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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 1s intended as a textbook for
students of mechanical engineering institutes
of the Department of Civil Aviatlon and
Civilian Aviation Colleges of the Ministry of
Higher and Secondary Speclal Education.

The book can be used also as a manual
for englneers speclalizing in field of
alrcraft engine construction,

The article has 12 tables, 376 figures,
and a bibliography of 34 nares,

Reviewers Prof. A. N. Govorov and
Candidate of Technical Scienczes V. M. Akimov,

Edltor Engineer K. Ya. Zaytseva.
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PREFACE

The book called to the attention of the readers 1s 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] (I'A) Colleges of the Minilstry
of Higher Secondary Education [MV i SSO] (iB u CCO) of the USSR.
It is written in accordance with the approved program on the course
of the theory of alrcraft engines for colleges of Aeroflot.

In complling 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 englnes used in civil aviation (design,
principle of operation, classification of the VRD; a brief description 3
of the development of the VRD).

The second part (consisting of five chapters) gives the theorem J
of thrust and examines thermodynamic cycles of the VRD and also
processes 1n baslc elements of the DVRD except for processes in
the compressor and turbine; which, as 1s known, are studied in
detall in a course on turbomachines.

PTD-MT=-24~ =70
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The third part (consisting of five chapters) 1s devoted to
research on the theory of turbojet engines. Initially the effect of

paraneters of the working process on specific parameters and efficlency

af tne TRD is examined. Then an account of thermodynamic bases of
control 18 given, and operational characteristics of TRD (throttle
and 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 1n detail
the theory two-circuit TRD, including the effect of bypass parameters
on specific parameters of the ducted-fan Jjet 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 ceventh part (consisting of four chapters) examines
speclal characteristics of alrcraft GTD including starting and
transitinnal processes, characteristics on noise level, and also
the technical-economic characteristics of the GTD.

The general theory of the VRD iIs 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 boock has
the operational directivity, which 1s expressed in the detailed
examlnation of operational characteristics of a'rcraft GTD, and 1n

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.

FID-MT=-24-123-70 xi11
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In working on the bock there has been wldely uwed the experience
of operation of Soviet gas-turbine engines accumulated in flight
subunits of civil aviation and also clinical informaitlion data on
foreign alrcraft engines published in aviation periodicals.

In the book units of measurement 1n 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.
Govorov (Kiev) and Candidate of Technical Sciences V. M. Akimov

(Moscow) for the valuable remarkc expressed by them upon examining
the manuscript.

A. N.
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p; T; v; p — pressure, temperature, speciflic weight,
density of gas, respectively;

¥V — speed

MO — M flight number;
H — altlitude of flight;
R — reaction thrust; gas constant;
va — specific thrust;
ya — specific fuel consumption;
Ce — effective fuel consumption;
Rnoo — frontal thrust;
Y6~ specific welght of the engine;
kR
o= eE:T — degree of compression (expansion);
§; A — degree of preheating of the gas during the
cycle;
Ga — mass flow rate of air;
Gr — mass flow rate of gas;
GT — mass flow rate of fuel;

xr — degree of energy exchange;

y — bypass ratio (coefficient of the distribution
of air between ducts); coefficient of
ejection;

x, y — bypass parameters;
NH; NT — power of the compressor and of turbine,
respectively;
N - effective power;
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specific power;

number of revolutions; polytrople exponent,
peripheral speced;

coefficlent of air surplus;

relative fuel consumption;

coefficient of completeness of combustion;
adiabatic work;

polytropic work;

work of friction;

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

effective (useful) work of the cycle;

thermochemical energy of fuel referred to 1 kg
of alr;

heat imparted to 1 kg of air (supplied heat),;
removed heat;
efficlency;

efficiency of compressor, turbine expansion
and compression, respectively;

efficliency of a propeller;
effective efficiency;
thrust efficliency;

total efficlency;

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;

specific heat ratio;

hub-tip ratio;

coefficlent of veloclty; coefficient of
consumption;

enthalpy;
air (gas) bleeding factor;

coefficlent of the conservation of complete
pressure;
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XY q(h); w(X); a(A); y(A) -~ gas-dynamic functions.

Superscripts and Subscripts

% — parameters of braked flow;

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

%'’ = the same;
® ~ boost;
H; T — compressor, turbine;
— reduced;
— during operation on the ground (V = 0);
— expansion compression;

he)
ws

propeller;
- thrust;
— effective;
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— reactive (exlt) nozzle;
= combustion chamber;

afterburner;
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!

.a — gulde vane;
c.a — nozzle box assembly;
ca.3 — free energy;
cm — mixing;
n.c — mixing chamber;
p; 0 — calculated;
na — ideal;
a6 — frontal;
Hp — critical;
3 — effective; ejector;
- diffuser;
available, initial;
- external;
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internal;
afg — adlabatic;

non = polytropic;
ya4 = specific;
e — englne;
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inlet;

outlet (exhaust) nozzle;

turbine of propeller;

turbine of compressor,

Basic Flow Areas

area of undisturbed flow;

inlet into compressor;

outlet from
chamber) ;

outlet from
outlet from
outlet from
outlet from
outlet from

compressor (inlet into combustion

combustion chamber;

turbine;

afterburner;
Jet nozzle;
mixing chamber (of the ejector).
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PART ONE

GENERAL INFORMATION ON JET ENGINES
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CHAPTER 1

PRINCIPLE OF OPERATION, DESIGN AND
CLASSIFICATION OF JET ENGINES

1.1. Concept of Reactive Force and Jet Lngine

From physics it 1s known that with the action of one body on
another with a certaln force the second body acts on first wilth an
equal and opposite guided force. The indicated interaction of
bodies 1s expressed by the law of equality of actlon and counter-
action of Newton.

