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ABSTRACT: This book 1s intended Zor engineers and may also be useful to
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operation of pulsejet, ramJet, and rocket engines are discussed. English
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PREFACE

d Ryscard Szymanl, Professor of Engineering
FDITOR
Jerzy Domaﬁski, Engineer

7 * % ¥*

: This book dlscussas the problemz encountered in the theory, de-
sign and research of pulsejets, ramjets, and rocket engines; the basic
consideratlions for the numerical analysis and development of these
engines are glven; a detailed analysis of the elementary processes 1is

« made as they occur in th.se engines, and the basic directions of their

developmnent are shown.

The book is directed towards engineers Iinterested in the techni-
cal zspects of aviation and rocketry. It may also serve ag a study-
gulde to graduate students of the different departments in mechanical

englineering.,

FTD-TT-64-291 -1 -




FOREWOR™

This book discusses pulsejets, ramjets, and rocket engilnes with
regard to thelr future in aviation, thelr present state, and tie':r de-
velopment in the techniques of rocketry and astronautlics. This 18 the
main cause of thelr continuously increasing significance in the con-
tauporavy world.

In thlis hLook a first attempt 1s made to synthesize the problems of
these engines sncompassing a wlde range - where the theory, deslign and
research are treated as undlvided factors of egqual importance in the
formulation of an engine,

This approach arose from the conviction ihat a great simlilarity
existed among the theoretical and technological problems of these en-
gines., They have In common & very specifig and declslve featur-= In the
manner 1n which they generate uhirust: this process, being straightfor-
ward and restrained only in one direction of motlon, converts thermal
energy into the kinetic energy of a Jjet stream, thus generating thrust.

In this hook the elementary prccesses are at first analyzed as
they appear independently in each of the engines under discusslon, then
the individuul features of eacn engine are pointed out, and those whlch
they have in common are described with regard to their design and re-
gsearch.

This task was the alrect result of the adopted approach. to dis-
cuss these engines as a well-deflned, Integrated bedy.

As to the ultimate application of pulsejet, ramjet, ard rocket en-

glnes, which presently occupy the forefront of heat engine development,

FTD-TT-64%-991 -2 -
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there exlsts the recognltion of two often seemingly opposing ideas: The
ldea of space flight and the 1ldea of & simple and economlcal preopulsilon
systam for conventlonal aviatlon. The author 1s convinced that these
ldeas Insplre and complement sach other, and that they will be achleved
during the next ten years as a parallel achlevement, and more or less
at the same time, by discoverles of designers and sclentlsts.

I am very grateful to the edltors of the Technlcal Books Publish-
ing Houso MON for thelr deciglon to publish this book. The form in
which 1t appeared 13 to be credlted to the sclentiflc editor, Jerzy
Domanski, for whose asslstance I extend my cordlal appreclation.

Warsaw 1961 Stanislaw WoJjcicki

FID-TT-64-271 -3 -




NOTATIONS

P [ks/cmel gtatic pressure

p* [kg/cme] absolute pressure

W[ static temperature

T* [°K] abgolute temperature

Y [kg/h3] specific welight

g [m/sec®] asceleration of earth gravity
P [kg-secaﬁnul density

@ (kg/sec] welght flow rate

S [kel thrust

J [sec) impulse

Hu [keal/ke] heat value due to 1 kg of combustible mixture
wu [keal/kg] heat value due to 1 kg of fuel
B [kg/hr] welght flow rate of propellant
b [kg/kg-hr) specific fuel consumption

a excess alr coefficlent

Py ratio of fuel to oxldizer

F [m2] surface area

w [m/sec) speed

a [m/zec) speed of sound

M Mach number

8 [keal/kg-"K] entropy

1 [keal/kg] enthalpy
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Chapter 1

ANALYSIS OF ENGINE OPERATION

The development of Ilndustrlal energy sources has always overtaken
the development of means of trannportatlon. Because of this observation,
engines whilch are used in transportatlon are derived primarily from
industrilal powerplants; and up to thils day these two groups of machilnes
have many things in common even in their particular detall. However,
jet propulsilon, and especlally rocket technology, created a requlrement
for specific transportation englnes. And here, for the first time, the
situation has become reverged: the internal combustlon turbine proved
to the the only englne which come to the power industry from the field
of transportation.

The approach to most englnes from the power Industry has left its
mark 1n the theoretlcal methods by which performance 1s evaluated, be
it & decrease 1n energy losses or the posslbillty of an lncreagse in
efficiency. However, it 1s the ultimate purpose of each propulslion en-
gine to develop thrust. It 1s important, therefore, to examine the
change in momentum or the working fluld which in effect creates the
thrust; a considerati-sn which is obvlously not heeded for Ilndustrial
powerplants.

L. L. PHE PRINCLPLE QF PULSEJET ENGINE OPERATION

The pulsejet engine (Fig. 1.1) consists of a bank of alr intake
ghutters, a combustion chamber with fuel Injectors and a spark plug,
and of an exhaust nozzle. Fuel 1ls Injected contlnuously irto the come-
bustion chamber and forms a cambustlble mixture with air. The latter

-5 -
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1s igrnited by an electric spark from the spark plug. As a result of
this combustion the burnt gaszes discharge from the nozzle and, because
of thelr 1inercla during the last phases cf thelr discharge, an under-
pressure 18 created in the combustion chamber. Thls opens the array of
unidirectional shutters and thus admits a fresh charge of air from the
atmoasphere to the inside of the engine.

This fresh air, mlxed with the injected fuel, again constiltutes
a burnable mixture which 18 1gnited by some remaining hot gases left
over from the preceding sequence. In this manner the cycle repeats 1t-
gelf, and because of the 1ncrease 1n momentum of each ejected charge
of air, the thrust of the engine develops.

From a thermodynamlec polnt of view the Lenolr cycle applies to the

operation of the pulsejet englne. Accordlngly, two thecoretical trans-

Fig. 1.1. Pulse;2t Englne. a) Schematic diagram of engine; b) theoret-
ical and physical cycle diagram; 1) array of unidirectional shutters;
2; fuel injectors; 3) spark plug; A) Inlet; B) combustion chamber;

C) discharge nozzle.

formations, namely the isobaric [sle~-isochoric] combustion 0~2! and
the 1isertropic expansion 2'-3', stand in place of three physical pro-

ceses: *he expansion 0-1 which takes place durlng the admission of

fresh air to the engine;, the combustion

n e wahE
crease 1n pressure and volume, and the adlabatlc expansion 2-3.
1.2. THE PRINCIPLE OF RAMJET ENGINE OPERATION

From a thermodynamic point of view the Joule cycle applles to the
operation of the ramjet engine (Fig. 1.2). The alrstream approaching

= § =
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at the fllght velocity ic compressed in the diffuser. The theoretically
isentroplc process of compression 1-2' 1s in reality an adiabatic
change because of energy losses due to the following conditions: the
existence of shock waves in the inlet regions of the diffuser (where
MO > 1) and the loss of energy caused by friction and by turbulence in
the subsonic region c¢f the diffuser. Fuel is then injected into the
compressed alir from injectors which are located upstream of the com-
bustion chamber. Fuel droplets which are thus atomized in the airstream
evaporate and wilth alr produce a burnable mixture. Thils streaming mix-
ture s then ignited by a flame stabllized behind an appropriately con-
structed flameholder. In this manner 1s established a flame front

which extends throughout the whole crogs section of the chamber, TFuel
droplets which could not evaporate commence to burn during their pas-
sage through the flame front and add to the combustion in the down-
stream reglcn of the combustion chamber. The theoretically iscbaric
process of heat addition 2'-3'" is 1n reality a change in state due to
the pressure drop 2-3. This pressure drop causes on the one hand the
aeromechanical loss of fluld intake. On the other hand, however, 1t

also causes an increase in momentum due to the addition of heat.

Fig. 1.2. The ramjet engine. a) Schematic diagram of engine; b} theo-
reftical and physical cycle dilagram; 1) oblique shock wave; 2} normal
shock wave; 3) injectors; 4) flameholder; 5) flame front; A) Diffuser;
B) change of state 1-2; C) cambustion chamber; D) change of state 2-3;
E) exhaust nozzle; F) change of state 3-4; G) s[kecal/kg-°K].

-7 -
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In addition to the mechanical losses, there also exist in the
combustion chamber losses due to incomplete purning and due to heat ex-
change with the envirorment.

The engine terminates in an exhaust nozzle, whereiln tre combustion
gases expand to atmospheric pressure. Losses which are caused by fric-
tion and by turbulence change the theoretically isentropic process of
expansion 3'-4' to the adlabatic change of state 3-4.

The increase in momentum in the jet stream, as descrited by the
above process, establishes the thrust of the engine,.

1.3. THE PRINCIPILE OF ROCKET ENGINE OPERATION

The cycle which can be compared to the operation of the rocket
engine is the Rankine cycle. This cycle (Fig. 1.3) can be achleved in
two ways, depending upon the type of propellant: in an eangine with
s80lid fuel (solid propellant) and in an engine with liquid fuel (1lig-
uid propellant).

In the case of an engine with solid propellant the container for
the fuel 1s at the same tlme the combustion chamber. One enploys pre-
peliants which are pressed or cast into definite forms which do not
change their shape during the reaction time., An ingitor squilb is
screwed Into the bottom of the combustion chamber. It starts the action
of the engine by igniting a charge which consists of a sack filled with
black powder. On the exhaust side of the combustion chamber is a re-
tainer which protects the exhaust nozzle from being choked by particu-
iate matter and which retains the propeliant. The throat ot the nozzle
is closed with a metval diaphragm. Upon ignition of the black powder
charge, both the pressure and the temperature 1n the combustion cham-
ber are ralsed by the resulting gases and ititlate the 1gnition of the
propellant. Then, as a consequence of the increase in pressure, and

partially due to the temperature, the diaphragm burats in the nozzle
- 8 -
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and comtustion gases begin to flow to the outside. The pressure in the
combustlon chamber stabllizes and devends on the equilibrium between
the rate of gas generation and the rate of gas outflow.

In the engine with liquid propellant, the oxidlzer a2nd the fuel
are contalned in separate tanks and are brought to the combustlon cham-
ber separately wlth the ald of pumps which are driven by a combustion
trubine. One of the liquid propellants {(usually the oxidizer, since it
appears in greater quantities) cools the exhaust nozzle and the combus-
tlon chamber on its way. The fuel and the oxidizer are thus brought to
the Injectors where the, are Injected into the combustion chamber and
burn following theilr evaporation and mixture. Combustion gases gene-

rated in thls manner flow through the nozzle and create thrust.

rd

3 8

Fig. 1.3. Rocket engine. a) Theoretical and physical cycle diagram;

b) schematic diagram of solid propellant rocket engine; 1) ignitor
squib; 2) black pewder charge; 3) solid propellant; %) retailner; 5) dia-
phragm; c) schematilc dlagram of liquid propellant ro:<et engine;

1) fuel tank; 2) oxidizer tank; 3) fuel pump; 4) turtine; 5) oxidizer
pump; 6) cooling jacket; A) Combustion chamber; B) exhaust nozzlg;

C) combustion chamber; D) exnaust nozzle; E) plkg/cm2]; F) 1/v[m3/kg]

The theoretical Rankine cycle which consists of the isochor 1'-2°',
the isentropic line 3'-4' and two isobars 2'-3!' and 4'-1' 1is achieved
in the actual engine by the isochor 1-2 which 18 shifted because of the
inherent masg or volume of the solld and by the combustion process 2-5
which droops because of the addition of heat and the opposing aero-dy--
namic forces, and by the polytropic line 3-4 which departs from the

= g =
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lsentrople line due to cooling and friction,
1.4, THE THRUST OF JET PROPULSION ENGINES

Figure 1.4 1llustrates the change in speed of air flow in planes
A-B and A'-B' which describe the situation ahead of and behind a mis-
Blle driven by two Jet propulsion engines. Away from the unperturbed
speed proflle there develop lateral perturabatlons which indicate the
areas dlsturbed by the missile. The missile proceeds wlth constant
speed, 80 that the aero-dynamic forces are balanced by the thrust of
the engines. The static pressures in the plane A'-B' are equalized and
are ldentical to the environmental pressure.

We consilder an elementary flow channel with a flow of unit mass
of alr m,, per second. The flow velocltles of thils mass 1n the cross
sectlons A-B and A'-B' are accordingly Wy . The change 1in mass veloclty,
which equals the change in momentum, because of the law of the conser-
vation of momentum, produces the unldirectlional force

Syj=m, (w — wJ (1.1)
Drag forces effect, of course, é decrease In the momentum of the fluld
flow. The increase 1n the latter Immedlately establlshes the thrust.

Since the missile proceeds with conatant epeed, as mentloned above,
these forces balance each other sc that the net force 1s equal to zero.

X8 =Zm; (wi —w)=10 (1.2)
In the preceding analysls, mass changes due to the addltlon of fuel
were disregarded.

We consider now the flow of alr through the ramjet engine (Fig.
i.5u) between the relference planes O-e.

The flow 1lmwpulses through sectlons O and e are, respectively,
5o = mowp + pFe S, =m,w, T p,F,
where ma and me are Intensities of mass flcw, FO and Fe are areas of
the respective sectlons, w5 and wy are flow velocities in the respective

- 10 -
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Fig. 1.4. Change in speed of airflow
streamlining missile.

[~ '}

Fig. 1.5. Distribution of pres-
sures acting on the inslde en-
glnes walls. a) Jet engine;

b) rocket engine.

sectlons.

The atmospheric pressure on the outer contour of the engine is
' (one neglects the aerodynamic drag forces).
Jpy dF = py(Fe - Fy)
The increase in the impulse of the fluld flow passing through the en-

gine 18 equal to the thrust of the englne

e

§=8 -85, -—Ffp,dF
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Substituting the above mentioned relations one obtains
S = m,w, — mgwy + F,(p, — po) (1.3)

Since the expansion 1n the exhaust nozzle approaches the pres-
sure of the environment (i.-~ pe =g = 0), and if one neglects the
increase 1in mass due to fuel addition (1.e., mg = My = m), the thrust
dependence is given by the equation

S = m(w, — wy) (1.4)

For the rocket engine (Fig. 1.5b) W = 0.

The thrust dependence for the rocket engine, therefore, is given
by the equation

Bl (1.5)

If one congiders the overpressure of the combustion gases as they

leave the exhaust nozzle, one obtalns
S =mw, + F, (p,— ) (1.6)

The change 1n flow verloclty along the axis of the engine causes
a corresponding pressure profile o the »2lls. The resultant of these
forces is in reality equal to the thruat of the engine,

In the case of the pulsejet engine, with regard to the unstable
nature of the fluid flow, the thrust quantitatively equals the J' mul-
tipllied by the number of cycles per second v

S=J-»
The 1mpulse of each charge of alr is
J =m'(w, —w,)
where m' 18 the mass of each individual charge of air, ﬁe 1s the aver-
age veloclty of combustion gases passing throught the engine.
Substituting m ¥ = m, c¢cne obtalns
§ = m(w, — w,) (1.7)
This expression is analogous to the thrust dependence of the ram

let engine (1.4), inasmuch as the exit flow velocity we is replaced by

- 12 -




the average [low velocity ﬁe‘

The pulsejet engine and the ramjJet engine are called Jet propul-
slon englnes.
1.5. PCWER AND EFFICIENCY OF PROPULSION

The driving power (Np) 1s defined by the product of the thrust
and flow velocity

N, = Sw,

Substltuting the respective relatlons for the thrust of a jet

propulsion engine or a rocket engine one obtains:

for the jet propulsion engilne

J\",,=J'rt(rz.t,—w.)m'.=|'f=l!lw'.(l—-'ﬂ = (1.8)
ID. '.
for the rocket engine
pr Mﬂ. .n. (1‘ 9)

If one seeks the extremum of Function (1.8) cne finds that the
driving power of the jet propulsion engine tends towards a maximum
when wo/'we temds towards 0, Whenever wo/we = 1, the driving power of
the jet propulsion engine is equal to zero, and it is obvious that the

thrust of this engine is then also zero.

Fig. 1.6. Propulsion efficlency of engines: for rocket englhe, npr’ and
for jet propulsion englnes, npp, Independence upsn the flight veloclty
Wo and the exit gas veloclty Weo

- I3 -
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On the other hand, the driving power of the rocket engine in-
creases continuously with increasing flight veloclty and exlt-gas
velocity.

Figure 1.6 represents a missile which is driven by a Jjet engine.
The missile velocity is LIE the velocity of the exilt gases from the

exhaust nozzle ol the engine w_. The velocity of exhaust gases with

e
respect to the atmogsphere 1s, therefore, We—Woe The kinetic energy of
the exhaust gases 1s thus only partially converted into driving powver.
The energy balence 1s hince written as follows

u& (wo—i).
Ny =— = Np 4 2l
g 7 2%
By substituting the respectlve expressions, one obtalns for the

driving power of the rluld ejected from the engines:

for the rocket engine

for the jet propulsion engine

ool ]

-

.

The quantity which takes into account the power losses in the ex-
haust Jjet of the combustion gases 1s the propulsion efficlency qp.
On expresses it throught the ratio of the driving power to the Jet
power

N
- 2
T N,

By transforming the above equatlion, one obtalna the reapective
expressions for the propulsion =fficlency of the rocket englne qpﬂ and

for the Jet engine nnp
a yp.

EX 5 %
Wy Wy

H-(-"f'i)n 14+ 2 (1.10)
iy} w,

okl A 2 e

N P e
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Botir of thiese expresslons are 1llustrated by the graph of Fig.
1.6. One nust glve attentlon to the realistic flight of a rocket ve-
hicle with a greater veloclty than the exhaust veloclty. Therefore, the
branch of the curve Tor = (wo/we for w,/w, > 1 has physical signifi-
cance. However; there 1s no apparent physlcal meaning for the branch
of the curve npp = f(wo/we, inasmuch as for wg > 1 the thrust of the
jet propulslon erglne is negative.
1.6. THERMAL AND TOTAL EFFICIENCY OF FLIGHT ENGINES

The Thermal efflclency takes 1Into account all thermal losses of
the engine, which are losses due to the 2nd law of thermodynamics, due
to the lrreversibility of processes, lncomplete combustlion and the ex-
change of heat wiltih the en~iromment. It 1s expressed by the ratio of
the driving power of the exhaust stream to the energy EW which 1s added

to the englne during one second

e
+ L -
For the rocket engine thils energv is glven by

E..,,=c( mu+§’;i)

and for the Jet propulsion engine by

E..,-eG(JWu-'}-%)

where J 18 the mechanical equivalent of heat, G is the weilght flow

rate of fuel cr propellant, Hu 18 the heat value of propellant, Wu is

the heat value of fuel.

The total efflclency is tie product of the thermal and propulsion

efficlencles
=
For rocket and Jet propulslion englnes one finds, therefore,
n - m (w' ad w.) ’ n'r mﬂ‘ | 1 )
P 1.1
(J’ Wa+ ) (m + R) (1.1




e

1.7. VELOCITY CHARACTERISTICS OF FLIGHT ENGINES

During the selectilcr of a propulsion system for a particular
flight vehicle the deciding roles are nearly always played by small
fuel consumption and, at the rame time, by high overall efficlench of
the engine. One secks small fuel consumption not only because of the
decreased costs hut primarily (for a given flight range) becasue of
the smaller integrated weight of the vehicle.

The graph of Fg. 1.7 allows us to draw concluslons about the
application of the individual types of engines, and in general about
the appllcation 1imits of engines whlch employ chemical fuels.

I+ is apparent from the graph that the extent of the applicabllity
of pulsejet engines is limited to subsonlc velocltites, In this region
their efficlency is higher than that of other simple flight engines
without moving parts, however, thelr efficiency 18 less than that of
the turbojet engine.* RamjJet englnes have a congiderable advantage
over other éngines (with the exception of the turbojet engine) in the
velocity*%egion of 4—13-thousand km/hr. Above this reglon the rocket

engine is most efflclent.

H 2 s
“x7

’ “ N

|

Vi

E
‘33 L]

R §8
R R
x fonjgots] A

Flg. 1.7. The dependence of the total efficlency o of flight engines
on the flight velocity w5, 1) Propeller-driven engine; 2) turbojet
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engine; 3) pulsejet engine; 4) ramjet engine; 5) rocket engire.
A) wo[km/hr?.

Conglderatlons other than small fuel consumption often declde the
selectlon of a pronulsion system. The factors whilch then are most fre-
quently taken into account are:

simplified design (application of ramjet engines for rotation of
propeller blades, or of pulsejet englnes to the propulsion of subsonic
target planes);

higt thrust-to-weight ratioc of engine (application of rocket en-
gines as takeoff assist units for airplanes).

1.8. DYNAMICS CF THE DEVELOPMENT OF JET PROPULSIONS ENGINES ~ A SHORT
HISTORY OF PULSEJET ENGLINES-~ RAMJET ENGINES AND ROCKET ENGINES

One may look upon the development of Jet propulslon englnes from
two vlewpolnts. First one may conzider i1t as a complex of parallel le-
signs 1in evolution, and second as a battleground of "fighting" a...
"mutually exclusive" systems which are subservient to the generatlon
of thrust. It appears that the second method better 1lluminates the
past of flight propulsion and allows 1nsight into 1ts future.

