining of maximum  thrust  of the  ramjet  engine  at  all   speeds   and 

altitudes of  flight.     However,  its  realization In a wide  range  of 

numbers   AVo-^Mov)   I3  nnt  possible. 

Actually,   from the equation of  flow,  written  for Mi    ^y>,-:.1:-t 

section of the  diffuser and critical  section of tin-  Jt.t   no.::-.l'. 

^/W(x.).H.rp^ArviV. 

we  find 

From th<-« ol talned exprenalon  (16.16)  it   followa  that,   tho 

conservation of /'.. ■  const with a deoreaue In tti»* Mo<.M«i« numbora 

(I.e., with  a decraaje  hi /•;  leads  to a considerable  luwvrit.    of 

the value uf parameter »/(X-), which vtltlmately will   lead to unstable 

operation of the supersonic Jiffuacr. 

The program  X.,  •  const  (Gi—X«)   proves  to be mon-  rational. 

I'll"   ouiiservatlon of X0 ■ const with operation of the dirfusor  In 

supercritical  regimes automatically provides  Its uteudy oj-rutlon 

and alro high values of * and ir  .     For the realization of this 

prorram,  the  temperature 1    muat be  lowered with a decroane   In the 

K    number of flight.     It la natural that this will  l^ad to a relative 
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thrust decay of the ramjet engine In comparison with the program 
» 

r, - const. 

16.U.3.     Control  of the Multi-Regime Ramjet Engine 

Realization of the program 

X)mr(Mi«t and rH-wroml 

Is  cii.-led ^at with the help of two Independent  regulators 

C, .rj and /4> •i^. 

When AV»<AU,n   the Jet nozzle should be opened slightly 
('■.r|/7:ift.«is||. 

Actually, when fl(X.)  ■ const and /      ■ const the gas temperature ■ <; np 
T^ drops with a lowering of flight speed.     In order to pass throurh 
the critical section of the nozzle the came mass  flow of par  it a 
higher temperature,  the nozzle must be opened slightly. 

Realization of the program of control 

Xi-conit  and a •const 

Is not difficult and is produced with the help of the same control 

elements, I.e., 

0,—« and ff—U. 

From expression (16.16) It follows that with a decrease In 

flight speeds (.M«<M.i,.t) the gas temperature also must drop. 

l6.U.'t. Throttle Characteristics 

Throttle eharacterlatlco of the ramjet engine are dependences 

of thrust and also speclfl ■  ."l consumption with gas temperature at 
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the exit   from the  combustion  chamber at   the  aasi^ned  prorTVin   . .• 

control   and   constant  values   of  speed  and  altitude  of  flight. 

Throttle characteristics  can alr-o he  .-hüwu,  .'     *:!.•     I- t   •  i  "■.•..• 

of specific   fuel   consumption on  the  degree of Ihi-olM in.-., o;'  '^ti,/!. 

Figure   16.10  gives   a model   throttle  characteristic   of a ra:;\let 

engine equipped with an adjustable Jet  nozzle. 

Fig.   16.10.     Throttle   char- 
acteristic  of  the  ramjet 
engine. 

Let  us   assume that the  control of gas  temperature occurs  at 

a constant  mass   flow of gas   (program of control   .'    -  const);   for 

this  with  a  reduction In 2*,  the  critical  section of the Jet  nozzle 
■3 « 

In this  case a change  in r, will  not  have  any   effect mu.'t   decroane 

on thu i p'ra'.lor; of tlr; diffuser  and on the position of the  system 

of shock:'.   In  It,   i.e.,   there will  be observed the   oon l.Ulon 

9(>.a) »const. 

With a  decrease in T~ the specific  thrust  and  total  thrust of 

the  ramjet  engine  sharply drops.     The specific   fuel  consumption 

Initially   1.-   somewhat  lowered   (in accordance with  a certain Improve- 

ment   In  the  total  efficiency),   and at a considerable  decrease  In 
« 

T. the specific  consumption sharply  Increases.     The  latter is 

explained  by  the   fact  that conalderalle worsenlnr of effective 

efficiency  la no  longer compensated by the Increase  in thrust 

••fflclency  at  reduced values  of cc. 
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In the case of the unadjustable Jet nozzle (program of control 
« 

frc(i.i»)=const) the lowering of T- leads to a growth in ^(X»). 

16.4.5.  High-Speed Characteristics 

The concept of high-speed characteristics of all Jet engines IE 

identical. 

The chief, characteristic of the high-speed characteristic of 

the ramjet engine is the extraordinarily intensive increase in thrust 

.■1th respect to M- number of flight (Fig. l6.ll). Such regularity 
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Fig. 16.11.  Effect of M0 

number on thrust of the 
ramjet engine. 

Is explained first by the increase in specific thrust in the 

considerable range of flight speeds (in contrast with other types of 

Jet engines in which H      is continuously lowered with an increase in 

the flight speeds), and secondly, by the most rapid (of all types of 

jet engines) the increase in air flow with respect to NL number of 

flight. 

Actually, from formula 

0.2M|\M _ _ .  0.2M5V 
(16.17) 

and Fig. 16.12 it follows that with a iecrease in e*     (or IT* ) down 
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Flg.   16.12.     Effect  of 
T\*n  and PL numbers  on 

KO 0 
relative air flow. 

to unity magnitude G continuously increases.     Ail this   lead:-,   lo  tli& 

fact  that when  r_  =  1000-2000oK =  const,   the thrust  of the   van..]et 
enpine  continuously  increases,   reachinr a maximum when  M,   =   ■\.ri~t}.o 

(see Pip.   16.11). 

Let  us  examine high-speed  characteristics of th^  rarajft  iii'-l'- ■ 
at  two different programs of control   (Pig.   16.13 and  Viy .   lö.l'l): 

1)   2'.,  =   const   and   \ , =  const; 
3 <- 

2)   a =   const  and  X-  = const. 

Kg 
kgt^Ti     20 

10 16 

2.0 n 
'.o 8 

*• 4 

0 
SMa 

Fig.   16.13 Pig.   16.Ik. 

Fig. 16.13. High-speed characteristic of the 
ramjet engine  {T* =  const). 

Fig. 16.14. Comparison of high-speed charac- 
teristics of the ramjet engine at two differ- 
ent programs of control. 
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Let us assume that when M0 ■ 3 (for T~  ■ 2000oK and a » 1.5) 
both programs coincide, and, consequently, the engines develop equal 

thrusts and have Identical specific fuel consumption (see Fig. 16.1'0. 

In the region of numbers KL < 3, where 3\ Is almost not lowered 

a ■ const, curvei 
distinguished little. 

when a ■ const, curves R  and C     with respect to both programs are 

In the region of large fL (>3) numbers, where T, Intensively 

increases wl.^n a ■ const, the thrust of the ramjet engine continuously 
Lnoreases.  In the case of the program T~  ■ const the thrust of the 
ramjet engine initially Increases, and then when M. ■ ^~^.5,  having 

leached a maximum, begins to drop. 

In accordance with different regularities of the change in 

thrust in terms of the fL number curves of specific fuel consumption 
« u 

are deformed: when T~  ■ const the magnitude C      proves to be 

substantially greater than when a ■ const (when the thrust Is higher). 
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CHAPTER  17 

BASIC PRINCIPLES OP THE OPERATION AND 
CLASSIFICATION OP AIRCRAFT 

DUCTED-FAN GAS TURBINES 

17.1. Concept on Ducted-Fan Aircraft 
Gas-Turbine Engines 

The duoted-fan  gas-turbine engine (DGTD) is a gas-turbine 

engine whose thrust is created in two gas-air circuits (channels). 

Used as the first circuit of such an engine is the standard (i.e., 

single-circuit) turbojet engine. The second circuit is either a 

ramjet engine, or a Jet connected to engine (by means of a propeller, 

fan, compressor or ejector).  The Jet can be free, i.e., it does 

not nave rigid walls limiting its circuits; it also can flow in a 

special channel, which has a profiled intake and exhaust Jet nozzle. 

Between circuits of the engine an exchange of energy is usually 

accomplished. The most effective method of energy exchange is the 

transmission of meohaniaat energy  from the first circuit to the 

second with the help of a turbine, which rotates a screw, fan or 

compressor. Accordingly, the ducted-fan gas turbine is called a 

turbopropt   turbofan  or duoted-fan  turbojet  engine. 

In the presence of a considerable temperature gradient between 

flows of gas in the circuits energy exchange by means of heat 

transfer  in the regenerator or recuperator is possible. 
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The  exchange  of mechanical  and thermal  energy   between t' •■ 
circuits   can also occur by means  of direct  contact  of gas  flows  - 
with  the  help of the mixing of  flows  in a special   chamt >r or ejector 
Accordingly,  turbojet  engines  with  ejector  thru.;.--   boo-'t^r;-   -uvi 
ejector turbojet  engines   are  distinguished. 

17.1.1.     Classification of Ducted-Fan  Gas   Turbine.:, 

Figure  17-1  gives   the  classification of  ducted-fan  gad  turbine.-: 

with   respeat   to   the  principle  mast?   transfer,   i.e.,   depending  on 
the   correlation of masses  of the working medium flowing  in the   cir- 
cuits.     The  ratio  of the  connected mass  of gas   in  the  second  circuit 
to   the  initial mass  of gas  of  the   first   circuit,   or bypass  ratio y, 
can  be  changed in wide  limits   from zero   (single-circuit  TRD)   up  to 

'jOO-lüOO   (helicopter turboprop  engine). 

Helicopter 

ljuctec'.-f fan rr/i I 

Aircraft 
TBA j i ATPA 11 rf,^n 

(y=S0IJ+!000}     (y=50+m)     [y=0,25+l5)    {y~0) 

Pig. 17.1.  Classlficaticn of ducted- 
fan gas turbines according to the 
principle of mass transfer. 

In contemporary aircraft turboprop engines, through the area, 

marked by the propeller there passes air of 50-1C0 times more than 

that through the main gas-turbine circuit.  The bypass ratio of 

ducted-fan TRD varies over wide limits from 0.25 to 10-12.  In 

special turbofan adapters of lift engines the bypass ratio y  reaches 
10-15. 

Reference of the turboprop engine, turbofan engine and ducted- 

fan Jet engine to one class of ducted-fan  gas-turbine engine are 

logically substantiated in that with an increase in the bypass 

ratio (at the assigned available work of the cycle of the gas 

generator) compression ratio of the compressor of the second circuit 
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Is continuously lowered. In this case the compressor consecutively 
turns Into a fan» propeller In ring, and In the limit "degenerates" 
into the aircraft (helicopter) propeller. 

Another principle of classification depending on th*» method of 
energy  exchange  Is assumed as  the basis of Fig.   17.2. 

Ducted-fan 
gas-turbine 
engines 

witnout energy 
exchange with energy 

exchange 

Turboramjet 
engines 
 (rnA) ,Jlspl 

[ments 

ans 
fow 

lace' 
i 

By mechanical 
Jieans through a I i?iir?f 

Ö lnXthe change In 
re/;ener^9r 

Fig. 17.2. Classification of ducted-fan gas 
turbines according to the principle of energy 
exchange. 

An example of a ducted-fan gas turbine without energy exchange 

is a combination of a TRD and ramjet engine-turboramjet engine (TPD). 

The ducted-fan gas turbines are distinguished from each other 

also by the degree of energy exchange between the stages; the latter 

can change from zero (when the circuits are energy-free) up to unity 

(when all the available energy of the first circuit is imparted 

to the second). It is obvious that in the last case the first 

circuit does not create thrust and also serves only as an energy 

generator for the second. 

Thus, the characteristic indicator of the ducted-fan TRD Is the 

presence of two separate (partially or completely) gas-air channels 

(gas-turbine and fan) with components of thrust in each of them. 

between these channels (circuits) there is energy exchange, and 

various correlations are possible between masses of flowing gases and 

various degrees of transmissions of energy from the first circuit 

to the second. 
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In many ducted-fan  gas   turbines   the  thrust   oT the  second   circuit 
Is   created a.;  a  result  of the realization  of  thv  th'-mii/rrml c   cycl- 

wnlch  con   !.-t.-   of procei*:'«««  of ."»cni f-   ■.■'■:'..   'v- .•    '      '.     ■   :  ' .. 

expansion  nnd  removal   of  huat.      i'he work   o."  In!.;   '.:j?l--   -i--   ',.:;•■   f'ln'il 
result  Is   used  for  the  acceleration of   flew  and   c!t-iir:':.-     f  Uirust. 

Tie  pnyr.lcal  model   of the   formation  of tnrust   oV the  second 
circuit  In the  turboprop  engine   (TVD)   Is   dl.-tlii(';ljf,"d   frou.  tiuit 
described  above.      The  propeller  of  th"   turboprc;      :.•!'.■,   :■<.'■    ••.1j..- 

with  its  rotation  considerable masses   of air,   directly   imparts 
acceleration to   It.     Thus,   the propeller  thrust  of th<   turboj-r^p 
engine  is   generated as   a  result  or the   action  v'.' •i-rodymn! ■>   fore«-..- 

applied to  blades   of the  propeller arid  not  as   a  result   of the   action 
of thermodynamlc   processes  separated  along tue   route   ■!' moi.i'Ci  of 
ti >'   r i.:,     For  this   v. : ;;   n-a.^on  ,:.■,   t urb'jf.wuj.'   ■. ;.. ':.■    '. 

an   engine   of mixed   thrust. 

If.?.      irlnclple  of the  Addition of !V;.-   jjjas:; 
Transfer)   in the  Ducted-Kan Jot   jn&ine 

The  addition   to  the  basic  engine   (or  circuit)   of additional 

masses  of the working medium with  the  transmission 1o  them of  energy 
makes   it  possible   to   Increase  the  total   thrust   of tho power  plant  an', 

decrease   ti,-  specific   fuel  consumption.     This   is   ',!.'    lri.;.lc  m'-unlng 
of  the  use  oV  the   sec :i I    'iroult   of  the   engine. 

At   the  as, Igned magnitude of th .'  meclianical  eni-ri.'iy   obtained 
inside  tiio  engine   as   a  thermal machine,   the  thrust  of th«1  engint- 
appears  greater,   the  greater this  energy   is   imparted  to  the r-.a.-.s   of 
the working medium,   in  other words   the  more   the  additJ ona.1   (rejecting, 
propelling agent   of the  mass.     This  pi'lnclple   is   nailed  t,h" pi'lnaiple 

of maee  addition   (mass   transfer)   in  a  ducted-fan  Jet   engine. 

For proof of  this   important  position,   let   us   produce  a  comparison 
of two propelling  agents with different   mass   consumption  per  second 

of the workinp; medium   (Fig.   17.3).     Such  propelling agents   can  be: 
propeller,   rocket   engine.   Jet   engine,   second   circuit  of  a  due ted-fan 
Jet  engine  and  so   on. 
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Flg. 17.3. A comparison of 
two propelling; agents: 1 - 
Jet  engine;  2  - propeller. 

;, t  us  aeslgnate by symbols  / - flight  speed,  <?,   and c, - 
•latlve velocities of air directly behind  the  first  and second 

propelling agents,  respectively;  G.  and G~  — consumption of ai r 
through tha propelling agent per second respectively. 

Let  us  assume now  that  in both propelling agents,   for the 

creation of work of Jet  thrust,  the same quantity  of meciianloal 
(kinetic) energy is expended,  i.e., 

or 

(17.1) 

Let us assume that Gi>G\\   then t2<C| and AC|»Ca—KOCI-CI—V, I.e., 

at equal expenditure of kinetic energy the greater additional mass 

of gas obtains less acceleration. 

Let us now compare thrusts of both prop' agents, 

We have 

y?I=2L(ri_i/) and R2^°*.(c2~V), 
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whence 

Lt-t  u.-   fin i   rmm  relation   H?. I) 

o-,    {'I ^ l i " 

•inii   let   ur   .-.uLi-tltute   It   Into exprt-.-.-lon   (17.^ 

Thou  ift.-T- «Impll f lent Ion,  wo  -jl*-ilti 

"? .   «"i + v'   ^, i 

i'hu.-,   th».-   ]■.-.-   the   acceleration cf  tlie   uddlt Ic rr: J   ma..       ;' 

worklnp; modlum,   the more  the thrust  of  the propelllnp M:-( tit ,   I 

/?I>/?I. 

Thru;;t  augmentation of the propelling at'^nt  with  rr-  i*. ■ r- 

uddlli   ii.'il   ;:i'i.-.-    I.-   fxpl.'tliiC-d   by   th','   f'.-t   t t:'!*    t.h.i    ■;■   'r.   !'   ■      *'       r'", 

of p;a3  behind  the propelling; agent   ic   decreased more  nlowi.v   than  th' 

mass  of the working medium connected by   It   increase;;. 

It  is  easy   to see   from relations   (17.3)   and  (17. ■'•;   that  with 

a  decrease   in   flight   speed the  effect   of the   lncre:.u-.e   Ln  thru.;1 

I r;ji,"-i.••:•;'.      It   app'-ar^.   the  greater.t  with  operation  of the   enrlne  on 

■i  test  stand   {V  =   ));   in  this  case 

/?,     cj    y  a, 

(17.5) 

(17.6) 
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Thus, on a test stand (V • 0) the thrust of the propelling arer.t 

tr.crra?es directly proportional  to the square root of the magnitude 

of tie mass of working medium rejected by it.    For example.  If the 
n-w or working medium through the propelling agent Is increased 
four ♦Imes, the velocity of outflow behind the propelling agent wl'' 
he reduced two times:    the thrust of the propelling agent In thin 
case increases two times. 

Expresslrn  (IT.**)  in the general  case of flight  iv > C)  can »e 
~".v :   n clear physical interpretation. 

N-ticing that  the thrust efficiency of the propelling arent  1- 

■■'riual  to 

we obtain 

*S.~fA±}:^l**L. (17.7) 

Inus, a deceleration in outflow behind the propelling agent 

leads to an increase in thrust efficiency.  An Increase in the latter 

Is caused by {. lowering of losses of kinetic energy at the exit 

from the engine.  Actually, from the equation of balance of energy of 

the propelling agent 

thrust ftf^ea ^»IgF5"0 

energy for 
the et-eation or thrust 

It follows that an Increase in thrust efficiency and also total 

thrust of the propelling agent is explained by the lowering of total 

losses of kinetic energy with the exit velocity 
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Let us note that a decrease In the increase in velocity of gas 

inside the engine (Ac = c—l') with an increase in the additional mass 

denotes also a continuous drop in specific thrust of the propelling 

agent. 

Since the hourly fuel consumption of a Jet engine as a thermal 

machine when the addition of an additional mass of the working 

medium remains constant, and the thrust of the engine increases, then 

the specific fuel consumption is lowered Inversely proportional to 

Its Increase; in this case 

<:'1'?'_^*'   fi + V (17.9) 

Thus, the final result of the addition of additional maaser of 

the working medium of the propelling agent is an increase in economy 

of the engine, i.e., a lowering of specific fuel consumption.  The 

Increase in thrust of the engine is a partial result of the use of 

a highly productive propelling agent.  With the addition of additional 

air masses it is possible simultaneously to decrease dimensions of 

the engine so that Its thrust remains constant or Is even decreased 

In comparison with its initial value.  However, the specific fuel 

consumption of the engine in this case all the same Is reduced, and 

the more intensive this is, the more added is the mass of the 

propelling agent.  Thus, principle of mass transfer can be formulated 

thus: at   the  aeeigned magnitude   of meohanioal  energy  obtained inside 
the  jet  engine   ae  a   thermal  machine,   the  epeaifia fuel   aoncumption   of 

the engine  will be   leae,   the more   the  additional mass  of the 
propelling   agent,   and,   ooneequently,   the  higher  the   thrust  effiaienoy. 

Let us specify now how the absolute value of flight speed 

affects principle of mass transfer formulated above.  With an 

Increase in tne flight speed and at an invariable magnitude of 

expended mechanical energy, I.e., when L    ■ const, the specific 
thrust of any propelling agent drops.  The drop in specific thrust 

there Is faster, the less its absolute value on the test stand 

(Fig. 17.^), i.e., the less the energy quantity (L ) obtains 1 kg 

of working medium. 
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Pig. 17.i«. Effect of work of the 
cycle on the drop in specific 
thrust of the propelling agent 
with respect to flight speed. 

Thus, at the assigned magnitude of additional mass the thrust 

of the propelling agent in flight proves to be considerably ler-.s 

than that on the test stand; correspondingly, the effect of the 

Increase in thrust with an increase in productivity of the propelllnß 

agent is lowered. The latter also follows from expression (17.7). 

Actually, with an increase in flight speed thrust efficiency 

Increases.  However, when its initial value is great (i.e., is 

little distinguished from unity), then it is obvious that further 

deceleration behind the propelling agent by means of the addition 

of additional air mass can no longer considerably Increase n^. 

The presence of inevitable losses with energy exchange and 

conversion of mechanical energy into work of the Jet thrust can lead 

to the fact that at considerable flight speeds the propelling agent 

with great additional mass will develop substantially less thrust. 

17.3.  Principle of Energy Exchange in the Ducted-Fan 
Jet Engine 

Thus far we have examined how the quantity of gas mass connected 

by the propelling agent affects the thrust and specific fuel 

consumption of the engine; in this case we assumed that a fixed 

quantity of energy externally are fed to this mass. 

Now we will examine the effect of energy exchange between 

circuits on the thrust of the engine and specific fuel consumption. 
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We will Uo.'.umi' that the correlation of ^as flow In Hit circuit.; 

(I.e., bypaati ratio of the online) remain:1, constant. 

I,''t u;'. a^aume that v^looltlu.; cf the outflow of r.a.' I'r !:i '„JH
1 

Initial onerKy-free circuits ar-c1 preset.  The trau.-.ml ;;:•:! on <.r ener^.v 

fror, the flrnt circuit (with r.reat available effective work) t.n 

the tu-cond circuit Incre'i.•.(•;; the velocity of outflow of r;aj from the 

necond circuit; simultaneously the velocity of outflow of t^an from 

the flrat circuit la lowered. Thua, the specific and total thrunt 

of thi- aecond circuit (user of onerRy) Increase, and the .^■•c'l'lc 

and total t.hrust of the first circuit (source of energy) are 

decreased. 

When velocities of outflow from the initial circuits, are 

-oiisl i'-rabl.v different from each other, the transmission of erv.-rgy 

In the second circuit leads to an Increase In total sped He and 

total thrust of the engine. 

The latter is explained in that with enerp-;/ exchange velocities 

of outflow from the first circuit alowly decrease, and velocities of 

outflow from the second circuit rapidly   increase. 

Thus, the total specific and total thrusts of the engine 

inltiallv Increase, reaching a maximum value at a certain optimum 

magnitude of the transfer energy (optimum degree of energy exchange); 

further transmission of energy into the second circuit will lead to 

the lowering of the total thrust of "he engine. 

Figure 17.5 shows the effect of the degree of energy exchange 

x  on the velocity of outflow of gas from the first and second 

circuits of a ducted-fan Jet engine and also on the change in total 

thrust of the engine. 

In the absence of losses connected with the transmission of 

energy from the first circuit to the second, maximum thrust of the 

ducted-fan Jet engine is obtained when the velocities of expiration 

from the circuits are Identical, i.e., when 
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4 (17.10M) 

Fig.   17.5.     Effect of the 
degree of energy exchange x 
on thrust of a ducted-fan 
engine and velocity of out- 
flow from the  first and 
second circuits of the 
engine. 

7i  A*   qi   p   /.Ö* 

In the real case when part of the energy fed into the second 

circuit is expended for overcoming the losses (t)ii<1.0), maximum thrust 

of the ducted-fan Jet engine is obtained at less magnitude of the 

transferred energy; in this case the optimum velocity of outflow 

"'roro the second circuit proves to he less than the optimum velocity 

of outflow from the first circuit: 

«•i'-^.i«-!. (17.inb) 

The energy exchange between circuits is rational only when there 

exists a considerable difference between initial velocities of Rap. 

outflow from both circuits.  In that case when velocities of outflow 

of gas from both circuits are equal, the energy exchange leads only 

to a drop in total thrust of the ducted-fan Jet engine and to an 

Increase in C 

Thus, the principle of energy exchange can be formulated in 

the following manner: the minimum apeoifio fuel oonoumption of the 

duoted-fan jet engine  oan be  reached at optimum dietribution of 

energy between both oirouits when the ratio of velooitiee of outflow 

of gas from oirouite On /Or     I.,   numeriaally equal  to  the effioienay 

of the energy exchange. 
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17.'t.  Principle of Operation of Ducted-Fan Knt^lri''. 
Clarification of the Ducted-Fan jnglne 

The ducted-fan TRD !;• a turbojet engine whor?e thrui-.t upp: ■wi;   In 

two circuits. 

In Chapter ^ It was shown that Jet thrust is generated when 

a certain mass of gas, In passing through a gas-air channel (circuit) 

of an engine, accomplishes a thermodynamlc cycle, and as a result of 

this It obtains acceleration.  For realization of the thermodynamlc 

cycle In the second circuit there Is a compressor, which Is rotated 

from a common or separate turbine arranged Inside the basic, first, 

circuit.  Thu:;, the power of the gas turbine of the ducted-fan 

engine is equal to the sum of the power of compressors Installed In 

both circuits, i.e., 

.V,-.V«i+JV„ii. 

To provide good economy at subsonic flight speeds, and also 

to obtain a low specific weight the contemporary serial ducted-fan 

engines have at the assimilated level of the bypass ratio 

{y  = 0.6-2.0) values raised in comparison with the TRD of compression 

ratio of the compressor of the first circuit (aj, =14 :-2n) and gas 

temperature:- in front of the turbine: 

on takeon     7j™ 1300 ;-MOO"K; 
in flicht     7-;«1100>l»0;K. 

Such parameters of the working process provide the obtaining 

of better foreign serial ducted-fan Jet engine (Rolls-Royce Spey, 
Pratt-Whltney  JT8D-1)   of low  values  of specific  fuel   consumption: 

on takeoff (A/a.0, Mo»") .... 
in flight (//-It KM; .M.O.fl) .  . 

CM-0.5R--!-0,60 kg/lkcfh); 
CJM-0.76H-0.78 lcg/(kgfh). 

Since  on  the  turbine of the ducted-fan Jet engine  there  occurs 
an Increased  pressure  differential  in  comparison with  the  TRD,   and 
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the greater, the more the bypasB ratio of the ducted-fan jet engine, 

then the pressure and temperature of the gas at the entrance into 

the jet nozzle of the first circuit of the ducted-fan Jet engine 

proves to be substantially lower than that of the TRD. The gan 

pressure behind the compressor of the second circuit of the ducted-fan 

onglne usually Is little distinguished from Its value behind the 

turbine. Thus, the velocities of the outflow of gas from Jet nozzle;? 

of the ducted-fan engine prove to be by far lower than those of the 

TRD, not exceeding when y  ■ 1-2 magnitude of 400-500 m/s. At large 

valuer, of the bypass ratio iy  ■ 6-8) velocities of outflow from 
■ Iruults of the ducted-fan engine are lowered down to magnitude 
200-250 m/s. 

The compression ratio n^,, Is usually selected so that the total 

air pressure behind compressor of the second circuit is equal to the 

total gas pressure behind the turbine. This provides approximately 

a minimum specific fuel consumption of the ducted-fan engine at a 

sufficiently low specific weight of the engine.  For values T~  and 

.TJ,, ,  named above, and also y  ■ 1-2, this condition limits magnitude 
a',, by values of nj,,«1.84-2,7. At high bypass ratios {y  ■ 6-8) 
magnitude n*uU   is lowered down to 1.4-1.5. This means that pressure 

,»''■'«.„,,,, 1 .d^s in  jet nozzles of the ducted-fan engine on a test 

stand (V » 0) will be subcritlcal. 

When engine is designed for supersonic flight speeds (M- = 2.2 

to 3.5) and must develop high thrust for rapid passage through the 

speed of sound and exit into the cruising regime of flight, the 

ducted-fan engine is equipped with an afterburner Installed in the 

second circuit or a common afterburne." Installed behind the confusion 

chamber of the engine.  The common afterburner provides the greatest 

increase in thrust.  The absence of revolving elements behind the 

chambers of the DTRDP allows when necessary reaching the gas 

temperature at the exit from the chambers up to maximum high values 

(2000oK) and more) provide high expiration velocities of gas (1000 

to 1300 m/s). 
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For an  Increaae  In the economy  of the  DTRDF when operation   In 
1 oo;; t  ref.imer,,   compression ratio  of the comproiU'.nr of the  tu>r(i,nri 

clrault  must  bo   increased.     The   forcing of thruot   in  111^  .•rc-n.i 
circuit  or in two  circuits  requires  the  use of adjustablr"  Jet, 
nozzles   (/      ■  var and fr/f      ■  var). 

Kp 5       Hp 

At  present  abroad there are being developed and conducted test:-, 

of ducted-fan  TRD with   forced values  of parameters  of the working 

process:     r;(tl)-=l400-M53üoK;   n^,,, =20-^27; J/--6-7-8.    Such ducted«fan  online»-, 
calculated at  subsonic  flight speeds, will  have very  good economy 
with operation on a  test stand f 
the cruising regime  of  flight   [C 

yA 

0.25-0.35  kg/(kgf.h)]   and   In 

0.58-0.65 kg/Ckgf-h)3. 

Figure 17.6 shows the change In gas parameters In both clrcult-s 

uf a ducted-fan engine in the presence of additional fuel cornbustlnn 
and with  its  absence. 

rr-rf LZObl 
CM/r, 

2000 

WOO 

__ 
t Yl - 

— —n cii'cui t /1 
LA p ^^a^—«SiC ^\ \                                            i L : iA. 

Fig.   17.6.     Diagram of 
a ducted-fan  engine  and 
change  in gas  parameters 
in both circuits   of the 
engine:     1  — with  addi- 
tional  fuel   combustion; 
2 - in the  absence  of 
additional  fuel  combus- 
tion. 
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17.^.1.    Designs of the Ducted-Pan Engine 

There Is a large variety of structural and gas-dynamic designs 
of the ducted-fan engine (Pig.  17.7) i  Including these:    with a front 
and rear disposition of the fan; with complete and partial division 
of gas-air channels  (circuits);  single,  double and triple-shaft; 
with a different number of combustion chambers  (forcing) and so on. 

J3PC^?£^_ 

iSJs^Ei 
iSsiä^O 

,'■ 

KCA    KBA        TBA  TC& THA 

Pig. 17.7. Diagrams of the ducted-fan 
engine:  a) diagram of a single-shaft 
ducted-fan engine with complete divi- 
sion of flows in the circuits; b) diagram 
of a two-shaft ducted-fan engine with a 
common ND compressor and separate exhaust 
(ducted-fan engine with front turbofan 
adapter); c) diagram of a two-shaft 
ducted-fan engine with a common ND com- 
pressor, mixing chamber, afterburner and 
common exhaust; d) diagram of a two-shaft 
ducted-fan engine with a rear turbofan 
adapter; e) diagram of a three-shaft 
ducted-fan engine with a common ND com- 
pressor and separate exhaust. 
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Engines made according to these designs can substantially be 

distinguished from each other by their operational characterii.1it.1cs, 

tM'.pociail.v In pai'tial load regimes, and al.'o by pi.-oul larl ties dl'' their 

arrangement on an aircraft• 

The use of a design with rear disposition of tlu; fan makeo It 

possible to create, during a brief time, on the basis of single- 

circuit THÜ well-recommended in operation, ducted-fan engines 

(Qeneral Electric CJ80^-23 and CF'/OO).  In this design the ventilator 

and NU turbine are united in one rotor and have combined blades, 

whose outlying (fan) part is separated by a shroud from the root 

(turbine) part.  Such blades (Fig. 17-8) are greatly loaded ami 

operate in loaded conditions. 

Fig. 17.8.  Blade of a free tur- 
bofar. of the engine General 
Electric CJ805-23. 

With the front disposition of the fan the external diameter of 

the engine is less.  New ducted-fan engines are mostly made with 

front disposition of the fan and with a short air channel of the 

second circuit. 
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The ducted-fan TRD can have completely separate gas-air channels 

(separate inlets, compressors, combustion chambers, Jet nozzles) 

or several aommon  elements (for example, common inlet, common ND 

compressor, mixing chamber, common afterburner with a Jet nozzle). 

The ducted-fan TRD is, as a rule, two-shaft.  At very high 

values of the compression ratio (a'j =20-f-27) and bypass ratio (i/>3-r6) 

the ducted-fan engine is made in a three-shaft design (engines 

Rolls-Royce RB.178, RB.207 and RB.211, and also RB.203 "trent" (see 

Fig. 2.17). in  this case the single-stage fan is single-shaft and 

Iht gat; generator of the basic circuit - two-shaft. 

Such t design substantially improves the operational properties 

of the engine (facilitates starting, lowers the specific fuel 

consumption In partial load regimes, increases margins of drag of the 

compressor) and, specifically, makes it possible by means of adjust- 

ment of the number of revolutions of the fan to reduce the level of 

noise produced by it (upon landing). 

17.^.2. Several Design Peculiarities of 
Elements of the Ducted-Fan Engine 

Design peculiarities of elements of the ducted-fan engine are 

determined by a variety of designs of the engine; they have a con- 

siderable effect on the characteristics, specific weight, technolcgl- 

cal effectiveness of production, peculiarities of operation and 

other properties of the engine. 

17.4,2.1.  Fan. 

One of the most complex problems in aircraft compressor manu- 

facturing is the creation of high-pressure transonic fan stages with 

blades of great elongation (///A>6) and with a small hub-tip ratio 

{<?--"(/i,TA/,r=* 0.25-0.3). These stages must be of low weight, have high 

efficiency and not be subjected to the effect of auto-oscillation (of 

the "flutter" type). Such fan stages of the ducted-fan engine at 

present are being developed (for example, the ducted-fan engine 

Pratt-Whltney JT3D-1 and Roll. -Koyce RB.211). 
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When  the designer  strives   to Isolate   flows   in both  circuits 
from each  othor,  the   fan blades  are made with  a dividing flange.     It 
I.'   a.'   t.:iou,:ii .■.uch  blader.   form  two autonomous   compressors  -external 

and   Internal,  with  various  characteristics.     Separating flanges 
complicate  the  design   and  technology  of production,  but   then  they 

Incrcapu  the dynamic  strength  of the blades. 

Common blades  of  the  fan   (compressor)  possess the valuable 
property   of the   flexibility  of  adjustment,   specifically,   the  ability 
to   redistribute automatically  the total  flow of air between circuits 
in  partial  load  regimes,  which   improves  the  operational properties 
of  the   engine. 

Very   long blades   of the  fan possess   the  deficiency which hampers 

Lh.'   obtaining of uniform aerodynamic   load  along  the  radius   (as   a 

result  of a considerable change  in circumferential velocities).     In 
thi,'   i'ns-  the peripheral part   of them is   streamlined by  supersonic 
ri-.iv}   und   hub   (rout)   part - subsonic. 

All  this  requires   the  use  of special methods  of profiling of 
the  blades  and  complicates   their design and  production. 

The   fans  of the  ducted-fan  engine with  a high bypass  ratio 
(y   =   b-- ■'   arid thrust  R  =   l8-?2  T have  an  external  diameter of up  to 
2.5  m   (Pig.   17.9). 

Fig.   17.9.     Pan of  ductod-fan 
engine  Pratt-Whitney JT9D-1 
iy = 5). 
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I'!.''.?.?..    Gas Turbine. 

At equal  thrusts  and identical  parameters of the working procetir 

the r.as   flow  through the turbine of the ducted*fan engine  is  always 
less  than that  of the  TRD.     This  causes  less  dimensions  of the blades 
of ttu;  turbine of the ducted-fan engine.     The  indicated  fact hampers 
♦he design  fulfillment of a reliably  operating system of cooling of 

the blades  of small ducted-fan engines. 

Because   -f the high expansion  ratio,  the efficiency  of the 
'urLine of the ducted-fan engine Is  always rore than that of the TRD; 
It reaches  a value of n* ■  0.93-O.y^.     The quantity  of stage:: of the 

turbine wlv-n y  ■ 6-8 reaches  6-9. 

17.^.2.3.    Mixing Chamber. 

The  use of the mixing chamber  in nonforced and  forced   (in 

both  circuits)  ducted-fan engines   makes  It possible  to  simplify  and 
reduce weight of the  exhaust part  of the engine and system of its 
control.     As  regards  the Improvement of the economy,  then at  the 
best   (with  effective displacement  of  flows)   it  is possible  to reduce 

the specific  fuel  consumption by  1-1.5*.     Usually,  they are  limited 
by the use of short   lobe mixeva,  with the help of which not  so much 
the mixing  of the   flows  is   provided as  their unification   (Fig.   17.10). 

Pig.   17.10.     Lobe mixing 
chamber of the engine  Rolls- 
Royce RB.m. 
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n.k.2,k.     Afterburner. 

In contrast  to afterburners  of the  TRD,  the  chamber' of the 

ducted-fan  engine  is  characterised by a  very  conr.ldorablc  fuel 
consumption  and by   the  need  in  its  control   in very wide   llmltr>,     The 
Indicated circumstance  Is   explained by  the  great   interval  of preheating 

(3r*— 'ft ).iTPa •• (/"«j.-- Ti )TPJ, 

and also the high values of bypass ratio used.  This determines the 

complexity of design of the fuel sprayer of the DTRDF and systems of 

their control. 

The presence of the external (cold) air circuit creates the 

mal:' possibility of providing effective cooling of walls of the 

combustion chamber and also unit of the sprayer and frontal device 

of the chamber. 

The degree of forcing of the DTRDF, especially with a common 

afterburner, at equal values of T*  is by far more than that of the 

TRD; this circumstance gives the DTRDF the advantage in all cases 

when a considerable increase in thrust (takeoff, passage through 

M„ -  1.0, maximum velocity, etc.).must be provided. 

Between the afterburner (or mixing chamber) and the jet nozzle 

It is convenient to install a thrust reverser of the lattice type. 

At a high bypass ratio a reverser of the bucket type is more expedient 

(Fig. 17.11). 

Fig.   17.11, 
JT  3D-1. 

Thrust  reversers of the ducted-fan engine  Pratt-Whitney 
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17 .^i .2.5.    Jet Nozzles. 

In ducted-fan TRD Jet  nozzles  with oblique  section are widely 
used.     Since the expansion ratios  in the Jet  nozzles  of the ducted- 

fan  engine are  less  than those of the TRD  (at  equal  values  of 
TT*   ),   then  losses  of thrust  from incomplete  expansion will  also  be 
less  than  those in the ducted-fan engine. 

Figure 17.7a,  b,   c,   d,  and e show basic  diagrams  of the ducted- 
fan  Tr'■  use-., abroad. 

17.5.     Thermodynamic  Cycle of the Ducted-Fan Engine 

The  thermodynamic  cycle of the  ducted-fan  TRD is   a combination 
and aggregate of cycles which are  accomplished  in both  circuits  of 
the  engine.     It  is  characterized by  the following peculiarities, 
which  include: 

1) the presence of one,   two or three sources  of heat   (depending 

on the  quantity of combustion chambers  In the circuits); 

2) the existence of energy exchange  (in the  form of mechanical 
work)   between working media of the circuits; 

3) in general,  various  correlations between masses of the working 
medium in the  circuits. 

Thermodynamic cycles  in the  circuits  are the successive 

alternation of processes,   as  a result  of which  the working medium, 
because  of the feed of the external energy in the form of heat or 

mechanical work,  continuously accomplishes  useful work  in the form of 
a certain increase in kinetic energy of the effluent gas. 

To  determine velocities  of outflow from the  circuits  and, 
consequently,  specific  thrusts,  a sequential  examination of processes 
which  are  a^omplished in both circuits is necessary.     To estimate 
the  thermodynamic effectlven---;;  of the engine,  the cycle of the 
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ducted-fan engine as a whole must be examined:  compare the total 

tractive work and total Increase in kinetic energy of the gas with 

the total quantity of heat fed during the cycle. 

Figure 17.12 shows the actual thermodynamic cycle of the first 

circuit of the ducted-fan engine (0-l-2I-3-^I-5I) in the {i/A)-s 

coordinates for the general case of flight (V > a~).    It is 

distinguished from the cycle of the usual TRD by the peculiarity of 

the expansion process:  the total power of the turbine Is equal to 

the sum of the powers of the compressors established In both circuits, 

i.e., 

.VT = ^I + .V,„. (17.11a) 

or 

GiLi = GiL„i + GiiLH n; 

whence we obtain,  having divided all terms  of the  equality  by   C_, 

Li^LKi+yLuH^Lti+LtUt (17.11b) 

where LHi, LKU~-   the  work expended for the compression of 1 kg of 

gas in the compressor of the first and second circuits respectively; 

£ri. LtH— the work of the turbine expended for driving compressors of 

the first and second circuits respectively. 

* 
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Pig. 17.12.  Real thermodynamic 
cycle of the first circuit of 
the ducted-fan engine. 
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Figure 17.12 shows changes in the total energy of 1 kg of gas 

occurring In basic elements of the first circuit, and kinetic energlf 

of entering and outgoing Jets of gas corresponding to these changes, 

works of the compressor and of turbine, quantity of fed and removed 

neat. 

Let us write the equation of energy for sections 0-5 of the 

flow of pas of the first circuit of the engine. 

VJ' have 

ql + AL^-AL^c^n-T^ + W-V*) 
lg 

(17 .12) 

Noticing that   £, — ^1 = ^11  and  <l\i—CpCrl — To), let  us writ' 

fl-AU-^ + ieZ-V*). (L7.n) 

Prom expression (17.13) It follows that for the assigned 

r.hermodynamlc cycle of the first circuit and, consequently, for the 

assigned quantities of the fed (q,) and removed (^TT) heat, an 

increase in kinetic energy in the first circuit is less, the greater 

the energy £Tu, removed for rotation of the compressor secondary 

circuit. 

Let UE denote 

</i— <l\t — AI't, 

cl-Vi 
where   /,#=.._i_ available  useful work of the  cycle of the initial 

TRD. 
24' 

Then 

c\*~Vt 
2g -*',—1,11=1 Lm,, (17.1^) 
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or, having denoted 

L.n 
=--Jf. 

we obtain 

en-Vi 
(17.15) 

where x - degree of energy exchange between the circuits; L ,_.. - 

increase In kinetic energy of the first circuit of the ducted-fan 

engine (useful work of the cycle of the first circuit). 

Figure 17.13 shows the real thermodynamic cycle of the second 

circuit of the ducted-fan engine without fuel combustion In the 
II II 

second circuit (0-1-2 -5'   ) and with fuel combustion 

(0-l-2II-3II-5jI).  Here 

0-1-2  — process of compression in the second circuit; 

2-3  - process of heat feed In the second circuit; 

2  "5 \ _  processes of expansion in the Jet nozzle of the 
„ , 0II r-ll I      second circuit, ana 3 -5^. 

Pig. 17.13.  Real thermodynamir 
cycle of the second circuit of 
the ducted-fan engine. 
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Let us now write the equation of energy for sections 0-5  of 

the flow of gas of the second circuit of the ducted-fan engine. 

We have in general 

«/"-:/*/-..,,-r,!/-;' T^ + ^-C-s"-!'3). (17.10 

.11 -. .•/•" Noticing that g^c^Ts —T(,) -   heat removed during the cycle, we 

wri t ■: 

ill- <l") + ALKlt*.A   (t%
2  

Vi) =*Al.ftnu (17.1?) 

where  L eill)  ~ U3e^u^ work of the  cycle of the second circuit 

From expression  (17.17)  it follows  that   for the assigned 
thermodynamic  cycle  of the second circuit  and,   consequently,   for 

assigned values q-    and <7-r-r»  the greater the increase In kinetic 
energy  in the  second circuit,  the more  the energy   LKli transferred 
TO  compressor  (to  the  fan). 

When In the  second  circuit external heat   feed (^I'^O) is  aboent, 
the increase In kinetic energy of the gas  is  always less  than the 
energy  fed from the  first  circuit.     Part  of it  Is  expended  for the 

preheating of the gas  (conditioned by hydraulic  losses) with passage 
of it through the  circuit. 