If we call the actlion of the first body on tnhe second active
forece, then the action of the second body on the first wl!ll be
called reactive force. Judgment about Just which force 1s active
and which is reactlive 1is arbitrary.

Forces of interaction are applied to different bodies. When
they are not balanced, each of these Zorces can become the cause
of motion.

Let us glve 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 1s reactive force. Actually, durlng movement of the projectile
in the channel of the barrel there is an interaction of two bodies —

"TD=MT-24-123~70 2
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lg. 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.

tt.e barrel of effluent gases. The end of the barrel "ejects" the
rases with a definite force (active force). In turn, gases with the
s1re force act on the end of the barrel; the force acting on the

end of channel will be the reactive force or of coil force (see
Flg. l.la).

On the basis of the flight of an alrcraft equipped with an
englne with a propeller, there 1s also the reactive principle.
The propeller, in revolving, acts by 1its working surfaces on the
air with force P and rejects with definite velocity a large mass
of alr. In turn, the jet of alr 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 Fig. 1l.1b).
Thus, the thrust of the propeller 1s the result of reactive action of
relected air masses on the propeller,

W"inally, this principle is assumed as the basis of motion of
the standard powder rocket. Powder gases, flowing out under the
actlion of high pressure with an enormous velocity back, are repulsed
from wa. 1ls of the nozzle; the appearing reaction moves the rocket
forward (see Fig. l.1lc).

In this case what we will call a reaction englne 1f in any
engine the reactive principle 1s used.

STL=MT-24-123-70 3
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A reaction engine 1ls such a thermal engine whose therm:l energy,
which was liberated during combustion ol the fuel, directly Lurns
iiito kinetic energy of the gas flow, and the appearing reasction is
used as a moving force or thrust. Such an engine 1¢ culled engine
of direct reactlion, as opposed to englnes of indirect reaction, which
refers, for example, to plston propeller-driven unit; in this latter
case the thermal energy turns preliminarily with the help of crank-
connecting rod mechanism 1into mechanical energy of rotation of the
propeller shaft (engine 1itself) and then the mechanical energy
of rotation of the propeller turns into work of thrust as a result
of the rejection of alr masses (propelling agent).

A reaction engine does not have intermediate links for the
conversion of energy (crank-connecting rod mechanism, reduction
gear etc.); 1t also does not have a separate propelling agent
creating a moving force (thrust), which are for example, wheels of
an automoblle, caterplllar tracks of a tractor, watcr propeller of
a steamer, propeller of an alrcraft, hydroplane and snowmoblles.

A reaction engine combines the function of an engine and that
of the propelling agent, and in thls sense it must be compared not
simply with a piston engine but with propeller-driven engine, which
1s the comblnation of an engine with a propelllng agent,

1.2, Classification of Reaction Engines

The classification of thermal reaction engines (Flg. 1.2, 1.3),
first of all, is connected with the king chemlical fuel used and
methods of its obtalning and use,.

It 1s 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 reactlon appears possible, as a rule, in the presence of two

components of fuel: combustible and oxidizer.
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Fig. 1.2. Classification of reaction englnes
(according to the type of fuel used and
principle of operation).
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Fig. 1.3. Classification of reaction engines used
in civil aviation (according to the purpose and
duration of operation.
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To ensure continuous operation of an engine in {light, on aircraft
there must be a sufficient fuel reserve. The oxidizer cvan nlso
earller be ctored in the form of varlcus oxiygon-contwining ot b
liguid substances. As an oxydizer 1t 1s convenlent Lo use utincspherle
air — up to very high altlitudes (30-50 km) the atmosphere contains
asbout 20% (in weight) oxygen.

Depending on the method of obtaining and using the oxydizer
reaction engines are subdivided into two large clasues: rockot

(RD) and jet engines (VRD).

Rocket engines, in turn, are subdivided 1n accordance with the
phase state of the fuel used on solid-propellant rvcket engines

(RUIT) and liquid-propellant rocket engines (ZhRD).

Used as solid fuel (containing both the combustible and oxydizer)
1s smokeless powder (charges of plasticlzed nitrocelluloses and
nitroglicerine) and in recent years — a mixture of & polymer combusti-
ble (rubber with powder-like aluminum) and an actlve oxygen- -ontalning
substunces (for example, ammonium perchlorate).! Contemporary sclid
propellant is cafe to handle and also useful for prolonged storage.
Rocket engines of solid propellant are distinguished by o simplicity
of design, high reliability and, which the most important, extreme
slmpllcity of operaticon., The RDIT are engines of short-term
operation, but In two-three mlnutes they are able to develop enormous
pulses,

Liguid propellant used in a ZhRD are extracrdinarily diverse.
The most wildespread and effective of t.uem (according to data glven
in the foreign press) are the following:

oxydizer — nitric acld, liquid oxygen, tetroxide of nitrogen,
hydrogen peroxlde and others;

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




~,

e . e A . f e - s

eomhustibles — kerosene, alcohol, hydrazine, pentaborane, liquid
hydrogen and others.

The enumerated propellants and oxidizer form various kinds of
no-called bipropellant.