The basic factor which 1lnfluences the progress of avlation 1s the
battle for ever higher flight velocitles. It has declded the dirertlon
of engine development where the basic trend was set by the battle over
thrust. The thrust of each engine depends primarily upor the flow rate
of the working medium, the temperature at the inlet to the exhau=t
nozzle, the expansion in the nozzle {the ratlio between the inlet and
ex1t pressures of the nozzle), and the magnitude of the work of compres-
sion of the worklng medium.

The tendency toward an increase in the flow rate eliminated from
competition those englnes whose operatlon dld not produce thrust. And

since we are also concerned 1n this book with the pulsejet englne, 1t

- 17 -




was also the maln reason durlng the design of the turbojJet which caused
radlal-flow (centrifugal) compressors to be eliminated in favor of
axlal-flow compressors.

The maximum temperature in the englne 1s limlted by the materials
and by the propertles of the employed chemlcal fuels. The turbojet
englne 1s burdened with an "organic 1llness" produced by the high op-
erating temperature of the turbine blades. Thls basically willl spell
1ts quick "defeat" in i1ts competiticn with the ramjst engine.

The expanszion 1n the exhaust nozzle of a ramjet engine depends
on flight veloclty, however, for the turbine and the rocket engline 1t
18 selected on the hasls of thermodynamlc analysis of 1ts performance.
Therefore, tne ramjet can compete with the turbojet only at higher
Mach numbers (above M = 2-3).

Inasmuch as the compresslon in the engine defilnes the thrust and
the efflclency for the same fuel comsumptlon, the results of fhe anal-
yals are derlved in the main from the veloclty characterlstlcs of
flight englnes, as described 1n the preceding chapter.

The last factor which influences the thrust of the englne, namely
the work of compresslon of the worklng medium, will eventually lead to
tbe replacement of the ramjet by rockets even in stratospheri: flights.
For high Mach n.mbers, the efflclency of alr compression 1n the super-
sonic diffuser of the ramjet englne wlll be very low and will thus
cause a substantial increase of the compression work (as 1t pertains to
the specific energy content of the exhaust Jjet).

wor the rocket engire the work of comp:~s8ion is small (since the
compression factor of the liquld phase applies), or it 13 total equal
to zero (when the proplellant material 1s a solid}.

Can one foresee the time when certaln propulsion systems wlll
"predominate?" To a certaln degree the anawer to thls guestlion 1s given
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Fig. 1.8. Progress in the achieve;znﬁBof speed records in aviation.

o) Significant speed records of the last decades; - . -) extrapola-
tion of speed records for the comlng years; A) wo,[km/hr-103]; ) year.
by the graph of Fig. 1.8. The curve represents the progress in speed
records from the early days cof aviation to the present., It character-
izes very definltely the advarce achieved in aviation. Delineating

the speed records, thls curve shows a tendency toward an ever steeper
ascent. If one performs an extrapolation of this curve over the next
20 years (even if one is not optimistic), one must anticipate that a
speed record of 4000 im/hr (the beginning of the ramjet hegemony) will
be achievable by cecnventional means about 1965, although the gpeed
record of 13 thousand km/hr (the beginning of the rocket hegemony) can
be expected for the time period of 1975-1080.

Today 1t is still quilte difficult to predlct preclsely the time
when some of the above-mentloned qualitative changes are expected to
take place. However, the overall trend 1n the development of flight
propulsion systems remains even today uniquely deflned and cannot be
a point of dispute. With the intent to illustrate the achlevement dur-
ing the important stages of engine development, as 1t is here of Iin-
terest, the mogt 1lmportant events in its history are lilsted:
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Year: 848 - Marek Grek mentlons rockets in his writings (Byzant-

1um )}

1232 - First use of rockets as a weapon of warfare (China)

1259 - Schwarz discovers black powder (Germany)

1290 - First use of rockets in Europe (Spain)

1650 - K. Siemionowics writes his monograph on rockets (Po-
land)

1687 - I. Newton formulates the law of action and reaction
(England)

1816 - First applicatilon of rockets for rescue at sea (Ger-
many )

1850 - Seriles production of rockets with a weight of 20 kg
and a range of 3200 m (France)

1880 - Nobel discovers nitroglycerine (Sweden)

1895 - P. Paulet performs the first experiments with solild
propellant rockets {Peru)

1903 - K. Ciolkowskl writes his work "The Rocket in Cosmic

Space" (Russia)
1908 - R. Lorin receives patent for the ramjet engine (France)
1509 - R. Marconnet recelves patent for the pulaeJet englne

(France)

o T

1919 - R, Goddard publishes hls work "A Method of Reaching
Extreme Altitude (USA)

1923 - H. Oberth writes his work “Die Rakete zu den Planet-
enraumen”" [Rockets To The Planets].

1924 - Opening of an office in the USSR for the study of
rocket problems

1931 - First attempts with postal rockets (Switzerland)

1933 - E. Saenger publishes his book "Raketenflugtechnik"
- 20 -
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1.1

1.2
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[Rocket Flight Engineering] (Germany)

1936 - Establishment of rocket research centers in the USA

and 1n Germany

1942 - First liquid-rocket assisted takeoff of an airplane
(uSA)

1944 - Application of a pulsejet englne to the propulsion of
an airpiane - missile, and 1liquld propellant rocket

engine, applied to the propulsilon of a surface-to-sur-

face misgsile (Germany)

1947 - Breaking of sound barrier by an airplane powered by a
liquid propellant rocket engine (USA)
1951 - Filrst flight by an ailrplane powered only by a ramjet

engine (France)
1957 - Launching of the first man-made satellite (USSR)

1961 - First man in space (USSR)

REFERENCES
J. Stemmer: Raketenantriebe [Rocket Engines], Schwelzer
Druck and Verlaghaus A.G. Zurich, 1952.
E, Saenger: Dle Physikalischen Grundlagen der Strahlantrlebs-
technik [Physical Fundamentals of Jet-Propulsion Engineering],
V.D.I., Forschungsheft 437 [Assoc. of German Englneers, Re-
search Paper 437] Volume 19/1953.
g, Wolelelkl: Kis
low napedowych [Trends in Technical Development in Flight
Propulsion Engines]. Najnowsze konstrucje lotnicze - Napedy

[The Latest Designs i1n Aviation Propulsion]. PWT, Warsaw

1957. i
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Originally known as a turbine jet (The editor) ’
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Chapter 2

CHARACTERISTIC ENGINE PARAMETERS

For the selection of a propulsion system the deslgner 1s espe-
cially Interested 1n the following data:

what thrust can be achleved trom anticilpated availablé englnes,

hew high 1s their fuel consumptilon,

whate are their dimensinns,

how much do they weigh.

In order to facilltate a complete analysls, a serles of charact-
erlstic parameters 1s introduced which allow a comparison among en-
gines of one propulsion group, or of different propulsion groups among
each other. The most important of these parameters are stated below:

The parameter whlch characterlzes the excellence of an engine de-

sign for the generation of thrust. This 1s the thrust coefficient

s
C, = — 2. g
s (2.2)

where S[kg] is the thrust of the engine, E[kg/cme denotes, for the
case ¢f the rocket engine, the pressure in the combustlion chamber, for
the case of the pulsejet engine, the atmospheric pressure; for the case
of tt  ramjet engine, however, 1t is the dynamlc¢ pressure in the free
alr stream ahead of the engine; F[cmE] denotes for the rocket and
pulseJet engine the minimum cross sectional area of the exhaust nozzle;
for the ramjet engine, the maximum cross sectlonal area of the engine,
The parameter which characterizes the =ffectlveness of the fuel
consuned by the englne. This 13 the specific fuel consumption nof the

- 23 -




ot imta

propellant, s described by the relation
b B
=75 [ka/kgehr)

where B [kg/hr] denotes, for the rocket engine, weight flow rite of
fuel-oxldizer mixture; for the pulsejet and ramjet engine, weight rlow
rate of the fuel alcae.

Figure 2.1 shows the dependence ofi the specific fuel consumption
on the Mach number for four types of engines: rockets, ramjets, pulse-
Jets, and turbojets. Tn the range from M = 0 to M = 2,0, the most eco-
nomical of the englnes under conslderation is the turbojet engine with
afterburner; above M = 2.0, the least fuel consumption ig exhibited by

the ramjJet engine.

B
% l 1 I
™
7| ] —
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=
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Fig, 2.1. Dependence of the specific fuel congumption on the Mach nun-
ber for Jet propulsion engines. 1) Turbojet engine with afverburner;
2) pulselet engine; 3) ramjet engine; 4) rocket engine; A) bfkg/kg-hr].

Instead of the above parameter the concept of specific thrust 1s often
used, thls 1s also .eferred to as the speciflc lmpuise. The specific
thrust is the inverse of the specific fuel consumption

, 8 3600

w
E=E=T=; [SEC] (2.2)

where BS [kg/sec] is the weight flow rate of fuel and oxidizer or of
fuel alone, wim/sec] 1s the exhaust velocity, g [m/seca] the accelrra-

tion due to earth gravity ,




e

and can be definll as the thrust due to the specific flow rate. One
derives the specific ithrust from the weight flow rate of the fuel alone
in the case of Jet propulsion engines, and form the welght flow rate

¢l the fuel and oxldlzer 1in the case of the rocket engilne. Another ef-

fectlve Indlcator of englne fuel censumption 1s the range paraneter

where wy 1s the flight velocity in kmn/hr.,
The exlstence of thls parameter arlses from the well known range

expression of alrcraft drlven by heat engines
1
L=2°21n—— [km
) l—-v[ ]

where A 18 the aerodynamic excellence of the alrcraft; v 1s the ratio
of the initlal propellant welght to the total, 1nitlal weight of the
alrcraft.

The magnitude of the range parameter cna be derived immedlately
fron the range-limlted propellant supply.

In Flg. 2.2 the dependence of the range parameter on the Mach
mmber 1s shown for the englnes here under dilscussion. It 1= apparent
from the graph that the most economlcal propulsion system above M =
= 2,2 13 the ram]Jet englne; below this velecclty the greatest range for
the smae propellant load 1s achleved by the turbojet englne wilth after
burner.

The parameter which characterlzes the englne welght. This 1s the

thrust, normmalized to the speclflc welght
s '
Se“*a‘ ERS/kg] (2-3)

where Q 1s the engine welght (without propellant).
The value of the parameter Sc characterizes the engine design

from the viewpolnt of a specific cholce and the resulting utilircation
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Fig. 2.2. Dependence of Fig. 2.3. Dependence of the
the range parameter cn the thrust, normalized to the
Machn number. The notation specific welght of fhe re-
of Flg. 2.1 applies. action engine, on the Mach

number. The notation of Fig.
2.1 applies; A) Sc[kg/kg]
of the construction materials.
Flgure 2.3 Illustrates the dependence of the parameter Sc on the
Mach number. 1n this case the rocket engine shows 1tself to be the
most advantageous. This mark of the rocket englne explains 1its fre-
quent use in aviation for takeoff asslstance or for sudden demands for

increased flight velocity (e.g., in fighter aircraft).
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Fig. 2.4. Dependence of thruc*, normalized to the specific frontal
area of the reaction engine on the Mach number: The notation of Flg.
2.1 applyv, except for .he turbojet which 1s without afterburnzr.

A) Sw.10-3 (kg/m"e)'
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Accordingly, the parameter Sc represents a quantlty whlch sheds 1light
upon the cost of the engline to a certaln degree. Since the construc-
tlon cost per kllogram of englne welght 1s more or less constant for
21l flight engines, 1t follows that 1lts prlce diminishes with the
thrust increase per unit weight.

The parameter which characterizes the dlmensions of the engilne.
This 1s the thrust, normalized to the specific frontal area F of the

engine
So== Tkg/n?]. (2.4)

The parameter Sw characterizes the applicabllity of the englne
for highspeed flight. In Fig. 2.4 different flight englnes are com-
pared from this viewpolnt. Two conclusions are drawn fraa th~ compar-
ison:

the highest value of the parametfer Sw’ ocver the whole veloclty
range, 1s due to the rocket engilne;

the ramjet engine exceeds from this point of view the pulsejet

engine, beginning with M ~ 0.75, and the turbojlet beginning M ~ 2.0.

REFERENCES
2.1 R. Marquardt: Future of Ramjet Engines. Amerlcan Aviation
1-11, s. 24-28, 1954,
2.2 B. Stileczkin, Theoria silnlkow odrzutowych [Theory of Reac-
tion Engines]. Published by MON, Warsaw 1961.
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Chapter 3
FLOW PROBLEMS IN ENGINES

The characterlstic and common feature of pulsejets, ramjets and
rocket englnes 1s the utilization of thermodynamic processes through
gasdynamics,

The basic assemblies of these engines suffer from turbulence which
causes a reclprocating motion. All thermal processes are utlllized by
the resulting flow of gas through appropriately shaped ducts.

3.1. TURBULENT FLOW

The exchange phenomena between mass, momentum and heat are para-
mount among processes whlich taxe place in one of the most important
components of each internal combustion engine, namely the combustlon
chamber. The primary inrush of air due to vehicle motion, and the in-
tensity of these phenomena, causes turbulence in the gas stream as 1t
passes through the combustion chamber,

Turbulent flow 13 characterized by a sustained, irregular mixing
of flow particles which in turn results in an irregular pulsation of
velocity, pressure, temperature and particle density at each location
of the gas stream.

3.1.1. Characteristic Parameters of Turbulent Flow

A numerical evaluation of turbulence ls made with the aild of the
following characteristlic parameters:
— Intensity of turbulence: This is the ratlo of the rost-mean-

square veloclty of fluctuatlions to the mean flow veloclty.
@)

fy ==
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Wwhere ;==;%jﬁﬂﬁdt 3T 1s a time chosen sufficiently long tc permit
a determinati%n of the mean veloclty and ' is the fluctuation veloc-
ity;

— degree of turbulence L; This 1s a characteristic measure of the
volumetric mixing which takes place in the flow per unit length, where
in turbulent flow there exlists also a dependence between fluctuations
at two different locations within the fluldg.

Both of these parameters can be described relative to the thresz
axes of a Cartesian coordinate system, designated by w, v, and u.

Exchange phenomena of momentum, heat and mass are described for-
mally by the same equations:

— transport of momentum

A2 dx
o & dy
— transport of heat
B AU o
5Y &
— transport of mass
de
M=Dr7)-

- i
where %;, ];, E& ; are the gradients of the average velocity, tem-

perature and mass density, » g, D ; are the coefficlents of eddy vis-
coslty, eddy heat conductivity and eddy diffusion, and where rq m ;
are the shear stress, the rate of heat flow and the rate of mass
transport.

The subscript F for the transport coefficlents signifies that

these coefflclents pertaln to turbulent flow.

3.1.2. Characteristics of Turbulent Flow

Figure 3.1 shows the axial component of turbulent intensity as a

function of positlion in the transverse cross secf.lon of a duct.
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The axlal component of furbulent intensity Increases in propor-
tilon to the distance from the axls, attains a maximum and decreases
thereafter due to the influence of the pcundary layer. The depandence
0. the remalning components is simllar.

b [T 2
Rt
o e s ¢ A
F
g:: e
™y =
'iu [y

Fig. 3.1. The axial component of turbulent intensity as a function of
position 1n the plane normal to the duct. Here R is the radlus of the
duct and y the coordinate in the radial direction. A) Duct axis.

Figure 2.2 shows the change 1in the .xial compenenc €, and the
normal component €y of turtulent intensity along a duct with decreas-
ing cross section.

It 1s apparent frcm this figure that the axlal component dimln-
ishes in size as the flow veloolty increases, whereas the normal com-
ponent passes through a maximum.

The maximum of the normal component occars at half the duct ra-

dius.

—

j |

Pig. 3.2. Varlations of the axial and normal cowmponents of turbulent
intensity eu'and £, in a convergine duct. Here, u is the flow velocity

at a given cross sectlon, g the 3nlet {low veleolty {0.11 m/sec),

y
and z the coordinate along the core axis. A flow straightener of hon-
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eycomb construction with square openlings was placed at the inlet of
the duct. (M 1is the width of the duct)}.

Figure 3.3 shows the effects of slze and shape of nonstreamlined
bodles, inside a stream, upon the magniture of € as measured on ax-
is at a constant distance. One recognizes from the figure that the
shape of the nonstreamlined body has a small effect upon the value of
turbulent intensity. However, the value of turbulent intensity rises
sharply with an increase of the characteristic size of the body. An
example of a body of this type in a gas stream is given by the flame

holder in the combustion chambers of a ramjet.

- &% 7
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Fig. 3.3. Characterlstic effect due to the dimension L of a body, and
1ts shape, upon the axial component of turbulent intenslity €, in the

aerodynamic wake of the body. A) Fosltlon of body in duct; B) location
where turbulence was measured.

3.2 DIFFUSERS

The diffuser in a ramjet takes the place of the compressor in a
turbojet.

its task 1s to decrease the flow velocity to a value where stable
combustion is feasible within the combustion chamber and, at the same
time, to compress the alr without losses, if possible. The magnitude

of this compression has a dec.slve effect upon efficiency and thrust
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of a ramjet.

3.2.1 Diffuser Efficiency

The diffuser 1s represented by an appropriately shaped duct where-
in the ram pressure of the flowing gas 1is chaonged intc static pressure.
One distinguishes three types of diffusers depending upon their flow
character: subsonic, sconic and supersonic diffusers. Energy losses in
the diffuser ca: be expressed either by the pressure recovery coeffi-

clent

op =1 (3.1)

4 -
0 the to

tal pressure at 1ts inlet, or by the isentroplc efficlency which is

where pé 1s the total pressure at the exlt of the diffuser; p

defined as the ratioc of the actual to the theoretical increase 1ln en-

thalpy within the dlffuser

8i (;) !
g s
Yip = Al':—. x-;l. (3.2)

where Airz is the actual enthalpy rise 1ln the diffuser; ait the theo-
retical enthalpy rlse 1n the diffuser; MO the Mach number ahead of
the diffuser in the unperturbed flow; Do the statlic pressure ahead of
the diffuser; x the isentropic exponent.

Both of these expresslons are related through the equation

cp-"_(l+x:lMﬁ)-—l

-

(3.3)

3.2.2 One-dimensional, Steady-state Flow Through Ducts wilth Varying
Cross Sectlon.

Beginning with the equation for the continuity of flow
b
F w 0
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and the equation of momentum

dw 1 dp

dx p dx
we obtaln after a transformation, cf. [L3.6]

_f____(M,__l)_d_w_ (3.4)
F w

where F 1s the surface of the duct; w the flow velocity; z the longi-

tudinal coordinate; p the density; p the statlc pressure.

It 1s evident from the preceding relation that, for subsonic flow
(M < 1) and increasing cross sectional areas (dF > 0), the flow veloc-
<y decreases (dw < 0) whereas the density and the pressure increase
(dp > 0, dp > 0); for supersonic flow (M > 1) the situation 1s reversed
and one finds for an Increasing cross sectlonal area an increase in
flow veloclty and a decrease of denslity and pressure.

3.2.3 Flow Through the Subsonlc Diffuser

Figure 3.4 i1llustrates the flow through a subsonic diffuser. As
it is apparent from Eq. (3.4), the compression of subsonic flow mani-
fests itself in a diffus<cr which diverges in the flow direction. Flow
lines at the entrance to the diffuser (section 0-1) depend up~n the
degree of choking in the chamber which follows the diffuser. In the
case of a ramjet, the choklng depends upon the cross sectlonal area of

the nozzle and the amount of heat added to the flow in the combustion

chamber of the engine. The left part of Flg. 3.4 depicts the charac-

terlstlc performance of a diffuser. The performance curves are shown

]

Diffuser 4 and polnt 4 on the performance curve pertain to the same
case where choking is large {(the compression # 1s great, however, the
flow rate ¢ is small). In thls case the process of compression com-

rences already ahead of the diffuser. Diffuser B llluatrates the case
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where compression takes place only within the diffuser. In case C,
the exhaust chamber which removes the gas from the diffuser is choked
to such an extent that a partial vacuum is created at the inlet to

the diffuser (the diffuser behaves 1like a badly designed Venturil tube).

El ] 2

Fig. 3.4. Flow through a subsonie diffuser. o — Characteristic per-
formance of diffuser; m — compression; G — mass flow rate;MO — Mach

number in the unperturbed flow ahead of the diffuser (the arrow polnts
in thedirection of increasing M.); b — path of flow line ahead of the
diffuser, together with the corgesponding display of pressure ahead of
and inside the diffuser; p — overpressure caused by dynamic compres-
sion; # — longltudinal coordinate; 0 — effect of diffuser upon incom=-

ing flow line begins to show up; 1) inlet cross section of diffuser.
2) limit of static work.
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Compression in a diffuser is a reversible process with regard to
the expansion in the nozzle. However, with regard to the different
manifestations of the boundary layer in these two processes, the ex-
panslon process 1s much more efficient than the process of comprres-
sion.

Flow velocities change in the boundary layer, with respect tc the
statlonary wall, from zero at the wall to nearly the nominal flow ve-
loecity at a dlstance § from the wall (the so-called thickness of the
boundary layer). Thils change in velocity in the boundary layer is caus-
ed by friction. When the gas pressure increases in the flow direction
(as 1t is the case 1in the diffuser, for example), then the retardation
of the fluid due to friction is greater in the boundary layer th:a out-
side the layer. Thls can cause within the boundary layer a flow in a
direction opposite to the main flow of the fluid, and can give rise to
flcw separation and vortices.