Thus 

til (17.18) 

In the particular case when in the second circuit the energy is 

not fed to the gas either in the form of heat or in the form of work, 

the equation of energy assumes the form 

A03 



(VI. .1" 

2* 
=*cjn-n\. (17.19) 

Since  in real processes  of compression and broadening,  because 
of the presence of friction,   the entropy increases  and heat  content 
of the  gas  rises   (T"!^^). then the kinetic energy of  flow of the energy- 
free  circuit  can only decrease  (c^<V').    In this  case  the second circuit 
creates  a negative thrust 

/?,! = «■L^-fi'). (17.20) 

17.5.1.  Fundamental Equation of Balance of 
Work of the Second Circuit of a 

Ducted-Fan Engine 

From the equality of powers of the compressor and turbine of 

the second circuit 

or 

it  follows  that 

Nun^Nttt, 

Gli^.n^Gii,,!, 

1     _^II 
•••in     r** (17.21) 

Substituting /.,n=Jt'v   we  obtain 

^n Lt. (17.22) 

Equations (17.21) and (17.22) are called equations of the 

balance of works of the turbocompressor of the second circuit. They 

establish the connection between compression degree of the compressor 

of the second circuit and parameters y  and «, which characterize, 
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respectively,  the distribution of mass of the working medium and 

available energy between the circuits. 

17.5.2.    Bypass  Parameters 

Parameters  ^*Tjt x and y, or parameters   Li.-n, Z-TII and y,  are 
caused by the presence of the second circuit of the Jet engine. Let 

us call them bypass parameters. They can be changed In a wide range 

of values: 

0<.v < 1.0;    0< j/<oo:    1,0 < .i',, < *[tH]lmm. 

Of three parameters f*T-r> « and y any two are independent parameter's 

and the third — a derivative of these two. 

17.5.3.     Determination of Parameters  of the Working 
Process in Characteristic Sections of the 

Ducted-Fan Engine 

We will consider as assigned parameters of the initial TRD the 

ignitudes ir*  and T,, as assigned parameters of second circuit 

.ucted-fan engine of magnitudes ^Jl-r-r»  y  and T-      * T        (if 
additionally  fuel burns)  and as assigned parameters of flight 

magnitudes M0  and H. 

17.5.3.1.    First Circuit. 

The determination of parameters  in sections 1   ,  2    and  3    ir 
produced Just  as  it  is  in corresponding sections of the TRD. 

Parameters of gas at the exit  from the turbine of the ducted-fan 

engine. 

Let us reduce the equation of the balance of power of the turbine 
and compressors of the ducted-fan engine to the form 

L-L^ + tA •ill. 
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where 

A*,, low.:^6-])---. 

Then the stagnation temperature behind the turbine can be found 

with the help of the energy equation 

T'
1
—r* LT 

(17.23) 

The expansion ratio of gas in the turbine IT* is easily found from 

the work equation of the turbine 

Af-n87"Jtt«fct (17.^) 

where 

Then the total pressure behind the turbine will be determined 

from expression 

n—ny- 

Velocity of outflow  from the Jet nozzle of the  first  circuit 

We have 

'S-Vd /aior:'.,...,. (17.25) 

where 

i      -t '   . 

>..!■ 
JVII]VC__/4 

«I /»» 
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17.5.3.2.  Second Circuit. 

Determination of parameters in sections 1, 2  and 3  is 

produced Just as in the corresponding sections of the TRD. 

Velocity of outflow from the Jet nozzle of the second circuit. 

For the case of fuel combustion in the second circuit 

fM.=Tp.cii^23iorVr.Ml.. (17.26) 

where 

i   * . 

1Tp.tii=inin
1(ii«iit 

0
II= Pi IPi  • 

In the absence of heat feed into the second circuit 

fi'-^cn V 20ior;,,.f,ll. (17.27) 

where 

Vdl 

The determination of magnitudes 

.ill«,);  «p.ti(S.ti^ »MiiUp.ciO 

is conveniently produced by tables of gas-dynamic function 

••l--ir-/(») 

U07 



for *r=-1.33 and *f-l,4. 

Concept of the efficiency of the second circuit. 

Prom an examination of the therraodynamic cycle of the second 

circuit (without heat feed) (see Fig. 17.13) It follows that the 

kinetic energy of 1 kg of the effluent gas Jet 

-in 

is always less than the energy expended for the compression of 1 kg 

of gas : 

/ -/  ?- '-ell —'-kll I l)„ 

Let us call the ratio of the obtained useful work of expansion 

to the expended work of compression of 1 kg of gas in the second 

circuit the efficiency of the second circuit of the ducted-fan engine, 

i.e., 

,ii? 

'»M 
-pll 

r~Tu 
/.M4--- 

(17.28) 

It is approximately equal to the' work of the efficiency of 

processes of compression and expansion In the second circuit. 

Actually, 

,„ ,. 
Icll 

A" 
•^JT-^ii^ii^rt'lpii"..!. (17.29) 
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Magnitude a1 usually does not exceed 1.01-1,01» (Fig. 17.14); 

with the approach of irj»,, and n*-rj  to unity the coefficient a  also 

approaches unity. 

Thus, 

tll^llrtÄll« (17.30) 

At subsonic flight speeds the efficiency of compression is 

littlf dlstiuguished from the efficiency of compressor of the second 

clrcsuit. With M0 ■ 0 we have «I- ii<»i!!ii : with an increase in NL 

magnitude rjcii slowly increases (Pig. 17.15) • 

a 
i,oe 

tfi» 

m 
1.00 

V-0 5 t ,^1 ̂  

A y 
,s s olV ̂ - 'd 

y r* < 
/ s y 

»M 
0, TO "* 

A s ** ^-, 

V >' 
/      /.♦     /,*     V     2,t «;, 

Pig.  17.14.    Determination 
of correction coefficient 
a. 
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Fig.   17.15.     Effect of M0 number 
of flight on  nm . 
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The efficiency of expansion of the second circuit in the absence 

of additional hydraulic losses on the section between the compressor 

and Jet nozzle is equal to: 

1,11-^11 (17.31) 

On the  test  stand  for  nj =0,82-^0,86;   ^,,.,.. = 0.97-^0,98    we   find  rijj   =  0.75 

to  0.80. 

17.5.3.3.     Determination of Velocities  of 
Outflow of gas  with  the Help of Bypass 
Parameters. 

Solving equation  (17.15) with respect  to a^ we obtain 

rUK-'ifMl—*)+»''* • (17.32) 

Similarly, from equation (17.28) we find 

'1,-/-«(^'+27)n"' (17.33) 

or 

""I/MT^T)''" (17.3M 

Thus, the lower the efficiency of the second circuit, the less 

the velocity of outflow from it. 

1?.6.  Basic Parameters of the Ducted-Fan Engine 

Rate of air flow. 

C=Ci+Oji=Gi(I+tf). (17.35) 
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Thrust. 

Let us call thrust of the ducted-fan engine the som of Jet 
thrusts of the first and second circuits of the engine, i.e., 

or 

RvuGfaa+CuRtM, 

or 

R=Gl{Ryll + yR„lt), (17.36) 

where 

yll= • "/ill — 
V-v . 

R      _ and R      TT - specific thrusts, respectively, of the first and yfl I    yfl II   K 

second circuits. 

Then 

/^«•[(rl-^ + yCri'-l/)!. (17.37) 

Specific thrust. 

Let us call the specific thrust of the ducted-fan engine the 
thrust referred to 1 kg of total air flow through the engine, I.e., 

a   Hi + </n 

or 
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A». (17.38) 

Fuel  consumption per second. 

0T - GTi + GTii. (17.39) 

Fuel  consumption per 1 kg of total air  flow, 

m, 
U/Q     '/, ß| + Oil 

or 

m (17.40) 

where 

m, 
d «1.,". 

m, 

Specific  fuel  consumption. 

C_a =: 3600 -^-=3600     w' + yw" 
Äy» Rytl+I/Ryilt 

(i7.n) 

Increase  In the kinetic  energy  Jn the  ducted-fan engine 
referred to 1  kg of total air flow. 

l+y 
(17.42) 

where 

eP-Vi e["-Vi 
A/fi^-^-J      AATii—i^r—. 
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External heat referred to 1 kg of total air flow. 

(17.^3 

where 

.rast efficiency. 

V A/( AK|+yA/f|| 
(17.^) 

Effective efficiency, 

IL«» = n —|— ir   H * . (17.15) 

[Qtal efficiency, 

(17.46) 

Frontal thrust. 

The use of the second circuit in the ducted-fan engine is 

frequently connected with an increase in external diameters of the 

engine and of nacelle of the engine; therefore, to estimate the 

effectiveness of the ducted-fan engine frontal thrusts of the 

ducted-fan engine and TRD must be compared. 

Let us call frontal thrust of the ducted-fan engine the thrust 
p 

referred to 1 m mid-section of the engine, 

113 

mmmm J 



m 

Assuming that the mid-section of the ducted-fan engine is 

determined by overall dimensions of the compressor, and considering 

that the axial velocities: of flow at the entrance into the compressor 

of the first and second circuits are equal to each other, let us 

write 

-FV-dty 

where 

?(*.)=</O-O^W): /.=/i+/r: 

then 

VT* 
(17-V,- 

k\i\ 



CHAPTER     18 

THERMODYNAMIC PROPERTIES  OF NONBOOSTED AND BOOSTED 
DUCTED-PAN ENGINES 

18.1.    Effect of Bypass  Parameter on Specific 
Parameters of Nonboosted 
'     Ducted-Fan Engines 

Let us  examine the thermodynamlc properties and peculiarities  of 
a ducted-fan TRD,  the effect of bypass parameters  and working process, 
and also  flight speed on specific parameters and efficiency of the 
engines. 

18.1.1.    Dependence of Total and Specific 
Thrust of the Ducted-Fan Engine on 

Bypass Parameters and Cycle 

Let  us  express   the specific  thrust  of the ducted-fan engine 

V 

In terms of parameters of the cycle and bypass, having used relations 

a?. 33) and (17. 3*0. 

For the general case of flight (I' > 0) the specific thrust of 

nonboosted ducted-fan Jet engine is equal to: 

(18.1) 
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In the particular case of operation of the ducted-fan engine on 

a test .stand (V  ■ 0), we obtain 

"""^^('^"-^•■'■"l/^f'-S (lb.2) 

Let us also write the expression of total thrust of the non- 

boosted ducted-fan engine 

or 

+ !/[[/(2A'y /^M/^IH-V (18.3) 

Formulas (18.1) and (18.3) make it possible to investigate the 

effect of bypass parameters on specific and total thrust, and also 

specific fuel consumption of the nonboosted ducted-fan engine at 

assigned parameters of the cycle and flight.  In other word:-,, they 

make it possible to compare the basic thermodynamic indices of 

effectiveness (RyV  R,  C,,-,) of the "original" one-circuit TRU and 

endless quantity of "derived" ducted-fan TRD, which are distinguished 

from each other by values of bypass parameters y,   x  and T*TT. 

Concepts of "derived" ducted-fan engine and "original" TRD are 

not conditional.  There exists, for example, a whole class of 

ducted-fan engines appearing precisely on the basis of the assigned 

TRD with the help of the addition of the rear turbofan adapter (for 

example, General Electric CJ 805-23 and CP700 engines).  The derived 

ducted-fan engine and original TRD formed in this manner have an 

identical rate of air flow through the basic circuit and also identi- 

cal parameters of the working process in this circuit. 
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For any nonboosted ducted-fan engine (independently of Its 

design), it Is always possible to find the original TRD if we 

mentally reject the second circuit with stages of the compressor 

established in it and decrease the quantity of stages and work of 

the turbine. Such a comparison of the ducted-fan engine and TRD Is 

the natural and initial method of their comparison with respect to 

thermodynamlc parameters. 

18.1.2. Most Advantageous Distribution of Effective 
Work Between Circuits of the Nonboosted 

Ducted-Pan Engine 

Let us assume that parameters of the working process and 

consequently, effective work of the "original" TRD is assigned. 

Let us assign a certain value of the bypass ratio of "derived" 

ducted-fan engines (y ■ const).  Let us examine the effect of the 
degree of energy exchange x  and parameter T'-T-T uniquely connected 

with it on specific parameters R      and C  of the engine. 

With an Increase in the portion of work of the cycle transferred 

to the second circuit. I.e., with an Increase in x, the velocity of 

outflow of gas from the first circuit o,- is diminished; the velocity 
II of outflow of gas from the second circuit o- (equal to zero when 

K = 0 and « = 0) simultaneously increases. At the assigned air flow 

through the first and second circuits, the total thrust of the 

engine with amplification of energy exchange Increases, since losses 

of kinetic energy for the creation of thrust are diminished and 

thrust and total efficiency of the engine increase. 

The specific fuel consumption (for 1 kg of total thrust) in 

this case is respectively diminished. The latter is explained by 

the fact that with an Increase in total thrust the hourly fuel 

consumption of the gas generator In the presence of energy exchange 

between the circuits remains constant. 
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At a certain optimum value x   (and 11*-^.) the specific and 

total thrusts reach a maximum, and then with a farther increase in 

value of x  up to unity, mannitudes R       and h   ar».- : ir.'. i ;,;:;.■. ■. l'n\;"iL 

According to this, the stieciflc fuel consumption reaches a minimum 

and then continuously Increases. 

Let us now find conditions of the most advantageous distribution 

of the available effective work L    between the circuits at which the 
e 

specific and total thrusts of the ducted-fan engine roa ■li a -laxlmuni 

and the specific fuel consumption — minimum values.  For this let us 

reduce the expanded expression (18.1) for specific thrust of the 

nonboosted ducted-fan engine 

+4l/(:!';f i'+t")',"-l/]l 
Lo the form 

H/(ffl+,)ni,",]l- (1B. U) 

where 

Differentiating /?ya=/(x), let us find after simple conversions, 

using condition dRyJdx—O, 

-^opt ~ ' 

l + -|-(> -In)      In--^0-in) 

I+Vlii 1 

y 

(18.'j) 
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From formula (18.5) it follows that in flight and with operation 

on the ground with an Increase in the bypass ratio and efficiency 

of energy exchange, the portion of effective work which must be 

Imparted to the second circuit for providing the greatest thrust of 

the ducted-fan engine continuously increases. 

Value x . corresponds to optimum values of work of the 

compressor of the second circuit 

i.KH(opH =» — T"  "XT» 
(»+»1ll) 

(18.6) 

Velocitier. of gas outflow from the Jet nozzles of the first and 

second circuits 

8      y   i+»in 

(IB.7) 

(18.8) 

and ratio of velocities of outflow equal to 

-5—»laO.O. (18.9) 

This result is very noteworthy. It expresses the essence of 

the basic principle of energy exchange in the ducted-fan engine (see 

Section 17.3) 

Having substituted value x    .   from expression (18.5) into 

(18.4), after several conversions, we obtain expressions for the 

maximum specific thrust 

(»(mil) 
ffd+K) 

l^(fl + !/+l)lH-.^i)-(l + tf)l (18.10) 
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and maximum total   thrust  of the nonboosted  ducted-fan eiudne 

/?.„»-—- [na-f iz + DO + i/'iuMi f//))• n a. i j.) 

Prom expressions   (18.7),   (18.8)  and   (18.10)   it  follow;;   that 
optimum velocities:   of outflow  from both   circuits   and also  r.peclflc 
thrust  of the  ducted-fan  engine,  with  an  increase   in the bypass   ratio 
continuously  drop   (Pig;.   18.1),   and,   moreover,   the   faster- they   do, 
the  more  the  hydraulic   losses   in  the  second   circuit.     WIIL-TI  ./   =   U 
expression   (18.10)   turns   into the  usual   formula of specific   thrust 
of  the  TKD. 

b'rom expression   (l8.lj))   it  is  evident   that   in   flight  with,   a 
decrease  in S   (I.e.,  with  a drop  in L     and with   an  increase   in 
fl.ir.ht   spoiMi)   thr   nptimuni   value  of  the   coefficient   of  d i .■ t ••' ;'n M et i 

of energy  x continuously  drops,   approaching zero.     This   means 

that with  an  increase   in  the  flight   speed   for obtaining as   largo   ~ 
thfust   as   pcs Hi.l..-'   all   t\w  lesser part  of effective work  must   \ %. 

transferred  into   the   second  circuit. 

'        Crlnl      Ml« S(0I     cf(») 

\ .la^Z         
Ott 

L '^'        'j(0pt 

0B\      < '  W 4_ V^J v ^ ^ cm 
CA    ^s 

?^~^~Z2^-— 
0) 

_    _L 
to iSy 

Pig. 18.1.  Effect of tht; bypass 
ratio on optimum velocities of gas 
outflow from circuit? of th" 'i'ict'.-d- 
fan engine. 

The velocity at which x     . = 0 determines the theoretical opt 
limit  of the  rational  use  of the  ducted-fan  engine. 

Having equated x =   0, we obtain opt 

»mln   " Mi 
111 

1. (18.12) 
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wurnce it is easy to find the sought velocity V («-or 
The lowering of « . with an Increase In the flight speed Is 

explained by the relative decrease In effectiveness of mechanical 

fompression at high values of the dynamic compression ratio. 

In the Ideal case when HTT ■ 1. we find fl   .     = 0, or L    =0. 11 min        e 
In other words, In the absence of losses the energy exchange between 

the first and r.eoond circuits is effective in the whole speed flight 

rar.r-' . 

18.1.3. Optimum Values of Bypass Parameters and 
Parameters of the Engine on a Test Stand 

Let us find now x . when K « 0. Having substituted into opt 
expression (18.5) the value B ■ » we obtain 

»nn 1 

»111 

(18.13) 

üptimum values of the work of the compressor of the second 

circuj-u and also velocities of outflow from Jet nozzles of the 
ducted-fan engine on a test stand (7 ■ 0 and S = <»)  are equal to 

^itii«oro — 
Mil 

1 + >1II 

sei*»   y ,+,,,„ 

-.«./IS 

(18.14) 

(18.15) 

(18.16) 

The expression for maximum specific thrust of the ducted-fan 

nglne has the form 

Wv •JKnmi' 
/2^   /t-f»nil ..a   ,,,./I±Eü' MA  i7\ 

T -ir+ir -^•"^ irrpi' (18 •17) 
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correspondingly, 

Cv, (inln): 
C, , (TP.l) (i'i.i'n 

iS.l.'i.     Effect of Parameters of the Cycle and 
Plight Speed on the Optimum Value of the 

Bypass Ratio of the Nonboosted 
Ducted-Fan Engine 

On the test stand the increase in the bypass ratio with optimum 

distribution of energy continuously lowers the specific thrust and 

specific fuel consumption of the ducted-fan engine (Fir..   IB.?). 

Consequently, when ^ -»■ ^ we have R 
Yfl 

0 and 
Yfl 

0. 

ya mm 

^hg^^üflopt 
Pig. 18.2.  Effect of the 
bypass ratio on specific 
fuel consumption of the 
ducted-fan engine on a to; 
stand (M0 = 0) and in 

flight (M0 > 0). 

In  flight   the  Increase  in parameter y,  a?  previously,   continu- 
ously  decreases   the  specific  thrust.     The  specific   fuel   consumption 

is   initially   lowered,   reaching a certain absolute minimum when 
y  -  ij     . ,   and  then,  with  further increase  in y,   it  increases. 

To determine  y     .   let  us write  the  expression  C     (   ,   .   corre- ^opt yMmii'j 
sponding to   the  optimum distribution of energy between  the  circuits, 

3A0flfli const 

'y,",,",,      *v,,m..)        »/(ß + * + 0(l+*'l„)-(1+*>' 
(18.19) 
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The optimum value y, which corresponds to the "minimum 

mlnimorum" of specific  fuel consumption,  can be  found from condition 

rfC,. 

Differentiating the denominator of expression (18.19), we obtain 
after certain conversions 

(18.20) 

where 

^(l-V'l-nii^AnuV 

From expression (18.20) it follows that # t ■ f  (V, Le,  and 
nTT). With a decrease in L , with an increase in V and drop in nT-r 
magnitude u . is lowered. When V * 0  (independent of ^jr),  and 
also when n.,, ■ 1 (independent of V)  we have J/ODt ■ *• 

..et us find the significance B  (and consequently, V)  at which 
y        » 0, i.e., when the ducted-fan engine degenerates into a TRD. 
Op u 

Having equated y0-t  ■ 0 in expression (18.20), we obtain 

8*,'m\vwUm » "'• (18.21) 

With n„-0.9;  ntl-0,85:  r;« I200*K; t|„-0.S; a,-a0|H    we   find 

B*i. «2.»  and   M0(1M1)«l,7. 

Figure 18.3 shows the change in optimum values of bypass 
parameters x and y  on the M- number of flight, and also the relative 
specific fuel consumption corresponding to these changes: 
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0,lSLrif-(llS,H ft** 

Fli 10 Elfe 

number of   rii.-ht   or:   the 
optimum values  of  the 
decree  of energy  exchant 
x  and  bypa?c  ratio   u. 

o.i    0,3    itz    ie Mi 

With an increase In MA valuer, x     .   and y     , tend to ?ero   and 0 opt ^ opt 

yfl 
un neration"  of the  optimur. du d-fan 

into the TRD at values assigned above of parameters of the 

dynamic cycle approaches when MA   =1.7. 't Omax 

■.r.t-i'mo- 

15.1.5.     Effect  of Compression Ratio   of  U 
Compressor  of  the  Second  Circuit   on 

Specific  Parameters  of the 
Ducted-Fan  EncJne 

Earlier   [see  equation   (17.22) J  we  determined  that  at   a   fixed 

value   of   L*:>    bypass   ratio  an  increase   in   the  derrv'   uf  ■ nerry 

i'xchaii,-"  x   leads   to  an increase  in  compression ratio  of ti,1-  ccmpi'ej. J Dr 

ol'  the   second   circuit  TT*  .,.. 

Wltli   an   increase   in  n*,.-,   from unity   to  the  optimum  value   (at 
KII 

which  x  =  x     .)   the  specific  thrust  of  the  ducted-fan  engine   increase? Opt 
and  the   specific   fuel   consumption  is   respectively   lowered;   with  a 

furtner increase   in  iT#Tr  up  to  a maximum value   (at  which x =   1)   t.ie 

specific   thrust   of the engine  drops,   and  the specific   fuel   consumption 

increases.     The   optimum value   TI*TT   (at  which  the  specific   thrust 
K X -L 

reaches   a  maximum)   and  the  economic   value  ■n*TT   (at  which  the  specific 
HII 

fuel consumption reaches a minimum) coincide, i.e., (Fig. 18.'0 
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*opt ■■•*»« and n| «ll(«pt) =,"Kll(•ll)• 

Pig. 18.4. Comparison of optimum 
and economic compression ratios of 
the compressor of the second circuit 
of a nonboosted ducted-fan engine. 

riKir(opirnKir(jio 

Actually, the maximum of specific thrust corresponds to a 

maximum of total thrust. Since the hourly fuel consumption 

Ün~G,i{Tl--rj)  depends on ifjjj. then the specific fuel consumption 

in this case will be a minimum. 

Figure 18.5 shows the effect of compression ratio of the 

fiompr^sscr of the second circuit on the specific fuel consumption 

of a ducted-fan engine at various values of the bypass ratio.  At 

small values of y  curve Cyi-*f(n'HU)  is very sloping and has an 

unclearly marked minimum. With the increase in y  curve Cyfl becomes 

more steep, and the region of the minimum of fuel consumption Is 

decreased, moving to the side of small values of fl^jj« 

An analysis of the effect of conprension ratio of the compressor 

of the second circuit on the change in parameters of the working 

process of a nonboosted DTRD (Pig. 18.6) shows that at the optimum 

value IT»  the pressure differential in the Jet nozzle of the second 
HII 

circuit is always more than that in the Jet nozzle of the first 

circuit, i.e., that /^J,l>/»;, . 
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The lowering of IT*  down to a magnitude at which the equality 

of total pressures in the Jet nozzles of both circuits is established, 
»II   »I 

i.e., fi   * Pn   >   for small and moderate values of y«2~-i)  in 
oractico C       (to within 0.5-1.0!?) increases. 

Since in this case magnitudes TT*  and IT»  are substantially 

lowered, then tills leads to a decrease in the quantity of stages cf 

the tur'r ^compressor of the second circuit and, consequently, and 

zo  a decrease '-:  dimensions and weight of the engine.  Furthermore, 

th- ■:..■■.! ir y of total gas pressures in channels of expansion of the 
acted-fan engine in the presence of the mixing chamber sharply 

decreases losses in the latter. 

Thus when y   <   2-3 it is expedient to produce selection of the 
computed value T^*-rT from the condition of providing the equalitv o t KII t- o » . 

pressures   for the  compressor and  turbine  cf the second  circuit. 

At high bypass  ratios  the relatively small deviation in ^JITT 

from its  optimum value  sharply  increases  the  specific  fuel  consump- 
tion of the  ducted-fan engine;  the  last  circumstance  is   connected 

with the  considerable decrease in the velocity of gas  outflow from 
both circuits  at  suocritical drops  in pressure.    In flight this 
worsening in economy  is  aggravated by the  increase  in inlet pulse. 

1B.2.     Effect  in Parameters  of Working Process  on the 
Specific  and Dimensionless  Parameters  of the 

—      Ducted-Fan Engine 

The effect  cf parameters  of the working process   (compression 
ratio of the compressor of the first circuit, temperatures of gas 
in front  of  the  turbine)  on the  specific  and dimensionless  parameters 
In the ducted-fan engine is  qualitatively not distinguished from 
similar dependences  for the single-circuit TRD. 

For conditions  on takeoff  (M„ and W ■ 0)  curves of specific 

and dimensionless  parameters  of the  ducted-fan engine  and TRD are 
distinguishe ! only by "seal'-" - at equal TT*    and T, the specific 
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thrust and specific fuel consumption of the DTRD in a wide range of 

parameter:; of the workln.r process are lower than thor-n of Hi- TRP. 

The üptimum and economic valuta n* and / , for '.L' .' : ■'.:.:   i'l-d1 

coincide.  When L  -> 0 tue specific thrust;:- of the D'l'HD ami TRP 

simultaneously approach zero and specific fuel consumpt5"nn - 

infini ty. 

18.2.1.  Effect of TT«  when Mn > 0 
KI 0 

Figure  18.7  and  Fig.   18.8  show the  effect   of compression ratio 
of  the   compressor of  the  basic   circuit   on specific  parameters   of the 

ducted-fan engine   {y   =   2)   and  TRD   {y  =  0)  when  11    =   ".'1   aid  ti  -   11   km 
The   distribution  of energy  between  circuits   of  the   ducted-fan  engine 
at  all   values  of the  gas  parameters  is   accepted  as   opti.nmm. 

r —j 
"V, 

H-=11KH; rj' = /'tOO'K; y-2; 1 
CO 

i r 
^ '•^ spa .MB=»0(9i 1p~0.9;i] c =0,85 

«Ö 

— 

—■ — — 

■ÜTPÜ 

- 

"^ 

1 ^ •^ 

»v. 
N. 

f: — 

"k1 

_j„ - ^~" ^ 

0 ? 0 « 0 6 9 6 0 10 o    no lUO     Stiii n;, 

l''lg.   Id.7.     Effect of compression 
ratio  of the   compressor of  first   cir- 
cuit   7i*     on  the  specific  thrust  of the 

Hi ^ 
TRD  and   ducted-fan  engine. 

An analysis  of expressions   for the  specific  thrust,  nf the 

ducted-fan engine  and  TRD allows  establishing  that   in  flight   the 

specific   thrust of the  ducted-fan engine  becomes   zero when  the 
available effective work  of the cycle  still  has   a  substantial  positive 

value   {L     > 0),     The   last  circumstance  is  explained by  the  consider- 
able  effect of hydraulic   losses   in the  second  circuit   at snail 
values  of effective work. 
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Fig.   18.8.     Effect   of TTHI on specific 

fuel consumption of a TRD [TP^] and 
ducted-fan engine. 

Thus,  specific thrusts  of the  ducted-fan engine  and TRD become 

zero  nonsimultaneous  (see Pig.   18.7),   i.e.,  at  different  values  of 

IT». 
Hi 

The range of positive values of specific thrust of the ducted- 

fan engine proves to be less than that of the TRD.  This circumstance 

has an effect on the passage of curves of the specific fuel consum- 

tion.  Curves Cya«^«;,), plotted for the ducted-fan engine and TRD 

(sfcfr r:,b. 18.8), are "stratified," being displaced relative to each 

other; in this case the economic value of compression ratio of the 

compressor for the ducted-fan engine moves into the region of 

values TT*.  The range of values TT* in which the specific fuel 

consumption of the ducted-fan engine appears lower than that of the 

TRD in flight is considerably less than it is on takeoff.  It 1? 

less the greater the M,, number of flight. 

A comparative worsening of the economy of the ducted-fan engine 

In the region of very small and very large values Tt* is explained 

by the sharp worsening of effective efficiency. 

18.2.2.  Effect of T    when Mg > 0 

Figure 18.9 and 18.10 show the effect of gas temperature in 

front of the turbine T^ on sp^lflc parameters of the ducted-fan 

engine {y  « 2) and TRD (j/ = 0) when VlQ  = 0.9 and Ä ■ 11 km. 
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Fig.   18.9.     Effect  of gas 
temperature  in  front  of 
the  turbine   7'. o 11 ■.pa- 

cific  thrust  of  the  ThlJ 
and ducted-fan engine. 
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Pig. 18.10.  Effect of T., 
j 

on specific fuel consump- 
tion of the TRD and 
ducted-fan engine. 

It is characteristic that the specific thrust of the ducted-fan 
» 

engine with a decrease in T^  becomes zero at a higher value of gas 

temperature in front of the turbine than for the TRD (see Fig, 18.9). 

This leads to "stratification" of curves of fuel consumption, movln1? 

the "economic" temperature of the ducted-fan engine into the region 

of raised values T~  (150-200°). With an increase in T    the relative 

economy of the ducted-fan engine is rapidly improved (see Fig. 18.10). 

The latter Is explained by the fact that the transmission of energy 

into the second circuit sharply increases the thrust efficiency with 

insignificant worsening of the effective efficiency.  In the region 

of low temperatures the worsening of the economy of the ducted-fan 

engine is conditioned by the considerable drop in effective efficiency 

18.3.  Heat Balance of Nonboosted Ducted-Fan TRD 

Let us examine diagrams of heat balance (Fig. 18.11) of a 

single-circuit (a) and nonboosted ducted-fan (b) TRD constructed 

for conditions of flight ff = 11 km and M 0 0.7.  The diagrams are 
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oalf.ulated on the assumption that engines have identical character- 
istic parameters of the thermodynamic cycle of the original circuit 
(.I;=--I5; T"*^ 1400'K; Jt-0,55);   the bypass ratio of the ducted-fan engine is 

y  =  3.    The efficiency of combustion ci(.c=0,97. 

M~ffttM   «5 
Mf-V 

Pig. 18.11.  Diagrams of heat balance: 
a) TRD [TPA]; b) ducted-fan engine. 

Earlier we noted that the transmission of mechanical energy from 

the first circuit to the second is connected with the appearance of 

additional hydraulic losses (TITT < 1.0), as a result of which gases 

o-fflu^nt ^om the Jet nozzle of the second circuit take away part of 

the energy in the form of heat. 

Consequently, the total increase in kinetic energy of gas flows 

in both circuits of the ducted-fan engine proves to be less than the 

increase in the kinetic energy of the original TRD, i.e., 

(L,t + ijLtn)<L- 

Ultimately the effective  efficiency of the ducted-fan engine 
also proves  to be lower than the effective efficiency  of the TRD: 

MLfj + yLtu)   ._ Mm 
•MflTPiU = U g-      ■ <TJ»lTPJl) — *-. 

In the given specific example the effective efficiency drops 

from 11.7* to 36.7!?, i.e., 12*. 
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Further, the imparting of approximately the same magnitude of 

kinetic energy to a considerably greater (in this case, four times) 

gas mass leads to a sharp decrease in losses with the exhaust 

velocity; as a result of this, a very considerable increase in thrust 

efficiency approaches, i.e., 

/ ip   <«v,,I+^y,ll)^\   / gvMQjV \ 

In the given specific example the thrust efficiency increases 

from 35.7^ to 56.3%, i.e., almost 60%. 

Finally, the total efficiency of the ducted-fan engine also 

increases, since a decrease in losses with exhaust velocity with a 

surplus overlaps the presence of hydraulic losses In the second 

circuit; consequently, 

r™^—ZTA—)>l' 

In the considered specific case the total efficiency of the 

power plant Increases from 1^.9^ to 20.9^, i.e., JJ0%. 

18.M.  Thermodynamic Properties of Boosted 
Ducted-Fan Engines 

The additional fuel combustion in  the second circuit and also 

in both circuits of the ducted-fan engine is a very efficient means 

of increasing the specific and total thrust of the engine.  It is 

used for a short time on takeoff for the reduction of the distance 

of the run, and also for the time of putting the aircraft into 

calculated cruising flight conditions. 

Thrust augmentation is used even as a prolonged means of 

Increasing the maximum velocity of the aircraft. 
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The additional fuel combustion at great supersonic flight 

speeda (Mn ■ 2.2 and 3.0) is also a means of improving the engine 
*TT 

economy. If relatively low boost temperature (T.       « 900-1200oK) Is 

ur^ed, i,hen It appears possible to reduce the specific fuel consumption 

in comparison with the flow of the nonforced ducted-fan engine. 

The use of boost makes it possible to decrease somewhat the 

specific weight of the engine, since the inevitable Increase In 

weight of thr ducted-fan engine, as a result of the installation of 

aftrrturners, proves to be less considerable than the increase In 

thrust. 

Below the thermodynamic properties and peculiarities of a 

boosted ducted-fan engine are examined. 

18.^.1.  Ducted-Fan Engine with Thrust 
Augmentation in the Second Circuit 

18.4.1.1. Effect of Boost Temperature 
in the Second Circuit on Specific 
Parameters of the DTRDF when Operating 
on a Test Stand (y ■ 0 and H  ■ 0). 

With an increase in the gas temperature at the exit from the 

afterburner of the second circuit, the velocity of gas outflow from 

the Jet nozzle (f^—KTp increases. Consequently, the specific 

thrusts of the second circuit and also entire engine increase. 

Simultaneously there is an increase in the relative fuel consumption 

in this circuit proportional to the interval of preheating 

m;,~(7•;"-7•;,,)~v.,. 

Since the quantity of external heat introduced with the fuel 

Increases considerably faster than the specific thrust, then the 

specific fuel consumption (for 1 kg In thrust) increases. In other 
»TT words, with an increase in T        there is a continuous  lowering of 

the effective efficiency  of the cycle   (Fig.   18.12).     The latter Is 
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Fig. 18.12.  Effect of boost 
temperature in the second cir- 
cuit on n and specific e IT 
parameters oi   the DTRJH' 

[ATPA*11]. 

'O "'I 

explained by the fact that the thermal and effective efficiency of 

the second circuit on a test stand are considerably lower than 

those in the original TRD or ducted-fan engine, since the heat feed 

in this circuit is carried out at a lower pressure than that in the 

first circuit.  The higher the boost temperature, the greater the 

portion of work of the cycle of the second circuit in the thermal 

balance of the engine, and the lower the effective efficiency of the 

DTRDK  .  For example, if for the nonboosted ducted-fan engine >i,=0,32. 

then for the DTRDF11 when 7^ »2000'K we have »i,=0,23 (»1,1=0,16 and 

'lr II = 0,25). 

18.1.1.2.  Effect of TT» T on specific   HII  c  

Parameters of the DTRDF  jy  = Q). 

Figure 18.13 shows the effect of TT^TT on specific parameters 

of the DTRDF11 when T.11  » const.  With an Increase in x  and TT* T the 0 KII 
specific thrust of the engine increases, reaches a maximum, and then 

drops. The specific fuel consumption, conversely, in the beginning 

is lowered, and then, having reached a minimum, it increases. 

However, with heat feed in the second circuit of the DTRDF the 

optimum value of the degree of energy exchange x        (at which the 
opc 

specific thrust reaches a maximum) and its economic value x       (at 
3H 

which he specific fuel consumption becomes minimum) do not coincide. 

The economic value of the degree of energy exchange is always more 

than the optimum, I.e., 

(>Xopt. 
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,*II Flg. 18.13. Effect of ir»  and T. 
KlI jY        $ 

specific thrust of the DTRDF  (a) and 

specific fuel consumption of the DTRDF 
(b). 

on the 

II 

When y  ■ const this means that 

i.iMM»>£«ii(on» and <„„,, >«.'.„„p,, (see Fig. 18.13). 

*II 
Wltl- an increase in T        values .iJn(M| and «„H,^,, increase, and 

the discontinuity between them increases. 

The obtained regularity has a clear thermodynamic explanation: 

with the Increase in TT»  the specific thrust of the DTRDF initially 
KII     

r 

increases, reaching a maximum when aln«"'''^'. ^nd then, with a further 

increase in 'f*TT» drops. The relative fuel consumption mTii in this 

cä3e continuously drops, since the interval of preheating in the 

second circuit LT*  ■ T.       -  T-  .  Thus, with an increase in TT« 
I))       2 KlI 

the specific fuel consumption of the engine also initially drops, 

and It reaches minimum at such value ir»-. at which rate of drop of nil 
parameters mTii and R^n   seems identical, i.e., when HJIKW,, >},Kii(u|i«) 

(Fig. 18.14). 

435 



We see that the noted property of the DTRDF distinguishes it 

i'rom the nonboosted ducted-fan engine, in which when T*   --7"j ulvmys 

-''Ul.l   •♦»K and ;,»iil..pt)-
;,
KIM,K) (see Fig. 18.4) 
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Fig. 18.14.  Comparison of optimum 
and economic compression ratios of 
the compressor of the second cir- 

cuit of the DTRDF11 UTP/^JI]. 

18.4.1.3.  Comparison of Specific Parameters 

...r the DTH: i^'"T,IT and TRDF on a Test Stand. 

Figure 18.15 gives a comparison of specific fuel consumption on 

a test stand of a TF, ^ and series of ducted-fan engines with 

afterburner In the second circuit (DTRDF ).  The engines being 

compared are carried out on the basis of the same original TRD; 

IT«  = 13 and T1, 
HI 3 

1300oK. The bypass ratio of the DTRDF 11 \ ■: 

accepted as M • 1, and the compression ratio it*TT changed from 2 to 

7. The boost temperature changed In the DTRDF from T* = T2 up to 

?0n0oK, an^ In the TRDF - from T*     ■ T^  also up to 2000oK. 

At equal boost temperatures and Identical stagnation pressures 

it the exit from the afterburner (.Vcu-.Vcm-S.S) in a wide range of 

values T*   (1200-2000oK) the specific fuel consumption of the DTRDF 

proves to be lower than that of the TRDF.  For example, when 

II 

f» = 20ü0oK we have for the DTRDF11 C 
$ yfl 

C  » 1-85 kg/(kgf-h) (i.e., \^%  more). 

1.59, and for the TRDF 

Such a result can be explained in the following manner.  At 

equal stagnation temperatures and pressures of the gas at the exit 

436 



from the chamber, specific thrusts of the second circuit of the 

DTRDF  and TRDF are equal. The relative fuel consumption of the 

second circuit of the DTRDF («tu), being determined by the interval of 

preheating ir^-r;") is always less than that of the TRDF l"«ts~(^-r')J- 

Thus, with the considered conditions of comparison, the specific 

fuel consumption of the separately taken second circuit of the DTRDF 

is less than that of the TRDF. As regards the specific fuel 

consumption of the first circuit of the DTRDF, then under optimum 

conditions of energy exchange for the ducted-fan engine (assuming 

that *t,1,-—-
1—1 it is 25-30%  higher1 than In the original TRD; 

however, it is considerably lower than that of the TRDF.  Since the 

specific fuel consumption of the DTRDF occupies an intermediate 

position between Cyni)   and C,«!«. then ultimately Cyx{:it?M\\)<C>A ^p^^ . 

V-0; H~0; Tj'-WO'K 

e    is 
V* kgf-h 
w 

w 

Iß 

I* 

tf 

tß 

V 

oil WaPi ill M I M M I I L 
tec «oo    eoo   soo  mo   noo   moo mo mo TJ*K 

Fig. 18.15. Comparison of specific fuel 

consumption of the TRDF [TPA*] and DTRDF 

[ATPÄ* ] on a test stand. 

II 

The lower the T*.  the less the advantage of the DTRDF with 

respect to economy over the TRDF. 

' cr«(i) 

Cf (TM» 
-Ki+Wu. 
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If now, on the condition that nf.m>mnpm- the  boost temperature 

In the second circuit of the DTRDP is reduced to a value of tempera- 
* 

lure at the exit from the turbine 7',, of the original Z'bVu   'in oa" s 

example rJ-lOOO'K), then the specific fuel consumption of such a 

DTRDP will be higher than that of the TRD. 

This, in turn, is explained thus. With equal specific thrusts 

of the TRD and second circuit of the DTRDF the interval of preheating      .        ' 

In the chamber of the DTRDF, as previously, is less than thai in ttu 

chamber of the TRD, i.e., l^-rj"^^-^)«^-?-;).  Therefore, as 

previously, 

however, the specific fuel consumption of the first circuit or 

the DTRDF is considerably more than that in the original TRD, i.e., 

^yid) ^^yMTPav 

Ultimately  the  specific   fuel   consumption of the  DTRDF proves 

to  be  higher  than that  in the  original TRD. 

The   change  in TT*       affects   correlation of specific   fuel 

consumptions   in both  circuits   and,   depending on the   level  of the 

T*,   can  qualitatively  change  the  result noted earlier.     Thus,   for 

Instance,   at  reduced values  of TT*_T  and T*   (for example,   IT*  T  =  2 ' nil $ 'nil 
and  T*  =   l'lu0oK)  we  have 

0 

(Cyi (ATPaO) = ' ■34) > (Cyi (TPW «,.29  kg/ (kgf • h ) . 

I8.i4.1.a.     Use  of the  DTRDF11   at 
oupers "-iiic   Flight  Speeds , 

With  an increase  in the boost  temperature  in the  second circuit 

at   subsonic   flight  speeds,   at  assigned parameters  of the  cycle  and 

bypass   ratio,   and in the whole  range of values   x {:t*„)   the specific 
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1 

thrust and specific fuel consumption of the DTRDF continuously 

Increase (Fig. 18*16). However, as A. L. Parkhomov and I. I. Kulagin 

showed, at great supersonic M- numbers (Pig. 18.17) with an increase 

In TV  , the specific fuel consumption of the DTRDF  in the beginning 

Is decreased, reaching a minimum, and then again it increases. The 

"economic" value of the boost temperature increases with an Increase 

In the flight number M-. 

S'a • "yj  ^ 
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',« 

1.2 

1.0 

».» 

t.s 

9.1 ioo  m   sei not mo not IM 

Fig. 18.16. Effect of boost temper- 
ature In the second circuit on 
specific parameters of the DTRDF' 

[ATPA*11] (Mn - 0.9). 
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Pig. 18.17.  Effect of 
boost temperature In the 
second circuit on spe- 
cific parameters of the 

DTRDF11 [ATPA*11] 
(M, 2.5). 

•* 

Figure 18.18 shows the change in C      on temperature T*  for 

different values of y  (from 0 to «) when M ■ 1.7.  As is evident 
on this graph the optimum value of the bypass ratio is the value 

M • 1. Beginning from values of r'i >1200*K at identical parameters 

of the cycle, the DTRDF  (j/ ■ 1) forced In the second circuit has 
less fuel consumption than the TRDF and ramjet engine. The single- 

circuit nonboosted TRD under .no same conditions is less economical 
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than the nonboosted ducted-fan engine (y   -  1  and y  =  2)',   however, 

the specific thrust of It In this case Is substantially higher. 
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Fir. 18.18, Effect  of r»  and j/   on  specific 

fuel  consumption of various  jet  engine; 
(M 

0 1.7). 

»II 
An increase in f.   at all flight speeds move:- .r . and x   Into 

0 r opt      JK 
the region of large values (I.e., the optimum and econor.lc values 'f 

TT*TT Increase). KII 

Finally, with an increase in thi M« number (with other 

condition: fixed) the optimum and economic values of n* T art.' 
KII 

lowered, approaching unity. 

The noted tendenoji Is clearly Illustrated by graphs (Figs.. 16.15 

and 16.20) plotted respectively, for M » 2.2  and M = 3.0.  From 

them it follows that at large numbers of NL the expediency of energy 

exchange between circuit:: of the engine Is decreased, and the optimum 

DTRDF  with respect to specific thrust and specific fuel consumption 

gradually "degenerates" Into a simple combination of TRD + ramjet 

engine, 
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Fig.   18.20. 