In several ZhRD a single-component fuel, for example, hydrogen
peroxide 1s used. The latter under the action of a catalyst
decomposes, forming a working medium - a highly heated mixture of
water vapor ::id oxygen.

Fuels used in ZhRD are characterized by relative cheapness and
high caloriflc power. However, in most cases they are toxic,
unctable In storage and are dangerously explosive,

The ZhRD are engines of lasting operation; they allow controlling
the thrust over wide limits. Their design 1s incomparably compllcated,
and their specific welght 1s more than that of the RDTT. Operation
of the ZhRD requires special measures of precaution.

In recent years "hybrids" of RDTT and ZhRD — rocket engines
nf miwzed fuel (RDST) have appeared and rapidly found widespread use.
The development of these englnes 1s 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 oxidizer are used. Used as a solid propellant is a polymer
with powder-like aluminium, and as an oxidizer — 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 eugine, for the ZhRD the fuel 1s stored in separate tanks of
the combustible and oxidizer, then for the RDST the solid propellant
1s contained in the combustion chamber and the 1liquld oxidizer in
a speclal tank (see work [24]).

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

fcither directly in the volume of the design of the engine itself
or in tanks), then the feed of the rocket engines with the combustible
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and waldloer depends on the condition of the suvreonradin: me Hoon e

flight regime. ‘Therefore, rocket engines can t¢ be used for tlighis

al very great helghts and In space and also over g wide ranee o7

Saperconte, nyperconic and orbital tlight cpeeac, O TR N L

to nute thut the thrust goenerated by the rocketl engines und trnelr

fuel consumpttion practicully do not depend on the altitude and cpeed
P i Filehe M

s
FrEEE T e e

we have already noted that used as un oxldizer in reaction +
ergrlues 1o the oxygen of the surrounding atmosphere, and us tne i

propellant for jet engines common kerosene 1s used.

1t 1g known thut with an increase in uwltitude wir denclity ls
diminicshed, and on very great altitudes the coitent of oxygen In

“he alr 1o decreased also., Thus the mass flow of the oxidlccer and,

cunseguently, propellant® with an increase in altitude or flirht of ;
the flight vehicle is decreased., Consequently, the thrust of the J
Jet engine with an 1lncrease 1in flight altitude uraveidubly decrcases, ‘
“hua, the reactlon engine is a low-=level engine. “he effectlivencus 1
of i1ts operation 1s limited by a flight altitude of 30-50 km,

Jn the other hand, the thrust of a Jjet engine to a certaln
extent depends on the flight speed. The greater the flight speed,
r the greater the inlet pulse of Llne engine, and the more difficult it
| 1o to Ircreace the discharge pulse of the engine., This leads tu the
fuct at high speeds of flight the thrust?® generated by any Jjet
engine unavoldably begins to drop dowa to zero., Thus the jet enginels
an enuglne of 1imited range of flight speeds. 'The maximum MU nuber of
flight cf « flylng vehicle with a Jetl englne is different for different |

types of englnes; it depends on 2 number of deslign factors and for

'More accurately, with an increase in altitude the thrust of
' the rocket englne somewhat lncreases.

v ensure complete burning of the fuel, the percent ratio of
the preopellant and oxidizer in the fuel-alr mixture must be maintalned
constant.

SThe thrust of a jet engine 1s determined by the differences 1n
the discharge and inlet pulses, i.e. R=(Mcext)ous—(Mcent)os.
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Jet engines of standard designs and types does not exceed My = 4-6,

But jet engines in the region of thelr preferential use are much

more economical than rocket englnes whose expenditures for operation
Lo a2 certain extent are determined by the consumption of an enormous

gquantity of a special oxidizer.

Reaction englnes are extremely diverse in thelr design, scheme

and princliple of operation. Depending on the method of alr compresslon,

they are subdivided into compressorless and compressor jet engines.

In compressorless jet englnes alr compression 1s accomplished
cnly due to impact pressure, 1.e., kinetic energy of incident air
flow. Such engines are ramjet engines (PVRD) and pulsejet enginee
(PUVRD) .

Ramjet engines are Intended for high supersonlic flignht speeds.
They are extraordinarily simple in design and have little specific
welght and good economy in the rated flight regime; however, they
are inaffective at low speeds of flight and, speclfically, cannot
operate and develop thrust 1n flight. It was attempted to correct
this organic flaw of the ramjet engine by transition to a pulsing
process of cupplying 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 Russlan 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-1" missiles. Further
development of pulsejet engines was not carried out.

In compressors of Jet engines air compression is carried out
by mechanical means with the help of axlal or centrifugal types of
compressors. These coupressors are driven by gas turblnes. Such
engines are called gas-turbine engines (GTD), since in them the
most important design element, the source of mechanical rotational
energy, 1s the gas turbine.

’
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There have been attempts to drive compressors of the jet englne
Ly means of a piston engine. However, such jet engines with o
{ feton=drloon compressor (MRD) proved to be oo ey ) tuley wrad
uneconomicul,  An example of an R engine iv qu oengires which woo
instulled on the alrcruft of Camplnil, who acconpliciv-d ceveral
flights in 1940-1942, and further development ot tihi: ‘yie o engline

did not continue.