Whenever the pressure gradient between the boundary layer and the
main flow is sufficlently large, vortices begin to enter the main flow
and decrease markedly the flow efficiency. The phenomenon of the ap-
pearance of vortices at the diffuser wall 1s sketched in Fig. 3.5.

As shown in Fig. 3.4, the flow through a subsonic diffuser 4 caus-
es simultaneously a compression outside and inside. In the limiting
cases 1t is possible to reduce the compression in the diffuser to a

compression of one type. Figure 3.6 depicts the flow through a difffus-

er where the compressinn takes nlace explusively o

=gt L S L - Y

L3

slon between sectlons 0 — 0 and 1 — 1 can be caused, for example, by
the addition of heat {which results 1n thermal choking) between sec-
tions 1 — 1 and e —e.

Upon the cutslde walls of the diffuvser, which are shaped similar

to airfoils, there acts a compression with a resultant force directed
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normal to the flow lines. In this manner a ramjet may function with an
outslde compression diffuser. The process of external compression may
be treated as isentropic, i.e., without losses. However, in diffusers
with inside compression, losses are caused by friction and the appear-

ance of vortices.

Fig. 3.5. The appear-
ance of flow separa-
tion and vortices at
the diffuser wall. 1)
Pressure rise; 2) d4dif-
fuser wall; 3) zero-ve-
locity surface; 4) flow
separation and appear-
ance of vortices.

Pig. 3.6. Flow through a diffuser with outside compression only. A) Ve-
locity increase; B) diffuser profile; C) pressure distribution on pro-
file.
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Pressure losses due to friction are apparent in the dynamic pres-
sure at the end of the dlffuser and are calculated wilth the ald of the

foliowlng expression

2
dﬁr“‘g:'g.;‘:"‘
Ce F,\?
)
2.5_n_!_ Fi
7 .

where Ct = 0.005-0.006 1s the coefficient of friction; € = 10°-20° the

diffuser inlet angle; ng Wy density and veloclity at the exlt cross
szctlon of the diffuser; Fl’ Fz inlet and dlscharge areas of diffuser;
APT pressure drop 1in diffuser due to friction; cl loss coefflclent in
flow due %o fricticn.

Pressure losses due to flow separation and vortices can be de~

scribed by the equations oselow
inton

. E
-]
FI
where X = (0.015-0.02) €, for e = 10°-20°.

Thus the total pressure loss in the diffuser 13 calculated as

Ap=zlpf+dp..="':3 Gty - (3.5)

whereas the pressure recovery factor 1s found to be

OO M P Oy W ) (3.6)
1 F U N
The efficiency of the diffuser 1s affected dedlisively by two facw

tors: the shape of the inlet profile and the Mach numher M at the in-
let cross sectlion. For a rectilinear inlet profile (fig. 3.7), the ef-
ficlency 1s determined, 1n addition to the Mach numher, by the dif-

fuser 1lnlet angle £ and by the shape factor © which 1s deTlned as the

ratlo of the dlscharge area to lnlet area.

F,
g=—1"

F
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Fig. 3.7 Metnods used to shorten diffuser length. g — Adequately de-
signed inlet profile; b — application of baffles to serve as an array
of flame holders; ¢ — bleed-off of turbulent boundary layer.

Figure 3.8 shows the dependence of the total pressure recovery

Tactor o, upon M, and €.

D 1

For small Inlet angles the compression efflclency 1s relatively
gireat, hewever, the diffusers turn out to be then quite long.

There exlst the followlng posslbllitiles to alleviate thils sltua-
tion (Fieg. 3.7):

— application of adequately designed diffuser 1nlet profille;

— application of baffles or flow guldes;

— application of bleed-off from the turbulent boundary layer.

Considering tre flrst of the Indicated metheds, be %t results are
obtalned by shaping the diffuser Inlet accordiny to a constant pres-
sure gradient o1 a constant veloclty gradlent.

An appropriately dasigned wall proflle is shown 1In Flg. 3.7a. In
both verslons of this nethod one subdlivides the length of the diffuser

into segrents and, asswning the correct changes in pressure or velocl-

ty, one _omputes (with the ald of the equations of state, lsentrcpy
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and contiqulty, as well as that of compression efficiency) in sequence

the surfaces of the selected segments.
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Fig. 3.8. Dependence of the pressure recovery
factor GD upen the inlet Mach number Mi and

the diffuser Inlet angle £ for the subsonic
diffuser.

The second possibility to increase diffussr efficlency, where at the
same time diffuser length ls shortened to the utmost, is i1llustrated
in Fig. 3.7b. In an appropriately designed diffuser (where, e.g.,
dp/dx = const.) the array of flame holders has been incorporated as an
integral component (in the shape of a cone A4 and as an annulus EB)}.
Flame stabillizers located in this form affect in a very definite man-
ner the direction of the compre=ssed flow. This diminishes to a large
extent the appearance of flow separatlon and vortices.

Figure 3.7c shows the methcd of increasing diffuser efficlency by
bleed-off from the turbulent boundary layer. The wall of the diffuser
1s hollow. S1lits are cuf into the inner wall and are connected by an
annular duct with the exhaust of the engine where the pressure is low-
er than that near the siits inside the diffuser. Through this arrange-
ment a bleed-off of the boundary layer takes place and only laminar

flow remalns within the diffuser.

- 39 -




TR s

e A

3.2.4, Flow Through the Supersonic Diffuser (M 1.5)

The flow through a supersonic diffuser is illustrated in Filg.
3.9. The supersonic diffuser 1s characterlzed by the appearance of a
normal shock front at its 1nlet. The normal shock front appears in a
position which depends upon the degree of choking: it may show up at
the inlet cross sectlon (Flg. 3.9a), 1t may be sucked to the inside of
the diffuser (same figure), or it may be found finally ahead of the
diffuser (Fig. 3.9b).

a:==drﬂ B
—-—.-.--_-'-—-
jj(\;l. {
[ 1N e,
' j<fale Libowa

K ¢

L i b z

Fig. 3.9. Flow through the supersonic diffuser. a — Flow wlithout nar-
rowing of conduit (normal shock at the 1inlet c¢ross sectlon or inside
the diffuser), b — flow with narrowing of condult (normal shock ap-
pears ahead of the diffuser and follows the shape of a curved stream
line). A) Normal shock front; B) oblique shock front; C) normal shock
front sucked to inside; D) curved shock.

In the last example the flow behind the shock behaves 1like 1in the
subsonic diffuser (the Mach number behind a normal shock front 1s al-
ways smaller than unity), where namely the dlverging stream lines
cause comrnression inside. In the case of stlll greater choking there
arises a transgresslon of the stable range of diffuser performance
(the pressure in the diffuser commences to pulse).

Parameters ahead of the shock. and behlind the shock, are linked

by the relations bzlow:
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. 5.10. Dependence of parametesrs fore and aft of the shock wave
upen the Mach number ahead of the snoonx,
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where @ My 2, p8, T,4 77 are the paramete.s ahead of the shock (den-
sity, Mach number, statlc pressure, stagnation pressure, statlc temper-
ature and stagnation temperature);  €'» My, p., po T., rp are the corre-
sponding parameters behind the shock front.

The graph of Flg. 3.10 shows the results of calculatlions for a
range of Mach numbers 1-3.5.

Single-shock diffusers are not considered for inlet Mach numbers
greater than 1.5 because of theilr low compression efficlency.

3.2.5 Obligue Shock Waves

In supersonic flow against a wedge (Fig. 3.1la), or near a con-
cave corner (Flg. 3.1lb), there arises from the apex or the vertex a
shock wave which 1s inclined relative to the flow direction (by the an-
gle 00), and which remalns staticnary with respect to the surface. It

is called an obllique shock wave.

Fig. 3.11 Formatlon of obligue shock waves.
a — Flow against wedge; ¥ — flow near con-
cave corner. A) Shock.

The dlrection of flow veloclty 1s parzllel to the deflecilng sur-~

Puzea (which form the angle 61 relatlve to the original flow direc-

State parameters fore and att cf the shock are related through

the eguations below
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The shock angle and the flow deflecticn angle, relative to the

original flow direction, are governed by the equatlion

) u—1 l‘ 2 ) 1
, 3("'._6)-[x+1+x+1 Mgdn-o,]‘”' (3:9)

These equations are explained graphlcally on Flgs. 3,12-3.16.

Oblique shock waves shown in Flg. 3.11 are referred to as attach-
ed shock waves (since they originate at the turning point). For the
case where the slant angle of the surface §>8 gr, the shock separates
1tself from the wall and forms a detached shock wave (Fig. 3.17) whlch
stands ahead of the slanted surface. The dependence of the 1limit sur-

face slope angle upon the Mach number in front of the shock wave is

shown by a graph in Fig. 2.18.
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Fig. 3.14 Densitv behind oblique shock as a function of Mach number of
original flow.
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Fig. 3.15 Temperature
behind oblique shock
as a function of Mach

number of original flow.

Fig. 3.17 formation of

separated, detached
shock wava. A) Shock;

B) 1im.
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Fig. 3.16 Shock angle
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2.18 Value of lim-
surface slope angle
function of Mach

number of original flow
for a cone and wedge. A)

Cone;
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3.2.6 Supersonic Two-Dimensional Diffusers

To improve compression efficlency at high Mach numbers (M>1.5),
one substitutes for a single strong normal shock a number of less in-
tense oblique shock waves which are terminated by a weak normal shock

(Fig. 3.19).

Fig. 3.19 System of oblique
shock waves. A) Normal
shock; B) oblique shock.

The most advantageous system of shock waves ls one where, accord-
ing to the theory of Oswatitch, the normal component < the Mach num-
ber from each shock wave remains unchanged.

M, in 0, = M; sin o1 = Mz sin oy (3.10)
With this arrangement the diffuser achieves the maximum pressure

recovery factor o which depends now only upon MO and the number of

D,
shock waves n. The latter can be interpreted as the number of stages
in the diffuser.

5
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Filg. 5.20 The 4' "f*user pressure recovery factor o, as a function of

D
Mach number MO in the incident flow and the number of shock waves {or
stages) n,
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Fig. 3.21 Flow deflection
angle 61 as a funection of

Mach number MO in the in-

ciient flow for a two-
stage diffuser.
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Fig. 3.23 Fiuw deflec-

tion angles § §, and
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%
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as functions of Mach

dent flow for a four-
stage diffuser.
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Fig. 3.22 Flow deflec-
tion angles 61 and 52

as functions of Mach
number MO for a three-

stage diffuser.
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Fig. 3.24 Mach numbers
MI and MII’ aft of the

obllique shock wave, as
functions of the Mach

number M0 in the inci-

dent fiow, for a three-
stage diffuser.
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Plg. 3.25. Mach numbers MI’ MII and MIII behind oblique shock waves as
functions of the Mach number MO in the original stream for a four-
stage diffuser,

Flgure 3.20 shows curves of these relationships.
The calculation of a supersovnic diffuser ought to be carried ocut
through the following steps: ‘

— from the graph of Fig. 3.20 one selects the number of diffuser
st.ages n.

— from the graphs of Fig. 3.21, 3.22 and 3.23 one finds the velocc-
ity deflection angles, relative to the incident flow directicn
in front of each shock wave (from Fig. 3.21 for n = 2, from

"a -~ -y P [ Eal fp— 1 rF_ - ey End ”~o ~Lo [ TN
Flgse Jecc 19" A ~ 35 &I Jrull Filg.e 3.23 $0 n = 4,
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®ig. 3.26. The shock wave deflection angle as a function of MO for a
two-stage diffuser,

— from the graphs of Fig. 3.24 and 3.25, one reads ol the Mach
number behind each shock wave;
— from the graphs of Fig. 3.26 and 3.28 one determlnes the shock

wave deflectlon angles.
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Flg. 3.27 Shock wave
deflection angles as

funetions of MO for a

three-stage diffuser.

3.2.7 Axially Symmetric Diffusers

dimensicnal aiffusers.

right circular cone,
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Fig. 3.28 Shock wave
deflection angles as
functions of MO for a

four-stage diffuser.

The above meth¢d of diffuser calculations pertains only to two-

The difference between flat diffusers and axlally symmetric dif-

fusers can be derilved from the difference In flow past a wedge and a

] Fig. 3.29 Supersonic flow
] past a cone.
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Fig. 3.30 Deflection angles
for obllique shock waves of
like intensity, for flow
rast a wedge and cone. A}
Cone; B) wedge.

In front of a cone there appears a shock wave similar to that in front
of a wedge, however, 1In this case 1t 1s In the form of a conical sur-
face with an apex which is common to tuat of the cone in the stream.

Also, stream lines, having passed through the rront of the shock wave,
do not assume Immediately a direction which 1s tangent to the surface
of the cone but follow curves whlich approach this condition asymptot-
ically (Fig. 3.29). The shock wave deflection angle o 1s smaller in

the case of a cone than that of a wedge with the same apex half-angle
§. On the other hand, the apex angle of the cone is greater than that

of the wedge for the same shock wave deflection angle. Likewlse, the

[

maximum apex angle of the cone is greater than that of the wedge (Fig.
3.18). Streamlines experience a congestion as they flow past the cone,
50 that the distribution of Mach numbers is uneven in the cross sec-

tion normal to the flow (Mach numbers rise in proportion to their dis-
tance frem the cone surface) and the compression of ~“he gas behind the

shock wave 1s isentroplc. The compression efficiency for the same pres-
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sure ratlo 1s somewhat greater, thervefore, for the cone inan For {he

wedge., 1 we utlllee the faot that the Llow boeth'nd a shock wave of
like intensity 1s similar for the cone and the wedge, we may verforn
the calculation Tor the axlally symmetric diffus:zr Iin thoe same manner
as for the flat diffuser, excepl for a correction to ti: apex angle of
the cone (Fig. 3.30).

The sequence of calculations for the axlally-symmefrlic three-~
stage diffuser 1s apparent from the schematic dilagram shown 1n Fipg,
3.31.

One begins to draw the diffuser by selecting at flrst point A4 at
a distance RO from the diffuser axils (where RO 15 the outer radlus of
the diffuser inlet area); this area is determined by the continuity
equation

Fywo =G

where ¢ 1s the mass flow rate of the gas; F, the 1inlet area; W and \

0
are the veloclty and specific welght of the gas in front of the dif-

fuser;

K ae 230

S fd b

Flg. 3.31 Schematic diagram for the design of
an axlally-symmetric three-stage diffuser. 1)
Diffuser axls; 2) wedge; 3) cone; 4) Fig,

subsequently one flnds polint B on the diffuser axls at the intersec-
tion with a line drawn from 4 at an angle Gy and finally pcint C at
the intersection of two lines drawn from B {at an angle 61) and from

A at an a»gle o, + 61.
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fine alss notes from the continuity equation that
G=uF n
where Wy ¥y B¥E T vrioctiy anu specific welght of the gas tehind
the last {riormal) shock wave; und Pl the iea of the normal shock wave,
ER {he Effect of Viscosity on the Performance of a Supersonle Dif-
. fusar

|

"he flow of a viscous gas Lurough a three-stage supersonis 3df-
fuser is shown in ®lg. 3.32. The boundary layer increases in thickness
with 1ty distance fr m the cone apex and attenuates the passage of gas
at the veriex of the concave corner by causing there a number of weak
shoclt waves to appear which merge subsequently 1.ato one strorg shock
wave. The l1ocatlon of these weak shock waves 1s not stabilized and pro-

vides .he cause of fluctuations 1in the passing gas stream,

Fig. 3.32 Fiow of a re-
ailstic gas through an
axially symmetric super-
sonic dliffuser.

The normal shock wave behaves 1n a simllar manner. The effect of
the boundary layer upon diffuser efficlency 1s magnifled by the number
of stages 1n the diffuser. Thls diminishes significantly the advan-

tages of these diffusers. Thus in particular one does not strive to em-

o

1oy muiti-stage diflfusers at low Mach numvers,

3.2.9 Flow Through & Diffuser at Off-Design Condltlons

. ¥Flow characteristics through a diffuser depend upon the system of
shock waves at its inlet. The condltions which influence the system of

shock waves are, according to thelr importance: the Mach number of the
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incicent flow und the degree of choklig In the ducet behind the dir-
fuser.

Figure 3,33 chows the case of a diffuser uperating at Its culcu-
lated design ¥Mach number although the choking 1s greater (a) or small-
er (b) than calculated. As can be seen from the flgure, the drgree of
choking has a direct bearing upon the location of the normal shock
wave and, at the same time, on the 1nlet flow area. Under design con-
ditlons the whole flow, equal to the inlet flow orifice, enters the
diffuser, When the choking is less than calculated (Fig. 3.33b) the
flow rate through the dif{fuser coes nct change, however, the normal

shock wave ls drawn lmmedlately inside the diffuser. If the duct

Flg. 3.33. Flow tnrough the diffuser at off-design conditions. Exam-
ple of flow at design inlet Mach number but with supercritical (a) and
relatively subcritical (b} choking: I — Oblique shock waves} Z — nor-
mal shock wave pushed upstream (due to increased choking); 3 — normal
shock wave drawn inside diffuser (due to decreased choking); FO - in-

let area cof flow lncident upon diffuser; sz — diffuser inlet area.

through which the subsonic flow passes olverges, th2re occurs an expan-
slon of the flow, an increase of the Mack number, a concurrent rise in
normal shock wave intenslty and a loss of compression efficlency.
Figure 3.34 illustrates the case where the Macn number of the in-
cldent flow 1s relatively less than (a) or greater (b) than that cal-
culated, whereas the choklug ir the Zuct behind the Aiffuser 1s held
unchanged. When the Mach number 1s less than t.at for wiich the dif-
fuser is designed, the deflectinn angles of obligque shuck waves ore

greater and the flow rate through the diffuser s less.
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Fig. 3.34 Flow through the diffuser at off-design conditlons. Example
of flow a'. designed choking bLut relatively smaller (a) and ;sr=ater (b)
than calculated Mach number; the legend of Flg. 3.33 applles.

In the opposite case (Flg. 3.34b) the deflection angles of ob-
lique suock waves are smaller than calciilated and the shock waves en-
ter inside the diffuser.

The normal shock wave then remalns w«ithdrawn deep 1inslde and the
diffuser efficlency decreases.

3.3 NOZZLES

The performance of nozzles in Jet engines depends upon the change
of thernal energy, llberated 1in the combust?on chamber, into kinetic
energy. ‘"he primary nrocess whilch conveys tlils change of energy 1s the
expansion of burnt gases. This basic process, however, is accompanied
by a number of side effects. These are: an exchange of heat with the
environment, the recomblnation of gas molecules which became dissocl-
ated In the combustion chamber, the transfer of rart of the erergy in-
to hydro-mechanlcal losses and the addltlon of heat from delayed burn-
ing of unburnt droplets of the mixture in the combustlion chamber. To
simplify the analysils of the process one considers 1t as an isentropic
e¢¥panslon and treats thereby the combustlon gases as an ldeal gas.

3.%.1 Flow Through Nozzle

The basic equatlons for the analysls of flow through a nozzle are:

— equatlion of energy

w; ﬂ!’
2% Ay % kLI
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- eguation of contlnuit
y

G = pywoFy = ywF

- isentropic equation

0o 1} LR

a _ (_ﬁ_} i (_?-)

Te Pl f 7.
where Yy TO, Pgs Yg — &% the velocity, temperature, pressure and
mass density of the gas at the inlet cross section ¢f the nozzle; w, T,
r, Y — the corresponding parameters at the exit cross section of the
nozzle; ap, ¢ the specific heat at constant pressure and the isen-
tropic exponent (which remains constant during the whole process of ex-

pansion); 4 the thermal equivalent of work.

By transfcrmatlon of the above equatlons one obtains the relation

.E.gl// 2gx ? % | » :%i
F — e ("p_.) (r.)

where F 18 the area of the cruss sectlion at thce exit of the nozzle,

The ratio ¢/F achieves a maximum for a particular pressure ratilo
p/py, known as the critical pressure ratlo. Thils critlcal pressure ra-

tio determines the relation

(£), <2 (2 )ﬁ
tle by x + 1

The correspondling critical temperature ratio is then found to be

T 2

T, x+1

The veloclty which 15 related to these critical parameters is

thus also known as Lne crlileal velocity and is sgual to the cound ve-
locity in thils section.
The value ;:‘ separates two types of nozzles:
for £->-§F- the nozzle converges and the discharge velocity
3 .

is smaller thén the sound velocity (Filg. 3.35a);

tor f-< i?l the nozzle is of the converglng-diverging type
L ] (]
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and the dilscharge velcelity 1s zreater than the sound veloelty. This

type of a nczzle is called Laval's nozzle (Fig. 3.35b).

a b
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|
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Fig. 3.35 Nozzles. a) con=
verging; b) converging-diverg-
ing (Laval's).

The section of the nozzle which is characterized by the critical
parameters has been termed the critlcal section.
. Beginning with the energy equation, one may determine the maximum !

velocity Woaxs OT that veloeclty whlech one obtains for an isentropic ex-

pansion to an absolute vacuum

Umay ™ ]/.2;5 Ty
*
where T 0 1s the stagnation temperature at the 1nlet section of the

nozzle.