Fig.   18.19.     Effect  of ir*II on specific 

parameters  of the DTRDF11   (M0 ■  2.2). 

Fig.   18.20.     Effect  of Tr»TT  on specific 

,11 parameters  of the  DTRDF (M0 =  3.0). 

18.4.2.    Ducted-Fan Engine with Thrust Augmentation in 
Two Circuits 

lB.4.2.1,     Comparison of Relative 
Fuel Consumption of Various Jet 
Engines at Identical Maximum 
Temperatures of the Cycle. 

Let u~  produce a comparison of specific thrusts  and specific 

fuel consumptions of the DTRDF        , 1RDF and ramjet engine at 
Identical temperatures of braked flow at the entrance T* and equal 

maximum temperatures of the cycle (^J ^T"«," ^^^^'CBPJJ "^1«)'    Let 

us prove that under these conditions the relative fuel consumption 
(fuel consumption per 1 kg of air) of the Indicated three types of 

onRlnes will be identical. 

Actually, having written the equation of energy for 1 kg of air 
as  applied to sections  M-H and 5-5  of any of the considered types of 

engines: 
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we obtain that the total quantity of heat <?„ fed with the fuel to 

1 kg of gas Is equal in all engines, regardless of whether fuel 

enters into one combustion chamber (ramjet engine )s twu ''"'HI''- ' or 

three chambers (DTRDFI+I1). 

It Is characteristic that the Indicated property of the engine 

proves to be valid independent of the effect of the specific heat of 

gas on the temperature. 

Thus, the quantity of heat fed to 1 kg of air in the DTRDFI+I1 

TKDF and ramjet engine is equal.  Consequently, when 'A'm,, =con^, JT^—const 

5K.C—const and the relative fuel consumption of the engine;- 1.-. 

Identical, i.e., 

independent of values n*,, n*,,, y and gas temperatures r in front of 

the turbine. 

« 
On this base the conclusion can be made that when T = const 

I+II max 

the relative thrust of the DTRDF    (with respe:^ to the thrust of the 

TRDF or ramjet engine) is always Inversely proportional to the 

relative specific fuel consumption and that, consequently, any 

advantage of a forced ducted-fan TRD with roso »ot to specific thrust 

is equivalent to its advantage with respec". to  economy. I.e., 

(18.23) 

From expression   (18.23)   it  also   follows   that  the  most   advantaroous 

degrees  of the  Increase   In air pressure   in   the  second  circuit   of  the 

DTRDF with respect  to  specific  thrust  and economy  always  coincide, 

1. e . , 

•''..IMopO"""«»!»«)- 
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Let us assume that at a certain value of M- number the total 

pressure behind the turbine of the TRD is equal to the complete 

inlet pressure of compressor (p'4~pl).     In this case the specific 

thrusts of the ramjet engine, TRDP and combination of the TRDF and 

ramjet engine are identically equal. 

As regards the DTRDP   , then its specific thrust under these 

conditions, and when x is close to zero, has approximately the same 

value as that in the ramjet engine and TRDP. With an increase in «, 

i.e., with an increase in removal of mechanical energy into the 

second circuit, the specific parameter of the DTRDP will be worse. 

When P,>^* the specific thrust of the optimum DTRDP is more than 

in the ramjet engine but less than in a TRDP; when Pl<p\    the 

specific thrust of the DTRDP is more than in a TRDP but less than in 

a "pure" ramjet engine. 

18,4,2.2. Most Advantageous 
Distribution of Energy of the 
Ducted-Fan Engine with Thrust 
Augmentation in Two Circuits. 

Let us examine now conditions of the most advantageous distri- 

bution of energy between circuits in the case of the ducted-fan 

engine with additional fuel combustion in both circuits. 

Let us assume that stagnation temperatures of the gas at the 

exit from the afterburners are identical, i.e.. 

7,M.SIT»ilt=,r« 

It is obvious that the condition of the most advantageous 
distribution of energy between the circuits  (at assigned values of 
parameters M«, y. Tj, 7^, aj,   and also effeciency and coefficient of 
losses of particular processes)  is as previously, a guarantee of the 
maximum specific thrust,  i.e.. 
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or, which Is the same thing, a guarantee of the minimum specific 

fuel consumption, since on account of the fact that //JT.^const, 

'/«.♦' 
<y»4 

Prom the theorem of the most advantageous degree of energy 

exchange between the circuits, it follows that the maximum of specific 

and maximum of total thrusts of the DVRD corresponds in the ideal 

case (when T)II=»1,0) to the equality of velocities of gas outflow from 

the circuits.  With the equality of boost temperatures (T^ — T^,=T^) 

this condition is observed if pressure differentials in Jet nozzles 

of circuits are identical, i.e., if 

Jlp,e I =JTp.elI« 

In other words, the total pressures of gas behind the turbine 

of the second circuit and air behind the compressor of second circuit 

must be identical, i.e., p^ ^Pi" •      As was proved above (see Chapter 

8), this condition provides a minimum of losses in the mixing 

chamber of the DTRDPI+I1. 
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Pig.   18.21.     Effect of bypass parame- 
ters  on expansion ratio  of gas  in 
both  circuits  and specific   thrusts  of 

the  DTRDP 
I+II 

UTPA*I+I1]. 

Pigure 18.21 clearly  confirms 
that  the  equality of total  pressures 

In circuits  in practice provides  the 
maximum of specific  thrust  of the 
DTRDPI+I1. 
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ib.-.-o. Effect of By pas 3 
Pnr,Lp•:ters on Specific Thrust and 
Speclflc Fuel Consumption of the 

DTRDFi+  . 

with an Increase In the compression ratio of the compressor of 

the st?oc nd circuit n^,, the specific thrust of the DTRDFI+I1 initially 

Increases, reaching a maximum at equal drops in pressures In jet 

nozzles of the circuits (.tp. e(i)a,:tp,e(ti))i and then drops.  Since the 

relative fur'1 .;onsumption m    preserves the fixed value, the specific 

fuel :jnsut?\ptlon changes inversely proportional to the specific 

tnrust (Fig. 18.22). 

U> ««Jr«»»  *;* 

Fig.   18.22.     Comparison of 
optimum and economic   compres- 
sion ratios of the compressor 
of the  second  circuit  of i he 

DTRDF     "■x. 

An increase in the bypass ratio at optimum distribution of the 

energy between the circuits decreases drops in pressures in the 

,I^t noszles.  Consequently, velocities of outflow from the circuits, 

and this m:-ans specific tnrust of the engine, also decrease.  The 

specific fuel consumption of the DTRDF    in this case continuously 

increases (Fig. 18.23) . 

Fig. 18.23.  Effect of the bypass 
ratio on specific parameters of the 

DTRDFI+I1 (-Vei-.-Vcii) . 

l\H- 



Consequently,   at equal  parameters  of the  cycle  the  specific 

thrust  of  the   DTRDF Is   lower  and  the  specific   fuel   consuinptlon 
Is   higher  than  those  in the  TRDP. 

18 .5.     Ducted-Fan  Engine   With   the Mixin[-   of  Flows. 

During recent years ducted-fan TRD with the mixing of flows have 
become widespread. The mixing of flows is applied both In nonboosted 
and  In   forced ducted-fan engines   (with  additional   fuel   combustion). 

The  use  of mixing chambers   makes   It  possible   to  simplify 
structurally   the  exhaust  part  of the  engine and  decrease   its  weight 
(systems   of   forcing,   cooling of the  exhaust part   and   adjustment   of 
the   common  Jet  nozzle  are  simplified). 

The   use  of mixing chambers   also  allows  in the  case  of the 

boosted  ducted-fan  engine  reducing the  specific   fuel   consuinptlon  by 

1.5-32,   and  this   lowering proves   to  be  greater  for the  high-tempera- 
ture  ducted-fan engine at  relatively high  values  of the  bypass   ratio 
{y  =  1-2).     One  should point  out   that  the  noted  thermodynamic  effect 
of the mixing of  flows  can be  realized only when  it   Is   possible  to 

obtain  an  even  field of temperatures  at   the exit   from  the  mixing 
chamber.     However,   the equalizing  of field of temperatures   is   a 
complex  matter.     The  use   for  this   purpose  of short   "lohe"   mixers 
(of the  type  of mixer of the engine   Rolls-Royce  RE.141)   gives   only 
a partial   result.     The  use  of mixing  chambers  of great   length  is 
irrational   due   to   the  increase   in  weight   of the  engine. 

IB.5.1.     Effect  of the  Difference   In Temperatures   of 
Initial   Flows  on  the   Increase  in Thrust  of a 

Ducted-Fan  Engine with the 
Mixing of Flows 

Under  equal   total pressures   of  initial  flows   and   In  ttie  absence 

of  losses   in  the mixing chamber,   velocities  of outflow   from the 
jet   nozzles   are proportional  to   y T*,  i.e.. 

'i-yr?; rv-yn"; cHtu)~Yfl, 
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where 

Then 

Heu —= 
(rn + On)V T],,       ^ | (!+»)(i+»»•) 

(18.2'I) 

re- 

r:" 
'4 

Table 18.1 gives data on thrust augmentation of the ducted-fan 

engine with the mixing of flows depending on 0* for y  = 1.0, which 

were obtained from equation (18.24). 

Table 18.1. 

[    »• 0.20 0,35 0.30 0.35 0,40 0.45 0 50 

1   *.« 1,070 1.9M 1.042 1.032 1.025 1.019 1.015 

Th s when j/ = 1 and 0*=0,25—0,40 an increase in thrust and, 

consequently, lowering of specific fuel consumption, taking into 

account the losses, does not exceed 1.5-3%. 
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C H A I' T E R  19 

OPERATIONAL CHARACTERISTICS OF THE DUCTED-PAK EflGINr 

19.1.  Thermodynamic Bases of Control 
of the Ducted-Pan Enpine 

19.1.1.  Ccntrol Elements and Controllable 
Parameters of the Ducted-Pan Enpine 

The nrenfji.-.p of the recond circuit of the ductod-fan enpine 

allows having in this engine additional, in comparlr.on with the TRD, 

control elements and controllable parameters. 

The maximum number of controllable parameters at fixed values 

of M_j H  and efficiency of separate elements results from equations 

for thrust (1.3.3; and specific fuel consumption (17.-I).  S1n-;e 

K - f(K<Tl* x' 'J)    and ^ ==/(<,/■J,/"^. Jf, y),  then for the ducted-fan enpine 

the number of controllable parameters reaches four and for the 

!-TRI)PTI - five. 

Instead of TT* as an adjustable regime parameter it is convenient 
K 

to select «. instead of x  - compression ratio T*,., , instead of u   - 
H11 

the  flow  of air .'7T   or £-, T. 

The  enumerated quantity of regime  of parameters  corresponds  to 

an  equal  quantity  of control  elements   and control   factors.     The 

additional  control  factors   in  the  second  circuit   of the  ducted-fan 

engine,   in  comparison with   the  TRD,   are: 
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II 1)  fuel consumption in the second circuit G     ; 

:)  area of critical section of the Jet nozzle of the second 
TT 

circuit /* ; 

II 3)  angle of turning of the guide vane of the fan 4> ~ and 

thers. 

With fixed geometry of the second circuit and in the absence 

in it of aft'-. turners, the ducted-fan engine as an object cf control 

'j r.c different from the TRD.  In this case the ducted-fan engine 

and TRD will have the same control elements, controllable parameter? 

and identical structural designs of control. 

Table 19.1 shows that, depending on the gas-dynamic scheme of 

the engine, the number of regime parameters cf the ducted-fan engine 

(DTRDF) varies from one to five; for the TRD (THDF) - from one to 

three and for the turboprop engine it is usually equal to two. 

Table 19.1. 

KG. 
Type of 
engine 

Control 
factors 

Controllable 
parameters   j 

1 TRD o, n or rj         j 

2 TRD 0T. /5 n.rl                   1 

3 TRDF G,. /j. <7, * «. ri »•; 

k DTRD a, /I ( on »nj) 

5 DTRD G,. /I n.Tl 

6 DTRD Or. A. A1 T*   * 
1. '-,. «„I! 

7 DTRDF ^«'iv/i-zi1. i1:. ". 'ji %■ "ull"* 

8 TYD «r. U ".r; 
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Let us note that passage  to single-shaft  design of the engine 

still  does  not  denote   the  introduction of an  additional  contrc.llahlf 
parameter.    At   fixed  geometry  of the  single-shaft   ducted-far.  engine 

the   unique controllable  factor G    corresponds   to   the  unique   con- 
trollable parameter n   (or TÄ).     Another parameter  T*   (or n)  auto- 

matically and uniquely  is   connected with  the  first.     In the  case 

of the  single-shaft  ducted-fan engine  this   control   factor G 
corresponds,  as previously,   to  the unique  controllable parameter, 

for example,  the  number of revolutions  of  the VD cascade.     Parameter; 
ff  and  nun  are unlquelv  connected with nan. 

3 hp, ^       ■ b/J, 

Figure  19.1a  shows  a  block diagram of the  control  of a single- 
shaft DTRDP      with  two  independent regulators:     fuel   feed In  the mal; 

cuamber  and  fuel  feed   In  the  afterburner. 

The  connection between  the  control   factors  and  controllable 
parameters  of the engine  has   the  following  form; 

G;.V''■;"• 

A  block diagram of the   control of a  single-shaft  ducted-fan 

engine with two   Independent regulators  of VD revolutions  and  2 Jet 
nozzle  of the second  circuit  are given on Pig.   19.1b. 

The  connection between control factors  and  controllable  naramett 
11.  such  a ducted-fan engine has  the  following   form: 

^T       ' "(Uli   "   ^3* 

The connection between control factors and controllable 

parameters of a geometrically fixed single-shaft ducted-fan engine 

has the following form: 

450 



«Ä 
Regulator ofl 
fuel feed 
Into the I 
afterburner 

1        -•# 
.                  M           ,      1     ,    ■ '», Unit of           1 

united con-   j 
trol j   DTRDF11 

• ■          1 

' ^         niT3 
/ 

Regulator of 
fuel feed In 
the main 
chamber 

L 
m* Km* 

w r 
./'H''H 

a) 

// 
Regulator of 
Jet nozzle of 
joircult  II 

"I        ."(HA) Unit of           j 
united    on-    1 
trol                  | 

j   m'RD -»*-. 

J         * 

~m 

I     A "(Bfl) .'J 

Regulator of 

-t o/ 

b) 

Pig. 19.1. Block diagram of control of the ducted- 
fan engine: a) with two regulators of fuel feed in 
the main chamber and afterburner; b) with two inde- 
pendent regulators of VD revolutions and Jet nozzle 
of the second circuit. 

19.1.2. Programs of Control of the Ducted-Fan Enp:1 ne 

Programs of the control of ducted-fan TRD are very diverse. 

These include programs of control for maximum thrust, the greatest 

economy in cruising regimes of flight, complete similarity of the 

regime of the turbocompressor, various combined programs, and others 

Due to the presence of additional parameters and control elements 

(in the second circuit of the engine) the quantity of these programs 

for the ducted-fan engine is more than that for the usual single- 

circuit TRD. 
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Let us  examine briefly  the peculiarities  of control  of the 

ducted-fan engine  with  respect  to  certain  of  these programs. 

19.1.2.1.     Programs   of  Control 
for Maximum Thrust. 

To provide   control   for maximum thrust  of  the  single-shaft 
ducted-fan engine  at   all   speeds  of  flight   the  realization  of  the 
same   conditions   as   in  the  case of  the  single-shaft  TRD  is   nececsary 

1)    «—«„.„^ const; 

- ,1        'i—'3(mai»      l""sl 

and,   furthermore,   additional  conditions   - 

3) y=ijoft'' 

4) x^x9ft or   Ku^Kmm* 

and  in the  presence  of afterburners  in  the  circuits 

5) r;1-const; 

G)     T-;1'--const. 

The obst-rvancp of these conditions provides the obtaining at 

all speeds : iKi alt.1' . !■ s ol' Plight of a maximum of airflow and 

specific thru, ■ and   nsequently, a maximum of total thrust. 

One should note that the provision of conditions 3) and h) 

completely complicates the control of the engine and in practice 

cannot always be realized.  Therefore, parameters, y  and TT*. are 

usually rejected from special control, allowing them to change in 

accordance with a change in parameters of the working process with 

respect to speed and altitude of the flight and also in accordance 

with conditions 1) and 2). 
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Msintaining T*  *  const  in the case of a  single-shaft ducted- 

fan engine can be accomplished by means of additional control of thr 
critical  section of the Jet nozzle  (first or  second circuits,  and 
in the presence of a mixing chamber - common nozzle) and also a 
o-uide  vane of the compressor of the second circuit. 

In connection with this  additional conditions  of the realization 
of the  considered program of control are distinguished: 

-">   /^=-.onst;   «fl|t=const;   (/J=var): 

b) /J = const:   fl,i=const:   (/^var); 

c) /•== const;   /^ = const;   (fJJ^var), 

In  the case of a double-shaft ducted-fan engine,  preservation 

of rl ■  const is provided automatically with the  observance of 

condition n/nns  ■ const correct to iugn  "  const with respect  to  the 
speed and altitude of the  flight.    The preservation of ^ugn ■  const 
can be provided by  the appropriate  selection of the  characteristic 
of VD compressor with a rated compression ratio  close  to six. 

With the observance of conditions «/unj   = const  and fixed 
geometry  of the engine,  the  temperature  Tit  in flight  changes.     To 
maintain it.  In this  case the  introduction of earlier examined addi- 
tional control elements Is necessary. 

19.1.2.2.    Programs of Control of a 
Geometrically Fixed Ducted-Fan Engine. 

Let us examine  the program of control  of the  ducted-fan engine 

rt «const;   /[=const;    /^~cor\s\: = const. 

Let us assume that the ducted-fan engir.' is single-shaft with 

separate compressors (see diagram a  on Fig. 17.7). Let us investi- 

gate how in this case the ga? temperature in front of the turbine 

T*  and bypass parameters (y  an; UTJ) change. 
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With an increase in flight speed the bypass ratio increases 

n ■ 

since  the rate  of  airflow  through  the  second  circuit   (with  n   lor? 
value of IT*)   Increases   considerably   faster  than  that  of  the  airflow 

K 

through the first circuit; it is easy to see from the expression of 

balance of works 

that at a critical pressure differential in the Jet nozzle of the 

first circuit, when IT* = const, the increase in y   leads to a con- 

tinuous increase in the gas temperature in front of the turbine T*. 

It Is obvious that system of fuel feed and control of :iuch ar. ens'ln: 

must have limitations with respect to temperature. 

or 

From the approximate  equality 

y        yKt) 

we   find 

JC=--.V(0) 
v   i-. <0) 

^(0)     Lt 

whence  it  follows   that  parameter x with  respect  to   flight  speed 

increases,   approaching  unity.     A  sharp   increase  in  values y  and x 
at   high  flight  speeds   considerably  worsens   conditions  of energy 
exchange and decreases   the  thrust  of the   nonboosted ducted-fan   engine. 

Actually,  with  the   optimum distribution  of energy  between the   circuits 

with  an  increase   in M,   of  flight,   it   is  necessary   that y  -*■ 0  and 

x  -►   0   (see  Fig.   18.3). 

At  low flight   speeds ä  shortage  of  thrust,  as  a result of 
reduced values  of  r*    also  takes place. 
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Thus, the program of control n = const of a geometrically fixed 

ducted-fan engine can be used only in a comparatively small range 

of speeds and altitudes of flight. 

19.1.3. Joint Work of the Compressor and Turbines in the 
System of the Ducted-Fan Engine.  Effest of Various 

Control Factors on the Line of the Operating 
Regimes (LRR) of Compressors of the 

Ducted-Fan Engine 

The pass*-c of throttle and altitude and high-speed charac- 

t,eri. ■ s-J of ducted-fan TRD and the selection of programs of control 

''or their realization are largely determined by peculiarities of 

the Joint operation of the compressor and turbines in the system of 

the ducted-fan engine, depend on properties, real characteristics 

of compressors of the first and second circuits and are determined 

'ilso by peculiarities of the gas-dynamic scheme of the engine. 

Below we will examine methods of the construction of the line 

of operating regimes of compressors of the ducted-fan engine and 

also the effect of various operational and control factors on their 

passage. 

' Q. 1. 3 • <  Basl_ 
Assumptions. 

1 jnditions and 

w'lth the conbtruction of lines of operating regimes on charac- 

teristics of compressors of the ducted-fan engine of various designs 

and in the inveptigation of the effect of various control factor? 

on the regime of operation of the engine, we will proceed from 

conditions and simplifying assumptionf. indicated below. 

1. Pressure differentials in the first nozzle box assembly of 

the turbine and also in Jet nozzles of both circuits have critical 

or supercritical values, i.e.. 

This means that expansloi r-atio of the gas in the turbine remains 

constant, i.e., IT* = const. 
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Figure   19.2  gives  dependences   of  the maximum bypads  ratio 

u on parameters of the working process  of the basic   circuit   r* 
"max ■ D 

and  IT*    at  which pressure  drops   in both  circuits reach  critical 
Hi ^ 

n* = O.S1 

,'e   see   that  when 

we  nave 

<   1,   T*   >   120( *   = 
Kj 

np.rtl)=ffp.r(ll)>nhp —(~y] 

»_ 

ymai 
3,0 

IS 

'.0 

Triir/=nncj",TKpr 

Effect of 
)f the wcrkiT.t- 
;ae durtr-.l- '.•tn 

on 

Fig. 19.2. 
parameters 
process of the 
engine - T%  and 

V   at the critical out ^max 
flow of gar from the 
Jet nozzles. 

IT*   - 
HI 

2.     F.fficloncles of the turbine and also coefficients of 

partial losses in elements of the engine are Invariable, i.e., 

M*-const;   9^—const;   «*€= const;   a,,ie=const; 

EK.C=^const; oj^--.const;   5,1,.,; —const. 

19. i-1*.  Double-Shaft Ducted-Fan Engine with Common 
ND Compressor and Separate Exhaust 

19.1.^.1.  i'Aiuations of Basic 
Gas-Dynamic Connections . 

Equations of basic gas-dynamic connections of the ducted-fan 

•ngine made according to diagram b   (see Fig. 17.7) refer to equations 
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of flow and balance of works of the ND and VD turbooompreseors. 

VD TurbocompresBore. 

aquation of flow. 

By analogy with the TRD, let us write: 

*:,M,-'HKM«M. l/irjj-. (19 •1) 

where 

Th« equation of halano« of work» 

We have Cffii»-*1«|MN (19.2) 

whence we find 

*>    — aim (19.3) 

Having substituted into expression (19.1)  the value ^o/^J/ßn) 
from    (19.3), we obtain after transformations 

.■«: 

where 
/llMI f=- 

Expression (19.4) is the equation of lines of operating regimes 

of the VD turbocompressor; It has exactly the same form and same 
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propertlea BLü doen the correüpondJne LHR equation for the VD turLo- 

compreaaor of a rln^le-clrcult TRD [equation (10.8)1. 

ViV Turbocomproiinür. 

Equation of flow 

Let us write the equation of flow for nectlona at the entrance 
Into the ND compreaaor (1-1) and at the exit from the converclnr Jet 

nozzle  (5n-511). 

Wf have 

or 

O,.,U."C''(H-1). 

, K rMMJ> Y T* 

Introducing the substitution Tf  ■ TpCHR) an'i   P»tizaf^,^*,.l^   we 

obtain after conversions 

«4-1 

•■»K(Hfl) 

/ 

"««HJ) 

1 + 
-•0.«««   _ 1 

IK (HA) (,+7) 
(19.5) 

where 

/IJ iwi) 
II ,MI 

Equation  of balance of wovke 

We have 

whence 

Cl'-T(HJI| = (Gl + Gii)Z.l,{H4) , 

^rCHjD-il+^iiKMji). (19.6) 
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Determination of the bypa§§ ratio of the duoted'fan engine. 

We have 

or yiy /W) 
'MM» 

/MM»f^l>(M» 

Having r  ted that 

/»:M-/*M)<»   and   r.'«-^,«,. 

we obtain after simplifications 

••.'I'" sjsm 
/|(BS)^l>(Ba) 

(19.7) 

Thus, the bypass ratio of ducted-fan engine, carried out 

according to scheme b  (see Fig. 17.7), depends only on the area of 
the exit section of the Jet nozzle of the second circuit and on 

operating regime of the VD compressor characterized by parameter 

When f\ - const we find (Pig. 19.3) that 

*—*; 
«<HMI* 

v bUtyw 

Fig. 19.3. Graphical 
determination of y 
according to the 
characteristics of 
the VD compressor. 
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19.1.5. Equatlnn of LRR of the MD Turbocomprennor 

The equation of the J'ne of operating regimes CLRR) ■ f Lhi HI 

turbocompr-osfDr cannot be expressed In evident form.  In Implicit 

form It la represented by equations of pas-dynamic* connertlonn of 

VI and ND turbocomprosöoiv. and alao by the equation of tne bypaas 

ratio. 

Ccn^tructlon of the LRR of the ND turlocompre::;;or la carried 

out In the following manner: 

1) a series of repine points on the LRR of the VD turtocompree.-or, 

i.e., a series of .joint values :,K{navKinav,f(^\»At  &n(i V  app assigned; 

2) frum the equation of flow (19.1) for the VD turbocompressci 

a series of values TWtißn   ls found; 

3) with the help of the equation of enerpy, v;rltten for the 

VD turbine, a series of values  ^^■WMM» is found; 

4) from the equation of balance of operation (19.6) of the 

MD turbocompressor a series of values H^H»» and Kitun   Is found; 

5) from the equation of flow (19.5) for the HD turbocompressor 

qihhm)   is  determined; 

6) with respect tc the combination of values *l{ui}'    'l'nnt and 

f^OfWll the line of operatinp regimes of the ND turbocompressor is 

constructed. 

Using equations (19.1), (19.3), (19.5) and (19.6), It Is possible 
to construct lines of operating regimes on characteristics of VD 
and ND compressors for the two most frequently encountered program? 
of control of a geometrical fixed ducted-fan engine: 

1. «MBJ)—const; /^=consl; /^const: ?B.t--=const; 
2. «K(Hj)«con«t; /^-const; /^=coiist: ^..—const. 
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19.''.5.1. Comparison of Llnee of 
Operating Regimes on CharacterlsTica 
of TTT- 

ing Regi 

i Fc^rimg of ControTT 
ompressors with Two 

By comparing the single-valued correspondence of regime point;? 
arranged along lines of operating regimes on characteristics of VD 
and ND compressors with two programs of control Indicated above 
(Fig.   19.'Oi one can make the following conclusions: 

1.    Llr.ca of operating regimes on the characteristic of each 
•   the compressors with the two noted programs of control coincide. 

WM) 
-•program "npui^conit 

xm) 
rogram n^^-conti 

iWlti) 
a) b) 

Wm 
Pig. 19.^ Effect of the program of control on 
passage of the LRR on characteristics of VD (a) 
and ND (b) compressors. 

2. For both programs of control the relative change in reduced 

VD revolutions is less than the change in reduced ND revolutions. 

The latter is explained by the fact that in the assigned interval 

of the change in f^ftdun the change in parameter T^M) 
1S
 always 

less. 

3. With an increase In T* with the program of control 

"•»I».!) " const the revolution number of the free ND cascade is 

lowered ((•-f-i/)/lr(H.i>>itiHj.iJ. and with the program of control «HIHJ» ■ const 
the revolution number of the "ree VD cascade increases (to provide 

HI 



MfJ coma It Is necessary to raloe Ti, and, consequently, 
/-,(iii) >/.i.(iil>,    Thus,  the same Interval of the change In T* correaponda 
with the program of control    «gi»,:» ■ const  to  the ?reat  chanp«    In 
reduced fID and vr revolutions and their less  char.pe with the rrorra,',; 
( f control   w»in.i> ■ coni't.     The Intter To]lows   from the oxamlnatlon 
of formula;•.: 

s 

i»zi 
f        Tl t" MJ» 

and     flii.i(ii| n~*ii* |/-r;. 

li.    The prop-ram of control «na ■ const correspond;; to a r-reat 

change in Ti. 

5. The great change In reduced revolutions causes a '■ i1 

deviation In parametei-j of the compressor (^K. »1». •'««) from their Initial 

(calculated) values.  Tn this sense the program of control "IMIM» ^const 

Is ir'M'c- preferable. 

19.1.6. Physical Model of the Change in Bypass Ratio 
with Respect to Speed and Altitude of Flight 

Let us examine the two typical cases of the change in bypass 

ratio on the speed and altitude of flight: 

1) in the presence of delimiting flanges on blades of the ND 

compressor (scheme of a ducted-fan engine with separation of airflow 

at the entrance into the compressor); 

2) in the presence of common blades of the ND compressor 

(scheme of a ducted-fan engine without delimiting flanges). 

In the first case (Fig. 19.5a) the change in the bypass ratio 

of the ducted-fan engine on speed and altitude of flight is carried 

out by means of the redistribution of the profile  of axial  velocities 
at the entrance into the compressor. For example, with an increase 

In T*   (and, consequently, parameter y)  the velocity cJ at the 

entrance into the compressor of the second circuit increases 
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n:rcis«»r '«oreftaes 
I] 

F1-  19.5. Physical model of the change In the 
bypass ratio In partial load regimes: a) redis- 
tribution of the profile of axial velocities at 
the entrance Into the ND compressor (blade with 
delimiting flanges); b) deformation of the j«t 
■t the entrance Into the ND compressor (common 
blades). 

relatively; conversely, with a decrease In y  the velocity at the 

entrance Into the compressor of the first circuit Increases 

relatively. 

In the second case (see Pig. 19.5b) the change In the bypass 

ratio Is carried out by means of deformation of the Jet  at the 

entrance Into the compressor. Thus, for Instance, with an Increase 

In parameter y  there Is an Increase In the flow passage cross- 

sectional area fi    of the Jet, which flows into the second circuit; 

correspondingly the jet at the entrance Into the compressor of the 

first circuit is narrowed (/, is decreased); with a decrease in 

parameter y ,  conversely, the Jet at the entrance into the compressor 

of the second circuit is narrowed and the Jet at the entrance into 

the compressor of the first circuit iv  expanded. 

19.1.7. Effect of Various Factors on the Line 
of Operating Regimes of the VD Compressor 

With "blocking" along the drop in pressures of the VD turbine 

(•■^(tu) • const) the position of the line of operating regimes of 

the VD compressor depends only on parameters and characteristics 

of the VD turbocompressor (;T*(w 7".i(r)< fields l^i peculiarities of 
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mm mam 1 

lines n„    ■ const) and does not depend on external factor;, with np 
respect to the VI) tux'bocorrpreacor. The influence of txttn ;i 1 

atmoopheric condition.;, purameterj and characteristics of the MD 

turbocompreijgor, bypass ratio, control factor;? f~  and fr    on tlie 

regime of operation of the VD compressor is manlfetited In terms of 

the change In complete Inlet tenperature of the VD compressor (r^,-,,) 

In the form of a change In reduced revolutions of the VD compressor. 

Thus, for assigned VD compres:or, which has no special control 

elements, the line of the operating regimes remains constant; 

however, Its regime polnta. In accordance with a change In "outward" 

factors, can move along the LRR. 

19.1.8. Effect of Various Factors on the Line 
of Operating Regimes of the ND Compressor 

The position of the line of operating regimes of the ND com- 

pressor Is affected by parameters and character.! s.tics of both turbo- 

compressors (VD and ND), bypass ratio y   , various control factors 
III " (for example, ft  and ft   , etc.).  Let us examine this effect in 

more detail. 

19.1.8.1.    Effect  of Control of the 
Jet Nozzle of the  First  Circuit 

(fl *  var)   (Fig.   19.6). 

Let us assume that the Initial regime of operation of the ND 

compressor (point 1) is characterized by the assigned LRR and the 

number of revolutions n-. 

A//<M'»ji(ifl|-wnnj 

Hfl) 

A ^vyfm 

^ 4^ w!m 
sr y* \   1 

s 1   'V 

/m Vim 

It MBA) 

a) Wm 

Fig. 19.6. Effect of 
control of the Jet 
nozzle of the first 
circuit on the LRR of 
ND (a) and VD (b) 
compressors. 
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With covering of the Jet nozzle the first circuit (rf/{<0) 

incrp'ißeR the pressure behind the ND turbine. Assuming that a' 

change in pressure Pl,iu» IS perceived only by the ND turbine (when 

•''MIU» " const), It Is easy to oonclude that the work of the ND 

turbine 1? decreased. 

As a result there Is unbalance of works on the ND turbocharger 

0-|-l,>£*(Ha)>ii(Ha) 

nnd the revolution number of the ND compressor Is decreased («i<ni). 

In th\s case the temperature at the exit from the ND compressor 

t^»(H.i)"'',MM)) Is decreased, and this means that reduced revolutions 

of the VD compressor, equal to 

""AC •««»«BJII/-=1^^, where   ffu—conrt, 
'     rl (Mt 

increase. 

Consequently, the regime point of the VD compressor moves 

along the LRR from a to b (nee Pig. 19.6b).  According to this and 

equation (19.3), the bypass ratio of the engine decreases. Let us 

restore now the number of revolutions of the ND compressor (up to 

n  • «-,), having increased the fuel feed in the combustion chamber. 

The bypass ratio in this case decreases even more. 

Thus, we restored the original number of revolutions of the 

ND compressor, but with a considerably less value of the bypass ratio, 

Consequently, there occurred a redietvibution of airflow between 
the  oirouits  - airflow through the first circuit increased, and the 

rate of airflow through the second circuit was decreased. The 

decrease in airflow through the second circuit with its fixed 

geometry (/,- ■ const) produces the same effect as the opening 
of the Jet nozzle in the second circuit with fixed flow - pressure 

behind the ND compressor will drop. 
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Consequently, the regime point of the ND compressor passes 

from position 1 to position 2 (sec Pig. 19.6a), and the LPR of the 

ND compressor moves into tho region of reduced vil'i'.; ^'MIUI • 

Thus, the "covering" of the Jet not'-zle of the first circuit 

displaces the LRR Into the region of reduced value;; Kwu    and, 

vice versa, the "opening" of the Jet nozzle of the first circuit 

displaces the LRR of ND compressor into the region of raised values 

•T Miur 

We obtained the result similar to that which Is obtained with 

contro] of the Jet nozzle of the double-shaft TRD. 

1^.1.8.. Effect  of Control  of the 
.let  Nozzle of  the Second  Circuit 

(fi'-waf)     (Fig.   19.7). 

Let us assume  that   the  initial process  of the work of  the ND 

compressor,  as  previously,  is characterized by point  1. 

^«(Ha) 

A/f<0('»MM»-6«Mt) 

^(M) 

fjIV 'ifstll 

a) 
?MM 

b) 
HK!HSA) 

Fig. 19.7. Effect of control of the Jet 
nozzle of the second circuit on the LRR 
of ND (a) and VD (b) compressors. 

With the covering of the Jet nozzle of the secondary circuit 

Wsl<n) counterpressure behind the ND compressor is increased; 

consequently, the line of operating conditions of the ND compressor 

is displaced into the region of increased values Kwa). 
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A» a result of the approached unbalance of works IO+yUHHj,> 

>tt(ns}] revolutions of the ND compressor drop. An Increase In 

leads to a shifting of the regime point of the VD compressor from 

point a to  pi" Int b. 

19.1.8.3. Fffect of the Bypass Ratio 
y,   x  on theTosition of the LRR of the 

ND Compressor (Fig. 19.8). 

W will compare the position of lines of the operating regimes 

)' the ND compressors at various values of y tD\  on characteristic 

of the ND compressor, which is plotted In dimensionless coordinates 

Kwu »/If Mil. 

Wh* 

Pig. 19.8. Effect 
of the bypass ratio 
on the position of 
the LRR of the ND 
compressor. 

Let u«' remind the reader that the more the value of the bypass 

ratio on the initial "rated" regime, the more it increases with 

throttling of the engine. 

Let us examine the regime of operation of the ND compressor 

at the same value of the degree of throttling of the revolutions 

equal to »«^t/flipi—const. Thus, the more y(D\»  the more the ratio 

y/y(D)  at the reduced regime. An increase in the bypass ratio in 

the reduced regime denote» an increase In the airflow through the 

second circuit, which when /V ■ const unavoidably leads to an 

Increase in &lutHMi   ^the effoct is equivalent to the covering of 

the Jet nozzle of the second cu-cuH with fixed flow). 
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Consequently, with an Increase in y,   •>   the line of the operating 

regimes on the characteristic of the MD compressor is more sloping, 

I.e., with the throttling of the revolutions the surging reserve 

Is decreased. 

1 

19.. Throttle Characteristics of Ducted-Fan Jet Engines 

Throttle characteristics of ducted-fan TRD are called the 

dependence of total thrust and also specific fuel consumption on the 

number of revolutions of the turbocompressor (or position of control 

elements of the engine) at constant speed and altitude of the flight 

and at the accepted program of control.  If the engine is double- 

shaft, then its characteristics are plotted with respect to the 

number of revolutions of the turbocompressor of high or low pressure, 

Plotted on the throttle characteristic of the ducted-fan engine, 

as in the case of the TRD, are curves of the temperature change in 

the gas in the Jet nozzle (behind the turbine), hourly fuel consump- 

tion, and also other characteristics for the ducted-fan engine of 

the dependence [for example, y  - f(n);   ^tji  " f^\  and others]. 

The throttle characteristic of the ducted-fan engine at assigned 

calculated values of parameters of the working process of the first 

circuit (rj, .V,) largely depends on the gas-dynamic scheme of the 

engine (ducted-fan engine with front or rear disposition of the 

fan; single- or double-shaft engine), the system of its control and 

characteristic parameters, which determine the distribution of the 

air and energy between the circuits. 

19.2.1.  Throttle Characteristic of a Single-Shaft 
Ducted-Pan Engine 

19.2.1.1.  Change in Props in Pressures 
in the Turbine and Jet Nozzle of the First 
Circuit of the Single-Shaft Ducted-Fan 
Engine with Throttling. 

With a decrease in the number of revolutions of the engine the 

compression ratio of the compressor of the first circuit is lowered 
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approximately In the same way as the initial one-circuit TRD. The 

distinction in dependences 

in the ducted-fan engine and TRD is determined by peculiarities of 

the passage of lines of operating regimes on the characteristic of 

the compressor. 

Earlier ve  explained that the expansion ratio of the turbine of 

a ducted-fan engine is considerably more than that of the original 

TRD.  Therefore, the drop in pressures in the Jet nozzle of the first 

circuit of the ducted-fan engine is always less than that for the 

original TRD, i.e., ■tp.«i<;Tp.(,(0)- Let us examine the case when in the 

maximum operating regime of the engine the drop in pressures in the 

jet nozzle is subcritical, i.e.. 

«P..(|)<-TKJ=(^
U
J"«1.85. 

This case corresponds at the achieved level of limiting values 

T%  and IT* to values y  exceeding 2-3 (see Pigs. 19.2 and 19.9).  Then 

with throttling of the engine with a lowering of the number of 

revolutions and, consequently, the compression ratio of the com- 

pressor, the drop in pressures in the Jet nozzle and in the turbine 

is decreased.  Initially the lowering of the total expansion ratio 

covers mainly the stage of low pressure - the Jet nozzle. Then, 

with the approach of .Tpcd) to unity, the decrease in the drop in 

pressures in the turbine is intensified (Pig. 19.10). 

Thus, the regularity of the change in the drop in pressures in 

the turbine of the ducted-fan engine is noticeably distinguished 

from the corresponding regularity for a one-circuit TRD, in which 

in the considerable range of numbers of revolutions the drop in 

pressures in the turbine remains constant. 
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Fig. 19.10. 

Fig. 19.9.  Effect of the bypass ratio on the 
drop in pressures in the nozzle of the first 
circuit (■-I'jr^'n ,„,■,,) • 

Fig. 19.10.  Redistribution of the drop in 
pressures between the turbine and the jet 
nozzle with throttling of a single-shaft 
ducted-fan engine. 

19.2.1.2.  Distribution of the Total 
Expansion Ratio Between the Turbine 
and Jet Nozzle with Throttling of 
the Engine. 

The distribution of the total expansion ratio between the turbine 

and Jet nozzle in subcritical regimes of the outflow of gas from 

the Jet nozzle can be produced according to methods described in 

Chapter 11 for the TRD. 

Figure 19.10 clearly shows how with throttling of the engine 

the total expansion ratio of the gas between the turbine and Jet 

nozzle will be redistributed. 

Figure 19.10 gives curves of the change in «d» «J and Jip.c 

according to the number of revolutions for a single-shaft ducted-fan 

engine with initial data in the maxinum regime 7'!=1200,K; n'i,o)=^.0; 

f/(o)-2,0: n;il(0) = 1.7. 
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19,2.1.3.  Change In Bypass Ratio of 
the .'llngle-Shaft Ducted-Fan Engine 
with Throttling. 

With a d -crease in revolution number of a geometrically fixed 

single-shaft ducted-fan engine, the bypass ratio of it initially 

increases (Fig. 19.11). Such a regularity is explained by the fact 

that the nass flow of air through the given circuit depends mainly 

on the pressure at the exit from the compressor, or, in other words, 

on the compr: .■ :.oa ratio of the compressor.  With throttling of the 
engine the compression ratio in the first circuit, which has a higher 

Initial value, is lowered more intensively than the compression 

ratio in the second circuit. Thus, the flow of air through the 

first circuit drops much more intensively than the flow of air 

through the second circuit, as a result of which the bypass ratio 

v ät   4   V  r;" 7fr «(>!.) ^"^T 

increases. Only in the region of deep throttling, when velocities 

of the outflow of gas from the second circuit are sharply lowered, 

in there a drop in jy. 

X;J 
'," 

Z s s 
7 9 \ 

\ 

t,l — 7. — 
^N 

V 
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Fig. 19.11. Change in 
bypass parameters of a 
single-shaft ducted-fan 
engine with throttling. 

The increase in parameter y  with a decrease in the number of 

revolutions is an important factor, which, as we will see further, 

has a serious effect on the operational peculiarities and properties 

of the ducted-fan engine. 
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19.2.1.^.  Temperature Change In the 
Gap. In Front of the Turbine of a ' 

m;] e- iaft Ductod-Pan Engine, s 

The gas temperature in front of the turbine of a single-shaft 

ducted-fan engine, as in the case of a standard TRD, is determined 

by the balance of works of the turbine and compressor on balanced 

numbers of revolutions. 

V/e have 

LJ — LKI-^I/LKIU 

whence 

T'z 
' 3 

'■Kl+l't-HU 

"IT Mr 

(19.6) 

where 

:] . 
0,25" 

Let us ast-ume, as previously, that in the original maximum 

region of the engine •fp.f(i)<.,Ti,p. With a decrease in the number of 

revolutions the work of the compressor will be continuously lowered. 

If the drop in pressures in the turbine and the bypass ratio remained 

constant in a certain range of numbers of revolutions, then the 

gas temperature in front of the turbine of the ducted-fan engine would 

be initially lowered thus Just as for the TRD.  However, since 

parameter y  increases with throttling (the compressor is "loaded," 

compressing a relatively large quantity of air In the second circuit), 

and the drop in pressures on the turbine is rapidly lowered (the 

turbine is "lightened," its efficiency drops), then ultimately the 

gas temperature in front of the turbine of the ducted-fan engine in 

comparison with the TRD is decreased insignificantly; then, with 

further throttling of the engine, the gas temperature, having 

attained a certain minimum, beings to increase rapidly.  In the 

whole range of operating revolutions, Tf in  the derived ducted-fan 

engine has a considerably larger value than that in the original 

TRD (Fig. 19.12). 
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Pig. 19.12. Change In 
relative temperature of the 
gas in front of the turbine 
of a single-shaft ducted- 
fan engine and TRD with 
respect to number of 
revolutions. 

Figure 19.12 shows that with the lowering of the revolution 

number of the engine by 35%  the relative value Tt for the ducted-fan 

engine is equal to 0.70 and for the TRD - 0.55',  thus, the gas 

temperature in front of the turbine of the ducted-fan engine proves 

to be higher by 180°. 