Alrcraft gas-turbine cngines, in turn, are suodivided invo
turbojet (VRD), turboprrop (VL) and ducted-fun curio o oajinee
(CLURLY

When the power of the gas turbline 1is equal to the power of
Lhe compressor, the alrcraft gas turbine s called o turbojet
cengline.  In o P'RD all vhe useful uvpoeratlion of the c¢vele 10 cipenided
for increasing the kinetic energy ot the working mediwn, tor
aecelerating the flow inside the engine, and for the creation of

Lil'us L

when the power of gas turbine 1is used ulso for rotation of the
propelier, of the blower or an additional compressur In the second
duct of the engine, the alrcraft gas turbine is correspondingly
called a turboeprop, turbofan or ducted-fan TRL, 1n these englnes
the reactlive thrust lo created in two ducte, l.e., they huave two

propellling ugents,

The ducted-fan gas turbines, while belng more ¢omplex Inoa
deslgn respect, are distinguished by high economy and good operational
characteristlics, Combination of the turbojet und ramjet engines
aloe forms a varlety of a4 ductad-fan gas turblie — furioom/o!

Lmweine (M'PL)

Alrecrart gas-turbine englnes have become extyraordinarily wide
spread In alr transport because of thelr high economy, greut
service 1life, which provide them the possibility of reliably
vperating for long time, and the comparatively léw specific gravity.
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Alrcraft gas turblnes are engines of wlde range designed for subsonic
and supersonic flight speeds. They form the technical basls of
contemporary transport aircraft engline construction. The technical
and econcmic achievements of contemporary civil aviation are
connected precisely with the successful development aircraft GTD

and with the high level of thelr technical perfection.

The pecullarities described above of rocket and jet engines
and their ccrooarative merits and deficlencies have led to attempts
T tiae creation of mixed or combined rocket-jet engines, which,
on ldea, must possess considerable advantages over the "original"
engines and could be successfully used in a wide range of altitudes

and ¥, numbers of flight. Such engines are the rocket-ramjet

0
engines (RPD) and rocket-turbine engines (RID).

1.3. Layouts, Design and Principle of
Operation of Jet Englnes

1.3.1. Ramjet Engine [PVRD)

The ramjet engine (Fig. 1.4) 1s the simplest jet engine. It
consists of an inlet supersconic diffuser 1, ramjet combustion
chamber 2, equipped with a frontal, device 3 for fuel injection,
the formation of a fuel-alr mixture and flame stablilization,
and also a supersonic discharge nozzle of the type of Laval nozzle
4,

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

11




In the diffuser of the ruamjet engine at super:sontfce
speeds aeceleration of the flow 1z cawridd aus b

BRI
blique shocks, as a result of whlch thoree 1o o0

i alr pressure with little losses.

In the combustlon chamber, a3 a result of vne conbual o, 1

the fuel-alr mixture, combustion products <f high vonmperaturer are
generated., Jince in the gas and alr chunnel f

o el YRR M

elements are absent, thoen the temperaturs L Ui gaoos o e
~utlet from the combustion chamber can be ralced up to fto ilomiting
Lqlue (T§ = 2000-2800°K), which correspond.: + . the o

mixture ratlo (a = 1.0,.

. .
g ot e

In the discharge nozzle of the I'VRD there

LS N0 a 9 AR .
bR St SN A

woases up to the external pressure (counler) rosces

[ PV A

of which they {low out into the surrounding mediumn
forming a discharge pulse of the englne.

at ndgl speed,

Ramjet engines are intended for use as the basi.: power plant

of flight vehlcle at high supersonlc flight specd- (MU R0 %

1.3.2. Turbojet Engine (UhL)

The TR (Flg. 1.%2) is the simplest type of

ty T GO il PR
turbine. The basic design elements are:

inlet device L multl-stage
axlal comprescor (one-or two-shaft) H with a developea mechunication

and eontrol system, combustion chamber H, 0, most e o v nnndiar

type with indiviaual flame tubes and cprayers for eftfecetive fucl

combustion, one-or two-stage axlal turosine T und a jet nooule PLC,

When a short-term Increase (beoost) of thrust of the englne i:

nececsury, after the turblne of the TRLEF 4 trancient Jdiffuser ] and
afterburner: &.H. are irstalled (see Fig. 1.5b).

The turbcjet engine operates on “he thermocdynamliec Brayton

¢yele in the following manner: 1in flight the air from the external

meaium 1s sucked Into the inlet device. The axial velocity lIn

front of the compressor reaches 150-200 m/s, and the rarefaction

12
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appearing here ls respectlvely equal to Ap = 15=0.20 at, In flight

OC
at hlgh speeds the alr undergoes dynamic compression in the free

Juet and 1n the supersonic diffuser. 'T'he scootia otep of comprescinog
is the multi-stage axlal compressor. Comprescocrs of Uil buave
compression ratios "&U = (-14 and consist of 7-17 stuges. lreheutlng

of the alr in the ccmpressor 1s 220°-380°. The axiul veloclty at
the outlet f'rom the compressor is equal to 100-120 m/s.

As a result of the combustion of the fuel-alr mirxture in lhe
combustion chamber, the temperature of working medium reuaches 11009-

1400°K; in this case the pressure of the guas drops 3-0k.

The obtained combustion products are expanded i tho turbine
(first stages cof expanslon) for tl- creation of power necegsary to
drive the compressor, and, finally, are expanded in the diccharge
nozzle (second step of expansions). The axial gas velocity at
the inlet into the turbine is equal to 180-200 m/s (Mja = 0.1H=0,20)

and &t the exit from the turbine, 300-450 m/s (M“d = 0.50-0.7%).