The velocity which one obtains by expanding the gas to the ambi-

ent pressure p is determined by the equation

““"l/f’fﬂ; %["(f‘)“ (3.11)

where B 1s the absolute gas constant and u {he molecular w:ight,

The last two equations ere linked by the relation

| w=w,.,|/,_(f)§ (3.12)

This dependence is expressed by the curve of Fig. 3.36.
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Pig. 3.36 The value of

”max/” as a function

of the expansion ratio,

for different 1sentroplc
exponents k. The legend

of Flg. 3.35 applies.
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Fig. 3.37 The ratilo
F/Fyp as a func-

tion of the erpan-

sion ratio for ailf-
ferent values of K.
The legenu of Fig,

3.35 applies.

The gas dlscharge veloclty rices, therefore, with an increase in

the temperature at the nozzle inlet and with a decrease of the molec-

ular weight and the ratio of the exit to inliet pressure of the nozzle.

By transforming t:e corresponding equations for the exit condi-

tions, as gilven above, one can derive a relation between the ratio of

the exit area to critical area F/Fcr and the pressure ratio P/PU.

werd

Vel 2\
ok 4 1)

xfl

(3.13)
A

V-G

This relation 1s 1llustrated in Flg. 3.37.
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3.3.2 Shapes of kozzles

Thne proflle of a converging subsonlc nozzle 1s best formed acccerd-

1
ing to the law of Witoszynski

A ( _E)a (3.14)

1
where l‘=-7?. and where the remaining quantities are defined by Fig.
3.38.

Fig. 3.38 Nozzle pro-
file acgording to
Witoszynski.

The lcss coefflclent of veloclty for a nozzle shaped in this man-

ner 1s

',',,'_&7
: wy

where W is the realistlc discharce veloclity and w, the theoretical

t
discharge velocity. This coefficient has a value of 0.985-0.99.

For a nozzle wilth a conlc proflile the value of the coefficlent 1s
about 0.97.
The nozzle discharge coefficient

G .
""4-:1

G,
where Grz 1s the reallstic mass flow rate and Gt the theoretical flow

rate, depends upon the nozzle inlet angle, the ratlo of the cross ser-
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tions F/Fo and the expanslon ratilo po/p. Thls 1s apparent 1f we take
into acceunt the losses of the mass [low rrte through the nozzle due
to an uneven veloclty prorlle at the inlet section and due to friction.

The above dependence 1s depicted by the curves of Fig. 3.39.
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Fig. 3.39 The discharge coefficlent of a converging nozzle as a func-
tion of the expansion ratio and the area ratio F/F The legend of
Fig. 3.35 applies. A) inlet angle.

De Laval's nozzle profile can best he formulated in accord with

the relations expressed in Fig. 3.40.

‘ ] ' P’

- n L r.(g-.(_fr.

A wmm=ﬂdn ‘
Bt

Flg. 3.40 De Laval's nozzle
profile. A) For the converg-
Ing segment of the nozzle.

The wveloclty loss coefflclent for a nozzle of thils type amounts to
7, == 0,97 < 9,99

3.3.3 Nozzle Perfermance at Off-design Conditions

The mass flow rate of a gas through a converglng noz:zle 1is 1mmin-

ently related to the ratlo of pressures which exist at the inlet and
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at the exhaust of the nozzle. The pressure at the exhaust of a converg-
Iing nozzle (disregarding the narrowing of the flow as it i1s caused by
the reaction agalnst the conically orlented stream surfaces near the
walls) equals approximately (although 1t is always somewhat higher) to
the pressure outside. This effect is shown by the curve cf Fig. 3.41,
Whenever 1t is desired to increase the gas flow rate through a converg-
ing nozzle one must increase the pressure at the inlet to the nozzie
or, keeplng this pressure constant, one must increase the area of the

exlt section of the nezzle. A change of the back pressure, In thne ex-

A & 'j?
o ”
i
- \
/ \
b
1 |
ml
i ,{*mu

@ 0 u W {

Fig. 3.41 The
change of mass
flow rate from a
converging noz-
zle as a functlen
of the ratio of
outslde pressure
to 1nlet pressure.
A) G/Gkr'

ample of a converging nozzle, causes a simultaneous change of the mass
flow rate and of the pressure at the nozzle inlet.

However, if one starts with the critical pressure ratio (when the
exit section of the nozzle assumes the critical value) then the mass
flow rate through the nozzle is flxed and the back prz2ssure has no in-
flience., Yet in this case the calculated pressure at the exit sectlon
of the nozzle differs from the outslde pressure, and one says that the

nozzle is operating under off-design condltions.
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Fig. 3.42 Flow at exit of De Laval's nozzle with an outside pressure
smaller than the exlt pressure. pmyz ~ Exit pressure (at the exit

section of the nozzle); p, — outside pressure (atmospheric); p — pre-
dominant pressure of a gilven zZone,

When the outslde pressure 1s less than the existing pressure at
the exit section of the nozzle, then the expansion of the gas contin-
ues alsc in the stream behind the nozzle. A number of rarefaction
waves is generated at the trailing edge (dashed lines in Fig. 3.42
which reflect at the jet boundary as compresclon waves, etc.), thus
forming the well-known picture of a system of expansions and compres-
sions in sequence. These processes are nonisentropic in character and
thus give rise to losscs in energy.

For the case when the outside pressure is greater than the ex-
haust pressure of the converging nozzle, the phenomena of Fiyg. 3.43
arise. For a small overpressure (Fig. 3.43a) oblique compression waves
appear at the trailing edge of the nozzle and reflect at the stream
boundary in the form of a number of expansion waves, etc.

For greater overpressures, compression waves recede into the noz-
zle and a strong curved compression wave appears in the central region
of the flow (Fig. 3.43b). Further pressure rise, responsible for the
recession of the compression wave, causes a detachment of the boundary
layer behind the wave, thus giving rise to a significant increase in

energy losses (Fig. 3.43c¢). The inception of this effect 1s expressed
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with the ald of Summerfield's crlterion. This criterlon can be dec-
cribed in the f'vllowlng manner: There exists the danger of flow detach-
ment when the half-angle in the diverging and supersonic region of a

De Laval's nozzle 1s on the order of 15° and when the expanslon ratilo
is greater than 16, 1.e., when the ratio of the nominal exlt pressure

to that outside 1s less than 0.4,

fi'

Fig. 3.43 Flow at exit of nozzle with an outside pressure greater than
the exit pressure. a -— Exhaust stream for small pressure difference;

b — appearance of a receding bowed compression wave; ¢ — detachment of
flow for great pressure differences.

3.4 THEQRY CF THE GAS EJECTOR
The ejector consists in its simplest form (Fig. 3.44) of a noz-
zle which ejects z primary gas stream of high stagnatlon pressure, and

a chamber whereln energy is transferred from the primary to the second-
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ary ostream by means of turbulent mixing.

This process results in an increase of the stagnatlion pressure in
the secondary gas stream.

Ejectors found appllcatleons 1n technology 25 compressors, deliver-
ing a greater quantity of gas at lower oressure at the expense of ener-
gy from a smaller gquantity of gas at higher pressure, also as roughlng
pumps In vacuum systems for the lowering of pressures In tanks and
plpes. In the fleid of aviation, one hopes to increase with thelr ald
the thrust of jet engines,

3.4.1 Basic Operation of the Gas Ejector

The principle of operatlon of the gas elector 1s described in the
following manner. A pressure Py 2xists at the inlet section of the mix-
ing chamber, under steady-state operating conditions, which is lower
than the stagnation pressure p; in the seccndary gas stream, but which
is equal to the statlc pressure of the primary flow in the down~stream
section of the nozzle, The secondary stream accelerates because of the
pressure difference and mixes with the primary stream. During this mix-
ing an equalization of parameters takes place in the plane normal to
the chamber. The length of the chamber equals 6-10 diameters. Energy
losses take place during the process of ejectlon and are cauged not
only by aerodynamic resistance but also by the very process of mixing

which, from a thermodynamic point of view, 1s an irreversible process.

The kinetlic energy of the exit gas stream can be represented by
the equation below (where one assumes the mixing process to accur at

constant pressure)

E, = c,+c,w=__|_ (Gyw, + Gyoy)?

2% 2 Ga + G,
where WI and w, are regpeztively the veloclties of the primary and
secondary gas stream at the inlet to the mixing chamber and W the ve-
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locity of the gas mixture at its exit, and Gl’ 62 and Gs the corre-
sponding mass flow rates of the gas.
The sum of kinetic energies of the gas streams can be expressed,

at the 1nlet to the chamber, as
1
E +E,'-=—2-(G;w: + Gywp)

Substracting from each other the above relations, one obtalns the

quantity of energy lost

AE e= 6, G, (“"1-“"1)’“(--‘“l " (w,—wﬁ (3.15)
G +G, 2g l_-{-u 2z

where n = GZ/GI i: the degree of electicn.

The energy lost during mixing thus depends above all upon the
square of the veloclity difference between the primary and secondary
gas stream.

3.4.2 Ejector Design

The main difficulty in the deslign of an ejector rests with the
parameter determination for the state of the gas stream at the exit of
the mixing chamber. One begins with the three equations for the con-
servation of mass, energy aind momentum, as nearly always in the dynam-
ics of gases. If one assumes the mixing prccess to be adiabatic, and
the specific heats of the gas stream to be allke and constant during

the whole process, one obtalns the following set of equations

_T_':_‘_ 9 + 1
7 atl
k) +nYV8 2 (K) =Y+ 1) (0 + D2(dy)
B _VFDEOFD ed) (3.16)
’ 1+ L o)
L
B 1
5 4lh) ay8
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Fig. 3.44 Principle of operation of a gas ejector. a — Velocity pro-
flle in characterlistic sections of tae chamber; b -~ injector; ¢ - ax-
1al pressure distribution in the mixing chamber. A) Nozzle; B) mixing
zone; C) mixing chamber; D) level of atmospheric pressure.
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Fig. 3.45 Graph cf the Flz. 3.46 Graph of the
function s = z()), functlon g = q(X).
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Fig. 3.47 Ejector Char-
acterlistics

#* #*

*
where 7 Tz’ Ts are the stagnation temperatures of the primary, sec-

1_\
* * L]
ondary and final gas stream, and where Pys FPgs P aTE the correspond-

ing stagnation pressures, furthermore

6=

i

zﬂ)==14~%- function illustrated by the curve of Fig. 3.45

' aLIN 1
QO)=(u;'j'-'1(l—ﬁ‘::1j'ﬂ — function illustrated by the curve on Fig.
X
3.46

i==€;- veloclty coefficlent (De Laval's number)
L]
e — the c-1tical velocity (flow velocity equal to the local sound ve-
locity)

amﬁ;

Fy

F’=F1 + F’.
One is in a position to determine missing paramsters with the ald

of the above equations, when the stagnation temperatures and pressures
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are glven and when the velocity coefilclent 1s known for the inlet sec-

tlon of the mixing chamber.

Some difficulty arises with the determinatlion of tne velocity co-
efficlents AI and A? which depend upon the statlc pressure at the in-

let sectlon to the mixing chamber (pI = pz). This pressure does not

vary with the glven exlt parameters anu ucpends upon the assumed oper-
ating condltions of the ejector. If one 1Intends to define these condl-

tlions, one must estimate the characteristlcs of the ejector (by assum-

P T

ing a number of values P; = Py and also a number of values for AI and
12), and must thus ccmpute, fcr example, the ratlo p;/p; as a functlon
of Az for n = const. A characteristic of thls type 1f shown in Flg.
3.47. One can determine the optimum operating condltlouns of an ejector
(optimum 12) when the elector characteristlc 1s known.

3.3.3 The Elector as a Meaneg to Increase the Thrust of Jet Englnes

If one begilns wiltl. the momentum equatlon and utilizes the nota-

tion from the diagram of Fig. 3.48, one can determine the thrust of

P'“. o © g,
S N

-

Fig. 3.48 Schematic diagram
of Jet englne wlth ejector.
A) Jet engine; B) ejector.

3 the Jjet englne wilthout elertor

5, =8 () wy)

the thrust of the jet engine with an elector

5=t (n— )
' .




and the ratioc of these thrust values which, after some transformation,

amounts to

S _Bwy mw
S w{"wo Wy, — 1oy (3.17)
r
where W, is the gas veloclty at iue nozzle exit for an engine without
ejector.
YS|
i
]
" -//
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Fig. 3.49 Thrusft increase
due to application of ejec-
tor, as a function of ejec-
tor coefficlent.

The result of these calculations is shown by the curves of (Flg.
3.49, Tt was convenient to introduce instead of n the independent var-
iable n/n + 1 which 1s kaoown as the ejector coefficient. It 1s seen
from the graph that the maximum thrust increase amounts to about 8o%
as a result of ejector addition. This value depends upon the degree of
ejection and passes through a maximum at n ~ 40.

3.5 FLOW WITH HEAT ADDITION

A flow model for an idealized combustion chamber is 1llustrated
in Fig. 3.50. The combustible gas mixturc
duct. Its combustion takes place in a definite section. Thils plsane is
called the flame front. When the velécity cf flame propagation is

equal to the flow velocity of the combustible mixture, the position of
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the flame front remalns steady relatlive tc the duct wherein the flow
oceurs.
Orie may begin with the following equations:
Conservation of mass ~
oW ™ (20,
Conservation of momentum
aw] —pw; =“p—n,
where T, w, p,@ are the temperacure, veloclty, pressure and denslty of
the mixture and T, uy o the temperature, veloclty, pressure and den-
51ty of the combustlon products. After some transformation one obtalns

Pa -Pl
Lo (3.18)
& @

eiw] = pjw] =

It 1s apparent from this relaticn that the pressure and denslty
may elther rise or fall across the flame front. Thus, two types of com-
bustion processes are possible, namely, a process where both the pres-
sure and denslity rise, and one where a drop occurs 1n pressure and den-
glty. The first type of combustlon, the second type as a slow-burning

combustion or deflagration.

P-R P Moy
PRI W

v o A/
Rys, 31.50. Przeplyw te tpzlanie=

Flg. .50 Flow with ~ome
bustion. A) Flame front;
B) combustion chamber;
C) combustion products.

The energy equatlon assumes the followlng form for the case of

flow 1n the presence of comtuastlon
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where ¢ 1s the thermal energy liberated durlng the chemical réaction
(expressed in units of 1ts mechanical equlvalent) and Kﬂthé‘isentropic
expeonent.

One obtains from the preceding equation, after some trzasforma-

tlon,

(Lt Y sl Yoo Gay
e, x—1 ¢

The graph of thils equation, for the system p and is the Hugon-~-

o
lot curve for combustion (Fig. 3.51). For ¢ = 0, the Hugonlot curve

for combustion transforms into the curve for a normal shock wave. The
point wlth coordinates @p_L) lies exactly on this curve (0). By draw-
ing an isochore from the pglnt 0 to the polnt 4, and an 1sobar to the
point B {whereby one liberates the same quantity of heat & 1n buth of
these transformations), then both of these points will fall unto the

same Hugoniot curve,

Fig. 3.51 Hugonlot curve. 1 — For combustion; £ — for a shock wave.
A) Detonatlon; B) deflagration.

The segment A-V of *ne curve represeuis the range of detonation, where
as the segment E-P expresses the range of slow combustion. Segment A-B
does not have physical slgnificance.

The relation between state parameters, fore and aft of the defla~

gration flame front, for flow through a duct wlth constant cross sec-

- Tl =

Al P
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tion, can be expressed with the ald of correspondi g Mach numbers.

These expressions have the following form
by _ 1A xMP
2 L-+xMj -

L
Tl

Mi (.Lif_’ﬁf )'
M? |1 +xM?

o _MI 1+xMj

o M} 1T+xM! (3.20)

x—1
4+ 2

LT _Mp e
. (l+xM}) |

1+ 22 M1
2

L)
x— 1 =T
B L+xmy (Pt MIL

p T +xM] x 1

Mi
A 2
where Tl, ¢ 1- the stagnatlion temperature and pressure of the gas mix-
£ 2
ture; T2, Py the stagnatlon temperature and pressure of the combustion R

products; and ¥, and ¥, the Mach numbers of the gas mixture and the

1
¢ombustlon products.

These relatlons are shown oy the curves 1in Filg. 3.52.
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Flg. 3.52 Change of thermodynamic state parameters in an ideal combus- -
ffion ahamh
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The curves 1llustrate the change in thermodynamic parameters in their
dependence from the evit Mach number, for an 1nlet gas veloclty cor-

responding to MI = 0.1.
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Fig. 3.53 Heat addition, Fig. 3.54 Maximum tem-
at the condition of flow _ perature change as a
saturation, as a function function of inlet Mach
of the 1ngident flow veloc- number. TI — Inle%
ty. s B
ity. A) @ (keal/kq); B) temperature.
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The additior of heat to a subsonic gas flow, passing through a
cylindrical duct, causes a drop in the static and stagnation pressures,
a drop in dersity and an increase of the Mach number.

When the flow is supersonic, the static and stagnation pressures
rise, whereas the Mach number and the density decrease. This behavior
of the Mach number leads to the corollary that the Mach number ¥ = 1
is the limiting value at which heat -an be added both in supersonic
and subsonic flow. One speaks in this case of a heat-saturated flow of
gas. e ananti.y of heat whirh ran he added tn the gas stream, there-
fore, depends upon the Mach upon the inlet Mach number, and thus upon
the flow velocity of this stream. This dependence 1is illustrated by
the curve of Fig. 3.53. The saturation of the flow with heat leads tc

the existence of a maximum temperature to which the gas may be ralsed

_73_

iR

bR SRR AR R i




as 1t passes through the cylindrical duct. The value of this maximum

L e &

temperature depends qulte clearly also upon the inlet Mach nuwiuer (Fig.

3.54). .
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Chapter 4
ENERGY SOURCES

The basic course of energy, presently used in aircraft propulsion,
1s the chemical energy of natural or synthetic fuels.

Only in the past few years has work begun on the application of
nuclear energy to this purpose. Creative application of these goals
will expand cur present capabllity 1r .wo main directions:

— first, it will insure that available sources of energy will not
be exhausted,

— second, 1t w!ll allow censtruction of propulsion units having
greater power than at present and with practically unlimlted range.

One would expect, however, that in view of the great costs, nucle-
ar energy wlil not be utilized in transportation untll the exhaustion
of e¢nemical fuelep, except 1n some speclal cases where it would be tech-
nically Justifiled.

The source of cﬁémical anergy 1s the combustion process whilch con-
slsts of the combination, under appropriate conditions, of two materi-
als which are not in chemical equilibrium. Most often one of these ma-
terials 1s oxygen, and the reaction taking place 1s one of oxidation.

Oxygen in its pure form 1s rarely used. In alreraft engines it appears

+

- v Y

P X
ad a Conpliiehc Ll g the gfher hand

1t appears as a compounent of a different, usually synthetic oxlidilzer,
The material being oxidized 15 called a fuel. Together, fuel and oxi-
dizer constitute the propellant. Depending on their consistency, one

distingulshes solld, 1liquid and gaseous propellants. Obviously either
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the fuel or the oxldizer can be solid, liquld or gaseous. Gaseous
fuels are used only 1n exceptlonal cases because of their low density.

4.1 PROPELLANTS

Propellants constitute the one area which has the greatest effect

on distinguishing the engines dlscussed in thils book. In pulse and jet
engines the oxldizer 1s atmospheric air and the fuel 1s gasoline, ker-
osene or gas oll; however, 1n the case of pulse Jets one mostly uses
gasoline. In rocket englnes using solld propellants, fuel and oxidizer
form a mixture which 1s ready for combustlon without any preliminary
processes. In rocket englnes using ligquld propellants, fuel and oxldiliz-
er are stored in separate ccntalners and must be properly prepared be-~
fore combustlon can take place. In both cases of a rocket engine's pro-
pellants, fuel as well as oxldlzer are synthetlcally produced or at
best are processed from a natural raw materilal.

4.1.1 Energy Characteristics of Propellants

From the relation of the exhaust velocity from the engline nozzle

(3.11)

.-/ 28 l/gl/[l_—-—\f-)%l (4.1)

it follows that this velocity depends on the temperature T (equal to

the combustlon temperature} at the beginning of the nozzle, on the ap~-
parent molecular weight u of the combustion products, on the ratioc ol
pressures p at the nozzle's outlet and Py at the inlet and on the ra-
tlo of specific heats x. Therefore for equal expanslion ratios pb/p,
the exhaust veloclty of combustion products arlsing from the combus-
tion of air-hydrccarbon mixtures will depend only on the combustlon
temperature and therefore on the heatling value of the fuecl.

In the case of rocket englnes, the hreating value 1s not a suffi-
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cient guantity to compare varlous propellants. In this case one takes
the exhaust velocity as the criterlon, or at least an expression hav-
ing the greatest ianfluence on i1ts magnitude, namely +7/u.

4.1.2 Description of Compositicn, Temperature and Apparent Molecular
Welght of Combustlon Products.

As a re=ult of complete combustion of commonly encountered propel-
lants, the combustion products consist of the following corponents:

002, 0 H20, Hp and N2. Percentage contributions of these varlous com-

35
ponents can be determined from the composition of fuel and oxlidizer
and from the approprlate stoichlometric equations.