Figure 19.13 shows the effect of the bypass ratio on the relative 

change in temperature of the gas in front of the turbine of the 

ducted-fan engine. The higher the value y,  and, consequently, the 

lower 'f*T-r» the higher the level of temperature fi  in the whole 

range of operating revolutions of the engine. 

Fig. 19.13. Effect of the bypass 
ratio on the regularity of the 
change in Tl  with throttling of 

a single-shaft ducted-fan engine. 

19.2.1.5.  Change in Thrust and 
Specific Fuel Consumption of a 
Single-Shaft Ducted-Pan Engine". 

Figure 19.1^ gives the relative change in thrust and specific 

fuel consumption of a single-shaft ducted-fan engine on the number 

of revolutions. 
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Flg. 19.14. Throttle char- 
aoteristicG of a clnp;le- 
shaft ducted-fan engine and 
TRD. 

In accordance with higher values of gas temperature In front 

of the turbine and retarded drop In airflow with throttling, the 

thrust of the ducted-fan engine with respect to the number of 

revolutions drops relatively slower than that of the TRD, and the 

specific fuel consumption increases relatively faster. Thus, for 

Instance, when n  = 0.65 for the ducted-fan engine R - Q.22  and 

C      =1.3; correspondingly for the TRD R •  0.16 and C      =1.1^. 

It is characteristic that the curve of specific fuel consump- 

tion of a geometrically fixed single-shaft ducted-fan engine has no 

minimum peculiar for characteristics; of the standard one-circuit 

TRD, owing to which the regime of maximum thrust of the ducted-fan 

engine coincides with the regime of its greatest economy.  In this 

respect throttle characteristics of the ducted-fan engine are similar 

to characteristics of turboprop engines. 

Physically the continuous increase in specific fuel consumption 

of a geometrically fixed ducted-fan engine with a lowering of numbers 

of revolutions la explained by the worsening of effective efficiency 

of the cycle with a relatively small "specific" weight in the 

ducted-fan engine of losses with exit velocity.  At the same time. 
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for the TRD the decrease In considerable losses of kinetic energy 

of flow with the throttling of the engine leads to the appearance 

of a minimum C  „. The continuous increase in C      with throttling 

leads to the fact already with a small degree of throttling the 

advantage of the ducted-fan engine over the TRD with respect to 

economy disappears. In regimes of deeper throttling the specific 

fuel consumption of the TRD now proves to be essentially less than 

that in the ducted-fan engine (Fig. 19.15). 

N 

UTRt 

Fig, 19.15. Comparison 
of throttle charac- 
teristics of the ducted- 
fan engine and TRD: a) 
single-shaft engines; 
b) double-shaft engine?. 

Figure 19.16 shows the throttle characteristic of a single- 

shaft ducted-fan engine Rato A-65. 
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Fig.   19.16.     Throttle 
characteristic of 
the single-shaft 
ducted-fan engine 
Rato A-65. 
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We see that properties noted above of the throttle characteristic 

of the single-shaft ducted-fan engine are preserved even at low 

compression ratios ( ■"^(p) = 4.0).  With a decrease in numbers of 

revolutions the drop in temperature Tüi  is small and is scarcely 

150°; the specific fuel consumption of the engine in this case 

continuously increases. 

19.2.1.6.  Accelerating Capacity of a 
Single-Shaft Ducted-Fan Engine. 

Higher values of gas temperature in front of the turbine of the 

ducted-fan engine in the whole range of operational regimes Indicates 

the less reserve of surplus power on the shaft of the turbocompressor 

I.e., the difference between the available power of the turbine 

(determined by the maximum permissible temperature of the gases T^,^) 

and the necessary power of the compressor (which determines the gas 

temperature in front of the turbine in the given equilibrium regime). 

This circumstance increases the time of acceleration of the engine 

(exit into the regime) and, consequently, conditions its poorer 

accelerating capacity. 

The ease of starting (Including, the prevention of the inadmissi- 

ble excess in the gas temperature) and improvement of the accelerating 

capacity of the single-shaft ducted-fan engine can be achieved by 

Its special control, for example: 

1) opening of the Jet nozzle of the second circuit; 

2) turning off the operation of the second circuit (by means 

of covering the blades of rotary guide vane at the entrance into 

the compressor); 

3) opening of the Jet nozzle of the first circuit; 

'0 passage to a double-shaft scheme of the ducted-fan engine. 
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At the opening of the Jet nozzle of the second circuit the power 

of the compressor of the second circuit decreases (since the rate 

of airflow in this case Insignificantly increases, and the degree 

of increase In the pressure is considerably decreased); the same 

effect is reached with the covering of blades of the rotary guide 

vane Installed at the entrance Into the compressor of the second 

circuit (airflow through the circuit is reduced due to a drop in 

^HII 
and» furthermore, the effective work of the compressor is 

decreased). 

The complete closing of the blades at the entrance into the 

compressor transfers the ducted-fan engine into the regime of 

operation of the TRD, but this method does not prevent a certain 

expenditure of power to friction and heating of air circulating In 

the Interblade spaces upon the rotation of the rotor. Furthermore, 

with the turning off of the operation of the compressor, the turbine 

will cross over to partial load operating regime, which is charac- 

terized by additional losses.  With the opening of the Jet nozzle 

of the first circuit, the available power of the turbine, as a 

result of the increase in the drop in pressures triggered in it. 

Increases. 

Finally, passage to a double-shaft design of the ducted-fan 

engine reduces the regularity of the change in T*  with respect to 

the number of revolutions to the case of the double-shaft TRD. 

19.2.2. Throttle Characteristics of a Double-Shaft 
Ducted-Fan Engine 

The tendency to eliminate operational deficiencies Inherent in 

a single-shaft ducted-fan engine and to improve the basic criteria 

of these engines in the rated regime1 led to the appearance of a 

'The use of a double-shaft design allows Increasing the pressure 
state of stages of the high-pressure compressor of the first circuit 
by means of reduction of the circumferential velocity of its blades 
down to a limiting value.  This makes it possible to decrease the 
overall length and specific weight of the engine. 
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double-shaft ducted-fan engine In the early stage of their develop- 

ment (engine Rolls-Royce "Conway"). 

At present the majority of the ducted-fan engines are made in 

the double-shaft design. 

19.2.2.1. Throttle Characteristics of 
Double-Shaft Ducted-Fan Engines with a 
Common MD Compressor and Separate Exhaust. 

Effect of throttling on the process of expansion of the p;as in 

a double-shaft turbine of a ducted-fan engine.  The gas expansion 

process in the double-shaft turbine of a ducted-fan engine with 

throttling of the engine occurs Just as it does in any multistage 

turbine with exhaust into the external atmosphere. With a decrease 

In the numbers of revolutions the drop in pressures in the turbine 

is lowered, beginning from its last stage (located nearest to the 

external atmosphere).  This lowering of IT* gradually covers stages 

Installed upstream. 

Let us assume that in the rated operating regime of the engine 

in =  n,) velocities of the outflow of gas in the Jet nozzle of the 

first circuit and nozzle box assemblies of VD and ND turbines reach 

critical values, i.e., 

With a decrease in revolution numbers in the supercritical 

region of outflow from the Jet nozzle I(rtp.c>JTKp) = I,85] the lowering 

of expansion ratio of the engine initially occurs as a result of a 

decrease in the pressure on the section of the nozzle. Drops in 

pressures in VD and ND turbines remain constant (Pig. 19.17). 

At a certain value of the revolution numbers «2 < n, in the 

Jet nozzle the subcritical process of outflow is established, I.e., 

lOi)<UQ-     Beginning from this moment, a drop in pressure at the 

entrance into the Jet nozzle approaches.  Simultaneously t/ie 

expansion ratio in the ND turbine is lowered. Since the regime 
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Flg. 19.17.    Redistribution 
of the drop In pressures 
between VD and ND turbines 
with throttling of the 
ducted-fan engine. 

n,       «,       «, JI, « 

of outflow from the first nozzle box assembly of the ND turbine still 

continues to be preserved critical, the VD turbine remains "blocked" 

with respect to drop of pressures, i.e., 

With a further lowering of the number of revolutions down to n, 

the velocity of outflow from the first nozzle apparatus of the ND 

turbine becomes subcrltlcal.  From this moment there already approaches 

a decrease in the drop in pressures in the VD turbine.  Now between 

VD and ND turbines the diminishing total pressure difference will he 

redistributed. With the approach of -"^(H;» to unity the drop JiJ(M) 

Is accelerated. 

Figure 19.18 shows the experimental dependence1 of the change 

in q{}.\,t) on ir». 

Since 

_ ~1» 

'After data of Ch. A. Meyer [C. A. Meyer]» (see the book "Jet 
Engines," edited by 0. Ye. Lankaster [0. E. Lancaster]», Voyenizdat, 
1962, page 77). [»Translator'." note: these names have not been 
verified]. 
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Fig. 19.18. Determina- 
tion of the regime of 
operation of the VD 
turbine. 

s 

then this graph shows the qualitative connection of the drop in ^r{tut 

as a function of n*lHA) 

Change in temperature of the gas in front of the turbine of a 

double-shaft ducted-fan engine.  The regularity of the change in 

temperature T*  with respect to the number of revolutions of a double- 

shaft ducted-fan engine is completely determined by the balance of 

works of the VD turbocompressor: 

i, 

whence 

H-: '■* (BJ) (19.9) 
"pr 
~jj~ 'rcBiDlriBÜ) 

Since the first nozzle box assembly of the ND turbine in the 

initial stage of throttling operates at a critical pressure 

difference, then JTJ(B;I) = const and fJ^AucB.!). In this range of numbers 

of revolutions there appears a lowering of Ti,  which is determined 

by a change in the work of the VD compressor on the number of 

revolutions. With further throttling of fuel feed the drop in 

pressures on the VD turbine is lowered (when  W^., W» <'>0 )» in 

consequence of which the drop in Tf  is slowed down. With a decrease 

in the number of revolutions, the temperature of the gas in front 

of the turbine reaches a minimum, and then it begins to increase. 

The regularity of the change in Tt in a wide range of numbers of 
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revolutions of the double-shaft ducted-fan engine proves to be similar 

to the corresponding regularity for the double-shaft TRD. 

"Slip" of turbocompressors of high and low pressure. Since 

with a decrease In the gas temperature Tt  In front the VD turbine 

the gas temperature Tf  In front of the ND turbine is lowered, and 

the bypass ratio y  Increases, then the balance of works on the ND 

turbocompressor is disrupted, i.e., (I+^AMHJD > ^HJ). 

As a result, revolutions of the ND turbocompressor also drop 

and more intensively than do the revolutions of the VD compressor. 

The drop in revolutions of the ND turbocompressor is intensified 

when the drop in pressures in the Jet nozzle of the first circuit 

becomes subcritlcal, and the drop in pressure difference in the ND 

approaches (Pig. 19.19). Thus, with throttling of the engine the 

ratio of numbers of revolutions 'i's"Halntta   is continuously lowered - 

a slip of the rotors appears. The slip of rotors in the ducted-fan 

engine occurs more intensively than it is in the TRD. 
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Fig. 19.19.  Throttle 
characteristic of a 
double-shaft DTRD. 

Change in the bypass ratio of the engine with throttling.  With 

a decrease in the numbers of revolutions the bypass ratio of the 

double-shaft ducted-fan engine Increases. The Increase in y  Is 
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conditioned, as previously, by the difference in compression ratios 

of compressors in the circuits (•'d^^üi ) and, consequently, by the 

more rapid drop in airflow through the first circuit an compared 

to the second.  However, the progressing drop in the number of 

revolutions of the ND compressor accelerates the drop in ,
T*TT and 

detains the increase in y.     This considerably improves the throttle 

characteristics of the double-shaft ducted-fan engine in comparison 

with the single-shaft (see Pig. 19.19). 

Redistribution of thrust of the ducted-fan engine between the 

circuits with throttling.  Figure 19.20 shows the change In velocities 

of the outflow of gas from the Jet nozzles of a double-shaft ducted- 

fan engine with throttling of the engine. 

|    j   louble-shaft DTRD 7~T 

-v~0' hor'A Knur*'7 

Si 
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m/s 
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WO 
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Fig.  19.20.     Change  in 
velocities  of eras  out- 
flow from the Jet  nozzles 
of the ducted-fan engine 
with throttling of the 
engine. 

0,96  m ffsi 

It is characteristic that with a decrease in the number of 

revolutions of the engine the ratio of velocities of outflow from 

circuits 0^  /oj- continuously increases, reaching a value equal to 

unity when n  «  0.9.  With a further decrease in the number of 
II T 

revolutions cv /o" continues to grow.  Thus, the ratio of velocities 

of outflow deviates from the optimum value (cJ'Ar^ii-'O.S in the 

maximum regime), which indicates the worsening of the distribution 

of energy between the circuits and leads to a relative Increase in 

the specific fuel consumption of the ducted-fan engim in comparison 

with the TRD. 
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At the same time, the relative Increase In specific thrust 

of the second circuit and also the Increase In parameter y  leadr 

to a considerable redistribution of thrust between circuits of the 

ducted-fan engine. Thus, If In the rated regime (HM =1) Ri/Rn*--\,32, 

then when /TM «0.86 we have /?I//?II»0,89. 

Figure 19.21 shows the throttle characteristic of a double- 

shaft ducted-fan engine plotted according to the number of revolu- 

tions of the NP turbocompressor. 
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m>l 1 kr      NJ 

\ • 1 1 1 1 M 1 IN 
I »!..    1 U 
i h'isHT MJffl 

H 

«I 

M 
«I   <{7   41    p *MJ| 

Fig.   19.21.    Throttle characteristic of 
a double-shaft ducted-fan engine. 

Comparison of throttle characteristics  of double-shaft  ducted- 
fan engine and TRD.     Figure 19.22 gives  for a comparison throttle 

characteristics of a double-shaft  ducted-fan engine and TRD on 
the condition that In design conditions 

fj-v13003K=const:  n^ri.S^-ronsl;   y=-l.(>,   C,-con«t. 

We see that transition to the double-shaft design allows con- 

?lderably expanding the range of operating revolutions. In which the 

advantage of the ducted-fan TRD over the one-clrcult with respect 

to specific fuel consumption Is provided.  However, a more Intensive 

drop In the number of revolutions of the IID turbocompressor of the 
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Fig. 19.22.  Compari- 
son of throttle 
characteristics of a 
double-shaft ducted- 
fan engine and TRD. 

N 

ducted-fan engine and, connected v/ith this, more rapid decrease 

in the total compression ratio lead to the fact at a certain revolu- 

tion number (ÄM =0,75) specific fuel consumptions of the engines are 

equalized, and then, with further throttling of the engine, the 

specific fuel consumption of the ducted-fan engine becomes more than 

that for the TRD. A worsening of economy of the ducted-fan engine 

in regimes of great throttling is furthered by a sharp drop in the 

efficiency of the multistage turbine. 

In conclusion let us note that the double-shaft ducted-fan 

engines, with front disposition of the fan, in its operational quali- 

ties practically do not yield to the best one-circuit TRD. 

Pig. 19.23.  Throttle 
characteristic and 
basic operating regimes 
of a double-shaft 
ducted-fan engine. 

0,5     US    0,7 
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Figure  19.23 gives a throttle  characteristic of the model 

double-shaft ducted-fan engine with designation on it of basic 
regimes of operation:    takeoff (1);  nominal  (2);  C.85 nominal   (3) 

and 0.70 nominal  (4). 

19.3.     High-Speed  Characteristics  of Ducted-Far 
Jet  Engines 

19.3.1.  High-Speed Characteristics of a Single-Shaft 
Ducted-Fan Engine 

13.3.1.1.  Nonboosted Ducted-Fan 
Engine. 

Let us  examine the high-speed characteristic  of a single-shaft 
nonboosted ducted-fan engine with program of control for maximum 
thrust: 

/i=const;   rjssconst. 

Let us  assume that in the rated  (test  stand)  regime of operation 
(M0 ■ 0;  tf ■ 0)  parameters of the working process  of the engine are 
equa]  to 

7>12008K:   n:i(0) = 15;   <„,,,-.2.15; 

y=l,0:   n^O.OO;   i;=0,S5:   .iP.ti-.'tP.eii. 

Maintenance of the constant number of revolutions of the iroo« 
compressor is carried out with the help of a centrifugal regulator 
cf revolutions,   interlinked with  the  automatic  fuel   feed  unit. 
Conservation of  the  fixed gas  temperature  in front   of the  turbine 
is provided by  the  control  of the  critical section cf the  .let 
nozzle of the first circuit   (/J ■ var). 

Initially we  will examine high-speed  characteristics   of the 
ducted-fan engine,  obtained as  a  result   of an approximate  oaloulation, 

without the use of characteristics  of the compressors, turbines and 
intakes. 
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19.3.1.2.  Change In Specific Thrust 
of the Du^i-^d-T^n Engine. 

On the test stand the velocity of gas outflow from the flrat 

circuit Is more than that from the second.  The latter Is explained 

by the fact that at equal pressure differences In Jet nozzles the 

gas temperature behind the turbine Is significantly higher than the 

air temperature at the exit from the compressor of the second 

circuit.  Consequently, specific thrusts of circuits are also 

different, I.e., 

With an Increase in the PL number of flight specific thrusts 

of the circuits continuously drop; however the specific thrust of 

the first circuit more intensively decreases; since the pressure 

differentials in the Jet nozzle of this circuit increases considerably 

slower than that in the second.  The "opening" of the Jet nozzle 

of the first circuit with an increase in flight speed even more 

intensifies this tendency (Pig. 19.21), 

The basic assumptions usually taken In approximate calculation;- 

of characteristics refer to:  the constancy of operation of the 

compressors (for both circuits), I.e., 

1) ^--const (with n  ■ const); 

the constancy of particulnr efficiencies and  coefficients of losses, 
i.e., 

2) »I*-const;  »|J=uconst;   3*e=consl; 9p><.=const; l^,  =const 

the assumption about the total expansion of the pas in Jet nozzle;; 

of both circuits. I.e., 

S 
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Fig.   19.2^.     Change In specific thrust  of 
the first and second circuits of the 
ducted-fan engine with respect to the 
M0 number of flight. 

The  specific thrust of the  ducted-fan engine similarly decrease: 

considerably faster than it does  in the original TRD.     If In TFD 
the specific thrust becomes  zero when MQ »2.8,  then for the ducted- 

fan engine we find   A\o(iiyl-e) « 2.4  (Fig.  19.25). 
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Fig.   19.25.     Comparative 
change in specific  thrusts 
of the ducted-fan engine 
r.nd TRD according to  the 
r!0  number of  flight. 

19.3.1.3.     Change in Bypass Ratio. 

With an increase in the  flight speed the flow of gas per second 

through the second circuit increases  and much faster than through 
the first   (•tl*ii<'"t'i )•   Thus,  the bypass  ratio of the engine  increases 
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Intensively.  If when MQ " 0 we have y m 1,  then when MQ =3.0 we 

find y  « 1.78 (Pig. 19.26). 
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Fig-. 19.26. Change In 
airflow In circuits of 
the ducted-fan engine and 
bypass ratio with resnect 
to the M- number of nipht. 

A rapid increase In the bypass ratio of the engine with respect 

nun 

equal to 

tc MQ number leads to an Increase in necessary work of turbine 

To maintain T\ ~  const It Is necessary with an Increase In MQ 

to Increase IT» and, consequently, "open" the Jet nozzle of the first 

circuit. 

19.3.1.^, Change in Total Thrust 
of the Ducted-Fan Engine. 

Peculiarities of the passage of curves of specific thrusts 

and airflows in the circuits determine regularities of the change 

In total thrusts /?_, /?,. and ff. Thus, the thrust in the second 

circuit drops considerably more slowly than it does in the first. 

If at subsonic flight speeds R\>R\\,  then at high supersonic flight 

speeds R\\>Ri    (Fig. 19.27). 
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Pig. 19.27.  Change In 
thrust of the first and 
second circuits of the 
ducted-fan engine with 
respect to the Mn number of 
flight.       u 

The total thrust of the ducted-fan engine also Is continuously 

lowered with respect to the flight speed, and the rate of Its drop 

Is Incomparably more rapid than that In the original TRD. 

It must be noted that the more bypass ratio of the engine, the 

steeply the curve of the change in thrust drops with respect to the 

flight speed, and the less the M0 number at which the thrust of the 

engine approaches zero (Fig. 19.28). 

Fig. 19.28. Effect of 
the bypass ratio on 
thruct characteristics of 
the ducted-fan engine with 
respect to the 
of flight. 

M- number 

19.3.1.5. Change In Efficiency of 
the Ducted-Fan Engine with Respect 
to Flight Speed. 

Let us compare the change in efficiency (effective, thrust, 

and total) of a one-circuit and ducted-fan TRD with respect to the 

speed of flight (Fig. 19.29). 

The transmission of mechanical energy (through the turbine and 

compressor of the second circ '♦:) decreases velocity of outflow 
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Fig.  19.29.    Change In 
efficiency of a ducted-fan 
engine and TRP with  resnent 
to  the I^L  number of  flight. 

O.i     1.Z    Ifi    2.0   2,1*   M| 

from the first circuit and Increases the velocity of outflow from 

the second circuit; however with the applied methods of the distri- 

bution of energy betv/een the circuits the velocity of gas outflow 

from the second circuit Is always less than that from the first 
I     II (by 30-^0%); In any case, numeral values at  and av is considerably 

less than the velocity of outflow from the Jet nozzle of the original 

TRD.  Therefore, the thrust efficiency of the ducted-fan TRD at all 

flight speeds (and specially at the subsonic) Is considerably more 

than that In the one-clrcult TRD. 

Since the transmission of mechanical energy Into the second 

circuit of the engine occurs with losses, then the effective effi- 

ciency of the ducted-fan TRD is less than that In the standard TRÜ, 

and this decrease becomes specially noticeable at high supersonic 

flight speeds.  At these flight speeds the transmission of mechanical 

energy is generally little effective, because It considerably 

decreases the thrust in the first circuit and insignificantly 

increases the thrust in the second circuit. 

Ultimately, the total efficiency of the ducted-fan engine 

noticeably exceeds In numeral value the efficiency of the TRD, and 

in the case of considered parameters of the working process - only 

in the range of NL numbers from zero to l.'l.  At high supersonic 

flight speeds (M« > lA)  the total efficiency of the TRD is higher 

than that in the ducted-fan engine. 
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19.3.1.6. Change in Specific Fuel 
Connumption. 

On the test stand the specific fuel consumption of the ducted- 

fan engine with parameters of the working process given above is 

equal to C  ■ 0.60; it is considerably less than that in the 

original TRD for which C  ■ 0.79. 

With an increase in the MQ number of flight the specific fuel 

consumption of the ducted-fan engine and TRD continuously Increases, 

.'•Ince the effective work of 1 kgf of thrust Increases, and therefore 

the expended energy in the form of fuel consumption per 1 kgf of 

thrust per hour increases. However, the rate of increase of the 

specific fuel consumption of the ducted-fan engine with respect to 

flight speed is considerably more than that for the TRD. Thus, with 

an increase in the Mrt number the break between curves C n In the 0 yfl 
ducted-fan engine and TRD is always shortened, and when M0 s l,^ 

the economies of the compared engines are equalized. With a further 

increase in M0 the specific fuel consumption of the ducted-fan engine 

already surpasses the C      of the TRD (Pig. 19.30). 
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Pig. 19.30.  Change in 
specific fuel consumption of 
the ducted-fan engine an^ 
TRD with respect to Wn  number 
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The correlation between specific fuel consumptions of the 
engines being compared at  the same flight speed is equal to 
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Figure 19.31 shows the effect of bypass ratio on the change In 

C  of the ducted-fan TRD with respect to flight speed.  The more 
y (M 

y  Is, the less the test stand value C     ,  and the less the number M~ 

of flight at which the advantage in the economy of the ducted-fan 

engine over the original TRD disappears. 

Pig. 19.31.  Effect of 
the bypass ratio on the 
change in specific fuel 
consumption of the ducted- 
fan engine with respect 
to M0 number of flight. 

It is characteristic that if the efficiency of the second 

circuit was equal to unity, then in the whole range of Mn numbers of 

flight the ducted-fan engine would be more economical than the 

TRD (Fig. 19.32). 
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Pig. 19.32.  Effect of 
the efficiency of the 
second circuit rijT on 

the change in specific 
fuel consumption of the 
ducted-fan engine with 
respect to Mn number of 
flight.    u 
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19.3.2. Peculiarities of High-Speed Characteristics 
of Double-Shaft Ducted-Pan Engines 

Let us examine peculiarities of high-speed characteristics of 

double-shaft ducted-fan engines with a separate exhaust (see diapTom 

b on Pig. 17.7) with two programs of control: 

1) //iu=const   and   /,=const; 

2) /»HJ—const  and /5=const. 

19.3.2.1. Program of Control 
"M "'const • 

With an increase in the flight speed bypass ratio of the engine 

increases, since the rate of airflow through the second circuit 

increases faster than that through the first circuit (^'n <-Tki )■ In 

this case angles of the advance of flow on blades of the fan increase, 

and on blades of last steps of the VD compressor they decrease. 

If ^MHJ)***, then the work of the VD compressor, with a decrease 

l.n the reduced revolution number niu(-p) approximately maintains a 

constant /aluc. Then from the equation of balance of works of the 

VD turbocompressor 

• 
(^K(»ai=ZT(Bj))'-7"J 

we find that the gas temperature in front of the turbine also does 

not change; consequently, Tf  » const. 

Simultaneously, the "loading" of the fan and disruption of the 

balance of works of the ND turbocompressor approach: 

(l+y)L((Hii)>^T(Ha», 

as a result of which the revolution number of the ND shaft Is 

lowered. 
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19.3.2.2.  Program of Control 
"lU" consl . 

In this case the "loading" of the fan at a constant number of 

revolutions of its shaft leads to the fact that the automatic unit 

of fuel metering increases the fuel feed into the combustion chamber 

for a corresponding Increase in work of the ND turbine.  Consequently, 

gas temperatures 21$ and Tjl increase. 

The unbalance of works on the VD turbocompressor ('■T(B.i)>ii((iu) ) 

appeared as a result of the increase in Tl 

means of acceleration of the VD turbocompressor. 

which appeared as a result of the increase in Tt,  Is eliminated by 

With an Increase in altitude the described regularities change 

to the opposite. 

One should note that with the observance of condition T*  =  const 

the high-speed characteristics of the single-shaft ■. nd double-shaft 

ducted-fan engine will be distinguished little from each other. 

19.3.2.3.  Combined Program of Control 
of the Ducted-Fan Engine:  «Tnul """st 
and n,..(n,i) =const . 

The real limitations appearing during flight operation force 

in a number of cases the using of a combined program of control, 

which represents the combination of programs RR(HJ)""Const and ;J,UIU) •-=-• const. 

Let us examine the operation of the ducted-fan engine according 

to the program of control 

WK(Ha>=const and /s^const. 

Let /t„(Hj) be the maximum number of revolutions of the ND com- 

pressor limited by the atvength  of this cascade (region II on 

Pig. 19.33). 

The range of values T),, in which there is observed condition 

«IMHA»■• const, is limited on the one hand by a certain minimum value 
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Pig. 19.33. Combined 
program of control of 

the DTRDP11. 

m    v*» 

of T'ir at which the reduced revolution number of the ND comprecsor 

reaches a maximum, and there approaches "blocking1' at the entrance 

into the compressor along the airflow (I.e., with an Increase 

In /IMJCP) the Increase In 9(1.1)«tui) ceases. Beginning from this 

number of revolutions. It Is necessary to turn to the control of 

lllUMapi 

physical ND revolutions already must drop. 

const. This means that with a further lowering of f*. 

Thus, in * «-felons of small T*  the limitation uith reepeot  to 

the maximum produotivity of the oompreaaor  (region I on Fig. 19.33) 
approaches: 

In the region of high values of T*  the limitation of the 

program flu riu»*5 const is connected with the maximum pevmieaikle  vat UP- 

of  fl. Actually, with the Increase in T* the maintaining /»MIU» "5const 

is reached by means of an increase in the fuel feed in the oombustion 

chamber, and, as a consequence of this, ft and the number of VD 

revolutions increase. It is obvious that at a certain limiting 

value of r* magnitude rt reaches a permissible limit; now to maintain 

r*,  N ■ const it is necessary to turn to the control of /»IUH.D =const; 

this means now "IMIUI will decrease (region III on Pig. 19.33). 

Figure 1Q.33 shows the change in regime parameters of the 

ducted-fan engine for the conr,jeered case of the combined program 
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of control. We see clearly that section «MRar8*const corresponds to 

relatively small changes In nnmni)  and nHj(ni>).and also a small shift 

in regime point on characteristics of ND and VD compressors; on 

section ««(Bjii =const the drop in reduced numbers of revolutions of 

ND and VD compressors and also displacement of regime points of the 

compressor sharply increase. 

19.3.3.  Effect of Forcing on the High-Speed 
Characteristic of the Ducted-Fan Engine 

At large values of TT* the nonboosted ducted-fan engine has a 
K i. 

continuous drop in thrust and Intensive increase in specific fuel 

consumption on the M« number of flight. 

The additional fuel combustion in the second circuit at high 

values of T*  sharply Increases the specific thrust on the test stand 

and delays its drop in flight.  Thus, the thrust of the DTRDF11 has 

no specific dip ai low flight speeds and very intensively Increases 

in the supersonic region; only at M0 numbers of flight, at which in 

the first circuit negative thrust is formed, a sharp drop in the 

total thrust of the engine approaches (Pig. 19.3^). 

'■ya' cym      I J 
-% 

i 
'»      y ■N 

M, 

—X, 1 

Sss-^5 

Fig. 19.3^.  Comparison 
of nigh-speed character- 
istic of the ducted-fan 
engine and DTRDF. 

^f 

The introduction of forcing in the second circuit considerably 

Increases the specific fuel consumption on the test stand. With 
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an increase In M- numbers of flight the specific fuel consumption 

slowly increases1 so that at supersonic flight speeds it becomes 

lower than that in the original TRD (see Fig. 19.3^). N 

Figure 19.35 gives high-speed characteristics of a double-shaft 

DTRDF  with combined program control (see Fig. 19.33).  Region 

"IU ^con.-t corresponds to the increase in parameters T*  and T*  at 

almost a fixed value of the bypass degree. Region nBi  =const corre- 

sponds to the constancy of parameters Tf  and T*  and increase in v. 

ü±a±E 
0   q* as Ji t,6 ifi 1* Mt 

Fig. 19.35.  High-speed 
characteristics of the 
double-shaft DTRDPH with 
a combined program of 
control. 

TT 
The thrust and specific fuel consumption of the DTRDF  con- 

tinuously increase in the interval of numbers 

Mo=0,6-2.5. 

19.^.  Altitude Characteristics of Ducted-Fan Engines 

Characteristics of ducted-fan TRD with respect to altitude of 

flight (or altitude characteristics) are dependences of total 

lAt separate sections of the characteristic there can even be 
a reduction in C 
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thrust and also of specific fuel consumption on flight altitude at 

a constant flight speed (or M« = const) and accepted program of 

control of the engine. N 

19.4.1. Altitude Characteristic of a Single-Shaft 
Nonboosted Ducted-Fan Engine 

Let us examine the high-speed characteristic of a single-shaft 

nonboosted ducted-fan engine with a program of control for maximum 

thrust: 

«^ const and 7"J=const. 

Let us assume that the sustaining of constant gas temperature 

In front of the turbine is provided by means of adjustment of the 

critical section of the Jet nozzle of the first circuit. 

Let us produce the construction and analysis of altitude 

characteristic initially under the usual assumptions: 

1) /,,(= const; 

2) 11*=. roust: >)J=const; £,. —const: ?M-coi»(! ^..„ — con^t: 

3) Pl-rt^P*. 

Let us take as the original "test stand" data the same data as 

is used in the construction of the hi^h-speed characteristic for 

a single-shaft ducted-fan engine . 

Let us assume that at all altitudes of flight PL. = 0.9 ■ const. 

19.4.1.1.  Change in Specific Thrust. 

With an increase in altitude when /i=const (^^consl) the com- 

pression ratio of the compressors in circuits (.i*i and ."\ii) increase, 

and the degree of preheating of the working medium A~Tl/Tu   increases; 

this leads to a velocity increase in the outflow from the Jet nozzle 
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of the first circuit. The velocity of outflow from the second 
.II circuit, conversely, slowly decreases, since the temperature T*-x  at 

the exit from the compressor is lowered. Ultimately the specific 

thrust of the first circuit increases very considerably.  Magnitude 

R  , somewhat increases as a result of a decrease in the flight 
y,fl 6 

speed V  when M0 = const.  On the whole the specific thrust of the 

ducted-fan engine increases considerably more intensively than that 

in the original TRD (Pig. 19.36). Thus, for instance, at the 

altitude of H = 11  km we have /?yj (.ITPJ) ■ 1.57, and 7?y.1(TPj) = 1.3^. 

S 

r ft 

.. _r_ 

'.« ■■■ "** 
DTRD   s, f' i 

'»* H ' .4- - — 
-H W 

< 
^' r 

i 
< ,0 ? "^ TRD i •- 3 1 i 

•0l i i 1 t ■ t t 10    t n KM 

Pig. 19.36. Comparative 
change in specific thrusts 
of the ducted-fan engine 
and TRD with respect to 
flight altitude. 

Thus, the effect of altitude and speed of flight on specific 

thrusts of the ducted-fan engine and TRD proves to be the opposite. 

19.^.1.2.  Change in Bypass Ratio 
of the Engine. 

An increase in flight altitude leads to an intensified drop 

in airflow in the second circuit, i.e., where the compression ratio 

of the compressor increases more slowly. Ultimately (Pig. 19.37) 

the bypass ratio of the ducted-fan engine is lowered.  True, this 

lowering does not exceed 20^ in the whole range of flight altitudes 

(up to tf * 11 km). 

The decrease in the bypass state has still that sense that 

the flow of air of the ducted-fan engine drops with an increase in 

altitude more intensively than in the original TRD (^TPJJ -^I)- The 

latter is clearly shown on Pig. 19.37. 
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Fig. 19.37.  Change In airflow in the 
first and second circuits and bypass 
ratio of the ducted-fan engine with an 
Increase in flight altitude. 

19.^.1.3.  Change in Thrust of the 
Ducted-Fan Engine. 

Thus, the specific thrust of the ducted-fan engine increases 

with respect to the altitude of flight but more rapidly than that 

in the original TRD. The airflow of a ducted-fan engine decreases 

with an increase in flight altitude, and also more Intenrively than 

in the TRD. Ultimately the total thrust of the ducted-fan engine 

with an increase in altitude is lowered somewhat more slowly than 

that in the TRD (Fig. 19.38). 

19.1.1.1.  Change in Efficiency of 
the Engine. 

A velocity increase in the outflow from the Jet nozzle with 

the lowering of flight speed always leads to a drop in thrust 

efficiency. An increase in the compression ratio and degree of 

preheating of the thermodynamic cycle somewhat improves the 

effective efficiency. 
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Pig. 19.38.  Change In thrust and 
specific fuel consumption of a 
ducted-fan engine and TRD with an 
Increase In flight altitude. 

Ultimately the total efficiency of the ducted-fan engine with 

an Increase In altitude of flight somewhat Increases, whereas at 

assigned parameters of the working process In the TRD It even slowly 

drops. 

In Specific 
Fuel Consumption. 

With an Increase In flight altitude the specific fuel con- 

sumption of the ducted-fan engine Is decreased (see Fig. 19.38). 

The latter is explained by a more effective conversion of heat Into 

thrust work (i.e., Increase In n0) wish a certain decrease In the 

work of 1 kgf of thrust (as a result of the lowering of V), 

An Increase In the economy of the ducted-fan engine with an 

Increase in flight altitude proves to be somewhat more considerable 

than that In the TRD (up to k-5%  at the altitude of tf = 11 km). 

In conclusion let us give the altitude characteristic of a 

double-shaft ducted-fan engine (Fig. 19-39) plotted taking into 

account the change in efficiency of VD and ND compressors. 
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Flg. 19.39.  Altitude 
characteristic of a 
double-shaft ducted-fan 
enplne (y  = ]). 

10   IZHKM 

19.5.  Peculiarities of Operational Characteristic; 
of Ducted-Fan TRD at High Bypasn Ratios 

During recent years the attention of scientists, researchers, 

and designers, working In the field of aviation has been given to 

the problem of the creation of large ducted-fan engines with high 

bypass ratios {y   = 6-8).  Such ducted-fan engines at high values of 

gas temperature in front of the turbine (fl = 1300-l600oK) and total 

compression ratio (IT* = 25-30) can provide extremely low specific 

fuel consumptions on the test stand [C 
Yfl 

0.28-0.3b kg/(kgf-h) 

and in flight at subsonic speed [C       » 0.56-0.65 kg/(kgf«h) at 

M- = 0.7-0.9 and # = 11 km].  Consequently, perspective ducted-fan 

engines being created (for example, the Pratt-Whltney JT 9D-1, 

Rolls-Royce RB.211, General-Electric TF-39) will he more economical 

In flight than contemporary turboprop engines (Fig. 19.^0), moreover 

considerably exceeding in their high operational reliability, 

simplicity of design and low specific weight (Y„ = 0.15-0.17 

kg/kgf of thrust). 
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Fig. 19.^0. Throttle char- 
acteristics of a three- 
shaft ducted-fan engine 
Rolls-Royce RB.178 in the 
cruising flight regime. 
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Use of the ducted-fan engine with high bypass ratio? In civil 

aviation makes It possible to reduce considerably the operational 

expenditures (by approximately 1/^) and provide a rapid increase in 

pai-sengcr transportation. 

Eelow certain peculiarities of the operational characteristics 

of such engines are examined. 

19.5.1.  Effect of the Bypass Ratio on the Drop 
in Thrust of the Ducted-Fan Engine 

with a Takeoff Run 
of the Aircraft 

With the takeoff run of the aircraft on the airfield before 

the flight the thrust of any TRD (DTRD) always drops. This regularity 

is caused by the rapid increase in the inlet pulse GV/g  at a 

practically constant exit pulse for these velocities of motion of 

the aircraft. For the TRD the drop in thrust is small and does net 

exceed 5-7!?. The thrust decay of the ducted-fan engine is more 

considerable; the more it is, the less In the absolute value the 

velocity of gas outflow from the circuits, i.e., the more the bypass 

ratio cf the d'jcted-fan engine and the less the specific thrust of 

the engine. 

The relative thrust of the ducted-fan engine with a takeoff 

run of the aircraft can be calculated by the formula 

7?-l- 
t** run 

(19.10) 

where Äy.noi   specific thrust of the ducted-fan engine on takeoff 
(V «   0). 

Table 19.2 gives values of R for the takeoff speed of the 
aircraft VQT    ■ 70 m/s. 

Thrust decay of the DTRD on takeoff must be considered in the 
■alculatlon of takeoff and landing characteristics of the aircraft. 
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1 
Table 19.2. 

**' ""'kg/S j 70 GO 55     50       45 •10 35 30 23 

0.G4 R            O,9o!o,88'o.87 0,S6 
1      1      1      1 

0.84    0.82 | O.EO 0,76    0.71 
1 

v> 

Figure 19,41 shows the effect of Ry.vo)   on the drop in thrust of 

the ducted-fan engine with takeoff run of the aircraft. 

0        /0        20       JO       HO 

Fig. 19.41.  Effect of Äywoj on the drop in thrust 
of the ducted-fan engine with takeoff run of the 
aircraft. 

19.5.2.  Effect of the Bypass Ratio on Throttle 
Characteristics of the Engine in the 

Cruising Regime of Flight 

It is known that the magnitude of thrust of engines of subsonic 

aircraft is selected from the condition of providing satisfactory 

takeoff and landing characteristics.  In flight at the cruising 

regime (for example, at Mn, , » ■ 0.8 and Hfi   \ = 11 km) the thrust 0(up; (up; 
of the powerplant proves to be excessive, and the TRD (ducted-fan 

engine) must be throttled.' 
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In Chapter 11 It was shown that with the lowering of the 

revolution number of the TRD (ducted-fan engine) the specific fuel 

consumption Is initially lowered, and only with great throttling of 

the engine does it begin to Increase. However, at high values of y 

the throttling of the ducted-fan engine in the cruising flight regime 

(M0 * 0.8; fl ■ 11 km) leads to the fact that lowering of C      is 

slowed down and is even completely ceases. When y >  6  the lowering 

of the number of revolutions of the double-shaft ducted-fan engine 

is connected with the continuous increase in specific fuel con- 

sumption (Fig. 19.^2). 

N 

y k J ̂  — 
i 

"? g s^ 1 1 i 
111 

41 #r 4* to* 

Pig. 19.42. Effect of 
the bypass ratio on 
takeoff thrust of the 
ducted-fan engine with 
a takeoff run. 

19.5.3. Effect of the Bypass Ratio on Takeoff 
Thrust of the Ducted-Pan Engine 

Let us assume that the necessary thrust of an aircraft for 

flight at subsonic velocity at an altitude maintains a fixed value. 

This means that the engine in the cruising regime must also develop 

fixed thrust at the given degree of throttling. Then with an 

Increase in the bypass ratio takeoff (maximum) thrust will Increase, 

and the ratio of cruising (flight) thrust to takeoff "bench," I.e., 

Rc,iHKp)fKom»x   will continuously drop (Pig. 19.^3). 

Fig. 19.43, Effect of 
the bypass ratio on take- 
off thrust of the ducted- 
fan engine with a takeoff 
run. 

505 



~1 

When y  = 8,  in  comparison with y  =  0,  the takeoff thrust 

Increases by approximately 60%,  and the ratio Rr.noivi/Rownx  will hie 

lowered from 0.27 to 0.17, where ße,m«p)   -  cruising thrust in the 

altitude-high-speed conditions. 

The sharper drop In thrust of the ducted-fan engine with an 

increase In altitude of flight with an Increase In y  is explained by 

the fact that at subsonic flight speeds (when T*  < 2880K) the airflow 
K 

drops more rapidly and the specific thrust of the ducted-fan engine 

Increases more slowly, The latter is conditioned by the fact that 

with an Increase In y,  and, respectively, with less value of 7r*rT, K X JL 

thrust of the second circuit drops more rapidly. 

An Increase in takeoff thrust Improves the takeoff and landing 

characteristics of the aircraft, but It simultaneously leads to a 

certain loading of the powerplant. 

Figure 19.M shows altitude-high-speed characteristics of the 

ducted-fan engine Rolls-Royce "Spey" 25 plotted for various regimes 

of operation of the engine. 

19.6.  Fore ng of Ducted-Fan TRD on Takeoff 

One of the Important advantages of ducted-fan TRD in comparison 

with other types of Jet engines is the possibility of very con- 

siderable forcing of thrust of the engine on takeoff by means of an 

additional fuel combustion in afterburners. 

The greatest Increase in thrust of the ducted-fan engine In 

practice can be obtained with the equality of temperatures of forcing 

and equal total pressure of gas in both circuits. 

With a fixed total rate of airflow (Gy.  = const) the degree of 

forcing of the ducted-fan TRD depends only on the ratio of maximum 
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temperature of forclnp to the averaged mass temperature of the pas 

In the circuits (before the combustion of the fuel), I.e., 

*ITP;I*'+"^I/ZJL 
'c» 

where 

With an Increase In y  the degree of forcing continuously 

Increases (see Table 19.3); when y  * 2,  T*  -  2000oK and rjj = 1000oK 

It Is equal to approximately 2 (instead of 1.4 for the TRD). 

Table 19.3- Comparison of degrees of forcing and 
relative thrusts of the ducted-fan engine and TRD 
(Tf  » 2000oK; TjJ = 1000oK; Qj,  « const) when 

W = 0, M0 = 0. 

Bypass ratio y 0 i 2 3 

Ä4TPJ«'+" 
Ä4TPa 

1.41 1.76 1.95 2.07 

Ä.lTPil»l*" 

*TPJi» 
1.0 0.85 0.7S 0.68 

^.iTPa 1.0 o,r.8 0.54 0.46 
^rpa 

At the same time, an increase in the bypass ratio leads to a 

decrease in the optimum velocity of outflow of gas from the Jet 

nozzles of the circuits and, consequently, to a decrease in the 

specific thrust of the ducted-fan engine (DTRDP). 