The velocity of outflow of gases from the jel nozzle during
complete expansion reaches 600-750 m/s. The temperature at the
outlet from the nozzle 1s equal to 900-1000°K. At hLigh 7* und p¥*
the pressure differentlal in the discharge nozzle on a test stand
reaches critical and supercritical values. If the TRDI 15 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 nozuzle,
As & result of the outflow of gas at high speed from the discharge

nozzle, reaction thrust appears.

Flgure 1.5c¢ shows curves of the change in gus parumeters
(p*, I'* and ¢) along the gas-air channel of the TRD.

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 alr transport by more
economlic and less "noisy" turbofan engines.

14
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1.3.3. Ducted-Fan Engine (DTRD)

The ducted-fan engine (Fig. 1.6a and b) is a turbojet engine
Shoce thrust 1s created 1n two ducts: gas turbine (first) and
tan (second).

The term "fan" is conditional: 1t notes that the compressor
f the second duct has considerably less ratio compression than
the compffssor .1 main duct. The higher the bypass ratio of the
neine (,;' . the less ratio the compresslon of the fan. At high
spass ratios the DTRD is frequently called a turbofan englne
(TV1D). There 1s a large number of ducted-fan TRD of various schemes
and types.

ihe basic design elements of the TV1D (or ducted-fan TRED) are:
common intake 1, compressor of the first duct 2, combustion chamber
the 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 1in the
second duct in principle does not differ from the process of 1ts
{formation in th2 first duct of the DTRD and also 1n the TRD.

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

The main advantages of the DTRD, which provided its widespread
introduction irtc transport aviztion, are: high economy at subsonic
flight speeds, the possibllity of the use of an engine at high
~urersonic flight spceds, low level of noilse produced and, filnally,
nigh level of operational reliabillity.

15
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1.3.3. Ducted-Fan Engine (DTRD)

The ducted-fan engine (Flg. l.6a and b) is a turbojet engine
whose thrust is created in two ducts: gas turbine (first) and
fan (second).

The term "fan" 1is conditional: 1t notes that the compressor
of the second duct has conslderably less ratio compression than
the compressor of main duct. The higher the bypass ratio of the
‘npgline “?' . the less ratio the compression of the fan. At high
,pass 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 ducted-fan TRD) are:
common intake 1, compressor of the first duct 2, combustlon chamber
the 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 (durlng
separate gas outflows) or common discharge nozzle 7 (in the presence
of a mixing chamber).

During afterburners the process of forming draught 1n the
second duct in principle does not differ from the process of 1its
formation 1n 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 alr lines.

The maln advantages of the DTRD, which provided 1ts widespread
introduction intc transport aviation, are: hlgh economy at subsonic
flight speeds, the possibility of the use of an engline at high
supersonic flight speeds, low level of nolse produced and, finally,
high level of operational rellability.
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1.3.4, Turboprop Engine (TVD)

Since the thrust of a turboprop engine 1s 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 indirect reaction and also mixed thrust.

At the same time, the TVD can be conditionally added to the
class of aireraft ducted-fan gaa turbine engines.

The basic design elements of the TVD (Fig. 1.7) are: shaft of
propeller 1, reduction gear 2, intake 3, compressor 4, combustion
chamber 5, multi-stage turbine 6, exhaust 7.

The working processes 1n 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 conslderably
less speed of outflow. The reactive component of thrust of the
TVD on a test stand does not exceed 10%.

Alrcraft with TVD are widely used 1n air transport at subsonic
flifht, speeds (V = 400-700 km/h). The TVD's provide good takeoff
and landing characteristics of alrcraft, but in operation they are
conslderably more complex, than the TRD.

17
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CHAPTER 2

BRIEF DESCAHRIPTION OF THE HISTORY OF DEVELOPMENT
OF REACTION ENGINES

2.1. From Gunpowder Rockets to First
Designs of Reaction Engines

The principle of reactive propulsion has long been kinown to
sclence, 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 Indlan and
Chinese characters several centuries ago up to our era. In the 12th
and 13th centuri~s Chinese and Arabs wldely used reactlion arrows
equlpped 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
armlies 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 speclalists on rocket
methane. At the end of the 18th century troops of Indian principali-
tles In severe battles with English colonizers used combat rockets
on a mass scale. Subsequently, the production of these rockets
was studled and adjusted by the enterprising Englishman Congrave.
Nuring 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 Copenhiugen was burned,

An enthusiast of development of combat rockets in Russia at
the beginning off the 19th entury wuo Goneral A, Loo/oako. Lonib g
rockets were used by the hussian and anglo-Froerch troops during the
Crimean War of 1853-1856.

Une of the most prominent speclallsts in field of rocket bullding

in the 19th century was the Russian sclentist and artilleryman
.General K. I. Constantinov. His rockets were successfully used by
Russian troops against the Turks in the Russian-Turkish War ol
1877-1878. General Constantinov in his work "Combat rockets" was
the first who made the important conclusion on the wieeconomioc o
of rockets at low flight speeds.

T'he gunpowder rocket . £ the 19ih century could ot 3¢t be
examined as a reacticn engine because the time of 1ty operation was
very brief, the force of thrust was not regulated, and range of use
was tco limited.

The Great English Sclentist 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 boller with a nozzle and valve of
regulating the velocity of outflow of steam and was a prototype
of the reuaction power plant with forward motion.