At vemperatures on the order of 2000°K one has to take into ac-
count the effects of dissoclation when computing the composition of
the combustlon products.

In this case, the quantity of the combustlon products is deter-

mined from the following equilibrium equations.

1

CO,=—5C0 + > O N, + O,=—=IND
H,——=2H
Hlo———bH' + —l' Ol * P
2 0,/—=20
1
H,0——0H + —H, N,—IN

Denoting the partial pressures of the individusl components of
combustion products by p with an appropriate subscript (e.g., partial
pressure cof oxygen p02) one can determine the equillbrium constants

corresponding to the seven equilibrium squations given above:

e poo ot K _pigo x-&@ﬂﬂl-

= g = t T :
Peo, fro Pro

H M : 8

K‘=P;4° : K,=‘p“; K.'—'A'-; K'.r=£h‘

pN‘PQ__n Pﬂ. pO. er

The above set of equations can be supplemented by the following

equations of the conservation of energy z:.d total pressure
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Cu=— +
Tun (co, + poo)

H .
Tude (2p1,0 +' 2pu, + pou + pm)

) Iy

L

14 ~

N»~n='_—(2PN. +pN0 +?N) -
. .

.16

Om = -—— (20, + 2co, + pu.0 + pco + pox + Mo + po)
b 277 T E ‘

fom = [fw] 1, ’
b
u = i
- ?
P“&( B 1
where: Cm' Hm' Nm, Om are welght percentages of elements constituting

the propellants; u, I8 the molecular welght of the glven component;

£cm 1s the total enthalpy of the propellants; (iﬂs}T 1s the enthalpy
1 a8

of the combustion products at the combustion temperature; P 1s the
partlal pressure of the glven component.

Total enthalpy of propellants 1s denoted by the expression
, e -+ [ .
.,nh—:——ﬁ[kmm] (4.2)

where: iou 1s the total enthalpy of the oxldizer; ip Is the total en-

thalpy of the fuel; Ff 1s the ratio of fuel and oxidizer.

Total enthalpy 1s a sum of the thermodynamlc enthalpy and of chem-
ical energy. The maln component of chemical energy 1s heat of reactlon,
that 13, the heat which must be added or subtracted in order for a com-
pound to be formed from the simple chemical elements. If the heat of
reaction of the compound refers to that state in which the gilven sub-
stance 1s used in the englne, then in the computation of chemlcal ener-
gy cne has to take into account the heat-of transition from one state
to another (therefore, e.g., the heat cof sublimation, vaporization,
melting, etc.). The difference of total enthalples of the combustlon
mixture and combustlon products, determined at the same tempsgrature,

18 called th. heating value. Heating value refers to a unit weight of

- 78 -




fuel or a unlt welght of propellants.
Total enthalpy of combustion products 1s determined from the re-

lation

[fes)r, = EMyi,y = looo‘—‘:-"f‘-‘f [keal/kG] (4.3)
B

where: Mi s the number of moles 7 of th;t gas contalined in 1 kg of
combustion products; ici is the total enthalpy 7 of that gas at the
temperature Ts.

In the given set of 14 equations there are 14 unknowns, namely:
11 partial pressures of gases (constituting the mixture), apparent mo-
lecular welght of the mixture u, pressure p and temperature Ts.

There ave varlour methods for solving this set of equations.

One of these, which 1s most convenlent to use 1f one has a com-
puter avallable, 1s tc transform all the equilibrium equations into
logarithmic form. Then they become simple linear equations suitable
for computer solution. Data required fcr solutlion of concrete cases
has been consolidated in Tables 4.2, 4.7, 4.8 and in Appendices 1 and
2 fcind at the end of the book.

4.1.3 Determination of the Mean Ratio of Specific Heats of Combustion
Products.

The ratlo of specific heats of combustion products o a given com-
posltion depends in practice only on the temperature. Slnce tempera-
ture changes durlng expansion, 1t 1s necessary to determine the aver-
age value of the ratlo which will be valld for the glven process. Ther-

moiynamic parameters at the inlet and outlet of the nozzle are related

-t

waere: T and p are temperature and pressure at the inlet; To ana Py

'y the isentroplc equation

are temperature and pressure at the nozzle's outlet,.
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If one assumes that the composition of the combustion products
doe. rut change during expansion (that means that a process of redisso-
ciatlior does not occur} then one can postulate the following relations

in order to determine the average ratlio of speciflc heats:

>

W == = r—

o — AR
o= e
T-T,
848
#

L} .

where: k 1s the ratio of specific heats; Eé 1s the average heat of com-
bustion products, at constant pressure; 4 1s the heat equivalent of me-
chanlcal energy; R 1s the gas constant of combustion products; u 1s

the apparent molecular weight; 4 and io are the thermodynamlic enthal-
ples of combugtlon products at inlet and outlet of nozzle.

4.1.4 Kinetic Propertles cof Propellsnts

Kinetic propertles of propellants influerice the time required to
the liberation of the energy contained in the propellants. One differ-
entlates two operational ranges in the analysis of which kinetlc prop-
ertles should be taken 1nto account. They are: acceleratlon, steady-
state energy.

In both cases, 1znition lag has great influence on quallty of the
processes. Ignition lag is defined as the tilme interval between con-
tact of active ingredients and their ignition (this is the total igni-
tion delay ro). Ignition process takes place after the cecurrence of
appropriate auxlliary conditions; these are, first of all, evaporation,
mixing of the vapors, and heatlng them to the approprliate temperature,
called 1gnition temperature. Only then do 1nitlial chemical reactilons
take place between particles of fuel and oxldlzer, which lead to the

flaming reactions. This leads to the subdivision of the total ignition
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lag into a physlcal lag Tf and chemical lag Toh® Obviously
Yo =15+ vy,

Chemical ignition lag depends on thermodynamic parameters of the

mixture, namely

1927 B
OO —n
Tenr—e » 'm\"""’P

where: p 1s the mixture pressure; T 1s 1its temperature; F is the acti-
vation energy; n is a constant.

It follows from these relations that chemlcal ignition lag de-
creases with an Increase in mixture pressure and temperature, Ignition
lag in liquid fuel rocket engines governs the acceleration curve of
these engines. Too great an ignition lag causes an accumulation of pro-
pellants in the combustion chamber, which, if they explode, could ruin
the engine. Furthermore, ignition lag influences the size of the com-
bustion chambers, for all engines. Obvicusly as the lag increases, the
combustion chamber must be longer.

4,1.5 Working Properties of Propellants

Werking properties of propellants are a function of the operating
condltions of the engine and of the conditlons under which they are
used. From a usage polnt of view, propellants should be nontoxic and
should have as low a corroslon actlvity as possible., For these reasons,
for example, hydrocarbons must be rid of soda and sulphur, and nitric
acid which 1s used as an oxidizer in rocket engines should :ontaln ad-
ditives (e.gz., solutions of heavy organic acids) to decrease its activ-
ity. Chemlcal stability of the propellants should be as high as pos-
sible, from a storage polnt of view. Propellants 1ould also be lnsen-
sitive to sudden temperature changes or to shocks.

Propellants should not leave any deposits in the plumbing nor any

carbon deposits in the combustion chamber. In 1lliquid fuel rocket en-
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gines, tue oxidizer or the fuel are used to cool the engine. From this
point of view then, they should have a high specilflc heat, a hlgh la-
tent heat of vaporization and should nct decompose easlly at higher
temperatures. In order to reduce hydromechanlcal resistance 1n feeding
the propeilants, they should have low viscoslty. In order to malntailn
a constant ratio of fuel and oxidlzer durlng operatlon, it 1s reces-
sary to select the two components 1n such a way that thelr viscoslity
should change in the same manner with changes 1n temperature. Further-
more, 1t is required that solid fuels be easily formed into charges of
arbitrary size and shape. From military considerations, one also re-
quires that the combustion gases be nonsmoky and nonluminous. This con-
dition is not one of the moat important, and 1s not always w-atisfled,
The last requirements are: low cost and a possible natural derlva-
tion of the propellants.

4,1.6 Solid Propellan‘s

Solld prepellants are subdlvlided into two catego-les depending on
their composition and physical structure: homogeneou.r snd ccmposlte.
Fundamental components of homogeneous propellants are nitric acid es-
ters forming colloidal mixtures: nitroglycerin and nitrocellulose.

This composition is derived from the smokeless artillery gun pow-
der which has already been used for many years. Belldes the above men-
tioned components, homogenreous propellants also contain small guanti-
ties of other substarices. In this grour one includes stabilizers used
to reduce the decomposition rate 1n storage, 1lnhiblters to reduce burn-
ing speed as well as other substances to 'ower burnlng temperature, to
increase plasticlity and graln endurance.

Because of a number of disadvantages, homogeneous propellants are
being superceded by composite propellants. These disadvantages conslst

of: low chelf l1life, strong dependence of burning rate on pressure,
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high cost of raw materials and dangerous manufacturing process.

These disadv-ontages exist to a lesszr degree in composite propel-
lants. Composlte propellants have various compositions. Their common
feature is the distribution of a flnely powdered oxidizer in a resin,
eélastomer or plastic substrate.

The structure of these propnrllants 1s clearly nonhomogenecus, hav-
ing local areas ri-» or poor in oxygen. Commen oxidizers in composite
propellants are nitrates and per~hlorates,

Of all these ccmpounds, lithium perchlorate containing 60% oxygen
appears to have greatest promise. The composition of two sample solid
propellants is given in Table 4.1.

Development of solid propellants tends toward a search for more
efficient oxidizers (e.g., ozone compounds) and arn increase in the
heating value by addition of high caloric-content metals and boron.
These additives increase the heating value of the fuel, but they also
raise the apparent mclecular weight of the combustion products. There-
fore there is an opt*mum percentage for these additives, beyond which
further increases do not pay.

4.1.7 Fuels

Hydrocarhkons. The majority of presently usec hvdrocarbon fuels de-

rive from crude oil. The actual components of crude oil consist of
three hydroccarbon groups: paraffins, naphthenes and aromatic compounds.
Their relative ratlios depend on the e¢rude ¢il origin. Processing of
crude o1l cornisists of fractional distillatior and refining under the
action of sulfuric acid, sodium hydroxide or liquid sulfur hydrate and
separation of paraffins. During distillation one gets: up to a temper-
ature of 150°C — gasoline; from 150 to 300°C — keroseng; from 300 to
350°C — gas oll; above 350°C — other oils (used as lubricants and not

as fuels).
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TARLE 4.1
Propervies of Solld Propellants

516 g] 7
1 2 3H'O —5 "ﬁé —
o | bt B
age_ﬁ;w%xi‘i:gza £8

9

Jednoro- | Nitroceluloza 3.1, .5I.50|
dny pra- | Nirmglizeryna.1.2. 43,00
sowany Dwirybftalanl.?, | 3,03
(O.PN) | Cemamalicd & . . . . 1,00

1,62 1 2206 | 3125 | 0,69 | 264 | 1,215

Sineras pousu 15, 1,25
&u:l?...u.mm
Wak $T ..., 0,04
T =
Nicjed- NHC10, ... ... 80§ 1,72 | 236 | 2790 { 04 254 | 1,22
norordny 1 epmm organicxoe li- *
I zone jako CH,O ...20 -

1) Kind; 2) composition; 3) specific
welght; U4) specific impulse; 5) combus-
tion temperature; 6) polv-roplc process
constant; 7) molecular we.ght; 8) ratilo
of specific heats; 9) extruded homoge-
nous; 10) composite; 11) nitrocellulose;
12) nitroglycerin; 13) diethylphthalate;
14) centralite; 15) potassium sulfate;
16) carbon black; 17) candelllla wax;
18) organic binders counted as C,Hy0.

Hydrocarbons are fuels which are used in all types of combustion
englnes. Pulse Jets use gasoline, axial flow Jet engines usually use
kerosene, and rocket engincs use either kerosene or gas oll. Proper-
ties of hydrocarbon fuels are presented in Table 4.2,

Hydrocarbon fuels are stored in metal tanks. They do not react
with th~ container's material, but propcr precauvtlonary measures must
be taken in view of their high vapcorization and low ignition tempera-
ture. They have a harmful effect on human organisms only at relatively
high concentrations in air;, and the aromatic hydrocarbons are the most
toxic.

Liquid hydrogen. Liguid hydrogen is an especlally attractive fuel

because of its high heatlng value, and at the same tine because of its

high specific impulse. So far it has been used in rocket engines and
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TARLE 4.2
Properties of Hydrocarbon Fuels

sSkiad

i
&;tar Uxaciar Wll:toié lemsrlrh
Jednostki | molowy | wladciwy | opalowa | powietrza
- GA) | (kealfzG]| (xGAG] | © Hy, [Oy+Ny| 8 .

L Y = -
7Benzynn 140 0,74 10370 1503 | 0,04 | 0,16 - -
SMafta 40 j08+0,81] 10300 148 | 0,85 | 0,141} 0,006 0,008
B Olej ga- ' '
zowy 140 0,86 10000 143 ] 0865 0,13 | 0,001 | 0,004

1)Type; 2) molecular welght; 3) specific
welght; 4) heating value; 5) air require-
ments; 6) composition; 7) gasoline; 8) kero-
sene; 9) gas oll.

Jet engines designed to coperate at high Mach numbers. Propefties of
hydrogen as an element and as a fuel are presented in Table 4.3 and
4.4,

Hydrogen liquefaction is a difficult proolem because of 1its low
critical temperature. Presently two methods are used to produce liquid
hydrogen: — high pressure, consisting of cooling hydrogen compressed
to 140 atmospheres with liquid air or nitrogen, and then expanding it;
— low pressure with cooling by means of helium.

In this method, gaseous hellum, c¢irculating in the fixture, is
cooled by approprilately chosen thermocdynamlc exchanges to a tempera-
ture lower than the hydrogen's boiling temperature (-253°C). This cau-
gea condanagation of the hvdrogen under a very low pressure.

Serious difficulties arlse not only in cobtalning liquid hydrogen,
but also in storing it. Containers used for storing liquid hydrogen
are made of stainless steel having a high nickel content and resistant
to low temperature effects (which cause brittleness). These contain-

eérs have multlilayer walls. Spaces between individual layers are filled
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with insulating materials, and the entire container 1s cocled with lig-

uid nitrogen or helium.

TABLE 4.3

Properties of Liquid Hydrogen

l-rm 2, 3 1 5
wn:nlr‘ Temperatura Ciénienie Cigiar Clepho

(my};:,ﬂ mm krytycana krytycxne windciwy parownnia
(*c (*cl [kG/am") (kG/m") {keal
288 22 18,5 109 18

1) Boiling point {at 710 mm Hg); 2) critical
temperature; 2) critical pressure; 4) specif-
ic weight; 5) lztent heat of vaporization.

TABLE 4.4
Propellants with Liquid Hydrogen as Fuel

A, gk Slozuu::k utleniacza | 3 T‘m“"‘r "lmpuli.:;‘]l‘dw
(*Cl
Wedée — tlen 2.0 2141 d 711
Wodée — fluoe 5.4t 4466 m
! Wodér — os0n 263 2360 37

1) Propellants; 2) ratio of oxidizer to fuel; 3) combustion tempera-
ture; U4) specific impulse; 5) hydrogen-oxygen; 6) hydrogen-fluorine;
7) hydrogen-ozone.

Boron hydrides. Boron hydrides, otherwlse known as boranes, on

the average have a 40 to 60% higher heating valu. than the correspond-
ing carbon-hydrogen compounds, i.e., hydrocarbons.
Borax is the raw material for the production of boron fuels. A

tynical nracrega for ohtaining boron hydrides i1s shown in the reaction

dlagram below:

' /B H,
Nugs B O; - B1 H; »
' “B,H,,
This process consists of two stages: — obtzining diborane (dibor-

onhexahydride) from borax; — transforming it into pentaborane (penta-
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boronnanohydrlde) or decaborane (BloHlﬂ)'

TABIE 4,5
Properties of Boron Fuels

K 2

Gi emper. | Tempe- .

! Nazwa % Waar - whz:v:y kn:?.me- w'::::‘ m
{kGidem*} (*C) I*c) [(kea)/kC)

1. Borowodory 7

8
Dwuboran - BH 0.43 ~165 | — 98 17750
% Pensboran . . . . BiH, 0,61 -4 8 | 166%
, Delabocan . oL .. B, H,, 0,94 ) 213 15550
2. Al¥Xiloborowodory 11
1% Metylodwuboran. CH,BH, - '
. : - - - 14400
13 Erdodwuboran . . . GHBH, - - - 13900

3. Mctalohorowodoryl®

owy. . .. .. Be(BH,), | . — 123 91,3
H& Dnmwodorck glinowy, Al(BH,), - —~65,4 44.5 =,

t.

1) Name, 2) equatlon; 3) specific weight; 4) melting point; 5) boiling
polnt; 6) heating value; 7) boron hydrides; 8) diborane; 9) pentdbor-
ane; 10) decoborane; 11) alkaliborohydrides; 12) methyldiborane, 13}
ethyldiborane, 14) metallo borohydrides; 15) beryllium borohydride;
16) aluminum borohydride.

In further processing, the products can be alkallzed { compounded
with alkali, that is, radicals derived from allphatic hydrocarbons by
subtraction of one hydrogen atom, e.g., methyl — GH3 from methane CHu,
ethyl 02 5 from ethane C2H6) or compounded with metals such as alumi-
num, sodium, lithium and beryllium in the form of metallo-~borohydrides.
The propertles of a few typlcal boron fuels are presented 1n Table 4.5,

Boron fuels are no% presently exploitzd on a large scale. Theilr
production costs are still high, but 1n view of the stress being ap-
plied to the study of these fucls and the development of new tech-
niques, one should expect an early lncrease 1n their slgniflcance as

technlically useful fuels.

Alcohols. Alcohols have a very much lower heating value than hy-
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drocarbons, they alsc yleld a somewhat lower combustlon temperature.
However, their specific imgulse does not differ much from that of the
hydrocarbon fuels (this results from a similar 7/u ratlo).

Alcohols owe thelr rather extenslve applicatlorns as rocket fuels
primarily to thelr ease of manufacture.

The alcohols most often used are: methyi, ethyl and furfuryl.
This latter 1s usually used 1n self-lgniting mixtures with nitric acld
as oxlidizer.

Nitrogen compcunds. Nitrogen compounds are often used as rocket

fuels. This group 1s mostly represented by ammonia and hydrazine hy-
3 drate.

Ammonla burns in oxygen according to the reactlon:

4NH, + 30; + 2N; + 6 H;O

o Bl ol s

and ylelds high combustion temperatures and a large amount of gaseous
combustion products. Toxle and corroslve propertles as well as high va-
por pressures lmpede 1ts wilder appllcabllity.

Hydrazine hydrate NzHu'Hzo 1s an azeotroplc mixture which bolls
at a temperature of 120.3°C and contains 68.5% of hydrazine by welght.
Higher concentration hydrazline 1s obtalned by extractive dilstillation.

From a chemlcal polint of view, hydrazine 1s a strong reducing
agent and a weak base. In the absence of oxldizers, hydrazine decom-
poses under the influence of temperature accordlng to the equatlon:

INH, -+ Hy -+ 4§ NH,

At room temperature this decompositlion takes place at thc rate of
0.01% per hour; at a temperature of 250°C, on the other hand; 1t takes
place at a rate of 10% per minute.

Hydrazine 1s a highly poilsonous compound. It 1s stored in staln-
‘less steel or aluminum contalners; furthermore to guard agalnst the

pnssibllity of explesleon, the space above the 1liquld surface 1s filled
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with an 1nert gas, and the contalner 1s stored at a temperature below
4oec.

Metals. Metal additives to elther liquid o solid propellants in
the form of colloldal solutions or suspensions 1n fuel structures
greatly 1increase the latter's heating value, especially in comparison
with unit volume. Oxides are formed as a result of metal combustion 1n
oxygen; at normal temperatures these oxldes are sollds; t'laorine, on
the other hand, combines with scme of these metals to form zaseous com=-
pounds. Most commonly us2d metal additives are lithium, bery’ .lum, mag-

neszium, aluminum and silicon.

TABLE 4.6
Heating Value of Kerosene-Nitric Acld-Beryllium Mixtures.
lsrtadniki miessanki o ZW"E“QW
SN"&. -I-hmmwvry 1440
w + . " + 3.5%!3:111.1 1790
P » + 7.2%h'y‘hl . _2]”
w * on " + 10,0'/, m - ' 2489 ]

1) Mixture components; 2) heating value; 3) kerosene + nltric acid; 43
beryllium,.

The effecl of beryllium additives on the heatlng value of a kero-
sene-nitric acid mixture, when referred to 1 kg of the mixture, 1s
shown 1in Table U.6.

Pyrophoric propellants are fuels which ignite spontanecusly upon

contact with alr. The most ccmonly encountered form of pyrophoric
fuels are metalloorganic compounds (e.g., trimethyl aluminum). The do-
main of application or pyrophoric propeilanis will be the future hyper-
sonlc axial flow Jet englnes.

4,1.8 Rceket-Fngine Liquid Propellants.