Thus, with an increase in y  when ff- « const, the ratio of total 

(specific) thrust of the DTRDP (DTRD) to the total (specific) thrust 
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of the TRDF   (TRD)   continuously  drops.     Thus,  for Instance,  y  m 2, 

rj =  2000oK and fj  «  1000oK the  following was  calculated: 

=0,75. N 

Thus, the higher the degree of forcing of the ducted-fan engine, 

the less its relative thrust In comparison with the TRDP; however, 

a decrease in the latter is not so great that it is serious to 

hamper the conditions of takeoff of the aircraft. 

Let us note that the ducted-fan engine with a high bypass ratio 

with the boost system turned off can provide at nubsonJc flight 

speeds an exceptionally good economy and with the boost system 

turned on - a very high degree of increase In thrust. 

The advantage of the ducted-fan engine with respect to the 

degree of forcing Increases even more in flight. 
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CHAPTER 20 

DESIGN OP TURBOPROP ENGINES AND THEIR CLASSIFICATION. 
BASIC PARAMETERS OP THE TURBOPROP ENGINE 

20.1. Design and Principle of Operation of the 
Turboprop Engine 

The turboprop engine Is called a gas-turbine engine, the gas 
turbine of which serves for driving the compressor and the propeller 
Consequently, the power of the turbine of the turboprop engine Is 
equal to the sum of the power of the compressor (taking into account 
expenditures for driving auxiliary units) and propeller. 

^'he turboprop engine refers to engines of mixed thrust, since 
Its thrust is made up of thrust generated by the propeller, and 
from Jet thrust obtained as a result of the Increase in the quantity 
of motion of air in the engine Itself. 

Basic elements of any turboprop engine (Pig. 20.1) as a power- 
plant are: 

1) Intake; 

2) compressor (axial-flow, centrifugal or combined); 

3) combustion chamber; 

b) turbine; 
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b) 
J     *      4' S 

Seccionr;  along the 
channel 

Fig. 20.1.  Diagram of a turboprop engine 
(a) change In parameters of the flow of gas 
along the channel (b). 

5) exhaust   (Jet)  nozzle; 

6) shaft  of the  propeller; 

7) reduction  gear. 

The principle of operation of the turboprop engine consists In 

the following.  Air entering from the external atmosphere is com- 

pressed in the compressor, is then heated in the combustion chamber 

and after this is expanded (usually up to the external counter- 

pressure) in the gas turbine. 

s 
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Since as a result of the thermodynamlc  cycle the power of the 
turbine proves to be more than the power of the compressor, then Its 
surplus power Is transferred through the billow onto the propeller. 
The propeller with Its rotation rejects In a direction opposite the 
direction of flight  considerable masses of air,  Imparting to it a 
certain Increase In velocity; as a result  of this the propeller 
develops very considerable thrust. 

The thrust of the turboprop engine Is basically generated 
because of the thrust of the propeller (on a test stand ^95%) and 
partially because of the Jet thrust  {^5%)» which additionally appears 
with the outflow of gases developed In the turbine  into external 
medium. 

20.1.1.    Design and Gas-Dynamic Peculiarities of the 
Turboprop Engine.    Classification of the 

Turboprop Engine 

In turboprop engines, Just as in turbojet engines, axial-flow 
compressors, which have high efficiency and compression degree and 
provide, consequently, good economy of the engine, have become wide- 
spread. The compression ratio of compressors small turboprop engines, 
as a rule. Is equal to 7-10 and In separate designs of large-scale 
turboprop engines exceeds this value (turboprop engine Rolls-Royce 
"Tyne" has ir» - 13-5). 

There should be noted as an exception,  the wide use in operating 
by English airlines of the turboprop engine Rolls-Royce  "Dart," 
equipped with a two-stage centrifugal compressor  (tf ■ 6-3).    The 
use of a centrifugal compressor, which is characterized In its 
design by simplicity and high reliability in operation,  allowed the 
firm Rolls-Royce to bring the service life of the engine "Dart" up 
to 6000 hours. 

In a number of cases in the turboprop engine  (Bristol "Proteus," 
Lycoraing T55-L-11) combined compressors are used, which consist of 
the several axial stages and radial (centrifugal)  stages Installed 
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behind them.  Such a combination of axial-flow and centrifugal 

compressors at high values of the compi asslon ratio and low alt- 

flows provides a relatively small overall length of the engine, 

moderate overall diameter, and also acceptable dimensions of blades 

of the last stages of the axial-flow compressor.  Ultimately, the 

specific weight of the engine Is relatively lowered, and, further- 

more, its operational characteristics (reliability, antisurge proper- 

ties) are improved.  Combined compressors are used mainly in turbo- 

prop engine of moderate and small dimensions (with low rates of air- 

flow). 

The turbine of the turboprop engine is always made multistage 

(two, three and more numbers of stages).  This is conditioned not 

only by the great drop in pressures triggered in it, but also by 

the tendency to decrease the overall diameter of the engine,1 which 

in the case of the use of the axial-flow compressor is determined 

by dimensions of the turbine. 

Turboprop engines are made according to single-shaft and double- 

shaft designs (Fig. 20.2). 

TBA       THA 

Pig. 20.2.  Designs of turboprop 
engines:  1 - single-shaft 
turboprop engine; 2 - double- 
shaft compressor; 3 — double- 
shaft turboprop engine with two- 
stage compressor. 

VC   KHA     KBA       TBA     THA 

91 

'At the assigned number of revolutions of the compressor, the 
less the diameter and, consequently, the less the circumferential 
velocity of blades of the turbine, the more the necessary number 
of its stages. 
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In the single-shaft turboprop engine power of the mutlistage 

turbine Is expended for rotation of the compressor and propeller, 

i.e., 

Single-shaft turboprop engines are quite simple In the deslcn 

respect and are distinguished by a low specific weight.  Amont these 

are Soviet engines AI-20, AI-2'4, NK-12, and also foreign turboprop 

engines Napier "Eland," Rolls-Royce "Dart" and engines of the 

Allison firm. 

In the practice of aircraft engine construction the design of 

the double-shaft turboprop engine has become widespread in which the 

free low-pressure turbine rotates the propeller, and the hl^h- 

pressure turbine rotates the compressor. 

Thus, 

AV.-.V. «id Nr^Nn. 

According to such design turboprop engines Bristol "Proteus," 

"Orion" and others have been built. 

The use of a separate turbine for driving the propeller compli- 

cates the design of the engine and in return makes the control of 

turboprop engine more flexible, since the number of revolutions of 

the propeller can be changed over wide limits independently of the 

turn number of the compressor. Furthermore, transition to the 

double-shaft design facilitates the starting of the turboprop enn;lne 

and Improves its accelerating capacity. 

The design of a double-shaft turboprop engine in which the 

turbine of low pressure (TND) rotates the propeller and compressor 

of low pressure (KND) is alco known; the high-pressure turbine 

(TVD) rotates the high-pressure compressor (KVD). 

Thus, 
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NvwNwz+N,  and NrBa**NKU. 

The last design has a number of operational advantages; specifi- 

cally, It provides a steady surge-free operation of the compressor 

without the use of an uneconomical system of bypass valves.  This 

design Is used In the English turboprop engine Rolls-Royce "Tyne." 

Turboprop engines are mostly made with total expansion of thr- 

gas In the turbine up to the external counterpressure ip,, = p<■ = p   ) 

In this case the exhaust unit of the engine Is not a Jet nozzle 

made In the form of a convergent channel but an exhaust pipe of the 

diffusion type.  Since the velocity of outflow of gases from the 

turbine exhaust unit exceeds the speed of flight [(a     * o*  )   >  V], 

and, consequently, the momentum of the mass of gas Inside the engine 

Increases, then In basic circuit of the turboprop engine Jet thrust 

appears. 

The turboprop engine Is equipped with a reduction e;ear (usually 

of the planetary type), which provides rotation of the propeller 

with the most advantageous number of revolutions at which the effi- 

ciency and thrust of the propeller reach the greatest value.  The 

p'ear ratio of the reduction gear, In accordance with the high number 

of revolutions of the turbine shaft, Is equal to: 

t-i-k- 
The reduction gear Is very complex, expensive to manufacture 

and extremely loaded with operation of subassembly. Furthermore, 

It Is distinguished by great weight.  Thus, for Instance, the weight 

of the propeller with a reduction gear Is almost equal to the welfht 

of the turbocompressor part of the engine.  It Is known that the 

introduction Into operation of the turboprop engine Is usually 

connected with troubles and defects In the operation of this 

Important subassembly In the highest degree. 
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During a number of years the aviation Industry of many countries 

have worked on the problem of the creation of special high-speed 

propellers with a supersonic profile. The Introduction of such 

propellers would make it possible to reject entirely reduction ^eart; 

and considerably simplify and facilitate the design of the turboprop 

engine.  Unfortunately the effectiveness of supersonic propellers 

is sharply made worse in variable regimes, which prevents their 

wide introduction. 

Figure Ü0.1 shows a diagram of a turboprop engine with charac- 

teristic sections of a gas-air channel, and a diagram of the change 

in basic parameters of gas flow Is also given. 

20.2. Basic Parameters of the Turboprop Engine 

20.2.1.  Effective Power (N  ) e 

The effective power of the turboprop engine is the power trans- 

mitted to the turbine on the shaft of the propeller (through the 

reduction gear). It is equal to: 

^•"•"S" hp• (20.1) 

where iT - - work of 1 kg of gas transmitted to the shaft of the 

propeller; G -  flow of air in kg/s. 

20.2.2.  Propeller Power (It  ) 

The propeller power of the turboorop engine is the power obtained 

on the nose of the shaft of propeller (I.e., fed to the propeller). 

The propeller power is less effective, since it considers losses 

conditioned by friction In the reduction gear; consequently. 

A^»"A^**Iwh (20.2) 

where n  - efficiency of the reduction gear; on the average n „ 

« 0.97-0.98. 
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The propeller power can be determined as 

"  75 

where L    -  work of 1 kg of gas fed to the propeller. 

(:;n.ri 

The propeller power Is the most important parameter charac- 

terizing the effectiveness of the turboprop engine.  The factory 

manufacturing the turboprop engine guarantees this power to the 

user. 

20.2.3.  Thrust Power of the Propeller U') 

Not all the power fed to the propeller is used for the creation 

of thrust.  Part of It with rotation of the propeller Is irreversibly 

dispersed in space.  These losses of power to friction, rejection 

and twist of the flow are evaluated with the help of the efficiency 

of the propp]ler. 

The product of the expended propeller power by the efficiency 

of the propeller determines the useful thrust propeller power, I.e., 

Ar-.VA=~^VA hp. (20.4) 

20.2.4.     Thrust   of  the  Propeller 

The   connection between thrust   o^'  the propeller and  propeller 

power Is  determined by expression 

75A',       75.V,t|, 
(20.5) 

where n - efficiency of the propeller. B 

20.2.5. Jet Thrust of the Turboprop Engine 

By analogy with the TRD, we have for the case of total expansion 

of the pas in the exhaust instrument of the turboprop engine: 
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/J-yto.-^Kgf. (20.6) 

20.2.6.  Thrust of the Turboprop Engine 

The thrust of the turboprop engine Is composed of thrust of the 

propeller and Jet thrust, I.e., 

P-P.+Ä. (20.7) 

'inillarly,  let us write the expression for specific thrust: 

Pm-Ptm+Bf* (20.8) 

In expression (20.8) all terms are referred to the flow of gas 

per 1 kg/s through the basic gas-turbine circuit. 

Let us replace In expression (20.7) P_ and R  by their values 

from expressions (20.5) and (20.6); then let us obtain 

/»-^aaL+fto-n (20.9) 

Having divided all terms of expression (20.9) by G,  let us 

obtain the expanded expression for specific thrust of the turboprop 

engine: 

v4" v + f * (20.10) 

With operation on the ground expressions (20.9) and (20.10) turn 

Into uncertainty (when V - 0,  then n • 0). In this case let us 

use the empirical dependence 

Pm^PNmnt (20.11) 

where 6 - ratio of thrust of the propeller with Its operation on 

the ground to the power fed to the propeller; 8 ■ 1.05-1.15; on the 
average B ■ 1.1. 

519 

i -- 
_J 



Then  for P » 0 we obtain 

PiOi-tKl-fy (20.12) 
f 

/>vM«)^Ar.(.v..)+ —• (20.13) 

Thus,   comparing expressions   (20.5)  and   (20.11), we  find  for 
V -  0 

y*-=?=* M. (20.1^) 

20.2.7.     Equivalent  Power of the Turboprop  Engine 

The   equivalent  power  of the  turboprop  engine   Is  the  conditional 
power which must  be  fed to propeller to obtain a draught  equal  to 

the  total   thrust  of the turboprop  engine.     Thus, 

N B-fL—tfii±*m (20.15) 
*     79.1, 76ni 

or 

;Vf=,V,-f£.. (20.16) 

For  the case of operation of the turboprop  engine  on the  test 
stand   (V » 0),  let  us transform expression (20.16)  with  the help  of 
(20.1*0;   then 

JV.,«—V-iO.*-^. (20.17) 

Similar to expression  (20.16),  let us write the expression  for 
the  specific equivalent  power: 

ÄUrt-A^+fc (20.18) 
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20.2.8. Effective Fuel Consumption 

Effective fuel consumption is the fuel consumption per hour of 

the turboprop engine referred to the equivalent power, 

^=3600-^- ^ -■. 
•     AT,  hp»h (20.19) 

The effective fuel consumption is an important parameter char- 

acterizing the economy of the turboprop engine as an engine. 

20.2.9. Equivalent Fuel Consumption 

The equivalent fuel consumption is fuel consumption per hour 

of the turboprop engine referred to equivalent power, 

C.=3600 O,   kg 
N,      hp-h * (20.20) 

For a comparison of the turboprop engine and TRD the concept 

of specific fuel consumption (for 1 kg of thrust) is used: 

C,t = 3600-;-~^-—. (20.21) 

The connection between C   . and C    can be found, having divided 
yfl    a 

expression (20.21) by (20.20). 

Then 

c--c-ik (20.22) 

With operation on the ground 

'»«- a * (20.23) 
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20.2.10.     Efficiencies  of the Turboprop  Engine 

20.2.10.1.     Effective  Efficiency. 

Effective efficiency  of the  turboprop engine  and  TRD are 
Identical: 

(20.24) 

20.2.10.2.  Thrust Efficiency. 

The thrust efficiency of the turboprop engine is the ratio of 

the work of total thrust of the engine to its effective work 

i 

LP     Pv.V 
(20.25) 

Since the turboprop engine has two propelling agents - propeller 

and gas-turbine circuit (Jet engine), the thrust efficiency of the 

turboprop engine numerically occupies an intermediate pooltlon 

between the efficiency of the propeller and thrust efficiency of the 

Jet engine. 

20.2.10.3.  Total Efficiency. 

The total efficiency of the turboprop engine is the ratio of 

the heat equivalent to the work of the total thrust to the heat 

Introduced with fuel into the engine, 

AL.p      APUV 

9»» fna 
(20.26) 

Having multiplied expression  (20.24)  by   (20.25),  we obtain 

no=W (20.27) 
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20.3. Peculiarity of Expansion Process of Gas 
In Turboprop Engine 

Figure 20.3 gives In coordinates i/k -a  the expansion process 

of gas In the turbine of the turboprop engine for three cases: 

Pig. 20.3.  Expansion In the turbine of 
the turboprop engine:  a) turbine with 
Incomplete expansion; b) turbine with 
complete expansion; c) turbine with over- 
expansion. 

a) when the counterpressure behind the turbine Is more external 

(pi > Pc " P )• In this case the final expansion of the gas behind 

the turbine Is accomplished in the Jet nozzle (convergent channel); 

It la obvious that c. > o .\ 

b) when gas Is completely expanded In the turbine up to the 

external counterpressure (p! ^ Pc = FH)' 
In thls case the exhaust 

nozzle Is almost a cylindrical pipe1 {Q^ "  o^); 

c) when the counterpressure behind the turbine    elow the 

atmospheric (p. < Pe "  PH)» l»«»i a turbine with overexpansion. In 

this case the exhaust nozzle is a diffusion channel In which the 

Increase In gas pressure up to the external occurs as a result of 

deceleration of outflow (o. < o^). 

'With an allowance for friction, such a channel has a weak 
diffusion quality (/5 > /4). 
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If from the obtained work of expansion of 1 kg of gas equal to 

ip==^f.+.^T • + ^— . 

we subtract the work expended for the compression of 1 kg of gas 

then we obtain the effective work of the cycle of the turboprop 

engine 

cl~V* I    ={   _/ =/   L_* _ 
''e      ''f      «•«  "-I.« i   ,, 

(20.28) 

expended for the rotation of the propeller, 

«-i —^I.BlptVll 

and for the increase in kinetic energy of gas inside the engine, 

cl-V* 

-'.< 

Regulating the exit section of the exhaust unit of the turbo- 

prop engine, and thus changing the profile of the exhaust channel 

from convergent to divergent, it is possible by various means to 

distribute the effective work of the cycle between the propeller 

and reaction depending on the speed and altitude of flight. 

20.3.1.  Determination of Wor^ of the Turbine of the 
Turboprop Engine with Complete Expansion 

Let us find the work of the turbine of the turboprop engine 

with complete expansion of the gas (Pig. 20.4). 

Let us assume that parameters of the gas at the entrance into 

the turbine p*  and T*t  external counterpressure p4 = p and velocity 

of gas at the exit from the turbine a.  are assigned. 
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'1 Y^ 
Pi 
'P> 

4 
'      «a ,/ •Mxn^ 

Ta 

Pig. 20.4.  Determination of 
work of the turbine with com- 
plete expansion. 

Lot us find the adiabatic work of expansion of gas in the 

turbine up to the external counterpressure 

^.x-nsr 
/»„ \0.J5 

4-^ (20.29) 

Then the adiabati. work of the turbine, expressed in terms of 

parameters of braked flc^r ./ill be determined as 

L*    =L     -^- (20.30) 

Let  us  determine now the effective work of the  turbine according 

to  formula 

Then finally 

where 

^=(ii«n',-4)n;. (20.31) 

Pn \«.« ••-•-(t)   -/("A 

Pi  =Pt 

P* P» 

By knowing the work of the turbine (with complete expansion of 

the gas), and also the work of the compressor. It is easy to deter- 

mine the work transferred to t..- propeller by the turboprop engine. 
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CHAPTER   21 

EFFECT OF PARAMETERS OF THE WORKING PROCESS ON BASIC 
PARAMETERS OF THE TURBOPROP ENGINE 

21.1.  Optimum Distribution of Work of the Cycle of the 
Turboprop Engine Between the Propeller and Reaction 

We already noted in Chapter 20 that in the turboprop engine the 

work of the cycle is expended for driving the propeller and for the 

increase In kinetic energy of the gas. 

Let us introduce the concept of the degree of energy exchange 

in the turboprop engine 

-t (21.1) 

Let us now transform the expression for specific thrust of the 

turboprop engine; 

Having expressed the work of the propeller and velocity of outflow 

from the nozzle in terms of parameter x,  i.e.. 

and 

Then we obtain 
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*<*#•*« p,>~zz~-*\ -[ymz&ppp-y} (ai.2) 

With an Increase In the degree of energy exchange the thrust 

of the propeller Increases and the reactive thrust of the turboproi 

-•m-lMf is decreased. 

The value of the degree of energy exchange x at which tho total 

specific and ilao complete thrusts of the turboprop engine reach H 

maximum value Is called the optimun  value. 

To determine «0Dt» 1st us investigate the function P  ■ f(x) 
for a maximum. 

We have 

•o. 

whence after simple conversions we find 

jrM"l"l(iwi'"lJä57- (21.3) 

Prom expression (21.3) it follows that the more the optimum 

portion of the work of the cycle transferred to the propeller, the 

more the work of the cycle, the more the reduced efficiency of the 

propeller (n* ■ hBn_e.), ftn(1 the le8£ flight speed. 

Let us find value « . with operation of the turboprop engine 

on a test stand. 

According to expression (20.14) when V « 0, let us replace in 

equation (21.3) 

v  ^n 
n-V» > 
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Then let  un  find 

'-^-Wik- r.M.'n 

Since for values 7"* ■ J100-1300oK and the optimum valuns of the 
compreaalon ratio i^^ ■ lt,000-i,,),0u0 k^r^m/kp; (Pl^. 21.1), th'-n, 

ronpectlvf-ly, x opt 0.^-0.99. 

Pi«.  21.1.  Effect of T*  and 

"ont on the work of the cycl» 
of the turboprop online. 

KM IM Mi  »39 MO 

Thus, to get the maximum of thrust on the test stand one should 

use only 1-2)1 of the work of the cycle for the increase In kinetic 

energy of the flow, and 98-991 of the work must be transferred to 

the propeller. 

Let us now find the optimum velocity of expiration of the gas 

from the exhaust unit of the turboproo engine. 

Using expression (21.3), let us write down the equality: 

"-«-(sdy-'ft-V- 
whence we find 
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'»«•ro"* 
•bV«« 

(21.5) 

Prom expression (21.5) It follows that with an Increane In the 

flight speed and with a lowering of the efficiency of the propeller, 

the velocity of expiration from the nozzle of turboprop engine must 

be Increased. 

Formula (?1.5) was derived In l^ by Academician D. S. Stechkln, 

Let us find o^ODti for test stand conditions iv • 0)t  having 
substituted 

Then we obtain 

'•»•w—r^TOm/s. (21.6) 

It Is obvious that to ensure such low velocities of gas outflow 

from the exhaust nozzle of the turboprop engine, a diffuser with 

great expansion unit must be Installed behind the turbine. If we 

consider that the minimum velocity of the outflow of gas from the 

turbine (from considerations of the limitation of Its overall 

dimension) must be not less than a.  ■ 200 m/s, then this denotes 
that when Y ■ const the area of the exit section of the diffuser 
must exceed the Inlet section by approximately three times. The 

latter can considerably Increase the dimensions of the turboprop 

engine and, furthermore, make the distribution of thrust in flight 

worse (the Jet thrust will become negative, because a* < V).    Adjust- 
able exhaust devices of the turboprop engine have not as Jet become 

widespread. 

The optimum correlation (21.5) for the velocity of gas expira- 

tion from the nozzle of the turboprop engine can be obtained 

directly, using conditions (18.9) for the optimum distribution of 

energy in the ducted-fan Jet engine: 
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In reference to thu turboprop cnrlne, the efridlonoy of t !,.• 
.^econ«! circuit  la  the erflclency  of the propeller,  I.e., 

,!llr-'liM,VW 

The velocity of expiration behind the propeller at hi^h bypass 

ratio is little distlntcuinhed from the flight speed, i.e., 

After substitution in expression (18.9) of values e^    nml 'i.., 

we obtain the sought expression: 

21.1.1.  Comparison of Thrust of the Turboprop Engine 
and TRD on a Test Stand 

Let us now find the magnitude of specific thrust of the turbo- 

prop engine on the test stand.  For this into expression (21.2) we 

substitute 

V 76 
"NIliM P 

Then 

AV.,ö)-;frJf^ + —/?fO-.f)/..   • (21.7) 
75 if 

With work of cycle L    Identical with the turboprop engine, the 

specific thrust of the TRD on a test stand is equal to 

PM<TWI»,-~V^fC (21-8) 
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Then the relative specific and total thrusts of the turboprop 

'■n,'!n" can be determined as 

(:>i.9) 

When x ■ 1 we find 

Pnm~AsVW& IW 

when x ■ *opt we flnd 

^"kt'^+vTw: 

Figure 21.2a gives the dependence of relative thrust of the 

turboprop engine and also velocities of outflow of gas from the 

exhaust nozzle on the degree of energy exchange x when v * 0. 

=□ Pr^nE^Jn^^Y 

Hß   W*  §    v   e,0   us  es  tt* 
a) b) 

Pig. 21.2. Dependence of relative 
thrust of the turboprop engine and 
velocity of gas outflow on the degree of 
energy exchange: a) on a test stand; 
b) In flight. 

We see that when x  » * t *  1.0 the bench thrust of the turbo- 

prop engine with the same generator of gas exceeds the draught of 

•) Assuming that the flow if gas through the turbocompressor 
Is Identical for the turboprop engine and TRD. 
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the TRÜ by more than ^.b llmea, Ar. Increase In the Vfioclty jf 

'Ui,flow from Uie exhauat unit or th«- turboprop engine from 70 to 

."J0 m/n low»'ra tho rflntlv thruht of lh" turboprop vrur.ltv  ffom ^,»3 

to '«.3, I.e., 7«. 

21.1.2. Comparison or Thrust of the Turboprop 
Engine and TRD In Pllpht 

Flrur*- 21.^b elves the dependence of rolatlv-.- thrust of the 

turboprop engine and also velocities of fraj outflow from the exhaust 

noszle on the decree of energy exchange In flight when V  ■ 2C0  m/s. 

Dependences given In PI«. 21.2a and Pip:. 21.2b are Identical; 

however In flltrht the change In the velocity of ^as outflow from the 

nozzle from 200 to 350 m/s (which corresponds to a change In x from 

1.0 to 0.8) practically has no effect (to within It) on the magnitude 

of relative thrust equal to Pjnn  * 1.70. 

Thus, in flight the deviation in magnitude of the decree of 

enercy exchange from its optimum value leads to a less drop in thrust 

of the turboprop engine than that on a test stand. 

21.1.3. Effect of Plight Velocity on * t 

With an increase in the flight velocity magnitude «0_t is 

lowered (Fig. 21.3), i.e., the transferrinp- of even less work of the 

cycle to the propeller becomes expedient. 

Let us find the flight speed at which the whole work of the 

cycle should be used to get Jet thrust.  It is obvious that at this 

flight sreed the turboprop engine "degenerates" in a TRD. 

Let us substitute into the expression for the optimum degree of 

energy exchange (21.3) value x    .   = 0; then we find 

1,,,,=    ' (21.10) 
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Flg.  21.3.    Change in efficiency 
of the propeller and optimum 
degree of energy exchange with 
respect to the M- number of 
flight. 

In this formula n _*_ Is the minimum value of the efficiency of 
the propeller, which provides the equality of thrusts of the turbo- 
prop engine and TRD.    When nB < nBmln, PTBÄ < PTpA. 

Figure 21.3 shows the change in efficiency of one of the con- 
temporary propellers with respect to flight speed.    Lines of minimum 
permissible n__ln are plotted there.    Points of Intersection of the 
real curve n. with lines of minimum n_, calculated by  formula (21.10), 
determine the limit of the expedient use of the turboprop engine 
with respect to thrust and economy.    As we see, this  limit lies 
within limits of subsonic flight speeds  (MQ raax " 0.9). 
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21.2,    Effect of haalc  HarntTictera ol' thg Worklnp; Hrom-;;'', 
on r.poclflc Parameters. Kfriclency" and STeclTye 

'ufl Connumptlon or Eng Turbopiv»;   EngTne 

r 

21.2.1«    Speoiflo Work TrunamUted to the  Propeller, 
opoclflc  Power and Spoolflc Thruut 

of the Propeller 

We will examine how In the case of the TRD how the air oycle 
const with the working medium r ^ fixed chemical  oomposltlon 

{H    - R   m B) and fixed specific heat  (o      - a      » a ;  kr « k    * fe); 
the effective work of this cycle Is determined by express!JH 

v4c-fr.n,-^). 

The connection of parameters L  ,  PB(Vn)j ^«(Vü) 
and ' ha"' th'' 

form 

A,-75^„.V,( -p„„)-—ii/tn, #•* 'H« 

where for I' « Ö 

Jfcpt»lr««'»'l>0. 

Tnus, the specific work transferred to the propeller, specific 

power of the turboprop engine and specific thrust of the propeller 

are functions of parameters IT, T*t  T-, r and n and change similar 

to the effective work of the cycle L . e 

To Increase the specific power of the turboprop engine,  It Is 
profitable In every way possible to Increase the gas temperature 
In front of the turbine;  It  Is expedient to produce an Increase In 

total compression ratio only up to Its optimum value. 

On the average  for H = 0,  T*, 

find N 
B(yfl) 

210-230 hp   (kg/s). 

1100-1300oK and IT  = TT        we 
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Figures 21.4 and 21.5 show, respectively, the comparative effect 

of IT und r| on specific power of the turboprop engine and on npeclflc 

thrust of the TRD. 

*zMx     fpA 

ic,pt «'-«»»   « 

f    n KM n   9 n'-n 311 'op*   «' 

Pig.  21.4.    Effect of compression 
ratio on specific parameters and 
efficiency of the turboprop engine 
and TRD. 

^flaiffeg   TpA Le.et        TBA 

0   Vmln ^K   V  0    Vmw 

Pig. 21.5. Effect of gas tempera- 
ture in front of the turbine on 
specific parameters and efficiency 
of the turboprop engine and TRD. 
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Attention la paid to the fact that the specific power ol' ihr 

turboprop engine to a great degree depends on the maximum temperature 
of the cias T*f than doeu the specific thrust of the TRD.    Whereao the 
specific power of the tui't/uprop onglno  Is directly proportlona]   to 

the gas temperature In frunt of the turbine, the specific thrust  of 
the TRD Is proportional to the square root of this temperature. 

Thus,  an Increase  In T*  from 1150oK to  1250oK (I.e.,  9t)  Increases 
the specific power of the turboprop engine by 9% and specific  thrust 

of TRD by only ^.5*.    Therefore, an Increase In T* Is a very effec- , 
tlve means of Increasing the specific power of the turboprop enrlne. 

Optimum values of TT,  obtained  from the condition of providing 

maximum specific powers and thrusts  for the turboprop engine  and 
TRD,  coincide. 

21.2.2.    Efficiencies of the Turboprop Engine 

21.2.2.1. Effective  Efficiency. 

The effective efficiency of the turboprop engine and TRD Is 
Identical.    They are determined by the same regularities  (20.2^). 

21.2.2.2. Thrust Efficiency. 

For the considered typical case x *  1.0 we have T\-  5 n . 

The efficiency of the propeller does not depend on the thermo- 

dynamlc cycle, which Is accomplished In the basic circuit of the 

turboprop engine, but only on the number of revolutions, angle of 

setting of blades of the propeller 4», speed and altitude of flight. 

Figure 21.3 gives a change In n on flight speed (M-J.  In the 

range of flight speeds of 300-700 km/h it Is possible to assume 

that n ■ const.  On the average n ■ 0.3-0.85. 
B B 
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il.^.2.3. Total Efficiency. 

Prom expression 

H« ^»ip ""nu 

It follows that the total efficiency depends on 7*. 7* .1, $,,r. n** *li* n« 

and V. 

With an increase in r* the total efficiency of the turboprop 

enp-ine continuously increases, in contrast to the total efficiency 

of TRD, which with values used at present of the degree of increase 

in pressure ir*0 ■ 6-13 is decreased with an increase in T*.    The 
latter is explained by the fact that with an increase in 7* the 

thrust efficiency of the TRD is continuously decreased (losses with 

exhaust velocity increase), whereas the efficiency of the propeller 

at tie assigned flight speed maintains a fixed value. 

The dependence of n» on flight speed to a certain extent is 

determined by the characteristic of the propeller. In the case of 

a standard propeller already at great subsonic flight speeds, a 

decrease In its efficiency (induced by the appearance of wave losses) 

wlency appear. und dbw^wude lit vwtdl effi 

In the case when the efficiency of the propeller preserves a 

fixed value (n • const), the most advantageous values ir, at which 

the effective and total efficiency reach a maximum, coincide, i.e., 

Figures 21.4 and 21.5 give curves ne, nB,and n0 of the turbo- 

prop engine in the form of functions of ir and 2**. The effect of the 

same parameters (ir and Ti)  on the efficiency of the TRD is shown 
there. 

21.2.3» Effective Fuel Consumption 

Let us reduce expression (20.19) to the form 
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we obtain 

£ | fy,  »jWM m Mt [_ (21.12) 

Thus, the effective fuel consumption Is Inversely proportional 
to the effective efficiency. With an Increase In IT to a certain 
value r', magnitude C    1- lowered, reaching a rnlnlr.um, and with 
further Increase in the compression ratio increases (see Fig. 21.4). 
With an increase In T*  the effective fuel consumption Is continu- 
ously decreased (see Pig. 21.5). Thus, for the lowering of C    In 
the turboprop engine it is expedient to use high-temperature turbines 
with relatively high compression ratios of the compressor. 

In contemporary turboprop engines on takeoff the effective fuel 
consumption changes over wide limits: 

Ce- 210^-300 g/hp h. 

21.3.  Use of Heat Recovery in the Turboprop Engine 

Among various methods of increasing the economy of the turboprop 
engine, the recovery of heat occupies an important place.  Heat 
regeneration in the turboprop engine was used for the first time in 
19^6 on the English engine Bristol "Theseus." However, deficiencies 
of this engine (heavy weight of the regenerator,1 considerable losses 

»Cp - 227 kg. 
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of pressure In the heat exchanger) led to the fact that It was taken 

out of production and did not obtain development. Nevertheless, 

investigations on the use of heat recovery In aircraft engines were 

continued. In recent years considerable experience has been accumu- 

lated in the creation of effective aircraft heat exchangers. A heat 

regenerator was successfully installed on the turboprop engine 

Allison T56-A-7. Finally, asspeclal turboprop engine Allison T78 

with a regenerator was developed, built and successfully tested. In 

turn the introduction of the turboprop engine with a regenerator 

was put into operation. 

The basic difficulties, the overcoming of which is necessary 

for the introduction of heat recovery into the turboprop engine, are: 

1) considerable hydraulic losses on cold and hot sides of the 

heat exchanger, which lower the effective power of the engine; 

2) high thermal resistance of the heat exchanger (Imperfection 

of heat exchange in the applied designs of the regenerator), which 

prevents preheating of the air up to the temperature of hot exhaust 

gases and lowers the economy of the turboprop engine with the regen- 

3) considerable relative weight and external diameter of the 

regenerator; 

4) low operational reliability of the heat exchanger (low 

service life of the heat exchanger, frequent carbon formations and 

cokings of tubes of the matrix of the regenerator). 

21.3.1.  Design of a Turboprop Engine with 
a Heat Regenerator 

Figure 21.6 gives a fundamental diagram of turboprop engine 

with a heat regenerator and Fig. 21.7 - cross section of the turbo- 

prop engine Allison T56-A-7. 
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Flg. 21.6,  Schematic diagram of a 
turboprop engine with a heat regener- 
ator. 
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As a result of the Investigation of more than 5000 patents of 

designs of heat exchangers, the Allison firm has arrived at definite 

conclusions relative to the optimum design of the Installation and 

type of regenerator used, design of the heat exchanger, and also the 

method of Its control.  These considerations lie as a basis of the 

design of the turboprop engine Allison T56-A-7 and then the turboprop 

engine Allison T78. 

The heat exchanger with cross flow is Installed in the turbine 

space of the engine concentrically relative to the shaft of rotation 

and provides a direct-flow axial exit for the hot gases from the 

turbine through the tubular lattice of regenerator into the exhaust 

nozzle (see Fig. 21.6). 

The accepted system of control allows changing the power of the 

turboprop engine at fixed gas temperature T*  and variable number of 

revolutions of the engine.  This makes it possible to increase the 

economy of operation of the engine at reduced regimes with the 

regenerator turned on (cruising flight regime).  In those same cases 

when maximum power from engine is necessary (for example, on takeoff), 

a special six-segment valve turns off the heat exchanger and provides 

imtred.late outflow of the largest gas mass from the turbine to the 

outside. 

To provide reliable operation of the turbine at high gas 

temperature, the blades of the first two stages of the turbine are 

made hollow with internal air cooling. 

The heat exchanger (Pig. 21.8) consists of 15,000 tubes made 

from stainless steel.  The optimum dimensions of the tubes are a 

diameter of 7.62 mm, thickness of wall, 0.105 mm, and length, 685 mm. 

The achieved degree of regeneration r ■ 0.69 is very high, and an 
additional total drop in total pressure on the cold and hot sides 

of the heat exchanger is comparatively little and amounts to 8.96? 

(as compared to 10.32$ of'calculated).1 

'Ap* ■ 2.88%  and Lp*  - 6.C"'. 
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Pig. 21.8.  Regenerator of the 
turboprop engine Allison 
T56-A-7. 

One should emphasize that the use of the regenerator gives the 

greatest effect at reduced cruising regimes at small values of TT* 

and maximum possible gas temperature Tt.     In the turboprop engine 

Allison T56-A-7 In these regimes the relative economy in the effec- 

tive fuel consumption is almost 36% (Fig. 21.9) 
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Fig. 21.9. Effect of heat 
recovery on the effective 
fuel consumption of the 
turboprop engine in reduced 
regimes. 
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21.3.2. Real Cycle of the Turboprop Engine with 
Heat Recovery 

Figure 21.10 gives the real cycle of the turboprop engine with 

heat recovery.  It is distinguished from the ideal cycle in that 

processes of heat exchange 2-2p  and 4-4p are accompanied by a con- 

siderable drop in total pressure (due to inevitable hydraulic and 

thermal losses). Especially considerable Is the drop in pressure 
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Flg. 21.10. Real cycle of the 
turboprop engine with heat 
recovery. 

on the hot side of the heat exchanger, where changes In pressures A/»,' 

and .\p'%  coincide In sign.  In better types of regenerators A/>J =5—7,5%. 

Another distinction of the real cycle from the Ideal Is the 

impossibility of preheating of the air In the heat exchanger up to 

the temperature of the entering gas, I.e., TtpKTl, 

Thus, the degree of regeneration of the heat exchanger, which 

characterizes the perfection of the heat exchange and Is equal to 

r=' 
7Vp-r; ST. 

(21.13) 

Is always considerably less  than unity. 

In stationary regenerators r ■ 0.7-0.75;  In revolving regener- 
ators r ■ 0.9-0.92. 

Figure  21.11 gives  curves  showing the effect of the degree of 
throttling with respect to power N ar.d temperature T* on the effec- 
tive efficiency of real cycles of the turboprop engine In the 
presence of heat recovery and with Its absence.    Attention Is given 
to the very  sloping characteristics  of the real cycle  In regimes of 
partial loads   (I.e., In cases  of throttling of the engine with 
respect to power when Ti ■ const). 
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Pig.  21.11.    Effect of the degree 
of throttling with  respect  to 
power Jv and f* on n    the turboprop 
engine In the presence of heat 
recovery and with  Its  absence: 
a)  without heat recovery;  h) 
with heat recovery. 

20      10     60     SO^WOty 
H 

21.3.3.  Effect of Heat Recovery on Specific Parameters 
of the Turboprop Engine 

21.3.3.I.  Relative Fuel Consumption. 

We have 

'«T.;.)- 
^.«(r;-^.) 

5...c//. 
(21.14) 

Let  us  express  f*    in terms  of the degree of recovery 

r. - _ .r.«_» Jjt-Il 
**      rj-rj (21.15) 

whence we obtain 

y:,.  n+r(r; TJ), (21.16) 

where 

T* —  7**    St 

Having substituted the expression for T*    from (21.16) into 

(21.1^), we obtain after simple conversions 

n 
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«•'*-& fc-w-'>+'Ti?I- (21.17) 

21.3.3.2.  Specific Effective Power 
of the Turboprop Enginei   '    ~ 

We have 

LU9}~L* 
75 

hp. (21.18) 

Let us determine the work of the turbine In the presence of 

neat recovery taking Into account additional losses of total gas 

pressure on cold and hot sides of the heat exchanger a*. I.e., 

-t (|.)' ■"I'-wH* (21.19) 

21.3.3.3.    Effective Fuel 
Consumption. 

We have 

ww .3600-7^- v *rtw 
(21.20) 

Having substituted into expression (21.20) the value n t  \ 

from (21.17) and *§yA/0\  from (21.18), we obtain 

C, IP)1 (21.21) 
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CHAPTER 22 

OPERATIONAL CHARACTERISTICS OF THE TURBOPROP ENGINE 

22.1. Throttle Characteristics of the 
Turboprop Engine 

Throttle characteristics of the turboprop engine are called 

dependences of the propeller (effective) power, effective fuel con- 

sumption, and also Jet thrust from the change in feed of fuel with 

throttHnp of the engine and at the assigned prorram of its control. 

Since the change in fuel feed is usually connected with the change 

in the number of revolutions of the engine, then throttle charac- 

teristics are depicted in the form of curves of the dependence of 

basic parameters of the turboprop engine — N  ,   C    and H - on  the 
B    & 

number of revolutions of the shaft of the engine.  In the case of a 

double-shaft turboprop engine the throttle characteristics are 

depicted as functions of the revolution number of the turbocompressor 

of the shaft (or cascade of high pressure).  In those cases when 

throttle characteristics and, consequently, and basic regimes of 

operation of the engine, are obtainec. with a fixed number of its 

revolutions, they are depicted in the form of dependences of basic 

parameters on the fuel consumption per hour: 

AWI(<M): C-Mfft): R-hiC,). 

Plotted on throttle characteristics of the turboprop engine are 

also the curve of temperature change in gas in front of the turbine 

or behind it.  This curve makes it possible to Judge the thermal 

condition of the hot part of the engine with its operation. 
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Throttle characteristics of the turboprop engine are obtained 

usually by experimental means on a test stand. They can be obtained 

with a high degree of accuracy also by analytical means. 

22.1.1. Throttle Characteristics Single-Shaft 
Turboprop Engines 

Let us examine the throttle; characteristic of a single-shaft 

turboprop engine Armstrong-Siddeley "Mamba" (Pig. 22.1). Let us 

assume that In the nominal (or takeoff) regime in the turbine of the 

turboprop engine complete expansion of the gas takes place, i.e., 

Such a case of the operation of the turbine of a turboprop engine is 

typical. 

Pig. 22.1. Throttle character- 
istic of the turboprop engine 
Armstrong-Siddeley "Mamba." 

/I r/raln 

With a decrease in the fuel feed into the combustion chamber, 

the temperature of the gas in front of the turbine Is lowered. 

Consequently, the power of the turbine drops, in consequence of 

which the balance of power is disrupted: 

^T<(Ar„+A',); 

as a result of this the number of revolutions of the engine decreases. 
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With a decrease in the number of revolutions of the engine at 

a fixed angle of setting of blades of the propeller, the propeller 

and equivalent power of the turboprop engine drop, the Jet thrust 

of turboprop engine also decreases, and the effective fuel consump- 

tion continuously Increases. The gas temperature In front of the 

turbine (and behind It), havlns; a high Initial value In the takeoff 

regime, with a reduction In the revolution number Initially drops, 

reaching a certain minimum value at average revolutions, but then 

It continuously Increases. 

For an explanation of the regularity of passage of basic 

parameters of the turboprop engine with respect to the number of 

revolutions, let us examine preliminarily how the temperature and 

pressure of the gas change In characteristic sections of the engine 

with Its throttling. 

22.1.1.1.  Change In Temperature and 
Pressure of the Oar 1n Characteristic 
Sections of the Gas-Air Channel of 
the Turboprop Engine. 

Figure 22.2 shows the change In compression ratio of the com- 

pressor and of expansion ratio of the turbine of the single-shaft 

turboprop engine with respect to the number of revolutions.  Since 

the velocity of outflow of gas from the exhaust nozzle of the turbo- 

prop engine Is low (It Is somewhat less than the absolute velocity 

at the exit from the turbine), then the magnitude it* Is little 

distinguished from IT*, and with throttling of the turboprop engine 

it continuously drops. 

Fig. 22.2.  Change In IT» IT* and 

TT   of a single-shaft turboprop 
B • C 

engine with respect to the number 
of revolutions. 
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The lowering of the drop In pressures In vhe turbine with 

throttling of the engine covers Initially the last stages of the 

turbine adjacent to the exhaust and then gradually extends upstream 

on the stage of high pressure. 

The continuous lowering of magnitude ir*| with throttling of the 

engine leads to the fact that the temperature of the gas In front 

of the turbine of the turboprop engine In the whole range of worklnp; 

numbers of revolutions proves to be significantly hleher than that 

of TRD at equal values of "J/-) and fj(D) In the Initial nominal 

(or takeoff) regime (Fig. 22.3). 

1 

Pig. 22.3. Change In f* with 

respect to the number of revolu- 
tions for a single-shaft turbo- 
prop engine and TRD. 