Fig. 2.1. Reactlon vehicle of Newton
(17th century).




In the 19th century there appeared the first projects of
alrcraft reactlion engines for controlled flying vehicles. Among

them n important place is occupled by designs of Russlan inventors:

L.1. Treteskly (1849), N. M. Sokovnin (1866), Teleshov (1867),
N. I. Kibal'chick (1881), F. Geshvend (1886) and others.

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

The Russian revolutionary and Narodovolets N. I. Kibal'chich,
not long before hils 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'chieh 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.

a) Rk ’ﬁﬁfjj‘
A \,_) ewy ™

Fig. 2.2. Gun- —" (ﬂ,.. :
powder rocket S e KT o
engine of N. I, ‘ ___:D, RO
Kibal'chich whie . 2 :aﬂ,
(1881): a) sketch o _as = P70 4 i #57
of the author; ’Efi;rﬁn..bf o 5 ONY
b) sketch of the ; . LA

artist.
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Engineer IF. deshvend proposed the original design ol a reactlon
the englne developed by him for an alrcraft. Used 1in the engine
for the first time was the system of a multi-stage ejector, whiéh
served for sucking additional alr masses for the purpuse of increastog
the thrust and efficiency of the power plant. ‘'he propulsion system
of the acronautical apparatus of F. Geshvend (Fig. 2.3) consisted
of a source of gas, plpeline and an ejector located under the wing.
A similar design 34 years later was accomplished by the Frenchman
Melot, to whom was attributed preeminence 1n the creation of such

adapters.
Fig. 2.3. Aeronautical apparatus
of F. Geshvend (1b8t): 1 — working
! s A E} - ] § nozzle; 2 — adapters; 3 — zlots.
- R i =
/:’;',,{’,J” 1 | =E
J

In the beginning of the 20th century there appeared technloeally
valldated designs of basic types of Jjet englines. These include
designs of Russian englneers: Antonovich (1909), N. Gerasimov
(1909), A. Gorokhov (1911), M. N. Nikol'skiy (14*+;, V. I. Bazarov
(1924) and the design of the ramjet jet engine (191.) of the

Frenchman Loren.

The flrsct turbolet englne was lnvented in hkussla by englucer

N. Gerasimov.

'he rirst scheme of a pulsing VRD was proposed by englneer
Antonovich and was a pipe of variable sectlion open on one end
with a distributive mechanism for regulating the air feed. The
scheme of Antonovich was used in 1942 by Schmidt during the creation

of the winged missile "v-1",
A plston-driven compressor Jet engine was developed first

by engineer A. Goroxov. The engine of A. Goroxov (Fig. 2.4)
consisted of two combustion chambers, jet nozzles, and tanks with

22
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Fig. 2.4. Piston-driven compressor VRD of

A. Gorokhov (1911): 1 — combustion chamber;

2 — nozzles; 3 — compressors; U — engine

for driving of compressor; 5 -— inlet channels;
6 — valves for alr inlet into combustion
chambers.

plpelines. The alr entered through the intake into piston compressors

of the englne, was compressed 1n them, and then through valves was
guided into combustion chambers where speclal 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 origlnal design of the turboprop aircraft engine was
developed by officer M. N. Nikol'skily. 1In this engine (Fig. 2.5)
the propeller was driven by a three-stage gas turbine operating on
comho~t{an products of turpentine and nitric acid. Gases flowing
from the turbinc were gulded into the nozzle and created an
additional reaction thrust. In 1914 at a Russian-Baltic plant the
building of M. N. Nikol'skly turboprop engines with a power of
160 hp was started. It was proposed to install four such engines
on the alrcraft "Il'ya Muromets."

Fig. 2.5. Turboprop engine of
M. N, Nikol'skily (1914): 1 -
combustion chamber; 2 — pipeline;
3 — turbine; 4 -~ propeller.




Further development of the turboprop engine was found i1 Lhe
design of V. I. Bazarov, who offered a new scheme very similar to
the contemporary. The basic elements of the TVD of V., T. Bazarov
(Fig. «<.u) are: centrifugal compressor, combustion chamber, turbine,
discharge nozzle and propeller. In the combustion chamber of the
englne of V. I. Bazarov for the flrst time was applicd the principle

of" the division of ailr flow into the "primary" and "secondury".

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 kusslan sclentiests N. Ye. Chukovskly,
I. V. Meshcherskly, K. Ye., Tslolkovsky developed baslic positlons
2f the theory of reaction motlon, which unconditionally furthered
subvsequent sclentiflce and engineering-cechnical substantiated
development of reaction engines.

vne of the founders of the theory of reaction motion 1s rightly
considered the famous Russian sclentist Nikolay Yegorovich Zhukovskiy.
In his words "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. Zhukovskly was the first to derive the formula for
determining the force of reaction and investigated in detall the
tractive effliciency of a jet effluent from a moving vessel,
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The theoretical principles of the flight of the rocket are given ‘
by rrcf. I, V. Meshcherskly, who first determined the dependence
of the path passed by the rocket and its flight velocity on the
vel.city of outflow of gases, resistances of the ailr, force of
attraction and reserve of fuel. 1I. V. Meshcherskly created the
theory of m~-1on of bodles of varlable mass, which include rockets
md Jet alrcraft.

An enormous merit in the theoretical basls of flights c¢f
apparatwses Poeavier than of air with Jet engines and in the develop-

o

vl ronket engines belongs to sclientist and inventor Constantin
~duardovich Tsiolkovskily.