Liquid propellants used for rocket engines are subdivided, depend-

1ng on composition, into monocumponent and bicomponent.
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In monopropellants one further distingulshes two grouvps: cater-
gollc and menergollc propellants,

Catergolic propellants are exothermic. A typlcal example of a cat-
ergolic propellant 1s hydrocen peroside decomposing in the presence of

calcium permanganate Into superheated steam and oxygen:
H,0, » H,0 + -;‘o, + 23450 kealfianol

An 80% solution of hydrogen peroxide creates a gaseous mixture at
470°C temperature. Since in thils case no combustion takes place, the
reaction 1s called "cold" as opposed to a "hot" reaction of combustion
¢ kerosene, for 1nastance, with hydrogen peroxide,

Monergolic prorellants are monopropellants; the liquid contalined
in them 1s a2 mixture of compounds, some of which play the role of oxl-
dizer, and the others the role of fuel. There are also monergollc pro-
pelliants consisting of a single compound, which supply energy during
interstitial oxidation. Nitromethane 1s an example of such a moner-
gollc nropellant; 1t undergoes internal combustion under a pressure of
40 atmospheres. This reaction takes place according to the following

equation.
CH,NO, +CO + H,0 + —;—H, %+ -’2-N,

Bipropellarts are subdivided into self-igniting propellancs, call-
ed hypergolics, and normal propellants which are nonself-ignitling.

In bipreopellants, fuel and oxldlizer are kept 1n two separate con-
vainers and are fed independen
cace of hypergolics, ignitlon occurs spontaneously when the fuel and
oxldizer strcams come into contact in the combustion chamber. In the
cage of normal propellants, the combustion chamber ls equilpped wilth an

ignition system (pyrotechnic igniter, sparkplug or initial injection

of hypergolics).
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TABLE 4.7
Froperties of Two-Componen® Liguld Propellants

1 Zalotenis: mpalanie adisbatycane, rosprefanic irentropowe, cifniemie w komorre upslania g, = 33,13 FGlem?, cifnienic na koficu dysry p, = 1,033 kQjea®

l'?'z
1 3
—_—
Ts Led

Y=

where: i, 1s the oxidizer density; §p is the fuel density.

1) Assumptions: adiabatlic combustion, 1sen5rop1c expansion, pressure
in the combustion chamber p, =« 35.15 kg/cm®, pressure at nozzle outlet

p, = 1.033 kg/cm?'; 2) oxidizer; 3) fuel; 4) ratio of fuel to oxldizer

f; 5) theoretical combustion temperature; 6) ratioc of specific heats;
7) molecular welght of combustion products; 8) density; 9) specific im-
pulse; 10) fluorine; 11) hyd~azine; 12) hydrogen; 13} 90% hydrogen per-

oxide; 14) fuming nitric acld; 15) ammonla; 16 kercsene; 17) oxygen;
18) ozone.
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Table 4.7 shows the properties of a number of prcpellants.
.19 Oxidizers

Atmospherlc air. Atmospheric ailr 1s the oxldlzer most nften used

in engineering applications. It 1s a mixture of oxygen and nitrogen,
with 23.1% of oxygen by welght. Atmosphere parameters change with alti-
tude, as shown in Fig. 4.1. It 1s more than certaln that alr will al-

ways be used as the baslc oxldizer for englnes used for terrestrial
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Fig. 4.1 Dependence of atmospherlic pressure anu temperature on altl-
tude,

travel; this 1s so for two obvious reasons: — filrst of all, 1t need
not be carried along; - second, it does not cost anything.

However, one should foresee in the future the possibllity of
changes in alr composition due to pollution from combustion taking
place to such a degree as to render 1t harmful to living corganisms.
This matter 1s worth mentioning, since in the last 50 years such com-
position changes have already been noticed. In future years these

changes will undoubtcdly take place at a miuch faster rate 1n view of

™
r -

the development of energy transformatlon technology and of travel.

Liquid oxygen. Liquid oxygen 1is obtalned from atmospherlic alr by

condensation and further distillatlion. In addltlon to industrlial meth-

ods, devices have been developed to produce liquid oxygen under fleld
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conditions; this 1s very important for topping off missile rocket en-
gines since 1t decreases losses due to transportation and storage. Lig-
uid oxygen 1s stored in Dewar flasks or other properly Insulated tanks.
Surfaces with which i1lquid oxygen comes in contact must be clean,

since contact wlth greases or other organic substances results in a vi-
olent oxldation which may cause an explosion.

Liquid oxygen 1s used mainly as an oxidizer for alcohol cr hydro-
carbon fuels, but with tkese 1t does not form any self-igniting com-
pounds. Very high combustion temperatures are obtalned as a resuit of
combustion 1n pure oxygen, so much 80 that 1n many cases it must be
lowered by diluting the fuel with water.

Ozone 1s an allotroplc state of oxygen, which yields an even high-
er heating value. Ozone is chttained from oxygen by subjecting the lat-
ter to electrical discharges at 10 to 15 kv. An oxygen-ozone mixture
arises then, having a 20% ozone content. Taking advantage of the dif-
ferent bolling points of liguld oxygen ( - 180°C) and liquid ozone
( - 111°C), mixtures with higher ozone content can be obtalned.

Hydrogen peroxide. The oxldizing action of hydrosen pevoxlde con-

slsts of 1t giving up oxygen, in the presence of cat. 3ts or under

higher temperatures, according to the reactlon
H,0,> KO + %o, -

" . rocket technology one uses hydrogen percxlde having a concen-
tration of 70 - 100%. It i1s obtained most oftzn by means of a method
concicting of electralytie oxldation of sulruriec acid into peroxydl-
sulfuric acld. As a result of hydrolysils of the above compound, 30%
hydrogen peroxlde is formed. The desired concentration of hydrogen per-
oxide 1s obtalned by means of distillation and rectification or by

freezing. It 1s most often stored in glass, porcelain or alumlinum con-
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talners; in the latter case 99.5% pure aluminum is required. In stor-
age, hydrogen peroxide decomposes at a rate of 1 to 2% per year. 1n or-
der to drcreiase thls decommosltlon, stablllzers in the form of phos-
phoric acld zre added at the rate of 120 - 150 mg/1.

Nitric acid. In rocket technology 98 - 99% concentrated nitric

acid is used; 1t also contalns 0.5 - 1.5% water and around 9.5% of ni-
trogen oxldes. In order to increase the acld's actlvity 1t 1is often
saturated with nitrogen oxlides ranging from a few per cent to twenty
per cent. In view of nitric acid's high corrosive actlon, 1t 1s often
used as a misture with a small quantity of concentrated sulfurlc or hy-
drofluoric aclids which decrease thls activity somewhat. Just as hydro-
gen peroxlde, nltric acld 1s stored 1n aluminum, glass or porcelaln
contalners,

Fluorine, Fluecrine 1s an example of an oxygenless oxldizer, It re-
acts vioclently upon contact with a majority of organic substances, and
thls reaction 1s strongly exothermic.

Difficulties in practical applications of fluorine result from
its low bolling point ( - 188°C), its high corrosive action upon con-
taliner materlals and 1ts high toxiclty. On a commercial scale, Tluor-
ine 1s obtalned by electrolysis of a mixture of potasslium fluoride and
fluorine hydride. Fluorine 1s stored 1n steel or nickel bottles.

The most promlsing oxidizer of all the fluorine compounds appears
to be trichlorofluoride (CIOsF). This oxidizer ;ields h'gh specific im-
pulses, Rocket fuels do not form self-igniting mixtures with it, but
they are easily ignlted and burn very uniformly. This compound 1s easl-
ly stored and has no toxlc or corrosive properties.

Properties of most commonly used oxidizers are shown in table 4.8.
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TABLE 4.8

Physlecal Propertles of Most Commonly Used Fuels and Oxidizers

1 2 3 P: . 5 & o Gi o ' Gg G:c [] 11 12 ;qs
- nkt €| 8 i i e W
Ceynnik Wrbe mc.oloﬂfry keeepni- | PN ClCraR- | o ML“’-“W m&;]:':.. i Lephoid ""';:;'ldm“‘f i o
P ) . 1 g [) .
{kG/mol] [?52 1*K] [keafmol]| [healfmel [Glem® *K, [](‘29&’:"‘3;] [“(’3}!"*)01 CP] (*K) I*K] [d{':l'xc)"‘]
15 3
Tka 0, 92,0 54,93 90,12 | 0,06 1630 | 1,14(91) 0 0,4(919} g.lg[;a;: 0,0182(9%) | 19,2(90)
. 1, ,67(90)
| 1
1S 1 1,88(55)
Fluor F, 38,0 55,20 85,24 | 0372 151 1 1:(77) ¢ 0,36(66) 0414(69) | 0,6213(273)) 17,9(59)
1, 51{85) 0,257(85) (1 am) | 14,6081
l;'-m azotowy HNO, 63,02 231,5 L1 - ‘.;.25 1,52(263) —4140 | o422 2(269) 0,236/283) | 42,7(284,6)
] 0,45(449) | 0,260(338)
1y .
Madilenek wo-
doru H,0, 016 [ 2735 | 4237 | 2316 | 1901 | 1450209} —44,84 0,580 L13291) | 0M(320) | 711291}
1 B . - . -
18 )
Owen Q, @0 ] 162,65 - 2,59 | 1,57(90) 34,0 6,190 1,55(98) - -
‘ 4,2(437) - =
g NH, | 0s| 19542 2998 | 1,351 5,381 | 0,58(239) —1L04 | 1,05219) | 0258(219) | oM7Y | 29.4(284)
: = 1
y .
* alsobol cilowy | GHOM| 4606 | 1586 | 357 120 522 | o,785(20m) —67,2 0,62(29%) | 1,4(29%) 0,44(299) | 21,5(308)
| .
2) I -
Nr— H 3205 | 147 | %67 | 3,028 02 ii002es | 12,08 o750000) | 1,281
H s % ‘ y : 1,121283) | 0180299 | 1,5(298)
i . 0,97(289)
zﬁwmi CyHy | 140 20 - - - 1 0,6(208} -5 05 1,6(268) 0,134{279) -~
: | . . 0,100(#43} =
23 . | !
Wodds K, 2,015 13,96 2032 | 0028 |, 0216 ) .0,671{205) 0 1,75(14) 0,024 14) .
R B - 2,79(20) 0,013(z0y | ops7t0m | 28108)
1) Facter; 2) egquaticn; 3) molecular welght; 4) melting point; 5) boll-
ing point; 6) latent heat of melting; 7) latent heat of vaporizatilon,
8) density; 3) heat of formation; 10) specific heat; 11) visconity;
12) thermal conductivity; 13) surface tension; 14} oxygen; 15) fluor-
ine; 16) nitric acid; 17) hydrogen peroxide; 18) ozone; 19) ammonia;
20) ethyl alschel; 21) hydrazine; 22) kerosene; 23) hydrogen.
4.2 FPREE RADICALS
Investigations of the possibility of increasing the szpecific im-
pulse of propellants have led to the idea of employlng free radizals.
- 95 -
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Free radicals are atoms or groups of atoms characterized by a very
short chemlcal exilstence. Thus they either conblne to form larger mole-
cules or conversely they disintegrate into smaller grouplngs. As a re-
3uit of the process of tne dlsappearance of the radicals, a large quan-
tity of heat 1s generated, much greater than the heat generated during
combustlon. This phenomenon can be explained by referring to the com-
monly known mecharism of chemical reactions. For combustlon to take
place, particles of fuel and oxldizer must first disintegrate into

free radlcals. In the next phase, these free radicals react with each
other, thus forming the terminal products of the chemical reaction,

The process of formation of free radicals involves absorption of large
quantities of energy, of the same order as 1s later created durlng
their recombination. Therefore the output energy created during the av-
erage duration of chemical reactions cannot be oo large, since 1t rep-
resents only the excess of the total energy created, decreased by the
energy used for the creation of the free radicals.

Various sources of energy can be exploit~d to create free radi-
cals, e,g., an electric arc, high fraquency electric discharges, ultra-
violet radiation or fission reactors. From a practical point of view,
it would be necessary to store the industrially produced free radicals
in containers, just as presently used propellants are stored.

One of the presently known methods of prolonging the life of free
radicals to a matter of hours or even days (but which is not yet be-
yond the stage laboratory investlgations) consists of freezing them to
an appropriate temperature, e.g., — 180°C.

Fecent studies conducted by means of rockets have shown that star-
ting from an altitude of B0 lm air contains a large percentage of dis-
sociated oxygen. Oxygen's dissociation (that 1s,; disintegration of oxy-

gen particles into free radicals) takes place under the actlon of ul-
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traviolet radlavlion. An ldea has already been advanced for the con-

struction of an axlal flow jet engine where advantage would be taken

of the free radicals to accelerate the flcw of alr passing through.
A few sample reactions showlng the combinatlon of free radicals

are shown below:

2N — N, + 224 900 cal
2H — Hy + 103 240 cal
3H + N — NH; + 277000 cal

4.3 NUCLEAR ENERGY

All energy sources discussed untll now are insufficlent to
achleve all the ldeas of the applications of aircraft and rocket tech-
nology. In particular, cosmic flights will requlire greater specific im-
pulses than can be produced by presently used chemlcal fuels. Further-
more, one should taxe into account the fact that oll and coal deposits,
which as an exceptlon are not In chemical balance wilth the earth, will
be exhausted 1n the near future. Therefore, the search for new fuels
has become a necessity. These sources were disccvered as a result of
detalled physicochemical studles of the structure of matter, and in
particular the structure of the atom and its elements.

The starting point of these studies is the crbital model of the
atom, according to which negeatively charged electrons revolve around
a central posltively charged nucleus.

An atom's propertles are descrihbed by two types of forces: elec-
tromagnetic forces and nuclear forces.

Electromagnetic forcves are almont completely known already, and
are lncorporated into general theory; all knowledge of nuclear forces,
oin the other hand, 1is based on experiment=1 facts and working hypothe-
ses.

One of the fundamental properties of nuclear forzes 1is thelr

13
short range of sction ( ~ 10 cm) which makes their measurement im=-
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posslible and which renders a closer study more difficult.

According to present understanding, the nucleus consists only of
protons and neutrons. On that basls one assumes that they form a two-
parameter unlon and that they can be represented as a set of two fac-
tors.

The most commonly used factors are:

Z, a cardinsl number, that 1s, the number of protons; and 4, a mass
number, that 1s, the total number of neutrona. When representing the
nucleus by means of the chemical symbol of 1ts atom, one adds Z on the
left-hand side as a subscript, and A on the right-hand side as a super-
script. Thus in general a nucleus 18 represented by the expressilon:

()4

In a»cordance with thils notatlon, a neutron 1s denoted as onl,
a proton as H', and a deuteron (deuterium g8 nucleus) as H? Natural
nuclel fall on the (z,A) plot with a very small deviation from the 3o0-
cailed stability curve {(Fig. 4.2).

A number of nuclel arising in nature are not stable which means
that they Pmit rays (e.g., the uranium nucleus 92U0%?*% or the thorium
nucleus ¢oTh2%?).

Fig. 4.2 Stabillity curve.

Stabillity problems lead directly to energy problems. Namely, 1t
has been verified that the atom's mass 1s always smaller than the sum
of the masses of which i1t 1s made: protons, neutrons and orbilting elec-

trons. These differences are explained by the existence of bondlng en-
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ergy and Elnstein's relativity:

E = met
from which 1t results that mass and energy are equivalent, but are ex-
pressed 1n unlts differing in magnitude by the square of the veloclity
of 1light e.

A nucleus, whether as an atom or as a particle, has a quantum rep-
resentatlion and therefore can exist at various energy levels. Due to
collisions, the nucleus is knocked out of 1ts fundamental state and
goes Into an excited state which 1s distingulshable by its higher lev-
el. The nucleus can return to its fundamental state, from an excited

state, after emitting the quantum of energy absorbed durlng the col-

l1ison. A nucieus 1n an excited state 1s denoted Ly the sumbol:
()4
Nuclear reactions, Just as all processes occurring in nature, are
E limited by the laws of conservation. These are the law of conservatlion
- of charge and the law of the conservation of the number of nucleons.

Nuclear reactions can be subdivided into two groups: spontaneous reac-

tions can be subdivided 1Into two groups: spontanecus reactions and re-

actlons caused by ceolllislons. In spontaneous reactions one dlfferentl-
i ates the followlng processes: — gamma radlatlion, that 1s, emission by

i the nucleus of a photon during 1ts transition from an exclted state to

1ts fundamental state. )

4>ty +E

} The liberated energy F 1s carrled away by A radlation; beta radia-
i ' tlon, that 1is, emiszsion of an electron e and a neutrino v by a nucleus

which 1s not on the stabllity curve. During this process the mass num-
ber 4 remalns unchanged, whereas Z lncreases or decreases depending on

whether the emitted electron is e~ or e’

"{.)A - :'ﬂ.( )-‘ +,—+ y +E (electron emiseion)
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or
OO0+ v E o emteeion )
— fission process, that 1s, nucleus disintegration into two elements
(and sometimes alsc into a certain number of neutrons).
If one can assume that both fragments, after fission, conserve
the same ratic of Z to 4, then this reaction can be represent-d by the

equation:

)4 » sz(‘)“ + 1 ,_—-au( Y- g E

where x can vary from 0 to 0.5, and E 1s the energy llberated during
the fisslon process and 1s transferred to the nuclear fragments as kin-
etlc energy.

Nuclear reactlions of interest to the technology of rocket propul-
sion are subdivided into flssion reactions of heavy nuclel or fuslon
reactions of light nuclel.

The fission process of heavy nuclel of uranlum and plutoniun
takes place according to the following reaction:

nUDS + gnt X + Y + 2,5 on! + 208:Mey "
otPUX® + ynl— M + N + 3,0 on! + 200 Mav

where: X, Y, M, ¥ are fission prcducts; U, Pu are symbols for uranium

1 i1s the neutron whose collislion with the U

and plutonium elements; 0"
or Pu nucleus causes the reaction.

The practical achievement of this process takes place In fission
reactors (Fig. 4.3}.

The maln component element of a fission reactor 1s the core. The
core contains an appropriate quantity of fissionable material, so that
a chain reaction can take place., To initiate and maintain the reaction
it is necessary to create and continuously replenish a stream of nucle-

us splitting neutrons. To achleve this goal, it 1s sufficient to en-

rich the natural U?®® uranium which absorbs neutrons, with 1ts 1sotope
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Fig. 4.3 Diagram of a (nuclear) fisslon reactor: 1) Core; 2) reflector;
3) shielding; 4) control rod; 5) safety rod; 6) cooling system.

y%3°% which 1s a source of neutron emission. An uncontrolled fission re-
action has a snow-balling effect and rulns tlhe reactor. In order to fa-
cllitate control of the reaction rate, one uses control rods made of
substances which are strong neutron absorbers, such as cadmlum or bo-
ron carbonates. By changing the penetration depth of the control rods
inside the reactor, the course of the fisslon reactlon can be properly
contreolled. The thermal energy created inslde the reactor 1s extracted
by means of an approprlate c¢¢oling system.

Another method of llberating nuclear energy conslsts of fuslng
the lightest nuclel, and mainly hydrogen's isctopes: protons, deuter-
ons and tritlum. In order to accompllish this fuslon 1n practice, 1t 1s
riecessary to impart to the nuciei an appropriately high klnetlec energy.
Nuclei achlieve such an energy after belng heated to a temperature of
ceveral millinn degreea {~.¢.. one takes advantage of the flsslon proc-
ess to achleve these temperatures). That is why fuslon reactlons are
called thermonuclear. The followlng equations show a few sample thermo-

nuclear reactions:
H!4-H!' - H? + et 4 » + 0,41 Mev
H'+H-—»>H'+y + 62 Mev
h 4+ H2-» H' -+ H1 + 4,0 Mev
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Chapter 5
GENERATION OF THE MIXTURE

The mixture 1n axial-flow, pulse and rocket englnes using liquid
propellants 1s generated as a result of simple processes such as lilg-
uld injection, liquid spray, drop evaporation and mixing of the vapors
generated, with each other or wlth an air stream.

The range of combustion chamber steady-state output, and 1ts be-
havior depend on the mixture composition and its decomposition.
5.1 INJECTORS

Liquid injection is achleved by means of 1njectors, whlch depend-
ing on thelr construction and operating mode are subdivided into flow
and swirl injectors.

5.1.1 Flow Injectors

A flow Injector consists of a pipe terminated by an orifice (Fig.
5.1). The pressure difference between the pressure acting on the flow
and the surrounding pressure causes the flow of ligquld to the outside.
The classlcal relation between the flow G, the pressure drop Ap and
density v 1s gilven by the equation

G = uFy2gy 0p (5.1)
where: u 1s the Jet contraction coefficient; g is the acceleration of
gravity; F 1s the orifilce ares.

The contraction coefficient u is a function of orifice shape and
of the pressure drop acposs the orifice (Fig. 5.2).

Flow injectors have been used mainly in liquid propellant rocket

englnes.
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Fig. 5.1 Flow injector. 1)
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Fig. 5.2. Dependence of contractlon coefficlent on orifice shape and
pressure drop across it: a) Cylindrical opening preceded by a cone fin-
fluence of cone height); b) conical orifice. 1) Flow in the divection
of arrow A; 2) flow in the direction of arrow B.