Actually| solving the equation of balance of works of the turbo- 

conpressor 

4.-iwn(i--^yk-4+i. 

relative to T*  we obtain 

n~ cm 

iii/i {x~-irJ)* 

where C  ■ const. Hence It follows that a continuous lowering of 

^jf with throttling of the engine shifts the dependence Ti  ■ f(n) 
T w 

for the turboprop engine, as compared to the case w* ■ const of the 
TRD, into the region of raised values of gas temperature.  Here we 

assumed that the specific work of the propeller. Just as the work of 
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the compressor, chaneres approximately In proportion tu the square 

of the number of revolutions. 

22,1.1.2.  Change In Propeller 
Power with Respect to the Number 
of Revolutions. 

Numerous tests of turboprop engines show that the law of the 

change In propeller power of the turboprop engine with respect to 

the number of revolutions depends on the angle of settine: of blades 

of the propeller ^0. 

When ^ ■ const the dependence of the propeller power on the 
number of revolutions Is depicted quite accurately by a cubic 

parabola 

.V,=/1M
S
. (22.1) 

where 

With an Increase in the angle of setting of the blades, i.e., 

with "loading" of the propeller and with a fixed revolution number, 

the propeller power increases; with a decrease in the angle $, I.e., 

with a "lightening" of the propeller, the propeller power is lowered, 

Thus, different values of angle $ (5, 10, 15, 20, 25°) correspond 

to different cubic parabolas N  t  passing through the origin of the B 

coordinates (Pig. 22.4). 

Pig. 22.4.  Effect of the angle of 
setting of the blade of the 
propeller (j) on curves N    = f(n). 

a 
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Let us now explain how with the change in angle ^ the available 

power of the turbine of the turboprop engine ch&nges. Let us assume 

that at a constant number of revoltulons of the engine the pilot 

"loads" the propeller (Increasing angle $). Then the balance of 

power Is disrupted. I.e., 

and the number of revolutions of the turboprop engine must be 

decreased. However, the regulator of revolutions, striving to 

preserve n ■ const, will restore the disturbed equilibrium by means 
of Increasing the fuel feed Into the combustion chamber (centrifugal 

small weights of the regularot with a lowering of the angular velocity 

of rotation will move the throttling needle Into the position corre- 

sponding to the Increase In C ). As a result the gas temperature 

In front of the turbine Increases, and the power of the turbine will 

Increase In accordance with an Increase in the power of the propeller. 

Thus, the family of curves N    (for different values of $)  will 
B 

correspond to the family of curves Ti  and family of curves C    (Pig. 

22.5). The more $, the higher the temperature of the gas in front 

. f the turbine T*  and the lower the effective fuel consumption C  . 

Actually, when n  ■ const the "loading" of the propeller leads to an 
Increase In T*  and irJJ, which Increases the effective efficiency of 

o K 

the engine (see Pigs. 21.4 and 21.5) and lowers the effective fuel 

consumption. The latter follows directly from formula (21.12): 

c,=. m 

Thus, each value ^ ■ const corresponds to definite passage of 
the line of working processes on the characteristic of the compressor 

(see further Pig. 22.8). With an Increase In ♦ the line of working 
regimes Is displaced nearer to the surging limit. 

Since the flow of air changes quite accurately with respect to 

the linear dependence on the revolution number. I.e., 
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G.~t, 

then, In accordance with expression (20.3), It can be concluded that 

when ^ = const 

L,~Lc~na, (22.2) 

i.e.,  the work of the propeller proves to be proportional to the 

square of the number of revolutions. 
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Pig. 22.5.  Throttle character- 
istics of the turboprop engine 
at various angles of setting 
of blades of the propeller. 

Reasons which lead to an Increase In L 
3 

L    with an Increase e 
In revolution number in the turboprop engine are the same as those 

for the TRD — the basic reason is the increase in the compression 

unit of the compressor with a relatively little changing value of Ti, 

22.1.1.3.     Change in Cc  According 

to the Number of Revolutions. 

The continuous lowering of effective fuel consumption with an 

Increase in the revolution number of the single-shaft turboprop 

engine is explained mainly, by the Increase in TT*. This is furthered 

In the region of high numbers of revolutions by a considerable 

increase in the gas temperature Ti,     Ultimately n increases.  Thus, 
O 6 
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the regime of maximum propeller power of the turboprop engine coin- 

cides with the regime of its greatest economy; any throttling of the 

turboprop engine is connected with the worsening of the economy of 

the engine. In this respect properties of the throttle character- 

istic of the turboprop engine are distinguished from properties of 

the characteristic of the TRD, with the throttling of which the 

specific fuel consumption is initially lowered. 

22.1.1.4, Effect of the Change in 
Angle of Setting of Blades of the" 
Propeller on Throttle Characteristics 
of a Single-Shaft Turboprop Engine. 

Let us examine now how the propeller-pitch control affects the 

throttle characteristics of the single-shaft turboprop engine 

(Pig. 22.6). 

tf 
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Pig. 22.6.  Effect of the 
change in angle 4> on throttle 
characteristics of a single- 
shaft turboprop engine. 

Let us assume that curves 1 correspond to a certain constant 

angle of setting of the propeller (j) ■ const. With a "lightening" 

of the propeller with throttling of the engine, power Na  drops, and 

the effective fuel consumption increases more sharply (curves 2) 

than when $  ■ const.  Conversely, with the "loading" of the pro- 
peller (curves 3), corresponding throttle characteristics occur 
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more sloping.  Figure 22.6 shows also the effect of control of the 

propeller 01 

revolutions 

propeller on the regularity of the change in T*  on the number of 

In analyzing the passage of curves in Pig. 22.6, at first sight, 

it appears expedient with throttling of the turboprop engine always 

to "load" the propeller.  However, this is not exactly correct.  For 

example, with starting of the engine a very important property of 

any engine is its ability to enter into the regime of maximum power        , 

rapidly.  For an improvement of accelerating capacity of the turbo- 

prop engine in every way, it is necessary that the exceeding: of power 

of the turbine (with T*,       •> ) over the total power of the compressor S(max; 
and propeller (surplus power of the turbine) would be as much as 

possible.  For this purpose with starting it is necessary for the 

propeller to "lighten" to a maximum, having set it at an angle close 

to the angle corresponding to zero power. Then 

AA'T= ('VT(m,1X)—,Vi;) = A.\ T(inai)- 

Figure 22.7b gives the real law of the change in angle 4) in the 

number of revolutions of the turboprop engine Armstrong-Siddeley 

"Mamba"; we see that the acceleration of the engine over the range 

of revolutions 

A« = (0.2^-0,8) «m« 

occurs with a minimum angle $ *  12° . Only in the range 

A« =(0.8-1-1,0)-w, 

there is "loading" of the propeller with an increase in $ from 12° 

to 23°. 

In a number of contemporary single-shaft turboprop engines the 

starting of the engine and reaching of the maximum number of revolu- 

tions is accomplished when $ ss 0° (Fig. 22.7a).  This denotes that 
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Flg. 22.7. Actual law of the change In ^ and 
N    with respect to the number of revolutions 

of the turboprop engine. 

control of operating conditions of the turboprop engine In operation 

occurs when n ■ const. Such a system of control provides good 

accelerating capacity of the engine. 

Figure 22.8 gives a family of lines of working regimes of the 

compressor of the single-shaft turboprop engine at various $ ■ const; 
with "loading" of the propeller, the line $  ■ const Is displaced 
into the region of Increased values T*  and IT*; In this case the 

<u K 

reserve of the compressor with respect to surging Is decreased. 

*l V^VI'-VJ 

JIPP 

1 
^••eonit 
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w 

Fig. 22.8.  Effect of the change 
In angle $ on the line of oper- 
ating regimes of the compressor 
of the single-shaft turboprop 
engine. 
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22.1.1,5. Throttlg Characteristic 
of the Turboprop Engine when n ■ 
• const. 

Figure 2?..9  ^Ives a standard throttle characteristic of a 

single-shaft turboprop engine (see diagram 1 In Fie;. ?C.2) when 

n * K        ■ const In the region of operating reflmps.  The throttle 
max 

characteristic of the standard single-shaft turboprop tnflnf- with 

respect to fuel consumption per hour, plotted In relative parameters. 

Is given In Fig. 22.10. 

mo»" 

Fig. 22.9. 

47 OS     0,9     Ifl     tjij 

Fig. 22.10. 

Pig. 22.9.  Throttle characteristic of the turbo- 
prop engine when n ■ const (in the region of 
operating regimes). 

Fig. 22.10.  Throttle characteristic of the 
single-shaft turboprop engine plotted in relative 
parameters. 

22.1.2.  Throttle Characteristics of Double-Shaft 
Turboprop Engines 

Let us examine throttle characteristics of a double-shaft 

turboprop engine.  As previously, we assume that in all regimes of 

operation of the engine there is observed the condition of total 

gas expansion in the turbine 
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Figure 22.11 gives the throttle characteristic of double-shaft 
turboprop engine Rolls-Royce  "Tyne" RTu.12 with a two-stage com- 
pressor.    As we see, with a decrease In revolution numbers of the 
turbocompressor of high pressure, as previously, propeller power and 
,!et thrust are lowered, and the effective fuel consumption Increaser;. 
Thus,  qualitative ohangee In basic parameters of the turboprop engine 

1 

,  Ä and a ) with throttling of single-shaft and double-shaft 
engines coincide. 
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Pig.  22.11.    Throttle charac- 
teristic of the turboprop 
engine Rolls-Royce  "Tyne" 
RTu.12. 

woo two n r/nln 

In order to explain the quantitative distinctions in these 
characteristics, let us examine the regularity of the change in 
drops  In pressures and temperatures of the gas In basic elements of 
the double-shaft turboprop engine with respect to the number of 
revolutions. 

22.1.2.1.    Change In Temperature 
and Pressures" of the Oas In Charac- 
teristic Sections of the Double- 
Shaft Turboprop Engine  (Diagram 2 
In Fig.   20.2). 

Figure 22.12 gives curves of the change in compression unit of 
the compressor and expansion units of gas in VD and ND turbines of 
a double-shaft turboprop engine with respect to the number of 
revolutions.    We see that with throttling the VD turbine in a certain 
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Pig.   32.1?. Change  In v* -md  rr* 
H T 

of a double-shaft turboprop engine 
with respect  to the number of 
revolutions. 

ran^e of numbers of revolutions appears  "blocked" In the drop in 

pressures until In the first nozzle box assembly of the ND turbine 
the critical  (or constant) regime of outflow Is preserved.    The law 

of the change In gas temperature T* with respect to the number of 
revolutions Is determined by the equation of balance of works of the 
VD turbocompressor 

whence we find 

LnM)  -£KCM» 

T* 
'•«(M» 

(M) 

Now It Is easy to arrive at the conclusion that at different values 

TTJJ/  * and T*  In design conditions the regularity of the temperature 

change In the gas In front of the turbine Ti  In a double-shaft TRD, 

turboprop engine and DTRD Is practically the same. 

22.1.2.2. Effect of the Change In 
Angle of Setting of Blades of the 
Propeller on Throttle Characteristics 
of a Double-Shaft Turboprop Engine. 

In the case of the turboprop engine with total gas expansion In 

tne ND turbine It Is possible with a high degree of accuracy to 

consider that 

^»■•^(Hil) ■•^#. 
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Let us examine peculiarities of the process of t. mottling of 

the double-shaft TRD.  Let us assume that ^ ■ const.  With a decrease 
In the fuel feed Into the combustion chamber as a result of the 

lowering of the gas temperature T*  and appearing unbalance of works 

of the VD turbocompressor, the number of revolutions of the latter 

is decreased. However, the power of the ND turbine Is decreased 

more rapidly than the power of the VD turbine, since, except for the 

decrease In Tf  [sic] and C/B, the drop of pressures fff
T/HJ1\) still 

drops. Therefore, the appearing unbalance of works of the ND turbo- 

compressor Is removed by means of a more Intensive lowering of the 

angular velocity of rotation of the ND cascade. 

How does the propeller-pitch control affect the throttle char- 

acteristic of the double-shaft turboprop engine? First of all, let 

us note that the control of propeller pitch practically does not 

affect the power and work of the ND turbine, the parameters of the 

working process of which are determined completely by the VD turbo- 

compressor. Therefore, control of the pitch of the propeller leads 

only to a change In the number of revolutions of the ND turbocom- 

pressor so that, as previously, there Is observed the condition 

.V, = .VT,IIJI, or Aa»£r(ii/i). 

With a change In angle ♦ the number of revolutions of the ND 
compressor, efficiency of the propeller n, efficiency of the ND 

turbine n*/UI,\ and. In accordance with their change, propeller power ' \ Hfl ) 
N    and thrust P change. 

B D 

Actually, 

N. ^■Cn ii.l) 
75 ^Mirfl» ^ ,'MH.I»: 

P r^--M«*-^n« 
nHM V.- 

(22.3) 

(22.M 

Thus, the control of angle $ makes It possible, having deter- 

mined the optimum number of revolutions of the ND cascade, to 
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provide maximum values H*/  » and n , and, consequently, maximum 

values of Na  and PB (Pig. 22.11). 

Pig. 22.13.  Effect of the chance In 
angle of setting of blades of the 
propeller $  on the propeller power 
of the double-shaft turboprop engine. 

Let us note also that the control of the propeller pitch In the 

system of the double-shaft turboprop engine does not affect the 

position of the line of working regimes of the characteristic of the 

compressor. 

Thus, distinctions of throttle characteristics of the double- 

shaft turboprop engine from corresponding characteristics of the 

single-shaft turboprop engine Include: 

1) various regularities of the change In T*  on the number of 

revolutions, which has a known effect on the course of curves N  , R 

and C  ; 

2) the possibility of providing with the help of the system of 

two separate turbines of optimum values the efficiency of the 

propeller and ND turbine (maximum of the product of these effi- 

ciencies) . 

If by a change in $  in the system of the single-shaft turboprop 

engine it is possible to obtain complete identity of the change In 

r* with respect to the number of revolutions of the single-shaft 
O 

and double-shaft turboprop engine, then the advantage of the double- 

shaft turboprop engine nevertheless remains the possibility of 

achieving the highest values of n and n*. 
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22.1.3.  Reduction of Parameters of the Turboprop Engine 
to Standard Atmospheric Conditions 

The reduction of parameters of the turboprop engine to standard 

atmospheric conditions Is carried out with a fixed propeller pitch 

($ ■ const). 

Formulas of the reduction of thrust, number of revolutions, 

flow of air and fuel consumption for the TRD and turboprop engine 

are identical. 

22.1.3.1. Formula of the Reduction 
of Effective (Propeller) Power.  ~ 

We have 

AT,-4.0,, 

where 

^C c.. 
* 

Pn 

n ~* 

Then 

N*-P\VT\ 

Hence It Is easy to obtain the formula of reduction fcr the 

turboprop engine: 

A'. <"p) =A'.( IIHl 
Pu/TT 

(22.5) 

The effective fuel consumption 

C«. M2 kg 

//«IU   hp h 

is not needed In the reduction to standard atmospheric conditions, 

since In similar regimes it maintains a fixed value (n ■ const). 
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22.2. High-Speed Characteristics of the 
Turboprop Engine 

High-speed characteristics of the turboprop engine are called 

dependences of the propeller or total (equivalent) power and also 

of effective fuel consumption on flight speed at the assigned program 

of control. 

The high-speed characteristic of the turboprop engine can be 

obtained by experimental means, for example, in flight tests with 

the help of the "flying laboratory," and also, approximately, by 

the analytical method. 

22.2.1.  Programs of Control of the Turboprop Engine 
in Flight 

Programs of control of the turboprop engine refer to programs 

of control for maximum propeller and maximum total (equivalent) 

power, for the best economy and others.  Each of these programs 

provides such a change In parameters of the working process at which 

automatically at all velocities and flight altitudes the assigned 

regularity of the change In ND,  N        or C will be realized. 

22.2.1.2.  Controllable Parameters 
and Regulating Factors in the 
Turboprop Engine.  ~~ 

Turboprop engine, which can be examined as a particular case 

of a double-shaft Jet engine, has in general a larger number of 

regime parameters than the usual TRD, and, respectively, a larger 

number of control factors and elements.  For an example, in the 

single-shaft turboprop engine an additional, in comparison with the 

TRD,1 control factor Is the angle of setting of blades of the 

propeller <fi0, and, respectively, the additional control element — 

propeller regulator. 

lWe have In mind a single-shaft TRD with fixed geometry. 
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The change In angle 0 In the turboprop engine completes the 

same role as that of control of the critical (exit) seclton of the 

reactive nozzle of the TRD, and allows accomplishing Independently 

of each other the change in the number of revolutions of the engine 

n  and gas temperature in front of the turbine f|, 

Figure 22.1^ gives a block diagram of control of a single-shaft 

turboprop engine with two independent regulators: number of revolu- 

tions and fuel feed. The engine has a unit of united control of 

regulators1 with a united control lever of the engine. The connec- 

tion between the control factors and adjustable parameters is carried 

out according to the scheme: 

Engine control 
lever f Revolution 

regulator 
1 

\ 
TBA 

m 

n 

T,* I '3 

*r Regulator 
of fuel 
feed -• *•« 

Z*»'« 
M 

Unit of 
united 
control 

Pig. 22.14. Block diagram of control of a 
single-shaft turboprop engine. 

In the case of a double-shaft turboprop engine the additional 

control factor proves to be, as previously, the angle (>, and the 

controllable parameter — the number of revolutions of the propeller 

shaft n    or ND cascade - n\-\j\' In this case the control of the 

number of revolutions of the VD turbocompressor («nn) and temperature 

T*  is produced, as In the simple TRD, by the change in fuel feed 

with the help of automatic unit of fuel feed Interlinked with the 

regulator nD„\  the control of the number of ND revolutions is carried 

out by a second, independent of the first, regulator of revolutions. 

'Command-fuel unit (KTA). 
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The oonnection between the control factors and controllable 

parameters of the double-shaft turboprop engine is carried out 

according to the scheme: 

GT: 
«TK. 

«.. 

Figure 22.15 gives a block diagram of the control of a double- 

shaft turboprop engine. 

? Revolution 
regulator 1 

. ' k 

TBA 
1       «i 

1 
J     «TRlV 

• 
ffr Regulator 1 

of fuel   [• 
feed       | nt. .. np'a 

Engine control 
lever 

Unit of 
united 
control 

Fig. 22.15. Block diagram of control of a 
double-shaft turboprop engine. 

Control of the engine can be accomplished by one lever, the 

movement of which makes it possible to maintain automatically at all 

speeds and altitudes of flight the maximum derivative 

The introduction of the regulator of the Jet nozzle (/. = var) 

in the turboprop engine makes it possible to provide the most 

advantageous distribution of energy between the propeller and 

reaction and, consequently, obtain the maximum equivalent (total) 

power.  In accordance with the principle of redistribution of thrust 

of the turboprop engine, it follows with an increase in the flight 

speed to cover simultaneously the Jet nozzle (for an increase in 

Jet thrust)  and "lighten" the propeller (for a decrease in thrust 

of the propeller), observing conditions 

/I=COnst and   7^=001151. 
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In this case the "lightening" of the propeller and, consequently, 

lowering of LB  will be compensated by a decrease In pressure differ- 

ential In general turbine so that there will be continuously fulfilled 

the equality 
s 

The expediency of the Introduction of the regulator of the 

exhaust nozzle Is determined by the effect of the change In velocity 

of outflow a5 on  the thrust (or equivalent power) of the turboprop 

engine. 

Figure 22.16 shows the dependence of optimum velocity of 

expiration from the nozzle on the efficiency of the propeller and 

flight speed.  When n ■ 0.8 with an increase in flight speed from 0 

to 2^0 m/s, the optimum velocities of expiration must increase from 

70 to 300 m/s. 

m  

JSO 

320 

280 

240 

too 

160 

no 

80 

*0 

1/ r/ 
».-«j j f 

> J f j 
f 
/ 

J Ofi / / 
f— 

f > / / 
/ w / f J /> 

r / 

J i 
f W. / / 

/ / / Ä/ / 

/ J / / / / 
f i 'j y > / 

/ '/ /ni-'.« 
J 2 'A <: 7 

& & % 
^ 

& % 1 d 

_J L_ 

Pig. 22.16. Dependence of 
optimum velocity of outflow 
from the nozzle on the effi- 
ciency of the propeller and 
flight speed. 
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We already noted that on the test stand the deviation of a,  ~ 

« a.     from the optimum value leads to a considerable drop in thrust 

(see Pig. 21.2a). With an increase in the flight speed this effect 

Increasingly weakens more (Fig. 22.17).  At high transonic flight 

speeds the deviation of a,  from the optimum value has practically 

little effect on the thrust of the turboprop engine (see Fig. 21.2b) 

Thus, the control of the exhaust nozzle of the turboprop engine 

would make sense mainly on the test stand and also at small and 

moderate flight speeds. 

^3KI 

Up 
kg 
300 

290 

280 

weomi rz-nsfH; 
rBA - 

i 1 I 
?ejKi ^ - - 

—» X 

Pwm - p= 
■X 

«? 

'OKI 
JSL- 
hp h 
220 

2tC 

200 

180    200   220   2h0   260   280  300 cia m/s 

Fig. 22.17.  Effect of the 
velocity of outflow of gas from 
the turbine on N        and C in 

3KB e3HB 

flight. 

However,   one  should take into account  that the  introduction of 
a variable-area nozzle will require  design complication and an 
increase  in dimensions and weight  of the engine,  which without  the 
proper  compensation in thrust  and  economy is not Justified.     There- 
fore,   in practice a turbine with  complete expansion of the  gas  and 
uncontrollable exhaust system is  used.     In such a turboprop  engine 
certain  losses  in thrust  take place  on the test stand,  i.e.,  under 
conditions when the  relative  thrust  cf the turboprop  engine   (in 
comparison with thrust  of the  TRD)   reaches  a maximum value. 

22.2.2.     High-Speed Characteristic of a Single-Shaft 
Turboprop Engine 

Let  us  examine  the high-speed  characteristic of the  single- 
shaft  turboprop engine calculated  for the  following conditions: 

1)  # =  const; 
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2)  program of control  for maximum thrust. 

Program of adjustment of the turboprop engine for maximum total 

thrust or maximum total (equivalent) power consists of the following 
points : 

1)  « »  ^rTiax -  const; 

2)   T* = 

3) = x 

3(max) = const; 

opt  ' f(V>   or  C5(opt)   -   V/^ 

Fulfillment  of points   (1)   and   (2)  is provided by means  of the 

use  of regulators   of the propeller  and of fuel  feed.     The  observance 
cf point   (3)   requires the introduction of a regulator of the Jet 
nozzle.     Therefore  let  us  replace point   (3)  of the  program of  control 

by  condition   (3') 

3')  f6 =  const and p^ = p5 = pH. 

At flight speeds of not more than 600-700 km/h the realization 

: •" r-- '.-* (3') instead of (3) gives a small difference in results 

and in practice provides a maximum of thrust of the turboprop engine. 

22.2.2.1. Basic Assumptions. 

We will assume that: 

1) when n -  const condition L    -■  const is observed; 

2} coefficients of partial losses and the efficiency of the 

turbine and compressor maintain a constant value, I.e., 

7iJ = con5t: »i*=const; o^Äconst; o*e=const;?lic=const; {„^«const. 

Let us examine now peculiarities of the high-speed character- 

istic of the turboprop engine. With an increase In flight speed 
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the total compression ratio and, respectively, expansion ratio in 

turbine increases; the velocities of outflow at the exit from the 

turbine and from the exhaust pipe of the turboprop engine also 

Increases. 

Actually, having written the equation of flow for the critical 

section of the first nozzle box assembly of the turbine and exhaust 

section of the exhaust pipe, we obtain 

.LtL 
in 

"    -TfSj-'W- 

Th us, with an Increase in TT* qi^t-)  and Xr increase, T ^  5      p 

Having written the equation of balance of works of the turbo- 

compressor in the form 

L-t~Lti+L%, 

let us arrive at the conclusion that for the preservation of T* - 

= const with an increase in the M0 number of flight, and consequently 

with an increase in the total work of the turbine L , it is necessary 

to "load" the propeller.  Thus, the surplus work of the turbine is 

completely used by the propeller. 

22.2.2.2.  Change in N    with 

Respect to Flight Speed. 

With an increase in flight speec the rate of airflow G    continu- 

ously Increases, and this increase follows the same regularity as 

that of the TRD; the specific work of the propeller L    also 

increases as a result of the increase in the drop in pressures on 

the turbine (Pig. 22.18). 

Thus, the propeller power of the turboprop engine with respect 

to flight speed continuously increases (Pig. 22.19).  An increase 
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Flg.   22.18. Flg.   22.19. 

Flg.   22.18.     Change In GB and L    with 
B B 

respect to flight speed. 

Fig.  22.19.    Change in propeller power of 
the turboprop engine,  temperatures T* and 
effective fuel consumption of the turboprop 
engine with respect to flight speed. 

1 

N 

tf    at  flight  speed V ■ 200-250 m/s  very considerably  can be  (30-50)  % 
of the  original value of the power when V = 0, 

22.2.2.3.     Change in C   with 
Respect  to Flight Speed. 

From expression 

C#=3600 fflT n^Ti 
N ■«.»') *. 

it follows that with an increase in flight speed the effective fuel 

consumption of the turboprop engine is intensively decreased (see 

Fig. 22.19).  Actually, the relative fuel consumption per 1 kg of 

air continuously drops, and the specific work of the propeller 

increases. Thermodynamically the lowering of C   with respect to 

flight speed is explained by the increase in XT\    due to an increase 

in IT. 
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A lowering of C    with respect to flight speed V  » 200-250 m/s 

can be 15-25% of the original value of fuel consumption when V = 0. 

22.2.2.4.  Change in Jet Thrust. 

With an increase in the flight speed the velocity of outfow of 

the gas at the exit from the turbine increases. However, the 

specific Jet thrust 

in this case drops, and more intensively than for the TRD (because 

of less initial values of öC(Q')'  Calculations show that the total 

Jet thrust also drops (Fig. 22.20), especially as in the considered 

flight speed range the consumption of air increases by a total of 

(10-15) %. 

Pig. 22.20.  Change in Jet 
thrust of the turboprop engine 
with respect to flight speed. 

The lowering of Jet thrust at the flight speed V  = 200-250 m/s 

can be (20-30) %  of its takeoff value. 

Figure 22.21 gives the high-speed characteristic of the single- 

shaft turboprop engine. 
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Fig.  22.21.     High-speed charac- 
teristic  of the  single-shaft 
turboprop engine. 
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22.2.2.5. Limitation of Propeller 
Power with Respect to Flight Speed. 

The continuous Increase In propeller power of the turboprop 

engine leads to an Increase In the loads (torslonal moment, peripheral 

stresses) on parts of the planetary reduction gear of the propeller 

and to an Increase In their stresses. 

The need to provide reliable operation of this extremely 

important design subassembly requires either a weight increase in the 

reduction gear (for strengthening of the parts), or a limitation in 

the magnitude of the propeller power, beginning with a certain flight 

speed at which N    reaches the assigned limiting value. Limitation 
B 

of the propeller power (see Pig. 22.19) Is carried out according to 

the torslonal moment on the turbine shaft either by means of lowering 

the number of revolutions of the turboprop engine or decreasing the 

temperature of the gas In front of the turbine (for example, by 

"lightening" of the propeller).  In turn, the lowering of T*  leads 

to a worsening of the economy of the engine in regimes of flight 

with the limitation of power. 

22.2,3. Peculiarities of High-Speed Characteristics 
of Double-Shaft Turboprop Engines 

Let us examine peculiarities of high-speed characteristics of 

double-shaft turboprop engines (diagram 2 In Fig. 20.2). 

Let us assume that the program of control of the engine includes 

the following points: 

15 "TH B «max * consti 

2)  fr m  const; 

3) «Q " «MOMO (from the condition of providing the maximum B      H a M B 

value of the product n  „TO. 
T • B 6 
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In this case when «TH ■ const we have iH/nn) ■ const and *§(an) 

■ const, conditions /. ■ const and T*  ■ const are equivalent. 

Let us assume that, as previously, at all flight speeds 

With an Increase In the flight speed the work of the turbine 

of the propeller Increases 

^^»nar^i-^l-Jc 

In accordance with an Increase In the pressure differential on It, 
The temperature of the gas  In  front  of the ND turbine 

r; ri JTK._,-, 
118 ■1' ('-«tH 

remains constant, since we assume that the drop In pressures in the 

VD turbine Is maintained constant.1 

Thus, with an Increase In the flight speed the consumption of 

air through the engine Increases, and the work of the ND turbine and 

propeller power of the engine Increases.  The effective fuel con- 

sumption Is decreased.  In comparison with the characteristic single- 

shaft turboprop engine, values P and N    are somewhat more, and C  , 

respectively, less because of higher values of n and n* 
6 T • B 

22.2.3.1.     Change In Total Thrust 
and Specific Fuel Consumption of 
th    Turboprop Engine with Respect 
to Flight Speed. 

An examination of high-speed characteristics of the turboprop 
engine leads us  to the conclusion of the fact that with an Increase 

'This is valid when velocities of outflow from the first nozzle 
box assembly of the ND turbine reach critical values. 
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In the flight speed the propeller power N    Increases, and the effec- 

tlve fuel consumption Is lowered indefinitely  in the whole range of 

subsonic and supersonic flight speeds. 

Does this mean that the use of the turboprop engine Is more 

profitable, the more the MQ number of flight? No, such a conclusion 

was completely Incorrect. 

The basic criteria of effectiveness of the turboprop engine 

are not the propeller power but the total thrust of the turboprop 

engine, and not the effective fuel consumption but the specific 

fuel consumption (referred to 1 kgf of total thrust). 

Prom expressions for total thrust and specific fuel consumption 

of the turboprop engine 

ptsaJMp±+R 

and 

m. (7.1=3600 -&-—3600  
+ 

It follows that the total thrust of the turboprop engine with 

respect to the MQ number continuously drops, and the specific fuel 

consumption Increases even In that Ideal case when O- ■ 1.0. However 
B 

the drop In efficiency of the propeller at high transonic flight 

speeds noticeably Increases the lowering of P- and Increase In C    . 

If with the same generator of gas (I.e., at assigned values of G t 

irjj and Ti)  we examine the comparative passage of high-speed charac- 

terlstlcs of the turboprop engine (X(Q\  * 1.0) and TRD (x ■ 0), then 
It Is found that the very considerable advantage of the turboprop 

engine over the TRD with respect to the developed thrust and economy 

on the test stand (4-5 times) with an Increase In MQ number (M0 « 

• 0.85-0.90), as a result of a sharp drop In efficiency of the 

propeller (see Pig. 21.3), the thrusts and specific fuel consumption 

of the turboprop engine and TRD are equalized (Pig. 22.22). 
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Pig. 22.22.  Comparison of high- 
speed characteristics of turboprop 
engine and TRD: a) thrust; b) 
total efficiency. 

JfiH, 

zji      im. 

Thus, the field of the expedient use of the turboprop engine 

on the economy continually is still as it was 15-20 years ago and 

is limited by subsonic flight speeds.  Attempts of the distribution 

of this region at supersonic flight speeds did not give expected 

results mainly as a result of difficulties of the creation of super- 

sonic propellers, which have an insufficiently high efficiency on 

the test stand even at subsonic flight speeds. 

22.3. Altitude Characteristics of the 
Turboprop Engine 

Altitude characteristics of the turboprop engine are called 

dependences of the propeller or total (equivalent) power and effec- 

tive fuel consumption on the altitude of flight at the assigned 

program of control.  Similar to high-speed characteristic, the 

altitude characteristic can be obtained either in a flight experi- 

ment or by analytical means. 

22.3.1.  Altitude Characteristics of Single-Shaft 
Turboprop Engines 

Let us examine the altitude characteristic of the single-shaft 

turboprop engine with complete expansion of the gas in the turbine 

on the condition that V  ■ const with the program of control, which 
Includes the following points: 
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1) n ■ const; 

2) r* ■ const; 

3) fs  ■ const and P4 ' P5 ' PH' 

Fulfillment of points (1) and (2) is provided, Just as in the 
case of the high-speed characteristic, by means of the use of two 
regulators (propeller and of fuel feed) united in the command-fuel 
unit (KTA). 

With an increase in flight altitude, as a result the increase 
in total compression ratio. Increases the drop of pressures on the 
turbine, and the KTA automatically "loads" the propeller, maintaining 
the revolution number' of the engine and gas temperature in front of 
the turbine constant. 

22.3.1.1. Change in ND  in Flight 
Altitude. 

With an increase in altitude the mass flow of air through the 
turboprop engine is continuously decreased.and according to the same 
regularity as v-hat of the TRD; the specific work of the propeller 
increases as a result an increase in ir*.  Since the drop in air 
consumption, in comparison with a change in IT*, is decisive, which 
the propeller power of the turboprop engine with an increase in 
altitude also drops, but more slowly than G ; the fall in N    at 

B B 
altitudes more than 11 km is intensified, because at these "iso- 
thermal" altitudes the specific work of the propeller already main- 
tains a constant significance. The latter is explained by the fact 
that on account of the fact that 2" ■ const, the increase in ir 

n Cm 

and TT* ceases (Fig. 22.23). 

At altitudes of Ä > 11 km we have 

V.~pB. (22.6) 
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Flg. 22.23.  Change In propeller 
power of the turboprop engine 
with an Increase In altitude of 
flight. 

tfKM    HKM 

22.3.1.2.  Change In g with 

Respect to Flight Altitude. 

With an Increase In altitude the effective efficiency of the 

cycle n Increases, which Is conditioned by the Increase In total 

compression ratio IT ■ pj/p and degree of preheating 6 = T*/T  .     An 
<5  H 0   H 

increase in effective efficiency leads to the proportional lowering 

of the magnitude 

c.- 632 
//.iW 

which is continued up t the altitude tf » 11 km. With a further 

Increase in altitude, on account of the fact that T    -  const, ' H       ' 
parameters n and C    remain constant (Pig. 22.24). 

^.Cf 

Pig. 22.24.  Change In effec- 
tive fuel consumption and 
efficiency turboprop engine 
with an Increase in altitude 
of flight. 

ItKM HUM 
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An analysis of expression Ce  according to formula (21.11) leads 

us to the same results, since an Increase in L    proves to be the 

factor predominant over Increase m,. "v (T%  - T%). 

22.3.2. Hlgh-Altltude Turboprop Engines 

With an Increase In altitude the propeller power of the turbo- 

prop engine continuously drops. Thus, the turboprop engine, similar 

to the turbojet or piston, Is a low-level engine. 

The last years have been marked by the Intensive development 

of so-called "high-altitude" turboprop engines, the power of which 

with a raising up to a definite altitude - "altitude of limitations" • 

remains constant. A peculiarity of these engines is that they are 

designed for strength not on the ground, but at the mentioned 

"altitude of limitation," i.e., under conditions of reduced density 

of the medium and, consequently, at reduced values of aerodynamic 

forces acting on blades of the compressor and turbine and also the 

power and peripheral stresses acting on elements of the planetary 

reduction gear. 

Consequently, such a turboprop engine, having in altitude- 

high-speed conditions the necessary reserve of strength, proves to 

be lightened In comparison with the standard turboprop engine 

designed for strength at maximum flight speed near the ground. 

With a decrease in altitude of flight of an aircraft with a 

turboprop engine, loads which are imparted to the basic subassemblies 

of the engine increase, and, consequently, there appears the need in 

the limitation of the magnitude of parameter ilT . For this purpose 

either the revolution number of the engine or the gas temperature 

in front of the turbine (simultaneously "lightening" the propeller) 

must be lowered. For such turboprop engines the altitude charac- 

teristic has the form shown In Fig. 22.25. The lowering of T* at 

altitudes less than the "altitude of limitation" leads to an 

increase in C  . 
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Pig.   22.25.    Altitude  charac- 
teristic of  "hlgh-altltude" 
turboprop engines. 

With an Increase In the flight speed a decrease In T* becomes 
more Intensive, and the "altitude of limitation" Increases respec- 

tively. 

10 MitM 

Pig. 22.26.  Altitude-high-speed character- 
istics of a "hlgh-altltude" single-shaft TVD. 
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Figure 22.26 gives the altitude-high-speed characteristics of 

a "high-altitude" single-shaft turboprop engine. 
N 
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PART  SEVEN 

SPECIAL OPERATIONAL CHARACTERISTICS 
OP AIRCRAFT GAS TURBINES 

I 
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CHAPTER  23 

STARTING AND TRANSITIONAL REGIMES OP GAS TURBINES 

23.1. Starting of the Gas Turbine 

Peculiarities of the starting of gas-turbine engines, including 

aircraft, is that it proves to be possible only with the help of 

outside source of energy, which is quite powerful and acts for a 

relatively long time interval. 

In this respect the starting of the gas turbine is considerably 

distinguished from the starting of piston engines, for the realiza- 

tion of which the turning of the crankshaft of the engine by hand 

or mechanical means for 2-3 revolutions is sufficient.  In gas-turbine 

engines, only beginning with a definite quite large, number of 

revolutions (let us call it the "number of revolutions of idling") 

at which there is created increased pressure at the exit from the 

compressor, steady operation of the combustion chamber proves to be 

possible, and the turbine can develop a surplus power necessary 

for rotation of the compressor. If, however, revolutions of the 

gas turbine are lower than the minimum balanoed  (at which the power 

of the turbine at the maximum permissible gas temperature is equal 

to the work of the compressor), then the autonomous work of the 

gas-turbine engine is impossible. 

Systems which generate power necessary for starting and turning 

the rotor of the gas turbine up to revolutions of idling are called 

starters. 
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23.1.1. Types of Starters 

The basic requirements of starters are: light weight and small 

dimensions, high degree of reliability, and the ability to develop 

short-term high power necessary for rapid starting and putting the 

gas turbine into the regime of idling. 

There is a great number of various means of starting a gas 

turbine. At present the most widespread are electrical engines 

(electric starters and starter generators) and turbine starters 

(gas-turbine engines and turbines operating on various working 

media:  compressed air, gun-powder gases, combustion products of 

kerosene).1  The free power of these engines changes from the several 

tens to several hundreds of horsepower. 

23.1.2.  Dynamics of Starting of the Gas Turbine 

23.1.2.1. Fundamental Equation of 
Starting of a Gas Turbine. 

The starting of a gas turbine is a steady process, since the 

number of revolutions of the rotor changes with time; it can be 

described by the following equation of dynamics: 

y-^.»AM-./Wff+Afr-,WK-^r|W (23.1) 

where M      - moment of rotation of the starter; M  , M. -  moments of 
CT '  T   H 

rotation of the turbine and of compressor, respectively; M      - moment 

expended for overcoming mechanical losses (in bearings) and on the 

drive of the units; LM -  surplus moment necessary for acceleration 

of the rotor of the engine; J  - polar moment of inertia of the 

i/w 
rotor; t~~r'   -  angular acceleration of the rotor. 

'Piston starters used in the early stage of the creation of the 
TRD, as a result of heavy 'weight and difficulties in starting in 
winter, did not become widespread. 
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Having substituted moments of rotation In terms of power 
with the help of known correlations 

•—£• ""o Mr. 
we obtain the fundamental equations of starting In the form: 

jn ^«JÄ^+AT,-^-^) .>     (23.2) 

23.1.2.2. Stages of Starting. 

The process of starting of the gas turbine can be subdivided 

Into three stages (Fig. 23.1). 

"» "mtn nt    nHX max 

Pig. 23.1. Stages of starting of the 
gas turbine. 

'Subsequently, we will refer the power of friction to the 
power of the compressor. 
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The firet atage,  when the combustion chambers of the QTD do 

not operate and the turbine does not develop power. Acceleration 

of the rotor of the engine occurs as a result of the fact that the 

power of the starter exceeds the power of the compressor (surplus 

power of the starter). 

The first stage of starting Is described by equation 

Jn ~f"~&.W{N„~ NJ. (23.3) 

In this case N, 0. 

At the end of the stage (n ■ n,) a special starting system, 
consisting of torch Igniters and fuse devices (electrical spark 

plug), feeds Into the combustion chamber of the gas turbine a nrlmlng 

fuel (kerosene or gasoline) and Ignites It. The Initial starting 

torch serves as subsequent Ignition of the basic fuel entering 

through the main operating snrayers. 

The aeocnd etage>  when acceleration of the rotor of the gas 

turbine occurs as a result of the fact that the total power of the 

starter and turbines exceeds the power of the compressor.  Magnitude 

T%  Is maintained at a maximum.  The second stage of starting Is 

described by equation 

yfl-^es^KA^-fAg-AU. (23JO 

At the end of the stage, when the power of the turbine con- 

siderably exceeds the power of the compressor, the starter is 

disconnected; in this case the number of revolutions «p is usually 

1.5-2.0 times more than the minimum balanced revolutions. 

The third stage,  when acceleration of the rotor occurs only 

as a result of the fact that the power of the turbine exceeds the 

power of the compressor. 
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Equation of the third stage of starting has the form 

at (23.5) 

In this case N      ■ 0. The gas temperature T9.  Is gradually lowered. 
CT 3 

At the end of the third stage the engine goes Into the Idling 

regime (ff, ■ tf)• The revolution number n _ does not depend on 

the starting device but Is determined for the given turbocompressor 

only by a perr.isslble balanced gas temperature T,,   ,. 

The process of starting (Including all three stages) Is 

accomplished automatically. 

23.1.3.  Starting of Double Shaft Gas Turbines 

The use of double of three-shaft gas turbines simplifies 

starting, since It considerably decreases the power necessary for 

acceleration of the rotor.  In this case the starter accelerates 

only the VD rotor having the lesser moment of Inertia and revolving 

under conditions of reduced air density at the entrance. 

23.1.1*. Starting of the TRD in flight 

A peculiarity of starting of the TRD in flight is that the 

need In acceleration of the engine rotor with the help of the 

starter disappears. The counterflow of air leads the rotor into 

rapid rotation (process of autorotation), at which for the realiza- 

tion of starting It is sufficient only to ignite the fuel in the 

combustion chambers. 

It is necessary to keep in mind that in the regime of auto- 

rotation the compressor develops almost no surplus pressure; 

therefore conditions of operation of the combustion chamber of the 

^utorotatlng engine are less favorable than In the case of normal 

starting on the grouna. 

With an increase In altl ie sep-^atlon of the already appearing 

flame Is possible. To ensure reliable -tartlng at an altitude 
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in regimes of autorotatlon, It Is necessary to provide the formation 

In the combustion chamber a powerful source of flame. 

23.1.5.  Effect of External Atmospheric Conditions 
on the Starting of the TRD 

With a reduction in external temperature the nower of friction 

Increases.  As a result of this the surplus power of the starter 

Is lowered, the starting is "prolonged," revolutions of idling 

are lowered, and conditions of acceleration of the rotor up to the 

operating regimes are made worse. 

To Improve the starting of the gas turbine at low temperatures 

of atmosphere [*  < (-150C to -250C)] it is necessary preliminarily 
H 

to warm thoroughly the turbine starter, and in order to avoid Its 

thickening, to dilute the oil with gasoline. 

23.2.  Transient Conditions of the Gas Turbine 

After the process of starting has been completed and the turbo- 

jet engine has been put into the regime of idling, further accelera- 

tion of the TRD up to maximum revolutions is carried out only by 

means of an increase in fuel feed in the combustion chamber; in 

practice tnis is achieved by means of steady movement of the control 

lever of the engine. Interlinked with automatic unit of fuel feed, 

until it stops. Since with an increase in fuel feed the gas 

temperature in front of the turbine instantly increases, then the 

power of the turbine proves to be more than the power of the com- 

S and the number of revolutions of the pressor, I.e., N    > 

turbocompressor continuously increases. 

With a decrease in fuel feed, conversely, the gas temperature 

in front of the turbine drops, the power of the turbine proves to 

1 * lower than the power of the compressor 

ffr<Nn 

and the number of revolutions of the compressor la respectively 

lowered from the maximum to minimum (in the regime of idling). 
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Processes of the acceleration and deceleration of the turbo- 

compressor are unsteady transitional regimes of operation of the 

engine. They are described by the motion equation,1 

900.75 Jn 7f' n» ■(#,-#,). (23.6) 

Figure 23.2 gives lines of Joint modes of the compressor and 

of turbine for the dynamic transient conditions of acceleration 

of the TRD turbocompressor. As it appears, this line (AA'mB)   is 

considerably distinguished from the line of operating regimes of 

the steady (and it is better to say, quasi-static) process (ACB)t 

for which we substitute the Infinitely large combination of equilibrium 

conditions of the turbo-supercharger in different numbers of revolu- 

tions. Plotted on Pig. 23,2 is also the line of the dynamic process 

of deceleration of the TRD turbocompressor (BB'nA). 