Trie first classical work of K. E. Tsiolkovskly "Investigution |
of cuter space by reaction devices" which brought subsequently to
nlnm world reputation, was published in 1903. This work investigates
rocket flight 1n various conditions and derives motlon equations
of a rocket known as equations of K. E. Tsiolkovskily; it gives a
scheme of the system of a llquid reaction engine operating on .

iquld fuels and liquid oxygen, and the advantage of an englne of
thls type is substantlated.

K. E. Tsiolkovskiy proposed to accomplish the feed of liquid
components of fuel into the combustion chamber by speclal pumps
and produce cooling of the combustion chamber and nozzle with the
components of fuel,

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

iduardovich proposed using controls ogerating in the flow of gases
flowing from the Jjet nozzle,

ouring 1911-1912 K. E. Tsiolkovskly expressed for the firsey
tine the 1dea about the creation of a stage space rocket, which,
in nls opinion, allows accomplishing taking man beyond the point
of the earth's atmosphere.

In nis works on rocket dynamics (1927-1929) K. E. Tsiolkovskiy

l
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Fig. 2.7. Rockets of K. I, Tsloikovskiy: a) {
stage rocket (1929); b) spaceshlp; c) rocket
(1903); d) rocket (1J)Ll4); ¢) rocket (191%).




doveloped the theory of stage rockets, examined advantages and
pecultiaritlies of various liquld fuels and oxidizers for the, and

also investigated methods of tests of the rockets (1934). He proved
the possibllity of rocket flight in alrless space and calculated

the necessary initial velocity of its flight for overcoming the forece
nf the esarth's attraction.

K. . Tsiolkovskly developed a large numbcr of original schemes
ot rockets (Fig., 2.7). He also proposed the design of a ducted-fiun
jet ensine (Fig. 2.8).

- b
Nozzle=-exhaurt Campressor  Fiston ran
pipe ergine

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

2.3. Development of the First Keaction Englnes
and Thelr Subsequent Development

The rapid development of technology in the beglinning of the
20th century (of metallurgy, compressor-gas-turbine construction),
successes achieved in development of such sclences as aerogasdynamlcs,

the theory of alrcraft engines and others created practical prerequi-

sites for th: development of technlcal valid designs and successful

construction of reaction engines.

‘n the 1920's to 1930's in the USSR various types of liquld-

propellant rocket engines were created and successfully tested.

The first liquid-propellant rocket engine in the USSR was

bullt In the Gas-Dynamics Laboratory (GDL) in Leningrad in 1930.
This engline (Fig. 2.9), called the ORM-1 an experimental reaction
motor -- developed a thrust of up to 20 kgf.
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Fig. 2.9. Liquid reaction
engline ORYM-1 (1930).

Proposed as oxidicers for liquld rocket engine were nitric
aceld, tetroxide nitrogen (nitric tetroxide), hydrogen peroxide,

tetranitrcemetnane, chlorlic eld unda thelr solution.

The gifted engineer F. A, Tsander in 1932 bullt and in 1933
tested the Jet englne Uk~2 (Fig. 2.10) with a thrust of 100 kgft.
. A, Trander also conducted aeep theoretical investligations
in the region of reactlive motion, develcped new thermodynamic
cycles of engines (Fig. 2.11) and for the first time proposed
a methed of thermal calculation the liquld-propellant rocket engine,

Filg. ..!1.. liquld propellant rocket
englne ubi-. of F. A, Tsander (1933).
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2.4, Contemporary Level of Development
of Aircraft Reaction bngines

Jet enpines were developed 1o tne peoginning of the Jocand woriag
War (1941) and became operational ul Lhe cnd of the war (1ubb=19hy),
These Include the German turbojet engines with an axial compressor
(YuMu=004 and BMV-003) and alsc the lFnglish TRD with a centrifugul
comprescor of the design of Frank Whittle "Hin-I" and "Derweni-v."
These englnes were respectiveliy jnztqiled on jet bombers le-Ct!
and tighters dloster "Meteor", whitch engased in limited combeat

participation on the western front.

I cur country development of the first TRD was started prior
Lo Lhe Jecond World War., The well-known alreraft declgner AL M.
Ljur'ka as early as in 1.7 propused the plan and deslgn ot the st
ducted-fan turbojst englne (Pig. .2.12) and in 1947 developed the

turbojet engine of original design "TR-1."

Flg., 2.12. Ducted-funr TR of
A. M. Lyui'ka (1937): 1 - inlet
hiamme L & & — cdupresgor; 5 —

combustlcn chamber; 4 — turbine;
ho= posuley Oo—= fan,

i

The r'irst turbojet englnes were far trom belng technically
poerteot; the thrust of them dla not cxeeed 800-900 kgf, the speciflc
welght wus very great (yﬂL = 0,40=-0.50 kg/kgf of the thrust); In
ceonomy, due to the imperfectiovn of the thermodvnamic cycle, they
woere considerably inferior to picrton propeller-driven enginec, and

el cpeelfle fuel consumption on Lhe test stand was much greater



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

Nevertheless, the use of the first jet englnes allowed sharply
increasing the maximum flight speeds of aircraft (by 200-300 km/h)
and achlieving the order speeds of 850-900 km/h. It is appropriate
t.o recall that the world record of speed of a speclial aircraft
"Thunder" with a piston engine in 1945 was 805 km/h. The better
serlal alrcraft with a propeller-piston group toward the end of
the war developed speeds of not more than 650-700 km/h.

iixperience in the construction and outflow of the first turbojet
englnes was widely used in the USSR and abroad with <he subsequent
improvemen! of the jet engine and the creation of new more effective
types of alrcraft gas-turbine englnes. As an illustration, Fig.
2.13-7,17 show cross sections of several gas turbine of the flrm

Iiolls Royce,

During the last 20-25 years the jet englne underwent great
development, They became the predominant engine type nct 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 alr cushion. Thus, the fleld of
application of the jet engine covers a broad range of subsonic,
supersonic, and also hypersonlic flight speeds.