5.1.2 Spray Injectors

The operation of spray injJectors depends on inducing a vortex
flow in the 1liquld prior to its discharge. Thls can be achieved by
utilizing a swirl chamber (Fig. 5.3) into which fuel is introduced tan-

gent to the walls. Each fluld partlcle issuing from the injector has
two veloclty components; 1.e., an axlal and a radial component. As a
result of this, a 1liquld cone 1s obtained whose included angle 1s a
function of injector geometry. In the first flow phase, the liquid
forms a continucus film as 1f constituting the lateral area of a cone.
This film gets thinner and thinner as 1t moves awry from the
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orifice and breaks up Into flakes which later coalesce into drops. Un-
der the 1nfluence of the dynamic pressure of the flow core 1n which

the spray takes place, the drops are further subdilvlded.

Flg. 5.3 Spray injector.
1) Fuel; 2) swirl chamber

Ko O U Mwace aantdian ~ ¢
Smgr e el el oS e v w e

the swirl chamber

Under the influence of the vortex motlon, the liguid in the com-
bustion chamber assumes the shape shown in Fig. 5.4, Starting with the

continulty equation
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WFw, = (R~ ) wwcosmw
and the equation of the conserva*lon of rotation

w R, = w.gn,fl_{_‘l

traction coefflcient as a function of the dlienslonrs characterlzing

the 1njector geometry

o iR Tl ELY.
i G- f W F, ) (5.2)

where: py 18 the contraction coefficlent of the flow, obtalned from Eq.
(5.1); F 18 the injector exit ares; P, 1s the cross sectional area of
the pipe feeding the liquid to the spray chamber; p' 1s the contrac-

tion coefficient of the flow 1ssulng from this pipe. The other guanti-
ties are defined in Figs. 5.3 and 5.4. Both functions are 1llustrated

in Fig. 5.5.

s ==l

o &

w0} o8 ~

o}

M
1 3 4 §

w

Fig. 5.5 Dependence of the flow contraction coefflclent uw and c¢f the
injection angle 2 ¢ on the dimensions characterizling the 1lnjector geom-
GLIy .

5.1.3 Spill-Control By-Pass Injector

The flow rate in the case of the two injJectors discussed so far

18 a function of the square root of the pressure drop. For a glven in-
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jector and liquid flowing through the injector, we get:

= k = const (53)

NE
"oy

l
where k 1s the injector constant.

If the injector 1s to operate over a.prescribed range of flow
rates, then it 1s necessary to obtain the approprilate range of pres-
sures which is related to the flow by a quadratic law (for 1lnstance,
if the ratioc of maximum to minimum injector flow rates 1s =n, then the
ratio of corresponding preésure drops across the injJector 1s nz).

In a case of wide range of flow rates, 1t may occur that for a
given minimum injection pressure the required maximum pressure will be
higher than can be allowed (e.g., in vlew of pump constraints). The
only solution to thils problem is! the building of an Ilnjector with a
smoother fiow-pressure drop characteristic., One such Injector, the
spill-control (by-pass) infjector is shown in #g. 5.6. The liquid in-
troduced into the swirl chamber 1s suvbdivided into two streams: one cof
them flows (just as in a normal spray nozzle) through the 1njector ori-
fice (having dlameter d), and the other flows through the spill ori-
fice (having diameter e¢). By throttling the spill (by changing the di-
ameter s) 1t 1s possible to control the inj-ctlon flow rate. The 1lig-
uid flowlng thrcugh the spill orifice 1s directed to the pump 1ntake

manifold. The quantatlve characteristic of the spilll-control injector

iy 'fi“‘ I

Lb SRR 15 .

'Er -l w -

ﬁtkj al Sy
o

B SN
_,.-f/f"

O w T
Fig. 5.6 Splll-control Flgz. 5.7 Characteristic of a
injector. splil-contrel Injector: G 1is

the flow rate with the spill
orifice open (orifice diameter
is &); G, is the flow rate with

the spill orifice closed.
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18 shown in Flg. 9.7.

Thiz graph 1llustrates the relatlonshin between the ratioc of diam-
eters of injector and splll orifices and the ratio of injector flow
rates with open and closed splll orifice. When the ratio of dlameters
07 injeector and splll orifices 1li.creases, the ratlo of flow rates 1n
the two extreme cases of open and closed splll decreases.

Spill-contrel injectors are used in axlal flow Jet englnes desiegn-
ed to operate over a wlde range of speeds and altltudes.

5.2 LIQUID SPRAY

A liquid flow injected into a gaseous environment 1s at flrst dis-
persed 1nto independent particles of various shapes, and then 1s fur-
ther subdivided into dreps of ever decreasing dlameters. The disper-
glon mechanlsm of a solld flow tube 1s as follows. The undisturbed con-
tact surface between the liquld and the environment 1s in dynamlic¢ equi-
librium. If, however, a disturbance occurs on the liquld surface, due
to the turbulent motior. ¢f individual liquid or gaseous particles,
then two typers of forces start to act on this surface: forces result-
ing Irom surface tenslor, whilch strive to reestablish the state of
equllibrium; aerodynamic forces (which are present because alr has a
velocity relative to ths fiuld) which tend to increase the disturbance
and result in unstable equilibrium.

The waves so produced exhibilt an exponentlally increasing ampli-
tude and lead to a diasintegration cf the liquid Into ever smaller seg-
ment3, which eventually assume the shape »f drops. The liouid drops
moving with respect to the gaseous medlum are subject to the above-men-
ticned fuorces of surtace tension and a ~cdynamics. Surlace-tensivii {oi'-
ces tend to glve the droprs a spherical shape, whereas aerodynamlc for-
ces tend to "flatten" the drops. 1ln the presence of a sufflclently

high dynamic pressure, drop dlsintegration takes place. The 1ndlvicual
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phases of this process nre nhown tn Fipe, 50 4y an fdentived fannton,
If the surface tenclon of a drop of dimmeter J, ts o, then Lhe foroe !
due to which one half of the drop 1s Lound to the other ta equal to
§ —~ ndyo
This force creates a pressure p which acts on the drop's entire

surface area. -n view of this we nan write

Je= fdeccn?==p decoup =-:-d],)
; ()
Where: F 1s the drop's lateral surface, & 18 the angle of the directed
ray, which establishes the position of the element dF on the drop's
surface.
Comparing these two equations, we obtaln an expression for the in-

ternal pressure caused by surface tension

p=—

dy
If the dynamle pressure Tuz/Zg caused by the relatlve veloclty of
the drcp and the medium 1s greater than the lnternal nrcssure, then
the drop will disintegrate. From the condltion

e

2‘ d.
the followling relation 1s obtalned

Fat (5.4)

where: B is an emplrical quantity describlng the ratic between dynamlce
and internal prassures; y 1s the denslty of the medium; u« 1s the drop

P |
v

P o T ] oA a
VS b u b Nk

velocity rei eriterion.
According to Ditjaxi» -nd Borodin (L.5.2), the drops subdivide in-

to two starting witn Dk = b.5, whereas starting with Dk = 11.3 the

drops simultansously disintegrate 1nto a number of smaller ones. From

the above equatlon the maximum diameter of the drops which will arise
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under given conditions with a specified drop veloclity relative tc the
medium ¢ be determined:

J" z,‘d‘Di

rs (5.5)
and the minimum velocity required to break up the drop into drops cf

=1/ £20:
Yor }'da (5!6)

In these equationa u is expressed 1in m/sec, © in kg/m, vy in

given dlameter 1is given by:

kgf/m3, d, inm and g in m/secz.
5

oy

Pig. 5.8 Distribution of pressure acting on drep surface during the
various chares of 1ts dilsinteg:ation.

The spray theory prescnted above 1s used in the determinatlion of

the drop diameter in a ligquiad jet spray, which 1s created by & fiow

w——

noszle,
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In the case of spray injectors, dlsintegration conditilcns are
more advantageous {instead of 2 nearly cyiindrical flow, there is a
thin conical surface’ and the wveloclitles regqu'red {o obtain a glven
drop dlameter are mich smallef.
5.3 SPRAY SPECTRUM

The spray spectrum refers to the experlmentally cbtained distri~
bution of drop dlameters. 411 drops generated duving a given time in-
terval are segregated according to size {e2.g., each 20 u) into groups
and one deflnea their percentage by welght. The graph 1n Fig. 5.9 ii-
lustrates a spray spectrum. Drop dlameter 1s plotted along the shscis.
sa, whille &long the ordinate we have the weight percuntage of drops

whose diameter 1s less than the glven diameter. The graph was made for

__/z .l" | ]

[ 1} S _4",4._
‘*‘o““‘f“la‘%ﬁli' A

Rig. 5.9 Spray zpecirum

sevaral nressures. An obvious conclusion can be reached from this
graph aid namely, that the perconizpe of emsil diameter drogcs in-
creases #witn spray nressare, The spesirun iz charasterized by spray

quality; a direct Sndex of &hls guajity 3y the average drop diameter

defined by Sautsr as that Alasmeter wnlebh would be assumed by idenilenl

slze drops 17 thelr total area Xﬂ£§ and total volume dei/ﬁ were the
same as those in Tlow conslisting of drops of varicus dimensions. Ac-~

ording Lo tals definition, the aveprage drop diamseter 1s
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e _
L
=
pXH

: In both the hypovheilesl and antual c2ses ivhe number of drops !s
g the zame.

g, There are a number of amplerfical mndels which allow us to compute
E

% the average Alamoler as welil a8 the spray spestrum for che case of the
% gpray injestar, Ths relailcnships given by Longweil (L.5.4}) are com-
£ monly used
.

£ 3629 s i AL

£ Zn EET ok aw Stiae \a} .

% & MMung L A (5.7)

%

i whers dﬂ is the dlemeter of the exl%s orlilce of ithe spray injector; v
% is the liquid viszcodliy, ¢ 13 the injectlion half-angle; p 18 the injea.-
H tion overpragsurs; GH "R g i3 the welght of Lhe drops whose dlameter
H is gregter than d; ¢ is tne welght of si7 the dropn; X is the experi-
. nental coeffisient of the gilstribublon uniformity, & function of d_

(Fiz. 5.10), ¢ ia the weight vercentage of drops whose dlamstsy s
1 greatar than d.

Plg. 9.10 Depsudenoe

o dlstvituiion uni-
Formity asseffinient ou
he wvsrage droap dlsmefer.

Tt follouwsg fron the cited reluaclonahips that the aversge drop 3i-
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ameter 1lncreases wWith an increase in the viscoslty of the sprayed l1ig-
uid and decreases wlth an Increase in the pressure drop across the in-
jector.

Furthermore, average drop dlametevr decreases with an increase in
the injecticn angle. The ccefficlent of distribution uniformity K char-
acterizes the width of the drop size distribution. As the coefficient
K Increases, the dlstribution spread narrows and therefore 1ts unifcrm-
ity increases.

5.4 EVAPORATION OF LIQUID DROPS IN A GASEOUS MEDIUM

The course of the combustion process taking place in the mixture
stream depends 0o a large extent on the degree of drop evaporation.

The guantlty of the 1lcuid components of the propellants which will
eventuslly evaporate iz influenced malinly by their volatility and en-
thalpy. Zven theugh it is rarely possib'e to reach an equllibrlum
stata befope initisting thse combustion process, 1t 1s still worthwhille

to compute Lhe degree of evaporstion corresponding to the equilibrium

s

stabe gc that one could determine approximately, « priori, the maximum
aguantlty of evaporaticn to be expected from the varlous compeonents. It
1s simpiest, in this caze, to use prepared graphs. PFigure 5.11 shows

as ar example the evaporation of kerosene in an air stream, where the

N

8

-3 ? 3

e
™
S ST
B W 6w 25 W 1u &
ﬂfm) 2

'_l
Angd adpgrowones nofty %)
(5]

4]

Fig. 5.11 The entry represents the equilibrium of the porticn of kero~
sene which evaporated, expressed as a function of pressure ané temper-
ature. 1) Quantity of evaporated kerosene; 2) p, atm. abs.

- 1lg -




relation between the percentage of kerosene evaporated and the ailr tem-
perature and pressure for a stoichiometric mixture has been indlicated.
In considering the climbing flight of ajet englne, for instance, at a
congtant Mach number, an interesating phenomenon i3 observed. With an
incresse in altitude, the influence of g temperature decrease 1s great-
er than the influence of decreased pressure, so that the capability of
fuel evaporation decreases. As the alrplane reaches the stratosphere,
temperature stabilizes whlle pressure keeps on decreasing and this in-
ereases the quantity of fuel evaporation. It follows from the above
that the conditions of poorest svaporation occur 1n the range of alti-
tudes from 9 -- 12 km,

In order to compute the evaporation rate 1t 1s necessary to know
the distribution of drop slizes as well as the physical characteristics
of the liguid and of the vapor components in the propellants. The com-
putational method 1s based on a simplified model of the physical proc-
e3s of evaporation. Flrst of all it 1s assumel that evaporation rate
1s a functlon of the rate 2t which heat can be suppllied to the drop.
Thils heat 1s used to cover the latent heat of vaporization. The evapor-
atlon rate 1s so slow that the vapors in the Immediate vicinity of the
drop surface are in equilibrium with the 1liquid of the drop. The drop
reaches an equllibrium temperature lower than the bolllng polnt of the
liquid, and this temperature results mainly from the conditions of
heat exchange.

The rate of heat exchange dg¢/dt on the given iadfus r 1s glven by

the egquation:

TS

= “‘ufgi + mn‘PT

where X 13 the coefflclent of thermal conductivity in the drop; mg is

the welght yileld due to vaporization; cp 1s the specific heat of the
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vapor; T 1s the vapor temperature; F is the drop area.

The first expression in this equation describes the quantity of
heat transferred by means of conduction, and the other expresses the
heat carried away by diffusing fuel vapors.

After transformation we get:

- 4nr,
m, = B

-A.(T, - Ty
4 -
<= cpgor} — ral

- 2lln[l v ,)]
A g

where P, Is 1llquld density; ry 13 the initial drop radius; r. 1s the

0
drop radlus at the instant T; qp is the neat of vaporization; cp and A
are the average values of the specific heat and of tne thermal conduc-
tivity in the temperature range from Tl to TO; T 1s the evaporation
time for the drop radlus to go frcem radius ry to Ty AO 1s the value
of thermal conductivity at the drop temperature TO; Tl 1s the ambient
temperature.

The first of the above-obtalned equations describes the evapora-
tion rate as a function of the heat transfer rate. From the second
equation 1t follows that the time required for evaporatlon 1s propor-
tional to the nquare of the initial drop radius

1=Cirl —r)) (5.8

where
C = “lc i
2xln [1 a1 ]
A gy

in an actuval case, drops of wldely varying slzes are injected ir-
to the combustion ciamber. An interesting problem involves the manner
in which the evaporation of such a stream of drops of different diame-
ters change with time. As was shown in the preceding paragraph, the

gqualitative drop distributlion 1s governed by the uniformity ccocefflclent
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K. Low coeflficlent values indicate a wide distribution. Figure 5.12

shows the evaporation rate of the liquid in streams having the same

average drop diameter but a different distribution. The highest ini-

C tial evaporation rate 1s obtained from the stream having the widest .
é distribution. In general such . distribution 1s advantageous 1in achiev-

ing 1gnition. However, after evaporation of 75% of the liquid, the ’
situation 1s reversed. In a wide-distribution stream. large drops re-

1 main and these reduce the evaporation rate.

" l
oo | |
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Fig. 5.12. Evaporation rate of a liquld
in streams of same average drop dlameter
but different distribution. 1) Nonevapo-
rated liquid (%).

Tr.is8 has an important effect on the course of the combustion proc-
ess, 0. which thls phenomenon imposes the characteristic of a muiti-
phase process. The significance of individual factors influenclng the
evaporation rate varies within wide limits. In or~der to 1llustrate the
influence of the most impcrtant porameters on the evaporation rate of
fuel drnp.q.‘ F‘{g.q. 5.1 and 5.1_11 shnw the 1nfluence n¥ the disatance
from the point of injectlon and of the flow velocity.

In both cases tt:e fuel was injected against the Tlow. From Fig.

5.13 we see that 1in the case of an air velocity of 150 m/sec the evapo-
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Fig. 5.13. Evaporation of a sprayed fuel stream as a function of the
distance from the injection point. 1) Evaporated fuel (%); 2) gascline;
3) kerosene; 4) distance from the injection point (cm).
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Fig. 5.14. Influence of flow veloclty on degree of evaporation. 1)
?raction expressing the portion of evaporated fuel; 2) alr velocity
m/sec).

ration 1s virtually completed within a distance of approximately 0.5 m
from the peoint of Injection. At that polnt, gascline has evaporated
almost cumpletely, whereas only around 50% of kerosene has evaporated.
A further increase in the distance has only a slight effect on kernsene
evaporation. Figure 5.14 shows that an increase in flow velocity in-
creases the degree of evaporation. This 1s due to an ilncrease in the
heat and mass exchange coefficlients which depend malnly on velocity.
5.5. MIXING OF THE FLOWS OF SPRAYED FUEL AND AIR.

For proper progress of thz combustion process, particles of fuel
and alir should be thorougnly mixed on the molecular level. This funec-
tion 1is ultimately achieved by particle diffusion, but its effective
influence is shortlived. In practice, fuel injection points are widely

separated, so that du. ng the mixing process one can rely only cn fueli
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spray and on the turbulence of ithe alr stream. This latter mixing
method 18 called mixing by means of turbulent diffusion. It is not
limited only to the mlxing of particles of fuel vauvors with air parti-
cles, as 1s the case with molecular diffusion, but 1t alsoc causes the
rixing of entire drop particles. Turbulent diffusion is described by

the equation:
oM

- oerd
where 3M/3t 1s the mass transfer rate; F 1s the transfer surface;
3f/>r 18 the fuel concentration gradlent in the flow; DT 1s the coef-
flelent of turbulent diffusion; f = B/G 1s the fuel-to-alr ratio in
the mixture stream.

The coefficlient of turbulent diffusion 1s determined by the rela-
tion: ~

Dy =LV &F (5.9)

where L 1y the turbulence scale; y/ﬁﬁ; 1s the mean squsare pulsation
rate which 1s a measure of turbulence intensity.

The coefficlent of turbulent diffusion 1s over one hundred times
greater than the coefficlent of molecular diffuslion.

If we solve the diffusion equation in the assumption that the
fuel 1ssues from a polnt without an ‘nitisl veloclity, the following

relatlion 1s obtalned:

R
I=%¢ et (5.10)

where x 13 the distance from the injection polnt; r 1s the distance
from the injection axis: u 1s the flow veloclity; f 1s the fuel-co-air
retio at a given point (z, »r).

From the above relatlion we see that the mixture concentration dls-
tribution within the stream 1s governed by the parameter DT/u. it is

xnown empirically that turbulence intensity 1s a flxed fraction of the
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flow velocity (v3%). In view of this (see Eq. (5.9)) parameter D,/u
should not be a functlon of veloclty. Similarly, in view of the high
Reynolds numbers (105 to 106) present in Jet engines, large variations
in the diffuslon constant should not be expected because of changes in
mixture temperature or concentration. From the above 1t follows that
for the given geometrical shapes of the systems, the parameter DT/u is
approximately constant. This means that fuel distribution wlll be es-
sentially independent of the operating conditlions, 1f 1t 1s assumed
that the method of fuel Injectlion is unchanged. The above conclusions

refer to evaporated fuel. In the case in which fuel drops are present

in the mixture, the stream's diffusivity, compared to vapor diffusivity,

wlll be smaller, the larger the drops and the lcwer the frequency of
turbulent veloclity fluctuations. The dependence of the ratlo DT/u on
veloclty, for the case of mixtures with evaporated and nonevaporated

fuel, 1s shown in Fig. 5.15.
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Flg. 5.15. Influerice of {low veloclty on the diffuslon parameter DT/u:

pipe aiameter 150 mm, air temperature 150°C. 1) Air velocity (m/sec);
2) evaporated fuel, gasoline; 3) unevaporated fuel, gas oil,.

It 1s seen from the greph *‘hat at low velocltles the diffusivities
of evaporated and unevaporated mixtures differ slightly. The difference

occurs only at high flow velucities due to a marked decrease in the
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diffusivity ol the unevaporited mixture. Mixture diffusivity Ilncreases
(by a factor of as much as uwo) when the flow ls interrupted by obsta-
cles.

The point source model described above represents a good approxi-
mation to actual conditions if the fuel enters the alr stream at a

very low veloclity through a small pipe. In the cases In which the fuel
axe o
L

[/ S— -
amg ] —

aos =

Fig. 5.16. Tuel distribution behind
a ring source.

is introduced 1In a counterflow or parallel-flcw manner by means of a
8tream injector or in counterflow fashion by mears of a spray injector,
it 1s more convenient to assume a ring source, assumling chat point
sources are uniformly distributed on ¢t~ zircumference of a circle of

radius RO' In this case the equation assumes the form:

—xfr -2
n=-S_Kl;ak L], () B e
CR! = R, “er

Function ¢ is plotted in Fig. 5.15.
It has been established emplrically that RO can be taken as the

radius of the sprav~d fuel flow which 1Is observed visually or measured
in photographs (Fig. 5.17).
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Flg. 5.17. Trajectorles of fuel drops sprayed by soray injectors: a)
parallel to the flow; b) counterflow. Fuel drop distribution according
to size, In a cross sectlon of the sprayed stream.
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Fig. 5.18. Radial penetration of sprayed
fuel iInjected with counterflow by a
stream injector.