1 

Pig. 23.2. Comparison 
of dynamic lines of 
operating regimes of 
the turbocompressor 
with an Increase and 
decrease in fuel feed 
in transitional regimes, 

Since with an increase in fuel feed at the first Instant the 

revolution number of the rotor little increases (Fig. 23.3) (and 

the more slowly it increases, the more moment of inertia of the 

rotor), the increase in rate of airflow lags the increase in fuel 

consumption. As a result the gas temperature Ti sharply Increases, 

and the regime point of the compressor is moved in the direction of 

the limit of surging (see line AA'  on Pig. 23.2), Simultaneously, 

lDividing the integral transitional regime (from idling to 
maximum) into elementary sections, it is possible for each of them 
with the help of equation (23.6) and also dynamic characteristics 
of the turbine and compressor, according to the number of revolutions, 
to determine the time of passafre of the elementary process and then 
find the total time of passage k,f the integral process. 
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Fig. 23.3.  Effect of 
opening of the exhaust 
nozzle on accelerating 
capacity of the TPD. 

the coefficient of the surplus of air Increases, as a result of 

which there can occur flameout In the combustion chamber due to the 

superenrichment of the mixture (Fig. 23.^, curve 4). 

U=4 
 1— 

Fig. 23.^.  Change in 
a on transitional 
regimes of the TRD. 

'MJ •mai 

'/itn an increase in the number of revolutions of the rotor, 

the dynamic LRR is deformed as is shown in Pig. 23.2, gradually 

approaching the static LRR. 

With a decrease in fuel feed at the first instant there is a 

lowering of T*  and depletion of the fuel-air mixture (sharp Increase 

in a).  Now the regime point of the compressor is moved so that the 

stability margin of the compressor increases; however, there appears 

the danger of flameout in the combustion chamber due to superenrich- 

ment of the mixture (curve 2 on Fig. 23.'O. 

Subsequently, the dynamic line of working regimes Is also 

Intersected with the static LRR. 

Thus, the feed of an excessively large quantity of fuel with 

the acceleration of the gas turbine can lead to disruptions in the 
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operation of the engine; they are connected with the appearance of 
unstable operation of the compressor, with the overheating of 
blades of the gas turbine, and also with flameout In the comtustlon 
chamber due to superenrlchment of the mixture. 

With a drop In revolutions a decrease In the fuel feed can 
lead to a superenrlchment of the mixture (due to a sharp lowering 
of Ti)t  and, consequently, to a damping of the flame In the combustion 
chamber. 

To prevent these undesirable phenomena In the operation of the 
TRD and for the purpose of the approach of dynamic lines of operating 
regimes to the static LRR, special automatic unite of aaoelerating 
capacity,  which regulate the fuel feed into the combustion chamber 
In accordance with the Increase in air pressure behind the compressor, 
are used. 

In this case the dynamic lines of operating regimes deviate 
less from the static line ACB  (see Fig. 23.2). 

23.3. Accelerating Capacity of the Gas Turbine 

Accelerating capacity    is understood as the ability of the er.p-lne 
to increase thrust rapidly with the feed of fuel from the minimum 
of Its value up to the maximum. Correspondingly, the time necessary 
for the transition from the regime of idling to the maximum regime 
Is called the time of aoeelerating capacity.    For the majority of 
gas turbines (with an unvariable exhaust nozzle) it is equal to: 

Tnp-IO-flS S. 

When thrust augmentation In the TRD Is connected with the 
acceleration of the rotor (/- ■ const), the time of the accelerating 
capacity can be determined with the help of the equation of dynamics 
of acceleration of the TRD in the form 

Jn ** — Si2 (V VI- ***'•  if t\ 
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whence 

nut 
n» f  Inln 

(23.7) 

Prom the obtained Integral equation (23.7) it follows that 

the less the time of accelerating capacity, the less the moment of 

Inertia of the rotor of the turbocompressor of the gas turbine, 

the more the surplus power of the turbine (i.e., the higher the 

gas temperature in front of the turbine, the more the drop in 

pressures on it, and the more the flow of air through the engine) 

and the more the number of revolutions of Idling. 

To Improve the accelerating capacity of the gas turbine it Is 

necessary:  to decrease the moment of inertia of the accelerated 

masses (by means of the transition from a single-shaft to double- 

shaft design of the engine, by means of the use of plastics in the 

construction of the turbocompressor, etc.); to Increase the maximum 

permissible gas temperature in front of the turbine (by means of 

the use of materials of increased strength and the Introduction of 

cooling of the blades); to Increase the drop in pressures on the 

turbine (by means of complete "opening" of the Jet nozzle in the 

regime of starting; the greater the exit section of the nozzle 

with starting, the less the time of the gain n       , see Fig. 23.3). 

With an Increase in Tt  in the maximum regime the gas temperature 

In throttle regimes is sharply lowered (Pig. 23.5), which is explained 

by the preservation of the drop in pressures on the turbine in the 

large range of operating regimes. An Increase in the permissible 

interval of the Increase In gas temperature AT* with acceleration 

Improves the accelerating capacity of the gas turbine.  Utilization 

of these means allows in a number of cases reducing the time of 

accelerating capacity to 6-8 s, and in lift engines - to 4-5 s. 

t.yu 



f.9 

K—    .—I—L 
r/nex-/5WK 

IJT 

Pig. 23.5. Effect of 
maximum gas temperature 
Tft  on LT  with throttling 

of the engine. 

N 

23.3.1.  Effect of Altitude of Plight on the Time 
of Accelerating Capacity of the Gas Turbine 

Since with the Increase In altitude the mass exit of air through 

the engine Is decreasec', then the surplus power of the turbine drops 

(Fig. 23.6): 

AN~0* 

and, consequently, the time of accelerating capacity increases.  At 

high altitudes (8-11 km and above) the time of accelerating capacity 

increases 'l-S times (as compared to the test bench), and therefore 

on these altitudes it is not recommended to throttle the engine. 

Tho revolution number of Idling of the gas turbine increases with 

altitude; maneuverable properties of the gas turbine at an altitude 

are made worse. 

iThp 

Pig. 23.6, Comparison 
of accelerating capacity 
of the TRD on a test 
stand and in flight. 

Figure 23.7 shows curves of the accelerating capacity of a 

ducted-fan engine Rolls-Royce ""ney" with flight near the ground 

and at an altitude. 
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Pig. 23.7.  Curves of 
acceleratinp capacity of 
a ducted-fan engine 
Rolls-Royce "Spey" with 
flight near the ground 
(1) and at the altitude 
of fl = 7600 m (?). 

^ 

tft.s 

592 

J 



CHAPTER  2iJ 

EFFECT OF CONDITIONS OF OPERATION ON CHARACTERISTICS 
OF AIRCRAFT GAS TURBINES 

2^.1.  Effect of Various Operational Factors on the Regime 
of Operation and Parameters of the Turbojet 

(Turboramjet) Engine  ' 

Various operational factors having a considerable effect on 

the regime of work and parameters of the TRD (TRDF) can be subdivided 

into the following groups: 

1. External and flight oonditione.    These Include the state 
of the external atmosphere (pressure and temperature of the air, 

humidity of the atmosphere), and also the speed and altitude of 

flight.  The effect of these conditions on the operation of the 

engine Is manifested through a change In complete parameters of 

the air (p«, r«), 

2. Faotoee which  lead to additional gae-dynamio and hydraulic 
loeeee  in the gae~air channel.     Specific conditions of the operating 
of the engine on an aircraft can cause additional gas-dynamic and 

hydraulic losses and Intensify the nonuniformity of flow in various 

elements of the engine; In Its Intake, compressor,    istlon 

chamber, turbine, afterburner, and Jet nozzle. These ondltlons 

include: the presence of long and curved inlet and exit aircraft 

channels; the presence of dust and other mechanical particles in 

the atmospheric air being sucked In, which leads to the working of 

the surface of working elements of the engine, their warping. 
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chipping, dents, etc., and to the appearance of Ice deposit at 

the Inlet of the engine; operating at very great altitudes at which 

a sharp lowering of Reynolds numbers approaches, and as a result 

of this - a drop In efficiency of the compressor and turbine. 

An increase in losses in the gas-air channel of the engine, 

as a rule, disrupts the process of operation of the engine and 

makes its economy worse. 

One should keep in mind that an Increase in hydraulic losses 

in TRD elements is almost always accompanied by the reinforcement 

of the nonuniformity  of temperature and high-spe.?d fields, which 

additionally makes conditions of operation of the engine worse: 

there is overheating of the engine, cutoff and oscillating regimes 

appear, and vibrations in subassemblies of the engine appear. 

3. Faatova  which  lead to the woreening of oarburetion  in 

aomhuation ohambera  and afterbur,.cr8.     In a number of cases with 

operation of the engine carburetlon in the combustion chambers and 

afterburners is made worse, as a result of which the completeness 

of fuel combustion decreases and the specific and consumptions of 

fuel per hour Increase. 

Reasons leading to the worsening of carburetlon can be:  the 

drop in pressure in the combustion chamber at high altitudes, carbon 

formation in the fuel sprayers and their obstruction, maladjustment 

of the fuel pump and so on. 

Ü.    Maladjuetment  of the engine  in   the  process of operation 

ov repair.     In the process of operation and repair of the engine 

disruptions in systems of adjustment of Its subassemblies, mechanisms, 

and automatic units are possible. These disruptions, if they in 

due time are not revealed and not removed, can lead to breakages 

and damage of the engine.  A typical example of "maladjustment" 

of separate subassemblies .of the TRD is the failure of the mechanisrr 

of control of the variable-arc Jet nozzle at moment of fuel feed 

into the afterburner of the TRD. As a result of the Jet nozzle, 
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there is an Inadmissible excess in temperatures in the main combus- 

tion chamber, surging of the compressor and other dangerous 

consequences. 

An incorrect selection of the exhaust section of the standard 

Jet nozzle of the TRD leads to similar results. 

Another example of the disruption of adjustment of the engine 

is the incorrect setting of the inlet guide vane of the compressor, 

which also can le^d to a decrease in surging reserve, an undesirable 

Increase in gas temperature in front of the turbine and to a change 

in thrust and fuel consumption of the engine.  The maladjustment of 

the fuel system of the engine, which can exclude possibility of 

normal operation of the engine is especially dangerous. 

The effect o/ separate operational factors on the operation 

of the TRD when n ■ const is illustrated in the table given on 
Fig. 2^.1. 

Let uf examine in more detail the action of separate factors. 

The change In external pressure does not have an effect on the 

rertme of operation of the turbocompressor, since it causes a pro- 

portional change in pressure along the whole gas-air channel of the 

TRD without a change in the temperature fields. As a result the 

velocity of gas outflow from the nozzle of the engine and specific 

fuel consumption maintain constant values, and the mass flow of 

air through the engine changes, which proves to be greater the 

higher the external pressure. In proportion to parameter G    the 
B 

total thrust of the TRD and fuel consumption per hour change. 

A change in T    leads to a displacement of the regime point 
H 

of the compressor along LRR (when n ■ const) and considerably 
changes the flow of air and specific parameters of the engine 

and especially intensively - total thrust. Temperature T%  with 

an increase In 2* can increase or decrease - due to effects irJJn M K U 
on Lu   (see Pig. 12.1). 
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Operational 
factor o 

Change 
in 
regime 

Change in parameters 
of the TRD Hemarks 

i r ryj r* R mr \cya UT 

i 

1. External atmospheric conditions                                               j 

External 
pressure 

PA 
Similarity 
is pre- 
served 

TK 
o 
u 

vt 
d o 
u 

• m o 
u 

v> 
0 
u 1 

2 External 
temperature 

m p# It 1 11 1 Ö 
p 1 

Jit') 

2. Altitude-high speed conditions                                                    j 

i Increase in 
flight altitude 't 1^ 

u 
f 

t i 1 t 1 II ^LK 

"CJD 

2 

1 

Increase in 
flight  speed ^1 w e 

o 
u 
t 

1 t 1 1 1 It 
qlt,) 

3. Maladjustment of the engine                                                       j 

1 

With forcing the 
Jet  nozzle  is 
not opened               ! A- 

com 
w t 1 

u 
f t 1 1 Surging    \ 

reserve    j 
is de-      ! 
creased    j qdd 

2 

M'ter repair the 
Jet nozzle is, 
incorrectly             , 
selected                   i 

A m 1 1 *> 

s | 1 II 1 I 
<?(iv.) 1 

Pig. 2^.1. Effect of operational factors on the regime of 
operation and parameters of the TRD (TRDP) (n = const). 
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4* 
s 
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buatlen ohaabar 1 ft* t f 1 o o f It 1 It 

Surging 
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ia 
lowered W 

Leaaaa in tha 
turbina t • 

M ii It II II 11 II if 

Loaaaa in tha 
turbina diffuaar 1 if 1» it II II II It II if    • 

laaaas in tha 
afterbumar 

**• 
it II I» • II il II II II' if 

Loaaaa In the 
Jet noatla T if •1 » II II II II II II 

i.    Lossts due to Inoompleteness of combustion 

1 Leaaaa in the eoa- 
bustion ohaabar w Slallar- 

ity ia 
praaarvw 

TK 
| 

«* 

| 1 1 1 
• 

2 
Leaaaa in tha 
afterbumar h» 

Siailarl 
ty ia 
praaenad 

•J 
| 
8 1 | 1 t 1 

Pig.  21.1.   (Continued). 
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The efftot of lonwes In the gas-alr channel on the operation 

of the enrlne has certain peculiarities. Thua, for Instancei an 

increase In losses In various elements of the channel of expansion 

fin the combustion chamter, turbine, afterlurner, jet noszle) leads 

qualitatively to the name joncequences - to an excess In tcnpfrai urt.- 

In front of the turbine, displacement of the line oJ* worklnr re^ltnos 

to the limit of aurfln?, and wcrrcnln^r of economy rf t\.e  or.rlne. 

The thrust of the enp-lne In this case Increases. 

An Increase In losses at the entran-e Into the ""PD does not 

affect the reflme of operation of the turbocompressor, 1 ut causes 

a drop In flow of air and specific and total thrust ami a wornenlnr 

of the economy of the enrlne. 

A decrease In the efficiency of the compressor (when L    ■ const) 
also leads to a Icwcrlrp of thrust and to an Increase In r.neclf'lc 

fuel consumption. The temperature fields of the TPD, .Uast a? In 

the preceding care, ror.aln constant. 

The worsening of carburetlon In the combustion chamber always 

leads to a lowerlnp of combustion efficiency, and, as a consequence, 

to an Increase In specific and hour fuel consumption.  The regime 

of operation of the engine In this case does not change; the thrust 

of the TRD (to within the magnitude of the change in flow of pas) 

remains constant. 

2h.2.     Limitation of Thrust of the Turbojet Engine 
at Low Temperatur-'es of the 

Surrounding; Atmosphere' 

The question of the effect of temperature of the external 

atmosphere on the thrust of the aircraft gas turbine has special 

significance.  It is connected with the considerable deviation 

in air temperature in operation from its standard value according 

to the International Standard Atmosphere [ISA] (MCA). 

Above we noted that the reduction of T    (for example, in 

winter) leads to a considerable increase in the thrust of the TRD 
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or power of the turboprop engine. In this case momenta and forces 

In elements of construction of the engine and, consequently, 

stresses Increase respectively. Thus, beginning from certain valuen 

of rH, It Is necessary from considerations of strength to Introduce 

the thru§t limitation  of the engine. It Is carried out, for example, 

by means of preserving constant the fuel consumption per second (hour) 

and corresponding lowering of the number of revolutions and ras 

temperature In front of the turbine. Thus, beginning with a certain 

"temperature of limitation" 

the thrust (power) of the gas turbine Is maintained constant or 

changes little. 

At an air temperature greater than the "temperature of limitation" 

(T > T      )t  a drop In thrust appears. However, a conslder.ible 

drop in thrust, which can arise at high values of fH, Is very 

disadvantageous in operation. It hampers takeoff, requires the 

introduction of special forcing of the gas turbine either with 

respect to the number of revolutions (which lowers the service 

life of the engine) or with the help of the injection of a water- 

mrthan^l nixture at the entrance into the compressor or by means 

ci  the afterburning of the fuel behind the turbine. These measures 

also have definite limitations.  It is usually Important to maintain 

constant thrust up to tu ■ ♦30oC to +'«0oC, and then it is possible 
to allow its decrease. 

Figure 24.2a gives the dependence of thrust of a ducted-fan 

engine Rolls-Royce "Spey" on the change in temperature of the 

external atmosphere without the injection of a water-methanol 

mixture at the entrance into the compressor (curve 1) and with the 

injection of this mixture (curve 2). 

The injection of a water-methanol mixture allows maintaining 

the thrust constant up to •*,. - +350C (AT ■ +120C) and providing 
at t > 350C an increase In thrust by 9!?. 

M 
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Flp;.  2'i,2. Dependence of thruct of the ducted- 
fan enplne Rolls-Royce "Spey" (a) and TFD Roll.«- 
Royce "Avon" (b) on the temperature of the 
external medium: 1 - without Injection of a 
water-methanol mixture; 2  - with injection of a 
water-methanol mixture. 

In the turboprop engine "Tyne" a similar injection of the watcr- 

methanol mixture provides an increase in effective power up to ?%%. 

Figure 2^,2b shows program of control of thrunt of the THD 

Rolls-Royce "Avon" depending on external temperature. As we ree, 

in the interval of temperatures from t    ■ -250C to £ ■ +150C the 
H H 

thrust of the TRD insignificantly drops (from 6350 to 5900 kgf, 

i.e., 1%).    When tH >  +150C the thrust decay is Intensified, and 

it is not compensated. 

Regularities of the change in thrusts given on Fig. 2^.2a and 

b are model programs of the control of engines accepted by the 

firm Rolls-Royce. 

2^.3.  Effect of Humidity of the Atmosphere on Parameters 
of the Aircraft Gas Turbine 

Humidity  of the atmosphere is understood as the content of 

water vapors and also water in liquid (rain) and solid (snow, ice) 

forms in the atmosphere.  Since the humidity of the atmosphere 

can change from a minimum (dry air) to a maximum (100%  humidity, 

when the atmosphere contains saturated water vapor), then it is 

important to know how it affects the operation and basic charac- 

teristics of the aircraft engine. 
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Tho presence of water vapors In air is conveniently evaluated 

as Bpooifio  or rtlativt humidity q,  understanding by It the quantity 
of water (of water vapors) In grains which la contained In 1 kg of 

air. The magnitude of relative humidity Is determined basically by 

air temperature and also pressure of the atmosphere. Numerous tests 

of engines show that humidity has a noticeable effect on the opera- 

tion of the gas turbine. 

The physical essence of the effect of the humidity of the 

atmosphere or. parameters of the gas turbine is expressed in terms 

of a change In gas constant of the air, which Increases with an 

increase in q  (/?H 0 ■ 47 kgf «m/kg'deg In comparison with RB  ■ 29.3 
kgf'm/kg'deg). This circumstance leads to an Increase in the thermal 

heat capacity of the air and, consequently, an Increase In the 

efficiency of the gas and increase in effective operation of the 

thermodynamic cycle (at assigned values of parameters of the 

operating regime). 

As a result the velocity of outflow of the gas from the engine 

(proportional to /TT ) and also specific thrust of TRD Increases. 

On the other hand, the presence of water vapors In the air 

lowers Its specific weight. The latter results from the formula 

1  AT   i? 

Thus the mass flow of air through the engine drops and more 

intensively than the specific thrust increases. Consequently, the 

increase in humidity leads to thrust decay of the TRD. 

An increase in the thermal heat capacity of the gas has as its 

result an intensive increase in hour and especially specific fuel 

consumptions. The increase of the speed of sound in a moist 

atmosphere leads to an increase in the balanced numbers of revolu- 

tions of the engine (while, maintaining the similar regime of the 

turbocompressor). 
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Figure 2^.3 given curveu of the effect of huml llt.y on larlc 

parametera of the TRD Rolla-Royot "Avon"; on thin figure the hymidlty 

of the engine chanpies from the rtandard (q  • 0.01) to tJie maximum 

(q   - 0.065). 

Plfr. 2^.3. Kffect of air 
humidity on hanlc param- 
eters of the TRD Hollr.- 
Royce "Avon." 

i qti  <?« w 40« o,oi  IS j- 

From Fig. 2^.3 and also on the basis of the analysis of other 

data, the conclusion can be made that at the worst, as a result of 

the Increase In the humidity on a hot day (t ■ +^50C) the following 
occurs: 

a) the thrust of the TRD drops 0.3-0.5^; 

b) specific fuel consumption Increases 2.1-2.6^; 

c) fuel consumption per hour Increases 1.8-2.1^. 

24.4.  Effect of Thrust Reversing on the 
Operation of Turbojet Engines 

The continuous Increase In maximum flight speeds of transport 

aircraft leads to an Increase to a certain degree of landing speeds. 

This circumstance requires the realization of design measures with 

respect to deceleration of movement of the aircraft, which allow 
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decreasing the dlatanoe of the approach of the aircraft to the 

airfield, and holding before the landing and run with respect to 

the takeofl-landing strip after the landing. The purpose of these 

means, as the final result, is to increase the safety of landing 

of contemporary aircraft. 

One of such measures is the use of so-called thruet rtvtntra. 
Newly contemporary created transport aircraft must, as a rule, be 

equipped with a thrust reverser. The basic purpose of the thrust 

reverser is for the reduction of the landing run of the aircraft 

after landing. 

Besides the fulfillment of this basic function, the thrust 

reverser additionally provides: 

1) fulfillment of landing approach without the lowering of 

the number of revolutions. This makes it possible when necessary 

to restore rapidly positive thrust for the approach to the second 

circle (I.e., provide the safety of departure to the second circle); 

2) emergency Interruption of flight, emergency extinguishing 

of flight speed; 

3) Increase In the maneuverability of the aircraft when 

taxiing on the ground and also In flight. 

The principle of operation of the  thrust reverser Is evident 
from the examination of Fig. 24.4a and b. 

Pig. 24.4. Thrust 
reverser: a), b) 
principle of operation; 
c) hoop type; d) lattice 
type. 
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24.4«1. CharacterlBtlcs of Contemporary 
Thruat Reversers 

Contemporary thrust rftvernera allow creating negative thrunt 

during landing run of the aircraft equal to H(i-50%  of the maximum 

tench thrust. This shortens the landing run by 'JO-fiOf.1 Weight of 

aerial thrust reversers Is about 10-1255 of the welgnt of the engine. 

The thrust reversers havt a number of additional requirements 

which concern their speed of vieponee  (change In direction of thrust 

In 1-5 s), reliability of operation  of the mechanism, Insignificant 

worsening of the economy of the engine with the reverser turned off 

(by not more than 1^), and prevention of the entrance of a Jet of 

hot gases with reversing into the euotion intakee  of the engines. 

2'*.A.2. Types of Thrust Reversers 

For thrust reversing reversers of predominantly two types 

are used: 

1) in the form of a hoop (see Pig. 2^4.^c); 

2) in the form of an aerodynamic lattice (see Pig. 2H.kd). 

In the first case special hoops deflect a Jet of gas flowing 

from the engine at a definite angle. Deviation of the Jet in this 

case practically does not affect the regime of operation of the 

TRD.  In the second case the Jet of gas taken from the turbine 

space of the engine is deflected and led off outside with the 

help of special aerodynamic lattices.  In this case thrust reversing 

can have an effect on the operation of the engine. 

With deflection of the gas Jet due to the appearing gas-dynamic 

and hydraulic losses, the velocity of outflow is lowered. 

lThe reduction of landing run with thrust reversing largely 
depends on the condition of covering of the takeoff and landing 
strip (runway): with ice on the runway it is very considerable, 
and with a dry runway it is little. 
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2^.5. Service Life and Reliability of Aircraft 
Oas-Turhlne Engines 

Operational characteristics of aircraft gas turbines are 

determined not only by economic parameters, regularities of the 

change In thrust and fuel consumption on the speed and altitude of 

the flightt calorific Intensity of the parts characterized by the 

temperature of the gas In the "hot" part of the engine, but also 

by the aervioe lift  and rtliabitity  of the engine. 

fiefvioo lift  (period of service) Is understood as the accurcd 
operating time, I.e., the total time of reliable operation of the 

engine with a definite correlation between basic modes of engine: 

takeoff, nominal and cruising. Usually In the takeoff regime It 

Is from 2 to 5%  and In the nominal regime from 20 to 30%  of the 
accrued operating time of the engine. 

The atturtd,  inttrrepair  and general  teohniaal eervioe life 
are distinguished. 

The Inter repair service life Is the duration of reliable 

operation of a new or repaired engine Installed on the basis of 

laboratory, flying and other forms of Investigations, operational 

tests and generalization of the experience of mass operation and 

repair of the engines. After the finishing of the interrepair 

service life the engine will be subject to repair. 

The general technical service life is the total duration of 

reliable operation of the engine up to such a degree of wear at 

which further restoration of it by means of repair is economically 

inexpedient or technically Impossible. After the finishing of the 

general technical service life, the engine will be subject to 

withdrawal (removal from operation). 

In the period of working out the general technical service life 

of the engine there can be produced up to three capital repairs 

(overhauls). 
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The aitaurcd oervtce life of the enprJno !:•. provl'ied and 

establlahcd by the factorlen (flrmn)-supplier!'.. The Interrepalr 

I't-rvlcc lift la eotabllshed by OPgtnlBatlona (alrl1rit?ri) with 

respect to operation of the alroi'aft.  T)ie latter, derf-'iullnt-r on t.li< 

»peclflc operating; conditions at the priven airline, change the 

service, Increasing; or lowering It,  Thua, for Instance, If tlie 

airline par-uea through tropical countries with dlfTlcult oporatlnr 

conditions (for example, Cairo-Accra, Alplers-.Tohannerhurr), then 

the portion of time of accured operating time In the takeoff regime| 

due to great thrust decay at high temperatur s of the surroundlnr 

air, Increases with respect to the correspoi. Unp- accrued operatln« 

time In the takeoff rep-lme on other airlines. As a result the 

service life of operation of the engine is decreased. 

The greater the distance of the line, the less the number of 

takeoffs in operation of the aircraft, the less the portion of 

accured operating of the engine In the takeoff regime. Ultimately, 

the service life of the gas turbine increases. 

The Interrepalr service life of gas-turbine engines Is determined 

basically by fatigue phenomena In the design (in turbine and com- 

pressor blades, etc.) appearing under action of alternating and 

vibratory loads. 

During recent years interrepalr service lives of aircraft 

engines established by the aircraft firms and airlines sharply 

increased and for various types of gas turbines (turbojet, turboprop 

and turbofan) consist of several thousands of hours.  For example, 

the service life of ducted-fan engine Rolls-Royce "Conway" consists 

of 8000 hours, turboprop engine Rolls-Royce "Dart" - 6000 hours, 

ducted-fan engine Pratt-Whitney JT3D-1 - 11,000 hours. 

However, at such service lives of foreign gas turbines the 

Inspection of the hot part of the engine is provided with the 

substitution of several parts after the finishing of approximately 

half of the established service life. 
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In recent years aircraft companies have turned to an estima- 

tion of service life according to the actual state of the engine. 

This requires the Introduction of an automatic check on the work of 

the engine, and this allows the possibility to prevent engine 

failures In flight and reduce the cost of their technical service. 

Figure 21,5a gives curves of the Increase In the service life 

of thrust of engines of the firm Rolls-Royce "Dart," "Avon," 

"Tyne," "Conway" RCo.12 and RCo.i<2) with respect to years. From 

these curves It follows that the establishment of the Interrepalr 

service life at 2000 hours for contemporary aircraft gas turbines 

occurs during two-three years. 

19S8 years 

(« «"O > 

B&S8 * 
Number of pre- 
mature removals 
at 1000 hours of 
operation 

Ist     2nd     3ra   itth   5th 
turatlon of operation, years 

b) 

Pig. 24.5,  Increase in service life of 
aircraft gas turbines of the firm Rolls- 
Royce with respect to years. 

The Increase in the service life of aircraft engines is an 

Important factor, which has allowed during recent years reducing 
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sharply the amortization expenditures on aircraft engines and, 

ultimately, raising the economy of air transportation. 

An important operatlona] characteristic of aircraft engines 

1H their veliabiltiy.     The reliability of aircraft gas turbines is 

determined by the probability of their failure In operation, for 

example, In flight.  It Is characterized by the number of produced 

hours for one premature removal of the engine from the aircraft 

in operation (or for one failure In flight) or the reciprocal - 

the quantity of engines taken from the aircraft before the appointed 

time (or engines which failed In flight), which amounts to 1000 

hours of their accured operating time. 

Figure 2^.5b shows that the service life of the ducted-fan 

engine "Conway" RCo.l? in 8000 hours (curve 1) was reached in nix 

years of operation (initial service life was about 800 hours). 

Curve 3 shows the Increase in service life of the engine without 

aii Inspection of the hot part (toward the end of the sixty year It 

reached ^5000 hours).  During these years the cost per hour of all. 

parts (including the thrust reverser) was brought down by almost 

Cot  (curve 2). 

The number of premature removals of the engine "Conway" FCo.12 

was sharply brought down during the first two years of its operation, 

and then it was stabilized. At present ^10QQ -  0.1-0.2 (curve k). 

The most reliable aircraft gas turbine at present Is the engine 

AI-20K Tor which A'.^^ = 0.05. 

2k.6.     Tapping of Compressed Air (Gas) 
from Aircraft Cas Turbines  " 

The further development of aviation to a certain extent is 

connected with the creation of aircraft with perfected aerodynamics 

and also with vertical flight and landing.  In the solution of 

this problem a large role Is played by the rational use of energy 

of gas-turbine engines either in the form of power of the free 
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turbine or In the form of a pulse of a certain mass of air (gas) 
of increased pressure tapped from the engine and fed to the user 
along special communications. 

, 

The tapping of compressed air or exhaust gases possessing a 

surplus pressure. In comparison with the power takeoff of the free 

turbine, possesses advantages of the greatest flexibility of 

control, the best transportable state, simplicity of design, and the 

possibility of a multipurpose use. 

The users of compressed air (gas) on the aircraft are: 

1) control system of the boundary layer on the wing (blowing, 

suction) for the Increase in a    (takeoff, landing) and decrease 

in <?„ (cruising regime of flight); 

2) the system of stabilization and control of the aircraft 

in regimes of hovering and transition with vertical (shortened) 

takeoff and landing (Jet and gas controls, nose turbofan, etc.); 

3) the system of lift turbofan and ejector thrust intensifiers, 

Aerodynamic methods of the Increase in a    and decrease in o 

and also methods of the creation of vertical thrust can require 

a considerable tapping of compressed air (gas) - 15-30J8 and more. 

24.6.1. Classification of Methods of the Tapping 
of Compressed Air (Oas) from 

Gas-Turbine Engines 

There are various methods of tapping the working medium from 

aircraft gas-turbine engines (Pig. 24.6). These include the tapping 

of compressed air from the compressor1 and also the tapping of 

hot compressed gas from the turbine of the engine. 

'"The tapping from the compressor (of the turbine)" denotes 
briefly: "Tapping at the exit  from the compressor (of the turbine)." 
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Methods of the tapping of compressed 
air (gas) from aircraft gas turbines 

Tapping of com- 
pressed air 
behind compressor 

TRD TDRD TVD 

Circuit 
I 

Circuit 
II 

From the mixing 
chamber 

Tapping of compressed 
gas behind the tur- 
bine of the TRD 

TRD DTRD 

Use of a generator 
of compressed air 

DTRD 

Wi th  the 
mi xi ng 
ch amber 

H '"Pi" 

With com 
plete 
expansion 
in cir- 
cuit I 

Fig. 2^,6.  Classification of methods of the tapping of compressed 
air from gas-turbine engines. 

When the tapping of compressed air is produced from the com- 

pressor of the basic circuit of the TRD, turboprop engine and 

ducted-fan engine v;lthout the use of special complex control, the 

regime of operation of the engine changes - with an increase In the 

tapping of air to the user the compression degree of the compressor 

drops, and the efficiency of compressor and turbine is lowered. 

This always intensifies the drop in thrust of the engine and makes 

Its economy worse. 

To maintain the regime of the turbocompressor constant, and 

also to insure a constant value of gas temperature in front of the 

turbine, special methods of control of the gas turbine must be used. 

For example, in the TRD it is necessary for this purpose to regulate 

the Jet nozzle and nozzle box assembly of the turbine. 

In those cases when the tapping of compressed air is carried 

cut from the compressor of the secondary circuit of the ducted-fan 
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engine, It proves to be possible comparatively simply to maintain 

the regime of the operation of the engine constant.  In this case 

the drop in thrust in the second circuit of the ducted-fan engine 

is determined only by the quantity of tapped air; the specific 

thrust of the engine with such a tapping remains constant. 

One should also keep in mind the circumstance that the tapplni? 

of compressed air from the first circuit of the ducted-fan engine 

is usually connected with an increase In the gas temperature in 

front of the turbine»  The tapping of air from the second circuit 

most frequently leads to a certain decrease In Tt. 

The tapping of hot gas from the turbine space of the TRD has 

found well-known use on VTOL aircraft because of Its design simplicity. 

With this method it is also possible (with the help of a simple 

system of control) to maintain the mode of the turbocompressor of 

the engine constant.  At the same time, such a method requires the 

use of special materials for gas communications of the control 

system of the boundary layer (UPS) and stabilization and complicates 

the flying operation of the aircraft. 

When the sustainer engine is a ducted-fan engine with a mixlnp 

chamber, the tapping of the mixture of gases to the user is of great 

practical interest. The merit of this method is relatively low 

value of the mixture, which the lower it is, the higher the bypass 

ratio. 

The tapping of compressed air or hot gas from a sustainer or 

lift engine for technical purposes (i.e., when the tapped working 

medium is not used for the creation of additional thrust) always 

leads to a thrust loss in the power unit, which worsens the energy 

balance of the aircraft. Therefore, in certain cases the use of 

special generators of compressed air (CSV), the single purpose of 

which is to supply the VTOL aircraft with compressed air, is 

expedient. The generator of compressed air is a ducted-fan 

engine of the lightened type which creates no thrust, the free 

turbine of which drives the fan. 
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Utilization of the GSV, Junt a? the direct tapping of com- 

pressed air from the powerplant of the aircraft, Increases the. 

takeoff weight of the aircraft and lowers it;; relative commercial 

load. 

In order that the utilization of GSV would prove to be economi- 

cally expedient, the generator of compresseu air must he made of 

lightened construction (for example, aooording to the type accepted 

In the engine Rolls-Royce RB.162), keeping in mind here the brevity 

of its operation. 

Furthermore, the GSV must be selected at the optimum dimension 

for providing low specific weight.  Number of the GSV must be not 

less than two for providing reliable takeoff and landing of the 

aircraft. 

2^.6.2, Basic Methods of the Tapping of Compressed 
Air from the Compressor of the TRD 

and Programs of Control 
of the Engine 

The following methods of the tapping of air from the compressor 

of the TRD are distinguished: 

1) the tapping of compressed air from the compressor with 

fixed geometry of the engine (fixed position of control elements) 

and constant number of revolutions 

(/j=const and /tpp^const); 

2) tapping of air from the compressor with fixed gas tempera- 

ture in front of the turbine and constant number of revolutions 

(«„—const and rj^consl); 

3) tapping of air from the compressor at a constant gas 

temperature In front of the turbine and fixed geometry of the engine 

(rj=const and /,=coiisl); 
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4)  tappinp of air with constant regime of the compressor. 

Tapplnc of air when n      -  const and /,- = const turns the 

oriRlnal TRD (In the calculated regime) Into a TRD(O); air bleed 

Is connected with the continuous Increase In the pas temperature 

In front of the turbine necessary for compensation of the relative 

decrease In flow of gas through the turbine. The compression ratio 

of the compressor In this case Is usually lowered, since an increase 

In the tapping of the air Is equivalent to the openlnr of the 

mechanical throttle, as a result of which the counterpressure at 

the exit from the compressor drops; in other words, the regime 

point of the compressor is moved along the Inclined or vertical 

pressure characteristic (n  = const).  Such a method of control np 
of the engine, while being very Sxinple for realization, is per- 

missible only when in the original regime of operation of the 

engine (without tapping) the value of r* is less than the maximum 

permissible. 

With the considered method of tapping the drop in pressures 

of the gas in the turbine is preserved constant in the supercritical 

area of outflow from the Jet nozzle; when, with an increase in the 

Lapping, the velocity of outflow from the ,1et nozzle becomes subsonic 

(q{\c)   <  1) the pressure differential in the turbine begins to drop. 

The air bleed when n      ■ const and T%  ■ const is carried out np 3 
by means of a continuous opening of the Jet nozzle, i.e., an increase 

in the critical section of the Laval nozzle or of exhaust section 

of the standard (converging) Jet nozzle. Thus, the necessary 

increase In the operation of the turbine (for ensuring drive of the 

compressor) is carried out by means of an increase in the pressure 

differential In it (i.e., increase Jn if*).    It is obvious that the 

limiting opening of the Jet nozzle is limited, on one hand, by the 

external diameter of the exhaust section of the diffuser [when 

Ph  < (Pr  ■ Pu^] and» on the other hand, by the maximum permissible 
number M(X) behind the turbine at which its "blocking" with respect 

to the operation approaches. 
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Ali- bleed when T%  ■ const and fc  ■ connt Is carried out by 

means of throttling of the engine. It Is knovm that with a lownrlnr 

of the number of revolutions of the TRD the ras temperature In Tniit 

of the turbine drops over a wide ranfe of numbers of revolutions. 

Thus It proves to be possible In reduced replmes of the engine to 

accomplish tapping of the air with the help of the Increase In 

gas temperature In front of the turbine up to Its orlrlnal value 

in the calculated rep-lme. 

s 

Tapping of the air with a combined program of control wl on 

n  - var and  f. var  Is  possible also. 

The general  regularity  for all programs  of control  of the 
engine with air tapping  is  the drop  in thrust  and   Increase  in 
specific  fuel consumption.     It  is obvious  that  the optimum nrogram 

of control  Is that program which at the assigned magnitude of 
air tapping provides  the  least values of the drop  in thrust and 
increase in specific   fuel consumption or that which at the assigned 

thrust decay guarantees a  large tapping of air of the assigned 

pressure. 

Methods of air tapping examined above were connected with the 

change  in the regime of operation of the compressor of the tapping 
circuit.     The general  deficiency of these methods  la the decompres- 

sion of the air with an increase in the tapped mass,  and also the 
worsening efficiency  of the compressor and turbine,1  drop  in specific 
thrust, and worsening of the economy  3f the engine accompanying it. 

The optimum method of tapping is such a method at which the 
regime of operation of the turbocompressor of the circuit of air 
tapping remains constant. 

'The drop in n* takes place with a considerable change In axial 
velocity along the turbine and also with a sharp deviation In the 
value of M/O-. from the calculated value. 

3fl 
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In order that the tapplnp; of air would not affnct the operation 

of the turbocompres;oor and would not be accompanied by a wornenlnr 

of* the operation of the powerplant, It la necessary that the engine 

have a constant circuit of tapping (without the turbine) used In 

the calculated replme an a second circuit of thrust.  Tn other 

Mords, the original engine »heuld be the TRD(O) (it*  ■ n*,). Then 

with air tapping for teclinlcaJ purposer. the control clement of the 

engine must maintain the counterpresaure at the exit of the com- 

pressor constant.  In other words, with air tapping the iota! rar 

flow through the compressor must remain constant, but the "tapped" 

nlr now will no longer take part In the creation of thrur.t of the 

engine. 

in the case of the TRD(O) with a program of control n* 

and n np 

court 

const, the tapped air will have the hlgher.t and, moroover. 

constant pressure In the whole range of the flows tapped. 

There are still other methods of air bleed while maintaining 

the constant regime of operation of the compressor of the TRD. There 

Include the control of the Jet nozzle (RRS), control of the nozzle 

box assembly of turbines (RSA) and their combination.  These method;: 

are examined below In detail. 

21.6.3« Comparison of Effectiveness of Various Methods 
of the Tapping of Compressed Air 

in the Turbojet Engine 

Let us make a comparison of the effectiveness (with respect 

to the relative thrust decay LR  and relative increase in specific 

fuel consumption A? ) of three basic methods of the tapping of com- 

pressed air from the compressor of a TRD: 

1) fc  ■ const and n      ■ const (ft ■ var); 

2) n      ■ const and rt ■ const (/,. ■ var); 

3) r* ■ const and fc  • const (n  ■ var) 
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in reference to the same enplne for the  following pa? parameters  In 

calculated mode:     ft,   .   ■ 1300oK;  TT«(   s   »  7;  ^a(p)  =  n.5  (Pip.   2h .7) 

1     ~Ht(0) «Mp)"7 
— 

r • =»cotist; 
p-ccnst: 

« 

— 
nnp-con 
/j-const 

st; 

r 
/ —I 

\ V 

— tä 
TTT^ < 

^ B ^ r r,* 
A" 

-const; 1 
■const r-! 

0 V       0,2      C,3      Oil    ji 0,1      HZ      0.3     0,k    $ 

a) 

Fig. 24.7.  Comparison of the effectiveness of 
three methods of the tapping of compressed air. 

The greatest drop in the thrust of the TRD takes place with 

air tapping according to the program ft ■ const and fV = const. 

A somewhat less t.irust decay (AP ■ 0.15 when S ■ 0.1) characterizes 
the program w  « const and T\  ■ const.  A considerably less lowering np 3 
of the thrust (Afl • 0.09 when B ■ 0.1) is noted in the program 
n  » const and f,. = const when the tapping of air leads to a 

continuous increase in the gas temperature in front of the turbine 

(Pig. 24.8).  In this case a 10!? air bleed leads to an Increase in 

absolute gas temperature of 84° (?! ■ 1,065). 

As regards the specific fuel consumption, in a wide range 

of air bleeds (6 < 0.3) the least economic, in accordance with the 

increase in Tl, proves to be the program f~  ■ const and n  ■ const 
(when 8 ■ 0.1 we have A?  ■ 0.13); the remaining programs are 
•irrroximately equivalent and with 10* air bleed cause an increase 

in the specific fuel consumption of approximately 10*. 
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Pig. 21.8.  Effect of air 
tapping on the increase in 
gas temperature in front of 
the turbine (method 

np const and /,. = const). 
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24,6.^. Effect of Bypass Ratio on the Effectiveness 
of Air Tapping from the First Circuit 

of the Ducted-Pan Engine 

When compressed air of very high pressure is necessary, the 

tapping of it is produced from the first circuit of the ducted-fan 

engine. 

Let us examine the effect of the bypass ratio on the effective- 

ness of air tapping from the first circuit of the ducted-fan engine. 

Let us assume that the increase in y  occurs on the condition that 

T* = const and IT*, = const and also with the observance of quality 

w „T 
= 'f „TT-  It is easy to conclude that the Increase In y  leads 

p. ci   p.cli 
to a continuous and progressing lowering of the drop in pressures 

in Jet nozzles (and, consequently, specific thrust) and to an 

increase in the total drop in pressures on the turbine. Thus, 

air tapping from the first circuit o:?  the ducted-fan engine Is 

accompanied by a considerably sharper drop in thrust and Increase 

In C  than for the TRD, and the more intensively it occurs, the 

more the value of y.     Together with this, in the ducted-fan engine 

it is considerably earlier, i.e., at less values of the coefficient 

of tapping 0, "blocking" of the turbine with respect to the operation 

(the more the original value **/-.)»  the faster the 1% number 

increases with air tapping). This, in turn, limits the maximum 

tapping of air from the ducted-fan engine. 
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Figure  2^.9 gives  the  effect  of  3  and y  on Ti,  C     ,   and also 

Mh   ,  on the  condition that:     r3(   )   =  1300oK;  ir _,   .   =  7.0;  f.1^.   v   =  0.5. 