The outflow of jet and gas-turbine alrcraft in clvil aviatlon
began in 1956. It 1s connected with the advent of on the air line:z
of the USSR on first passenger turbojet alrcraft in the world, the
Tu-104, with two TRD AM-3 of the design of A. A. Mikulin, the
thrust of each of which was equal to 8700 kgf.

During 1958-1960 there began the outflow of the aircraft I11-18
with four turboprop engines AI-20, with a power of 4000 hp each
of the design of A. G. Ivchenko.

Alr lines of the world since 1960 have been successfully flying
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because of thelr high economy, low level of producible noise (due
to the low velocitles of outflow of gas), the possibility of
considerable thrust augmentation on takeoff and in flight, the

posslbllity of thelr use over a wide range of subsonic and supersonic

flight epeeds on various aircraft, and the possibility of the
concentration of very high thrust 1n one unit.

Great successes have been achleved in the increase 1in the
service 1l.fe — period of service of the engines. 1f the service
life of the first TRD was 50-100 hcurs, then now the better gas-
Lurbine engines of civil aviation have a service 1life of the order
of 4000 acurs and more (service life of the DTRD Rolls Royce (onway
KCo. 12 1s equal to 7800 hours, TVD Rolls Royce "Dart" 6000 hours,
and the DTRD Pratt and Whitney JT n-: has a resource of 11,000
hours).

Increased technical pertection of aircrafi gas-turblne englnec
has made 1t possible to improve considerably the basic technlcal
and c~onomlc criteria of passenger aircraft — thelr speed, altitude
and range of flight; to bring down the cost of transportation of
each ton-kilometer (cr passenger-kilometer) of load.

Jhe 1950's and 196 5 .re noted for the rapid development of
Jet «nd rocket vechnolog

The largest alrcralt engine bullding firms of the capitalict
world Rolls Royce, Bristol Siddley (England), General Electric,
Pratt and Whitney (USA), Turbomeca (France), have achleved great
successes 1n the creation of new effectlive types alrcraft GTD,
increases in their economy, lowering of specific weight, increase
in the service 1life, and 1mprovement 1n operational characteristics.

Prie Joviet school of aircraft engine construction, which is
headed by well-known designers A. A. Mikulin, V. Ya. nlimov,
Ao AL Zhvetsov, A, G. Ivchenko, A. M. Lyul'ka, N. D. Kuznetsovy,
8. K. Tumanskiy ana cthers, for the lst 20-2% years achleved great

SUCTCJI8Eea.
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New types of oircraft gas-turblne engines deveioped 1: our
yp g

country, with respec. "o their basic technical und economi: criteria

Y

du not yield to the best ...dels of wollu ailvie ™ wheloe o, D,

At present clvil aviation of the USSR is expericncirg -
responsible stage of renovation and modernization of alrceraty

technology.

On air lines of the USSR there began operation of long-ronge
nain aircraft 11-62 with feour LUITRD and short-range main aireratft
fu=13% with two ducted-fan jet engines.

Juring the next twou-three years Aercflot 1s belng replenished
by new medium main-line uircraft Tu-154 with thre- UKD and also
1th aireraft of local alr lines Yak-40 with three ... ..

At present in the USSH, Englani, rrance and the UZA there 1s
telng contuctad an intencive ddevelopment of supersoenic nassenger
aclreraft, the outflow of which should start in the teginning of
the 1970's. ‘'lhese alrcraft are dJdesigned for cruising ¥ of flight

wo,oo= 2,2=2.35 (Tu-144, "Concorde" nd M = 0,7 (Boeing 2707),
JHP OKp
and alse ultltudes flight of the order of 12-20 Km.

SJoviet sclentisue, designers and engincers persistently vork
over the creation of new, even more technicully perrect rrining
vehicles and englnss necessary to the national ecunomy o tue

country.

Z.4.1. Developmunt of Pasic Pirameters of Alrcraft Gus=
Turbine kngines (According to Forelgn Dala)

2.4.1.3. Thrust

buring the last 20 years Lhe thrust, generated by some engine
has extraordinarily increased. Foreign experimental and designed
DTRD for heavy transport 51rcraft and alr buses are calculated
tor thrust of up to 18-22 tons in one unit,
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The minimum magnitude of "equivalent" thrust of the gac-turbine

engine deasigned for auxiliary purposes (units of starting,

presiurization, supplies of compressed air) is equal to 100-200 kgt

2.4,1.2, Rate of Airflow

During the last 20 years the rate of airflow of engines hou

Increased many times. In contemporary large-scale DTRD with a high
bypass ratio (y = 6-8) the rate of airflow G, reaches Lo0=-800 kg/s

and more,
2.4.1.3. Specific Thrust of the TRD

The specific thrust of TRD without afterburners 1n accordan
with a certain temperature rise of t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>