IT In the  ducted-fan  engine when y   =   0.6,   3_   =  O.O'l  we  have R  =  0.91, 

then In the  ducted-fan engine when y   =  1  and  3„  =  O.O'l  we  have 

F =  0.87,   and with y   =  2 and  3^   =   0.0^  we have R =  0.775.     Corre- 

spondingly   3^,,^  Is  equal to  0.21,   0.15  and  0.08. 
ma.x 

a) 

b) 

1,0 F F   1 « -^ t ^M ̂ c »0,5 >P B"" 0 

C,9 1 — -= 

k\iO 

■s 
■^ ̂ -. 

- 

-^ 1 

\ 

Ss 
"v^ 

> <; 
Äi 
^ ^ 

tmatt 
1 ' 55* i 

i j 
\ 

< 
— 

— ■ — 
*51 

7 ^h si v 

« 
<\ Nv 

s v 
^ 

— - 

'*■>. 

^ ^ 
_ ——j 

'5 sS \K tK 
n 

^ ^«- ^ 
^ 

\\> 
\p \ 0^ 

as 
s, 
^ 

r— •— 
~ y vd 

05 b p *** 
o 

s :— 
t* ^oj«! 

wmw % ̂ 

jmmjföz > 
— Ul\ TO'V^E^ To 

rj\ z 
6 rr3 V m l 

—— 
DTKD(O) 

r/=/JWK;inp-coast.      j 

mi i .    . .. i  1 
A «c( P>I 0.5 

 i i J 
<7       ö,<i      ««       1,2      1,6       2.Q      Zfi       2,8     1,2      3,6     Wy 

f.o 
0      qi      0,9      1,2      tfi      2,0     2,<t      2,8     3,2     3,6     *fiy 

Fig. 2k.S.     Effect of the tapping of compressed air 
from the first circuit of the ducted-fan engine on 
parameters of the engine. 
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The air bleed from the second circuit In any quantity causes 

no special difficulties. However, the pulse of it with throttling 

of the ducted-fan engine sharply drops, and In prelandlng flight 

regimes it becomes insignificantly small. 

2b.6.5,    Comparison of Effectiveness of the Tapping 
of Compressed Air (Oas) of Various Types 

of Aircraft Gas Turbines 

Figure 2^.10 gives a comparison of the regularity of thrust 

(power) decay in aircraft gas turbines of various types with the 

tapping of compressed air (gas). 
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Pig. 24.10. Thrust 
(power) decay of aircraft 
gas turbines of various 
types with the tapping 
of compressed air (gas). 

0,1   m   cp   n*  p 

The most intensive drop in thrust is noted in the ducted-fan 

engine (y  ■ 1.0) with air tapping from the first circuit (for 

ß * 0.1 we have R  » 0.61).  Then there follows the turboprop engine 

(when $ ■ 0.1 we have I ■ 0.78). Further there is the TRD with 

air tapping (when 8 ■ 0.1 we have R  ■ 0.8'!), and the TRD with gas 
tapping behind the turbine (when ß ■ 0.1 the thrust drops 10^). 
The least drop in thrust occurs with air tapping from the second 

circuit of the ducted-fan engine (when ß ■ 0.1 we have R  * 0.92). 
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CHATTE R 25 

CHARACTERISTICS OF AIRCRAFT GAS TURBINES WITH 
RESPECT TO THE LEVEL OF NOISE 

Decreasing of the noise In contemporary aircraft gas-turbine 

engines Is one of the serious problems of civil aviation. 

The mass development of air transport and an increase in power 

of powerplants of contemporary aircraft lead to the fact that the 

number of persons which suffer from noise has sharply Increased. 

Not only are the crew and passengers of aircraft on the ground and 

in the air affected by aircraft noise, but also service personnel 

in the zone of the airports and the largest group - the population 

of neighboring regions. 

Noise prevents the normal working activity of man, causing 

premature fatigue and the lowering of work productivity; noise 

prevents the normal rest of man and causes various nervous illnesses 

The problem of combatting aircraft noise becomes so acute that 

governments of various countries have been forced to introduce 

special rigid limitations on the operation of aircraft with respect 

to time and direction of the flight and permissible noise level 

and fine airline companies which exceed the permissible noise 

standards.  Table 25.1 gives levels of various noises (in dB). 
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Table 25.1.  Levels of various noises In dB. 

L 

Character and source of noises Level of 
noise In dB 

Threshold of audibility 

Rustle of foliage, noise of slight wind 

Whisper of average loudness at a distance 
of 1 m 

Quiet habitable room 

Light radio music In an apartment or habitable 
room 

Restaurant of average animation, an 
establishment 

Street of average animation, noisy establish- 
ment or store 

Range of the loudness of speech 

Music through a loudspeaker 

Truck 

Moscow subway (metallic turbines) 

Loud automobile signal at a distance of 
5-7 m 

Train express, high speed 

Jet engines with a total thrust of 4500 kgf 
at a'dlstance of 9 m In noisiest direction: 

turbojet engine 

turbojet engine with boost 

solld-propellant rocket engine 

supersonic propeller 

Threshold of painful sensation 

Mechanical damages 

0-10 

10-20 

20-30 

30 

40 

50 

60 

45-70 

70-80 

80 

90 

100 

110 

140 

150 

155 

136 

140 

160 

25.1.  Noise Source of the Gas-Turblne Engine 

The gas-turbine engine has a number of sources of noise. The 

main source is the high-speed gas Jet flowing from the Jet nozzle. 

This Jet, in mixing with the surrounding medium, creates intensive 
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turbulent pulsations, and at supercritical outflow - a system of 

shocks,1 which are powerful noise generators. 

At low velocities and altitudes of flight corresponding to 

regimes of takeoff and climb of aircraft, drops in pressures in the 

Jet nozzle, as a rule, are insufficient for the appearance of 

powerful shock waves. Consequently, on takeoff the level of noise 

of the outflowing Jet is basically determined by turbulent pulsations. 

At high-altitude and high-speed cruising flight regime the intensive 

noise can be produced by fluctuating shock waves and by their 

Interaction with the turbulent pulsations. 

Cascade eddy , formations in which the kinetic energy of the Jet 

is dispersed, in passing into heat, generate oscillations of 

pressure, which are sources of sound (noise).  The turbulent mixing 

of the Jet with the surrounding medium covers an area the axial 

length of which is equal to 15-25 diameters of the nozzle.  In 

this area (Fig. 25.1) practically the entire noise of the Jet flowing 

from the engine is generated. 

tr.r- 

Fig. 25.1. Diagram 
of a free turbulent 
Jet. 

Another powerful noise source is the revolving rotor of the 

compressor or fan, and also the interaction of the blade of the 

rotor and stator.  Around each blade a field of pressures appears. 

If the circumferential velocity of the blade is great, then the 

fields of pressures will be generated through the intake of the 

compressor in the free space in the form of a wave with increasing 

Intensity. 

'With incomplete expansion of the gas, for example, in the 
converging nozzle. 
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The level of noise of the compressor (fan) Is usually lower 

than the level of noise of the Jet flowing from the engine, tut it 

is characterized by high-frequency oscillations of pressure - 

"whistle," which proves to be a most unfavorable physiological 

effect on man. 

The third source of noise in the turboprop engine is the 

revolving propeller. The aerodynamic noise of tractor and lift 

propellers consists of vortiaal noiee,   induced by periodically 

separating vertices with the flowing around of the blade by a 

viscous medium, and noiee of rotation,   teing generated by pulsations 

of pressures and velocity near the plane marked by the propeller. 

These pulsations are connected with the displacement of air by 

the blades and the formation of pressure differentials on both sides 

of the Made. 

The more the noise level of the propeller, the more the M 

number on the end of the blade, the less the number of blades of 

the propeller, and the more the power applied to the propeller. 

In normal operation of the gas turbine the appearance of noise 

1? connected also with irregular turbulent combustion.  However, 

this noise is completely disguised by the noise of the outflowing 

Jet. 

In certain cases, especially with finishing of afterburners, 

there appears a special form of pulsating of combustion - the 

so-called "resonant" combustion.  The latter is accompanied by a 

sharp sound - "shriek" - similar to the sound of an organ pipe. 

25.2. Estimation of the Level of Noise 
of an Outflowing Jet 

In accordance with the experimentally proven theory of Lighthill, 

the acoustic power of the noise of an outflowing subsonic free 

turbulent Jet is determined by formula 
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Oil"« s (25.1) 

where dr - diameter of exhaust  section of the Jet nozzle; or,  ffe - 
density and velocity of outflowing gas;  p  ,  a    - density of the 

H    H 

surrounding medium and speed of sound In It; K -  proportionality 

factor determined experimentally. 

Thus, the power of noise is basically determined by the velocity 

of outflow of gas and is proportional to its magnitude In the eighth 

power. 

Used in technology as the basic characteristic of noise is the 

parameter of the level of force of sound (noise) L: 

i — IOIg-f- JB, 
'0 

(25.2) 

where I -  force of sound (noise) on the surface of the hemisphere 

of radius r, in  the center of which the noise source is found, 

'tori ' 

I0 - force of sound on the threshold of audibility. 

Thus, the noise level, depending on the velocity of gas outflow, 

is graphically depicted by a logarithmic curve of the type 

L=80\gCi+\0\gA, (25.3) 

where 

A='Hds,Qi,r...). 

The dependence of the noise level of certain contemporary turbo- 

jet engines (with a thrust of /? * 5000 kgf) on the velocity of gas 

outflow from the nozzle obtained according to experimental data is 

given in Fig. 25.2. 
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Fig. 25.2. Effect of the velocity of out- 
flow from the Jet nozzle of the TRD (DTF.D) 
on the noise level. 

The possible distinctions in density and, consequently, in 

temperature of the outflowing jet, at the assigned velocity of 

outflow give oscillations of noise intensity of about 2-3 dE. From 

Fig. 25.2 it follows that if at a distance of 250 m from the aircraft 

a one-circuit subsonic TRD when Of. *  600 m/s has a noise level of 

118 dB, then the ducted-fan TRD when Or.  ■ 3^0 m/s has a noise level 
p 

of 103 dB, I.e., 15 dB lower.  Correspondingly the forced TRD have 

at the velocity of outflow 720 m/s, a noise level of 12^-125 dB. 

The reaction of man to noise depends not only on the physical 

noise level determined by the sound pressure in dB with respect 

to the method described above, but also on a whole series of factors, 

including the frequency characteristic (of the spectrum) of the 

noise, duration, monotony or shock nature of the action, and so on. 

As a result of the conducting of special experiments with the 

participation of a large number of people, at present there is being 

introduced a new method of the estimation of noisiness with the 
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help of the noiee  - a unit of perceived noise designated PA' dB.1 

One noiae  Is equal to the noisiness of an octave range of 

600-12002 Hz of an arbitrary noise at the level of sound pressure 

at ^0 dB. 

A change In frequency of the noise leads to a change In the 

level of perceived noise.  Figure 25.3 gives the dependence of 

noisiness In noieee     on the level of sound pressure In one ootave. 

The higher the frequency of the noise, the more the nercelved level 

of noise In noieee. 

noteee 
c'l/U yl '?*<, 5*i 
m .__ — % y 
  l —t- *— 

?y S £> 
m    to 
w 

M£ f^tm+tseo HZ 
r—— —^i T&Q.'Pßi t-,ty   itouu — iuuuu * 

0) 
c ?& 600+12 ID 

i -— 

•H .A r /' /\ 
W ^ IJT Ss < JUU- ouu 
•H 

5         f T-y* k S 
'/ 

fJO-f-JU 
hs+tso 
37.5+75 I 

o ■ 
  

ffify ^ -/- H  j — 
/ 771 IT f- -t 
/j -ti- f i 

0.1 11 ll (  1 \ 
10    20   30    10    50    BO    70   80    90    100   110   120 <& 

Level of sound pressure 

Pig. 25.3.  Dependence of noisiness in 
noieee  on the level of sound pressure in one 
octave. 

Figure 25.4 gives spectrum of noise audible on the ground from 

a DC-8 aircraft flying at an altitude of 800 m.  With the help of 

lPil? - perceived noise. 

2Range of greatest sensitivity of the ear. 
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Flg. 25.1*. Spectrum of 
noise of the DC-8 air- 
craft with one-clrcult 
and ducted-fan engines. 

such spectrum It Is possible to calculate the Integral level of 

noise in dB and In P/lf dB (totaling acoustic power In the whole 

frequency range). When the aircraft Is equipped with a one-circuit 

TRD Pratt-Whltney JT 3C-6, the total level of noise produced by 

it is 110 dB, and the perceived noise is 120 PW dB; in the same 

aircraft with a ducted fan TRD Pratt-Whltney JT 3D-1 noise levels 

are respectively equal to 10^1 dB and 111.5 PN  dB. 

The processing of experimental data shows that the level of 

perceived noise of a Jet, as a rule, exceeds by 8-10 dB the level 

of sound pressure. 

25.3. Methods of Lowering of Level of Noise 

There are various methods for lowering the noise level. These 

include: 

1) the use of special noise suppressors of the Jet stream, 

including ejector-type noise suppressors; 

2) rational mutual disposition of engines on a multiengened 

aircraft; 

3) the use of engines with reduced velocity of the outflowing 

Jet (ducted-fan engine); 

4) the use of acoustic lattices (barriers) in air inlets of 

the engines or aircraft; 
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5) rational selection of the profile of takeoff of the 

aircraft, which decreasea nclse in the locality. 

25.3«1. Use of Noise Suppressors 

The principle of the design of nolse-reduclng nozzles Is based 

on splitting of one powerful Jet outgoing from the engine Into many 

small Jets.  The acoustic Interference (Interaction) between zones 

of mixing of divided Jets leads to a lowering of the total level of 

their noise. 

Mechanical noise-suppressors (nolse-reduclng nozzles) have 

different geometrical configuration and design (tubular, lobe, 

lobe with a central body, corrugated nozzle, nozzle with ejector, 

etc.) (Fig. 25.5). Such noise suppressors, as a rule, are equipped 

on the one-clrcult TRD (Rolls-Royce "Avon," Pratt-Whltney JT 3C-C 

and others). 

Fig. 25.5. Mechanical 
noise suppressor. 

The operating experience of noise suppressors during a number 

of years has showed that with its help the sound level of the 

exhaust Jet of a TRD can be reduced by approximately 3-5 dB.  Only 

the use of more complex corrugated nozzles with an ejector allows 

decreasing the sound level 12-15 dB. 

The deficiencies caused by the Installation of noise-reducing 

nozzles are:  the Increase in weight of the powerplant (2-3%)t 
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the lowering of thrust of the engine (2-W, increase in external 

drag of the engine nacelle (as a result of the increase of wake 

drag), and the worsening of the economy of the engine. 

In selecting rationally the configuration of the noise-reducing 

nozzle, it is possible also to obtain the displacement of acoustic 

energy in the zone of high-frequency oscillations. Such noise, 

as is known, rapidly attenuates at great distances from the nozzle. 

On the whole, one should note that a satisfactory solution to 

the problem of noise reduction by means of mechanical nozzles has 

thus far not been found. 

25.3.2. Rational Location of Engines on the Aircraft 

The packet disposition (in one plane) of a series of engines 

makes it possible to reduce considerably the level of noise generated 

by the powerplant. The effect of the lowering of the level of noise 

is explained by the acoustic screening and interaction of zones of 

mixing of the Jets. 

rhe substitution of one powerful engine by a series of engines 

(of equal total thrust) can reduce by 5-15 dB the total level of 

noise. 

25.3.3.  Use of Ducted-Pan Turbojet 
and Turbofan Engines 

25.3-3.1. Effect of the Bypass 
Ratio of the Ducted-Fan Engine 
on the Level of Noise. 

An Increase in the bypass ratio with fixed parameters of the 

working process of the "original" TRD leads to a continuous lowering 

of velocities of outflow from the circuits and, consequently, to 

a lowering of the level of noise. 
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Figure 25.6  shows the effect of the bypass ratio y  on the 

velocity of outflow of gas from the ducted-fan engine at optimum 

distribution of energy. Taken as the original TRD Is an engine 

with a velocity of outflow <?r = 600 m/s. With an increase in y 

the average velocity of outflow of the gas is continuously decreased 

when y ■ 0  Or  ■ 600 m/s 

when y = 1.0  a-  -  h00  m/s 

when y = 2.0  a^  = 320 m/s 

when y = 6.0  o^  -  200  m/s 

Cj m/s 

L 
\ si 

< 
•«* WP 

V 

■ "~" — 

It ; 

Fig. 25.6.  Effect of 
the bypass ratio y  on 
average velocity of 
outflow of gas from 
the ducted-fan engine. 

Figure 25.7 shows the effect of the bypass ratio y  and tempera- 

ture of the gas in front of the turbine on the relative nolee level 

of the ducted-fan engine.  We see that an increase in y   from zero 

to 1.5 lowers the noise level by 20 dB.  At the same time the 

lowering of ft from 1350oK to 1200oK (i.e., 150°) decreases the 

noise level by only 5-7 dB. 

Flg. 25.7. Effect of the 
bypass ratio y  and gas 
temperature in front of 
the turbine on the lower- 
ing of the noise level AZ, 
in the ducted-fan engine. 
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From the viewpoint of providing an allowable noise level of 

the engine and lowering the operational expenditures, it is expedient 

over a long range of flight to use low-temperature ducted-fan engines 

with a high bypass ratio without any additional devices which decrease 

the noise level.  In comparison with the TRD, this provides a con- 

siderable economic effect and practically resolves the problem of 

combatting noise. 

The mixing of flows in the nonboosted ducted-fan engine 

additionally lowers the noise level (by 3-^ dB) as a result of the 

equalizing of the profile of velocities in the exhaust Jet 

(Pig. 25.8). 
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Pig. 25.8.  Effect of the 
mixing of flows in the 
ducted-fan engine on the 
noise level: 1 - without 
mixing of the flows; 2 - 
with mixing of the flows. 
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O• .3o• *• Effect of the Bypass 
Ratio on the Noise Spectrum. 

An Increase in the bypass ratio leads not only to a lowering 

of the noise level, but also changes the frequency characteristic 

of the spectrum of noise, shifting the maximum of its levels into 

the region of low-frequency oscillations. Thus, the same level of 

noise will subjectively be perceived by the human ear as a weaker 

sound (noise). 

Pigure 25.9 shows curves of the spectra of noise created by 

the TRD General Electric CJ 805-3 without a noise suppressor and 

with a noise suppressor and also a TRD with a rear turbofan adapter 

General Electric CJ 805-23. As we see, in the region of high- 

frequency oscillations the engine CJ 805-23 has the lowest sound 
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curves of the level of 
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A further deceleration of the outflow from the PTV, conditioned 

by the tendency to decrease the noise level even more. Is no longer 

Justified as a result of limitations applied by the compressor of 
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level (10 dB lower than that of the TRD CJ 805-3 with a noise 

suppressor).  This advantages proves to be very considerable if one 

considers that the use of the turbofan adapter increases the takeoff 

thrust of the engine by 35-^0^. 

25.3.3.3.  Comparison of Noise Levels 
of a Lift Turbofan and Compressor. 

The use of wing lift turbofans (PTV) with very low velocltle, 

of the outflow of gas (air) from the circuits at large values of 

y    makes it possible very considerably to lower the sound level. 

This is clearly shown on Fig. 25.10, from which it follows that 

when Op. = 180-200 m/s the noise level of the outflowing Jet of gas 

from the PTV does not exceed 105-107 dB. 
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the engine and fan of the PTV. Actually, considerations of the 

decrease in the dimensions and weight of the engine force designers 

to use compressor and fan stages with a high axial velocity at the 

inlet, reaching up to 200 m/s and more.  Thus, the noise level at 

100-105 dB, determined by the "whistle" of the compressor (fan), 

apparently, is now the lower limit of noise of the contemporary 

ducted-fan engine, which in the future should be decreased even 

more. 

N 

25.3.3.^. Effect of Throttling of 
Ducted-Fan Turbojet Engines on the 
Noise Level Produced by Them. 

Figure 25.11 gives graphs of the measured noise level of four 

TRD (ducted-fan engine) of equivalent thrust with different values 

of the bypass ratio (0, 0.9, 1.3 and 6) obtained with throttling 

of the engine.  These graphs characterize the noise levels caused by 

the three main noise sources in the engine: Jet stream (R.S), 

turbine (T) and fan of the second circuit (V). 
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Fig,   25.11.  Effect of throttling of the ducted 
fan engine on elements of the noise level pro- 
duced by it (according to data of firm Rolls- 
Royce):  [V](B) - fan; [T](T) - turbine; 
[R.S](P.C) - Jet nozzle (Jet stream); [Sh](lU) - 
noise suppressor. 

When y * 0  and with total load of the engine (R  ■ 100!?) the 

noise of the Jet stream of the TRD proves to be predominant (128 dB) 
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It can be reduced down to 118 dB, having used a mechanical noise 

suppressor, which completely muffles the noise of the turbine, 

reaching in the TRD a relatively high value (113 dB). 

With an Increase in the bypass ratio (from zero to 6) in the 

process of maximum load, noise of the Jet stream Is sharply lowered 

(from 128 to 100 dB).  The noise of the turbine in this case is also 

lowered but considerably more slowly.  Thus, when y   -  6  the noise 

level of a revolving turbine already exceeds the noise level of the 

jet stream. 

With an increase In the bypass ratio noise of the fan sharply 

Increases, which, beginning from y  = 1.1-1.2, becomes the 

predominant. When y = 6  the noise of the two-stage fan equipped with 

a guide vane, reaches a very high level of 12^1 dB.  Having used a 

single-stage fan (without guide and aligning vanes which create 

acoustic resonance). It is possible to reduce the noise level down 

to 106 dB.  Approximately such level of noise is measured in three- 

shaft ducted-fan engine Rolls-Royce RB.211.  It is considerably 

lower than that in any of the ducted-fan TRD known at present. 

With throttling of the engine the noise level of the Jet stream 

and, to a lesser extent, the noise of the fan and turbine are sharply 

lowered.  Thus, beginning with y   >  1.0, in regimes of moderate 

throttling of the engine the predominating noise proves to be the 

noise of the fan.  It is characteristic that in a "pure" TRD and in 

a ducted-fan engine with a high bypass, ratio (y  = 6)  with great 

throttling (R <  H0%)  the predominant noise becomes the noise of the 

turbine (MOO dB). 

Figure 25.12 gives directional diagrams of noises being caused 

by various elements of the TRD (ducted-fan engine) in the takeoff 

"egime of engines with various values of the bypass ratio. 

It is characteristic that the fan, depending on the length of 

inlet or exit channel and place of installation, can radiate noise 

both in the direction of the front and rear hemisphere. 
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Jet stream Rear fn   a} 
(p.c) KND     in,B'' Rear fan 

(Fan without guide 
vanes) 

Pig.  25.12.    Directional diagrams of 
noises being caused by various elements 
of the TRD in the takeoff regime at 
various values of y. 

25.3.^.    Use of Acoustic Lattices 

It is possible to prevent the propagation of noise of the com- 
pressor (fan)  In a surrounding medium. If we in air intake arrange 
acoustic traps  or lattices, which will either dampen the acoustic 
energy of the revolving rotor or will not let sound oscillations 
pass upward along the inlet flow.    Such devices, according to foreign 

-povt-    ,ire used on the ducted-fan engine Pratt-Whitney JT 8D-1. 

25.3.5.    Rational Selection of Takeoff Profile 
of an Aircraft Which Decreases the Noise 

over a Locality 

On the basis of the study of noise with the flight of a high- 
speed passenger aircraft, a rule was made that the maximum level of 
perceived noise under an aircraft in the region of habitable areas 
at a distance of 5-6 km from the beginning of the takeoff and 
landing strip of the airfield  (runway) does not exceed a certain 
permissible limit.    The limit in the USA is set for the day standard 
at 112 dB and night - 101 dB. 

By the rational selection of the takeoff profile of the 
aircraft it is possible to provide observance of these standards 
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In the limit of the airfield even with an Insufficiency of noise- 

suppression means. 

Figure 25.13 shows various trajectories of takeoff of a 

passenger aircraft of the type Tu-10^ with engines RD-3M and the 

change In noise level under these trajectories, 
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Fig. 25.13.  Effect of takeoff trajectory 
of an aircraft on the noise level at 
the control point (according to data of 
B. N. Mel'nikov). 

With a sloping takeoff (curve 1-2-3) with acceleration up to 

a speed of K = ^00 km/h at point 2 (Ä = 100 m; Z = 2.8 km; n  = ^700 

r/mln; R  ■ 9.5 T)  the engines transfer to a cruising replme of 

operation (n = ^100 r/min; /? = 6 r, line 2-2'); in this case with 

flight over the control point (point 3,, H -  180 m) the noise level 

is 116 dB (which exceeds the permissible sound level of 112 dB). 

If, however, a climb is made at a steep angle on takeoff up 

to an altitude of 300 m, and then at point 4 (# ■ 300 m; L  = 4.5 km) 

the engines change to a cruising regime of operation (line 4-4') 
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and acceleration of the aircraft up to P ■ 3^0 km/h Is accomplished, 
then with flight over the control point (point 5. # ■ S^O m) the 
noise level will be only 108 dB. The trajectory 1-4-5 has the 

designation of low-noiee. S 

One should note that of the two methods of throttling of the 

engine (decrease in revolution number when f,.  ■ const and opening 
of the Jet nozzle when n ■ const) the second is more preverable: 
with equal lowering of thrust it is characterized by a lower noise 

level of the outflowing gas Jet (Pig. 25.14). 
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Pig. 25.14.  Compari- 
son of two methods of 
throttling of thrust 
of the TRD on the 
noise level. 

50 80 70 80 90. 

637 



CHAPTER   26 

TECHNICAL-ECONOMIC CHARACTERISTICS 
OP AIRCRAFT GAS TURBINES 

26.1. Criteria of the Estimate of Technical-Economic 
Effectiveness of Aircraft Gas Turbines 

Various criteria of the estimate of the technical-economic 

effectiveness of aircraft gas-turbine engines are known. These 

Include partiautar engine  criteria such as, for Instance: 

1) specific fuel consumption C    .  kg/(kgf'h); 

2) specific weight of the engine Y $  kg/kgf; 

3) relative frontal drag of the engine nacelle, or the ratio 

to Internal thrust of the gas turbine to Its effective thrust, Kf; 

4) service life of the engine T, h. 

These Include also total  criteria which determine the effective- 

ness of the engine installed on the aircraft: 

5) relative weight of the powerplant and fuel system C  .   ; 
c ■ y ■ T • c 

6) operational expenditures, i.e., the cost of transportation 

of a ton-kilometer of load a', kopecks/(t«km). 

The cost of passenger transportation is an important criterion 
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which determines the economic profitableness of operation of the 

aircraft with the given engine; it is a function of the particular 

engine criteria of effectiveness noted above. 

Let us examine more specifically certain of the criteria noted 

above and the effect of various factors on them. 

26.2. Specific Weight of Aircraft Gas Turbines 

The specific weight of an aircraft engine is an important 

operational factor, which to a certain extent determines the 

technical-economic effectiveness of its operation. 

The specific weight of contemporary aircraft gas turbines 

depends on many factors, which include, in the first place, the 

dimensionality of the engine (i.e., magnitude of its thrust), 

compression ratio of the compressor determining the design com- 

plexity of the engine and its dimensional length (number of stages 

of the compressor and turbine, number of supports, need of adjustment 

and so on), temperature of gas in front of the turbine conditioning 

the need of cooling of blades of the turbine, bypass ratio, 

technologloal effectiveness and design perfection of the engine. 

26.2.1.  Effect of the Magnitude of Thrust 

With a decrease in the linear dimension (L) of geometrically 

similar engines,1 the thrust of them is lowered proportionally to 

the square and the weight of the engine - in proportion to the cube 

of the linear dimension, i.e., 

Ji~G,~L*i (26.1) 

<7"~Z',• (26.2) 

N 

'That is, engines having the same thermodynamic cycle, and, 
consequently, identical specific thrusts. 
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Consequently,  the specific weight  of geometrically  similar TRD 

changes  in proportion to the  linear dimension of the engine,   i.e.. 

Y,„ «,. ~/.. (26.3) 
S 

or in proportion to the square root of the thrust, I.e., 

V,..-^w. (26.il) 

This means  that  with a decrease  in thrust  the  specific weight 
of the TRD would be  continuously and rapidly decreased.    However, 
practice of designing the TRD shows that,  beginning from a certain 

optimum thrust,  a  further decrease  in the dimensions  of the  engine 
no  longer leads  to a  lowering of its weight.     This  occurs  because 
it proves to be  impossible to decrease  Infinitely  dimensions  of units 
of the  engine   (for example,  the fuel pump);  also  it  is  impossible 
to decrease infinitely the thickness  of walls  of the parts   (disks, 

etc.)  due to considerations of the disturbance of rigidity of the 
design.    Thus,  a  continuous  decrease  in  the thrust will not  be 

accompanied by a progressive  lowering  of the weight.    The weight 
of the engine  in practice can not even be decreased.    But  this  will 
now lead to an inoreaee  in epeaifia weight of the  engine,  i.e.,   to 

a  fundamental deviation from the  theoretical  law of the change   in 
specific weight   {26.H). 

For the TRD the optimum value of thrust at which Y „ = Y  ^^ 'AB        mln 
is   1200-1800  kgf. 

Figure  26.1 gives  the real dependence 

Ya.-W). 

constructed according to statistical data for engines with approxi- 

mately identical parameters of the working process and with similar 
gas-dynamic  and design schemes.    We see  that  in the region of  gas 

turbines of small dimensions the lowering of thrust sharply  increases 
the  specific weight. 
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Fig. 26.1. Effect of dimensionality of the engine 
(thrust) on the specific weight of the TRD. 

26.2.2. Effect of Compression Ratio of the Compressor 

With an Increase In the compression ratio of the compressor 

with constant thrust the length and weight of the engine Increase, 

and, consequently, the specific weight of the gas turbine Increases 

T 

Pig. 26.2.  Effect of 
parameters of the working 
process on specific 
weight of the TRD. 

In the region of low compression ratios (irj < ^1-5) a further 

decrease In irj} leads to an Increase In the specific weight of the 

engine, since, on the one hand, the specific thrust of the gas 

turbine rapidly drops, and on the other hand the necessary length 

of the combustion chamber (determined from the condition of providing 

complete and stable combustion In the cruising regime of flight) 
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Increases^ The latter leads to an increase In the distance between 

supports of the turbocompressor and, consequently, to the Increase 

In dimensional length and weight of the engine. 

The passage from a single-shaft design of the ^as turbine to 

double shaft with an Increase in ir*, and then to a three-shaft 

design, must lead to a spasmodic increase in the specific weight of 

the engine.  Meanwhile the aialysis of the experience of the develop- 

ment of foreign and Soviet gas turbines shows that the Increase in 

TT* in recent years did not lead to an increase in v  , but conversely. 

Is accompanied by a lowering of the specific weight. The latter la 

explained by the general progress of technology of the aircraft 

engine construction, specifically, the widespread introduction into 

the design of the engine of light construction materials and alloys 

(for example, titanium), an increase in pressure state of stages of 

the compressor, the use in progressive technology, which allowed 

reducing the vibratory loads of strained subassemblles and party of 

the engine and thus decreasing their weight. 

26.2.3.  Effect of Gas Temperature In Front of Turbine 

With an increase in rt when R *  const the specific thrust of 

the gas turbine increases, as a result of which the specific weight 

of the engine is decreased (see Fig. 26.2).  However, this occurs 

only up to the achievement of a definite level of temperature rl, 

beginning from which to provide reliable operation of the engine 

there must be introduced cooling in the beginning of nozzle and then 

rotor blades of the gas turbine.  The higher the gas temperature ft, 

the more it is necessary to use ever more effective methods of 

cooling of the blades (for example, air, evaporative, liquid, porous); 

but in connection with this costs for cooling, specifically, in the 

form of the complication of design and additional weight of the engine 

will Increase.  Experience in the development of aircraft gas turbines 

abroad shows that even the short-term increase in Tt  up to values 

of 1500-1550oK on aircraft requires the introduction of special 

cooling. 

N 
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26.2.^. Effect of the Bypass Ratio 
of the Ducted-Pan Engine 

An Increase in the bypass ratio In sustalner engines with the 

assigned gas generator, I.e., with the assigned Internal circuit, 

Initially leads to a lowering of specific weight of the engine. 

This Is explained by the fact that with an Increase In y  the thrust 

of the ducted-fan engine increases faster than the addition in weight 

conditioned by an increase in dimensions of the turbofan (front 

or rear turbofan adapter). Only at large values of y  does there 

■.'ppear an increase in specific weight of the engine.  Thus, curve 

Y  ■ f(y)   (Pig. 26.3a) has a minimum, which is determined by the 

correlation of weights of the gas generator and adapter. 

Fig. 26.3.  Effect of the 
bypass ratio on specific 
weight: a) sustalner TRD; 
b) lift TRD. 

Jf, however, an increase in the bypass ratio is accomplished 

with a constant thrust of the ducted-fan engine, then the regularity 

of the change in Y  with respect to y  is determined also by how 

much the dimensions of the internal circuit deviate from the optimum 

(Ä ./jp-x * 1200-1800 kgf). For example, at this thrust passage 

to the ducted-fan engine will continuously increase the specific 

weight of the engine. With a thrust of 18-20 t the introduction 

of the second circuit to values of y  ^  6-10 will lower the specific 

weight of the engine.  The specific weight of these ducted-fan 

engines (Pratt-Whitney JT 9D-1; Rolls-Royce RB.211J General Electric 

TF 39) will not exceed 0.175-0.180 kg/kgf. 

Plotted on Pig. 26.k  is semlempirlcal curve of the effect of 

y  on parameter A * G    /C _, which Is the weight of ducted-fan engine 

per air flow of 1 kg/s. For the majority of contemporary 
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double shaft ducted-fan engines of average and high thrusts, with 

high values of TT* « 12-20, statistical values A are well approxi- 

mated by the curve given on Pig. 26.4. 

The creation of a new class of ducted-fan engines of the 

"second generation" Is connected with the Increase in weight perfec- 

tion of the engines and with a further lowering of the parameter A 

at a given magnitude y . 

Figure 26.3b shows the regularity of the change in specific 

weight of a lift ducted-fan engine from the bypass ratio. Investi- 

gations and experience of the creation of lift engines Rolls-Royce 

RB.162 and Rolls-Royce RB.175 show that with the increase in y  the 
specific weight of the ducted-fan engine somewhat Increases. When 

j/ » 2 it exceeds the specific weight of TRD by 5-10!?. An Increase 

in Ynn of the lift engine with an increase in y  is explained by the 
flB 

fact that with a "super-light" gas generator the addition in weight 

from the turbofan adapter proves to be more considerable than the 

increase in thrust of the engine, 

26.3. Relative Drag of the Engine Nacelle 

With an increase in the external diameter and, consequently, 

mldsectlon of the engine, the frontal drag of the engine nacelle 

increases, and the ratio of the latter to the total drag of the 

aircraft in flight: 

fr^W 
tJHr.\\^''* Xr* 

'x riMOJUtl^'P   *»* "^ "tvttuut» 
(26.5) 

The more the relative drag of the engine nacelle, the greater 

"atio of K*  of intei 

effective thrust, where 

the ratio of K*  of Internal thrust of the gas turbine to the 

" »♦     "in "— Xf,g AM 
■H--—1 (26.6) 
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Here /?_L1 - Internal thrust of a Jet engine; R   .   -  effective 

thrust of a Jet engine; X      -  drag of a gilder. 

The coefficient K*  is inversely proportional to the effective 

quality of the aircraft: 

A/ — — —  j   • (26.7) 

With an increase in K*  there is an increase in effective specific 

weight of the engine, equal to 

Y..(.*) = -T!L=aY^/. (26.8) 

and effective specific fuel consumption 

C.v.,(ft)=3fiOO -|J- =€„/(,. (26.9) 

The relative drag of the engine nacelle at fixed values H,  M  . 
H 

Xw   s   and cf,   v  depends only  on a   ,     m\  and on specific  thrust of 
KB) (B)       V J «(r.fl) 

the engine: 

Ar.l * ^   B • 
"»ii        «Jf« 

where A  ■ const. 

Consequently, with fixed parameters of the gas generator 

(Tf, ■"'ui) with an increase In the bypass ratio (i.e., with a lowering 
of specific thrust), the relative drag of the engine nacelle con- 

tinuously Increases; correspondingly K*  Increases. 

Figure 26.5 gives the dependence of J        on R       for different 

Experimental scavengings of shortened engine nacelles (ducteo- 

fan engine) conducted in wind tunnels at large values of y   {y  • 5-10) 

£:how that by the rational shaping of inlet and exit parts of engine 
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Flg. 26.5. Effect of the bypass ratio on frontal 
drag of the engine nacelle. 

nacelles in combination with the blowing or suction of the boundary 

layer it is possible to reduce considerably the coefficient <?„/  „«,. 

In this case the product 0 ,  .5   with an increase in y  can 

remain practically constant. 

At subsonic flight speeds (MQ ■ C.8J ff » 11 km) the standard 

engine nacelle (o   ,       . ■ 0.0^1-0.09) have the magnitude Kf  ■ 1.05-1.08. 

26.14. Specific Weight of the Powerplant and Fuel System 

The important total parameter characterizing the economy of the 

engine and also its weight perfection is the specific weight of the 

powerplant and fuel system equal to 

Öe.f Or.« *     J-l    mm  '/f,y I   
'■a« 

(26.10) 
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where 

5c.y=^T -§*- -^»Ar,iw«(«; (26.li) 

«T.C^AT.J —-—^ =/(-T.c|ik.|,a[—--—f-1 JCy,1(Kp). (26.12) 

Here iw |*KP - the takeoff and cruising thrust-weight ratio of the 

aircraft respectively; /-„p. V^ -  range and speed of flight, respectively 

in the cruising regime; Y«ii(0) - specific weight of the engine; 

GMt -  takeoff weight of the aircraft; !(■,=*-—-  -  coefficient of 

weight of the powerplant, K    = 1.4-1.5; ^r.c^-Tr- -  coefficient of 
T VT Q 

weight of the fuel system, K = 1.05-1.10; a«»—-2"— - ratio of 
T •c "il*p} 

reserve of fuel expended during the whole flight to the expended 

fuel in the cruising section of the flight.  Usually a  = 1.05-].15. 

In formula (26.12) the fuel reserve for 1 hour of flight is 

considered. 

The less the specific weight of the engine, the less the takeoff 

and cruising thrust-weight ratio, and the less the specific fuel 

consumption, the less the relative weight of the powerplant and fuel 

system, the greater the relative commerical load of the aircraft 

and the less operational expenditures. 

26.5. Cost of Transportation of a 
Ton-Kilometer of Load 

In civil aviation the basic criterion of the estimate« of a 

technical-economic effectiveness of operation of the aircraft is 

*-he cost of transportation of a ton-kilometer of load equal (see 

work [5]) to 

•  A 

N 

„/—/o .00% ur TP^nytTT >Vfpr i"   kopecks ,   , fl (2'4"2'3) iÄ TZT' W-W 

Magnitude a'  Is the ratio of flying expenditures A  per aircraft- 

hour to the transport productivity of the aircraft V G        (taking 
P H 01^ 
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r 1 
into account airport expenditures and of underload of the aircraft). 

In formula (26.13): a - expenditure rate of the engine, 
considering the expenditures for its 
amortization and repair referred 
to 1 t of thrust in rubles/(t-h); 

P - takeoff thrust of the engine in t; 

ß - expenditure rate of the aircraft, 
considering the expenditures for 
its amortization and repair referred 
to 1 t of weight of an empty 
equipped aircraft, in rubles/(t«h); 

nycx 

o - 

«op" 

Y - 

n - 

VP- 

'KOM 

weight of an empty equipped 
aircraft in t; 

cost of 1 t of kerosene in 
rubles/t; 

average hour fuel consumption 
in t/hi 

wages of flight-lift personnel 
in rubles/number of passengers»h); 

number of passengers; 

trip velocity in km/h; 

commercial load in t. 

Factors conditioned by parameters of the engine affecting the 

cost of transportation are: expenditure rate of the engine depending 

on the service life (or amortization period) and dimensionality 

(thrust) of the engine; average hour fuel consumption dependent on 

the specific fuel consumption; empty weight of the aircraft dependent 

on specific weight of the engine. 

26.5.1. Effect of Service Life of the Engine 
on the Cost of Transportation 

With an Increase in the service life of the engine its expendi- 

ture rate a Is lowered, and, consequently, the flight expenditures 

and costs of passenger transportation a'  are decreased also. 
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Figure 26.6a shows the effect of the Increase In service life 

on the cost of transportation of the average mainline aircraft (SMS), 

having a takeoff weight of 0^ * 80 t and flight range of 

L -  ^000 km. 

«'  ^f^ 
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Fig. 26.6. Effect of parameters of the 
engine on the cost of operation of air- 
craft of civil aviation: a), b) effect 
of service life of the engine; c) effect 
of specific fuel consumption and specific 
weight of the engine. 

If in the initial stage of operation, when the service life of 

the engine was T   = 300 h, the cost of transportation was equal 0       pec 
to a' * I'».? kopecks/(t.km), then with a service life at 2000 hours 

magnitude a' is  lowered down to 9.2 kopecks/(t«km), i.e., almost 

'40%,    Similarly, an increase in the amortization lifetime of the 

engine on an aircraft of local airlines (SMVL) from 600 to 3000 

hours (see Fig. 26.6b) lowers the operational expenditures from ^2 

«-o 27 kopecks/(t'km), i.e., 35%- 

From the given data it follows that the introduction into 

operation of engines with great initial service life (about 
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800-1000 hours) and the Increasing of it during a short time to 

2000-5000 hours provides a high national economic effect. 

26.5.2. Effect of Lowering of Specific Fuel Consumption 
of the Engine on the Cost of Transportation 

With a decrease in the specific fuel consumption of the engine 

the average fuel consumption per hour of an aircraft is lowered; 

consequently, at the assigned flight range the fuel reserve necessary 

for flight Is decreased, and moreover it is decreased the more the 

flight range. 

The economy in fuel consumption AC , at a fixed takeoff weight 

of the aircraft, can be used either for increasing the commercial 

load or for increasing the flight range. In both cases the cost 

of the transportation is lowered. 

Figure 26.6c shows the effect of the increase in the economy 

of the engines on the cost of transportation of the aircraft of 

local airlines (SMVL). When the economy in the fuel consumption is 

used for increasing the commercial load, a 1055 decrease C      (for 

example, from 0.8 to 0.72 kg/(kgf'h) when M0 ■ 0.8 and Ä ■ 11 km) 
gives approximately a 10%  lowering of operational expenditures. In 

the same case, when the economy in the fuel consumption is used for 

increasing the flight range (when G 

operating expenditures Is only 6%. 
Ban const), the lowering of 

26.5.3. Effect of Lowering of Specific Weight 
of the Engine on the Cost 

of Transportation 

The lowering of the specific weight of the engine and, conse- 

quently, the weight of the powerplant makes It possible at a constant 

takeoff weight of the aircraft to Increase the commercial load or 

flight range. 

Figure 26.6c shows the effect of lowering of the specific weight 

of engines on operational expenditures. A 10%  lowering of y, 'AB 
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(for example, from 0.22 to 0.20 kg/kgf) gives a 4^ economy In the 

cost of transportation due to the increase in the commercial load 

and a 2%  economy as a result of the increase in the flight range. 

26.5.^.  Effect of the Improvement of Effectiveness 
of the Engine on the Whole on the Cost 

of Transportation 

The ducted-fan engines of the "second generation" being created 

at present have considerably better criteria (with respect to C    , 

Y ) than do the ducted-fan engines of the "first generation." 

Calculations show that the lowering of specific fuel consumption in 

the cruising flight regime (for example, when MQ = 0.8 and H -  11  km) 

from 0.78-0.80 to 0.6^1-0.66 kg/(kgf'h) and a decrease in specific 

weight of the engine from 0.2^1 to 0.18 kg/kgf allows bringing down 

the operating expenditures of long-range and medium-range main- 

line aircraft by 16-2355 (i.e., by 1/1« to 1/6). 

Appendices 1, 2 and 3 give nomograms for the determination of 

relative fuel consumption of a Jet engine and specific parameters 

of a ducted-fan engine. 

652 

i^^ -1 



■^ 

APPENDIX 1 
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•Nomogram for the determination of relative 
fuel consumption of a Jet engine. 
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Nomogram for the determination of specific param- 
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