In the cese of a stream injJector operating with counterflow, ttr-=
magnitude of Che radilus RO can be determined from the experimental
curve given in Fig. 5.108. That curve represents the radil ratlo of the
fuel stream to the 1njector orifice as a function of alr stream veloc-
jLy divided by the velocity of the fuel strean,.

A simllar relation for counterflow spray 1lnjectors 1s 1llustrated
in Fig. 5.19. This figure shows the influence of the excess pressure
Ap and of the dlameter 4 of the injector exit orifice on the maximum

radlial penetration R, of fuel drops.

0
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Fig. 5.19. Radial peretration of sprayed fuel injected with counter-
flow by a spray injector.
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Chapter 6
COMBUSTION THEORY

The essenc : of ure combustlion process consists in a rapld exo-
thermic chemica. reaction taklng place between fuel and oxygen.

The combustlen mechanism depends most of all on che concentration
of the reacting substances and on the aeromechanical condicions under
wh'.ch the process takes place,

6.1. CHEMICAL KINETICS OF COMBUSTION

If a4 reactlon of a single type takes place in the mixture under
consideration, wlthout any simultanscus secondary reactions occcurring
to compllcate the picture, then this reaction is called an elementary
reaction, In theory, every reaction is reversible only 1f the condil-
tions are right. It may cccur then that an elementary reaction could
be complicated by a simultaneous occurrence of the reverse process.
Furthermere, the products of the flrst reaction can be subject to fur-
ther reactions, the result of which w!'ll be new products. Such a com-
piicated set of reactions 1s called a simultaneous reaction., An ele-
menta-y reactlon is characterized by the reaction order which 1is ex-
pressed by a matnematical equation linking the observed reactlon rate
with the concentration of the reagents. Reactions of the flrst order
encompass the transformatlon of a single particle. For this type of
reaction, having the general form:

A + products

the reaction rate can be expressed by the differentlal equation
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i: = k,(a - x)

where ¢ ls the 'nitlal concentration of the substance 4; x 1o the juan-
tity of the substance 4 which was subjJected to the transfermation dur-
ing the time 1.

At each Instant' of time the reactlion rete is proportlonal to the
first power of th+ oncentration of the reacting substance. The con-
stant kl 1s the coefficlent of proportlonaitity and 1s called the reac-
tion rate.

& reactlon of the second order conslsts in obtaining products by
means of a reactlon between two partlcles or betweer an atom and a
particle., A reaction cof the second order, having the general form

24 — products
leads to an equatlon in which the reaction rate is at all times pro-
portional tc the square ot the reacting substance's concentratlion:

dx
:-!-"' = k,(‘ —'-l')‘

Reactions of the thlrd order encompass simultanecus interactlons
of three atoms or molecules. Suech reactlons are very unllikely and
therefore occur very rarely. The corresponding equations for a reac-
tion of the third order have the form:

34 —— products

and
dx
—-k l—x'
= = hla—y
or
TA + B --— products
and

% = ky(a — 20)* (b —x)

a3 well as
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A+ % + { —— products
ana

k-9 )

The time in which the ccncentratlon of a given componert of the
recaction drops to one halfl of its initiel value 1s called 1ts halfl
iife Tg From the equations presented abtove, 1t turns out that for a

reactlon of the nath order

Ty s
¥ an-1

The hal? life is therefore inverse ' proporticnal to the initial
concentration ralsed to the power of th ~sactlon order, decreased by
one.

The reversible reaction

A+ R—=C+ D
represents a simple form of simultaneous reactions. The differential
equation for ldentical concentrations of A4 and B assumes the form:

—:f = k,(a —.x)' — kit
where k2, ké are the reaction rates for second = der processes, taking
nlace from left to right and ia the opposite direction.

According to what has been sald above, the half 1life 1s inversely
proportional to the concentration of the given reactant. In view of
this, two opposlte reactlions of the second order take place, Just 1llke
a simple process of the same order.

The effect of temperature on the rate of chemical reactlons taking
place in homogeneous mixtures has been formulated emplrically by Ar-~

rhenius.

According to his equation the reaction rate I1s

le

(6.1)

=5

k=A.‘d.
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where 8 1s the absclute gas coastant; £ is the activation energy; An
ts the proportionality constant.
6.2. COMBUSTION OF HOMOUGENEQUS MIXTURES IN A LAMINAR STREAM

The flame propagation mechanism in the laminar {low of a fuel and

oxldizer mixture is 1llustrated in Flg. 6.1.

P/

b

Flg. 6.1. Flame front in lam-
irar flow of a homogeneous mix-
ture: 1) mizture; 2) flame; 3)
products of combustion.

The mixture entering at a veloclty u, is ignited on contact with

L
the hot products of combustion which have arisen from the coulvistion
of the preceding layer. Two curves characterize the process: :ir: change
of oxygen concentration in the mixture alonz the flow, and the change
of temperature. The rate of flame propagation (in this case, the so-

called laminar combustion rate or normal combustion rate) 1s given by

the equation:

S.“.=‘"L=Hm-41=£

a4
where Ax 1s the displacemc~t along the x-axls, perpendicular to the
combustion surface.
The factor initiating ignition in successive mixture layers is,

on the one hand, the phenomenon of heat conduction from the combustion

side, and on the other hand, the diffusion of active particles such as
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free atoms or radlcals, formed during combustion of preceding lavers.
Which ¢f *'.v two phenomena 1s the controlling orne _s not known, so
there are still two sets of theories on laminar combustion of homogene-
ous mixturass: the set of diffusion theories and the set of thermal
theorles.

The simplest thermal theory 1s presented below. The quantity of

hezt requlired to heat the mixture from a temr . ature T to the 1gnil-

0
tion temperature Tz per unit flame zrea and per unit time 1s equal to

g =<, u (T, — Ta)
where cp, py are the speclfic heat at constant pressure and the den-
sity of the mixture.

The quantity or heat transferred out of the reaction region 1is

where A 1s “hermal conductivity; (Ts - Tz)/éx is the average tempera-
ture gradi~av; 63 Is the width of the reactlon zone; TB is the com-
busticn temperature.

From these 2quatlions we obtain:

cpor{Te — T) - ‘T—‘;‘-—L

Iet T, = Gx/uL be the chemlcal reactlon time and a = A/cpp be the
coefficient of temperature equalization; the above equation can be re-

arranged to yield the normal combustion rate as:

somuy/TEy/ 2 (6.2)

It is seen from this equation that the normal combustion rate 1s
directly proportional to the square roct of the temperature equallza-
tion coefflcient and inversely proportional to the square root of the
chemical reaction time. The theory's weak point ls 1Its treatment of

the mlixture ignition temperature Tz as a physlcochemlcal constant,
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when In reality this témperature is a function of the conditions under

which the proccss takes place. owever, even the most complicated the-
orles do not provide a rigorous methoc for the computation of the nor-
mal ccmbustion rate as a functlon of the thermodynamic parameters and
physical properties of the mixture.

Therefore, 1in practical cases one should operate with experimen-
tally determined quantities. In this regard, the so-called Bunsen

burner method 1s utilized (Flg. 6.2).

a
Fig. 6.2. Flame of a Bunsen burner: a) profile
of inside and outside cone; b) isotherms and

flow lines; c¢) method of determining the rate
of laminar combustilon.

The mixture flowlng through the burner burns cver the burner's
exit cross sectlion. In the laminar flame so created, two cones can be
distinguisned: an exvernal rlame and an internal one. Imne pasic com-
bustion process takes place on the lateral surface of the internal
cone which has a grayish-blue tinge. The particles not burned on the

internal cone finish burning in the luminous space between the cones.
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Figure 6.2a shows the flame of a Bunsen burner. Figure 6.2b shows the
specd, temperature and stresamline distribution in the flame. Figure
6.2c on the other hand shows the method of determining the laminar
combustion rate.
From the flow continulty equation one gets:
S Fy=uF,ymuFysine

where 5, 1s the speed of laminar compustion; u# is the velocity of the

L
mixture in the burner; 2a is the included angle of the internal cone;
v l1s the mixture's speclfic welght before combustion; Fb 1s the cone's

lateral surface area; Fp is the cone's base surface area.

/AN

i L

: 50 _zf; inig‘h:HH::b“
%T_1$£:1;‘1::\&u J

Tg. 6.3. Dependence of laminar
combustion rate on fuel type
and on the coefflclent cof ex-
cess alr.

After rearrangement one finally gets:
SL==1Lun

In order to determlne the rate of lamlnar combustlcn, 1t 1s suf-
ficient to measure the mixture veloclty through the exlt c¢cross section
(e.g., by means of measurements of stagnation pressure and measurement
of the mixture's thermodynamlc parameters)} and the included angle of
the Internal cone (for instance, by projecting the cone's shadow on a
screen, which facllitates the mearurement). On the basls of such

studles, 1t has been verifled that the rate of laminar combustlon 1s

- 128 -




T P, SR

L o

primarily a function of fuel type and of the coefficient of excess air
(Flg. 6.3). The hlrhest combustlon ‘ate 1s cobtained in the case of nhy-
drogen. In the case of hydrocarbon fuels, the combustion rate deureases
with an increase In ths degree of saturatlon of struetural chalns. In
the case of gasollne and kerosene mixtures, the highest laminar com-
bustion rate amounts to 40 cm/sen. An increase 1n mixture temperature
upstream of the flame front lncreases the combustion rate. In the case
of propane-alr mixtures, as well as other hydrocarbon mixtures (includ-
ing gasoline and kerosene) the following empirical relation (which
helds at 1 atm) 1s important:
Sy =10 + 0,000342 T¢

where SLO 1s the maximum laminar combustion rate (em/sec); T 1s mixz-
ture temperature before combustion (°K).

The influence of pressure on combustion rate 1ls indicated quali-
tatively oy the following empirical relatlcnship:

Syt

o

From thls we see that the rate of laminar combustion increases
with a decrease 1n mixture pressure.

In depth the flame front consists of a layer in whilch the mlxture
is heated up to the ignitior temperature, and of a second layer in
which the combustlon rrocess takes place. From the conditlon that the
heat transferred from the combustion area to the mixture is equal to
the beat which ralses the mixture temperature, we obtain:

155 = 51T~ T

We assume that

iIﬁ’T—-T
dx 8z

and obtain the followlng relationship for the flame front depth, in
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the case of laminar combustion:

where a is the coeff{iclent of temperature equalization.

B~ L

(6.3)

We see from Eq. (6.3) that the depth of the combustion zone is

inversely prcoportional to the speed of flame propagation.

6.3. COMBUSTION ~™ HOMOGENEOUS MIXTURES IN A TURBULENT STREAM

In &b~

we di- .s1n two characteristic cases:

ysis of the combustion process in a turbulent stream

<n the turbulence scagle is small compared to the forward

de of the laminar flame,

- when the turbulence scale is large.

The second case occurs mainly in technlcal appllcations, and 1t

will be consldered below.

In thls case the flame's zone assumes the

shape 1llustrated in Fig. 6.4. The boundary of the unburned mixture,

on the flame side, is very wavy and furthermore, separate pockets of

fresh mixture are formed in the midst of the combustion products;

these pockets

have various volumes.

leeog U1
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F*g. 6.4, 3chematic dlagram of
tne flame wmone 1In the case of
trbulent combustlon of homo-
goueous mixtures: 1) mlxture;
<) turbulent flame; 3) products

ol combuscion,

Assuming that the flame's surface area inereuses as the ratlo

u'/SL, where u' 1s the pulsation rate in the directlon of flame propa-

gation, and thzi thz protuterances on the combustion surface assume a

conical shape, we have derived the following relatlon:
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where A4 and B are constants, ST +o turbulent combusticn rate.

After taking into account the experimental results, we find that

this equation assumes the following form:

— =] 453
St i

Sr (-’ )omr 7.1

Sy,

Therefore, the turbulent combustion rate of a homogeneous mixture
depends on the laminar combustion rate and on the pulsation rate in
the direction of flame propagatior.

Figure 6.5 shows the qualitative influence of the thermodynamic
parameters of state on the rate of turbulent combustion.

The increase in the rate of turbulent combustion with an increase
in pressure and temperature can be explained by means of the following
relationships:

— deperidence of the pulsation rate on pressure

U~ piis (6.5)

— dependence of rate of laminar combustion on temperature

s, ~ I?

The effect of Eq. (6.5) 18 offset by the relation determining the

influence of pressure on the rate of laminar combustion
Sy~ pi
However, 1n accordance with the theory discussed above (see Eq.

{(6.4)) the influence of pulsation rate on the rate of turbulent com-

with increasing p.
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Fig. 6.5. Dependence of the

rate of turbulent combustion
on the mixture pressure and

temperature.

6.4. FLAME STABILIZATION

In all cases where the flow veloclity is greater than the rate of
flame propagation, a device must be introduced intc the mixture flow
to stabllize the flame. The funetion of this device is to create, in a
certain section of the combustion chamber, conditions leading to steady
combustion. This 1is achieved most often ty placing in the flow a blunt
body behind which a recirculating vortex 1is created. The recirculation
region becomes "the point of attachment" of the turbulent flame front
which in turn encompasses the entire mixture flowing through (Fig.
6.6).

A realistic picture of the phenomena occurring in the combustion
zone, behind a stabilizer of circular cross section, is shown in the
diagram cof Fig. 6.7 which is based on photographic data. A fresh mi x~
ture flowing about the stabilizer slides over the aerodynamic shadow
cf the stabllizer formed by the turbulent region of vortex motion of

hot combustion product particles. A layer is formed on the boundary
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betweer this region an” the fresh mixture, into which particles of
fresh mixture penetrate as a result of turbulent motion and burn up.
This process constitutes the initiation of the flame front which will

subsequently encompass the entire combustion chamber.

Flg. 6.6. Typlcal model of a
combustlion chamber with a flame
stabilizer: 1) flame stabilizer;
2) recirculation region; 3)
flame front.

Fig. 6.7. Realistic picture of
the phencmena occurring in the
combustion zone behind a flame
stabilizer: 1) stabllizer; 2)
mixing reglon; 3) recirculation
reglon; 4) flame front.

Flg. 6.8. Model of flame sta-
bllization by means of a recir-
culating vortex.

There are a numter of theorles explaining the mechanism of flame
stabllization described above.
The majority of these, however, are based on the following physi-

cal model of the phenomenon {Fig. 6.8).
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The mixture flowing around the flame stabilizer (in the shape of
a flat clrcular target) creates in its aerodynamical shadow a toroidal
vortex. The path of a fluid element in this vortex can be subdivided
into two parts. In the first part .4-B) heating of the fresh mixture
takes place as a result of mixing with combustion products from %the
previous dose and as a result of radiation from the hot recirculating
region. In the second part {(B-C-4) combustion of the mixture preheated
to the proper temperature takes place. Starting with t.is model, Spald-
ing [6.2] assumed that the phenomenon controlling the stabilization
process 1s the heat-exchange rate in the recirculation reglon. It has
been assumed therefore that the mathematical equation describing this
process is the heat-transfer equation, with a heat source:

P _ W31 g1y = 6.
oo —u— (1) =0 (6.6)

Using the method of dimensional analysis, and transforming the

above equation, the followling dimensionless groups can be formed:
Pe, = K Pel (6.7)

where Peu = ud/a 1s the Peclet number referred to the flow velocity;
Pe, = SLd/a is the Peclet number referred to the rate of laminar com-
bustion; X and m are experimental constants; z is a chemlcal constant;
n 1s reaction order; p and T are pressure and temperature; a is the
coefficient of temperature equalization.

Equation (6.6) explains the change in enthalpy of a fluid element
(2nd expression) as a result of conduct’ve heat transfer (lst expres-

A A £ bt amm M mawem s
ierl] and as 2 Re <1 wne I'tcacadec O

43
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(3rd expression). The Peclet numbters in Eq. (6.7) determine the physi-
cal conditions in the stabilization region. The Peclet number referred
to the flow velocity determines the conditions of heat transfer, where-

as the Peclet number referred to the rate of laninar combustion deter-
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mines the conditicas for generation of thermal energy. Figure 6.9
shows experimental results gathered by Spalding. It 1s seen from the
graph given in this figure that at Peu = 10” a change in the exponent
occurring in Eq. (€.7) takes place; it goes “:»m 1.5 to 2.0.

Starting with a similar model, De Zubay [6.1) assumed that the
condition for flame stabilization is a net energy excess resulting
from the comparison of the heat generated in the recirculation region
and the heat conducted away from this region by the mixture flow pass-
ing the flame stabilizer. Based on the equation so obtained, and tak-
ing into account the experimental coefficlients, the following stability

criterion 1s obtained:

@ = fl g (6.8)

where a 1s the coefficlent of excess air; p iz the amblent pressure in
the combustion chamber (kgf/cmz); © 15 the flow velocity in the sta-
bilizer plane (m/sec); d 1s the stabilizer's characteristic dimension
(target diameter or hydraulic diameter of a stabilizer of a different
shape (mm)).

Measurement results are shown in Fig. 6.10.

The guestion of flame stabilizatiun in a completely different
plane has been aralyzed by Zukcskl and Marble [6.4]. Adhering strictly
to the picture of the phenomena occurring 1in the stabilization region,
which has been presented earlier (Fig. 6.7), they have assumed that
the factor governing flame stability 1s the ignition lag of the mix-
ture flowing past the recirculation region.

In this case the stability condition reduces to the equation
¥
Jid 6.
bl (6.9)

where u 18 the mixture velocity past the stabilizer; L 1s the length

of tie recirculation region; v is ignition lag.
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Fig. 6.9. Characteristics of
flame stabilizers according to
Spalding. 1) Two-dimensional
stabllizers; 2) three-dimen-
sional stabllizers.
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Fig. 6.10. Characterlstics of flame stabillzers according to De Zubay:
u (m/sec), p (kgf/cm®), d (mm). Reglon inside the graph determines the
range of stabilization energy. 1) Reglon of stabilizatlon energy.

It is seen from experimental evidence that the length of the re-
circulation reglon 1s a function of the Reynolds number (Fig. €.11).
However, from Re = 1.5-10lI on, the ratio of reglion length to the char-
acteristic stabllizer dimension 1is constant and equal to 2.3. On the

other hand, ignition lag is a function of the coefflclent of excess

_1'_.56_




g i ;"—._*_'I.-“"::
T D B

|
U t5 2 3 4 6 8K Re

Fig. 6.11. Dependence of the
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Fig. 5.12. Dependence Pig. 6.13. Dependence
of ignition lag on mix- of minimum ignition
ture composition: coni- lag ¢n stabilizer shape
cal stabilizer, gaso- and size., 1) Stubilizer
line-air mixture. shape.

alr (Fig. 6.12) and of the shape and size of the stabilizer (Fig.
6.13). In the genersal case, the stabillity condition can be written in
the form of a function of the dimensionless groups:

Re =f(Dyy) . (6.10)
where Re = ua/v i3 the Reynolds number; DII = y1/d 1s Damkdhler's sec-
ond number; v is the mixture's kinematic viscosity; d is a character-

18tic dimenslon of the flame stabiliger.

o

= gE =




6.5. DIFFUSIVE COMBUSTION

In cases most often encountered in practico, the combustion proc-
ess takes mlace simultaneously witl the process of mixture generation.
This type of combustlon 1s commonly known as diffusive combustion.
Typically, diffusive combustlon tzkes place in liguid-fuel rockets and
in pulsejets.

Only In a few Instances of axial-flow Jet-engine design can it be
assumed that the combustion process approximates the nature of homo-
geneous mixtures.

6.5.1, Diffusive Combustion in a Laminar Stream

Figure 6.14 shows an idealized diagram of diffusive combustion.
The fuel flows through the inner cylindrical conduit with diameter dl
with a veloclty u. Alr flows (with the same velocity) through the an-
nular reglon between the inner and outer condults. Mixing of the fuel
and air takes place at the end of the inner conduit. After ignition of
the mixture, a flame front arises in a reglon of appropriate concen-
trations; air on the one hand and fuel on the other hand diffuse toward
this flame front (Fig. 6.15).

If the following assumptlons are Introducec

— alr and fuel diffusion coefficlents are the same and equal to D;

— fuel and air diffuse only in 2 radial direction;

— the combustion reglon 1s infinitely thin, and by the same token
the combustlen process takes place infinitely fast;
~ air and fuel veloclties are equal;
the phenomenuin of GilTusive cumbusilion can be descrived by the

equation:

art  r o (6.11)

where ¢ 1s the concentration of the ¢ombustible mixture, and 1s related
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to the concentration of alr and fuel by the equation

¢ = Cp - ICO

Cp 1s fuel concentration; €y 15 oxygen concntration; 1 1s the number
of moles of oxygen required to burn one mole of fuel; 1 1s time; =z and
r are cylindrical coordinates as per Fig. 6.1!; D 1s the diffusion co-

efficlent,

Fg. 6.14, Shape of a diffusive
laminar flame: 1) with excess
alr; 2) with fuel exczcs,

Pig. 6.15. Dietribution of gas concentration ¢ and temperature 7 in a
diffusive flame: 1) concentration of the fuel; 2) oxygen concentration;
3) concentration of combustion products; 4) nitrogen concentration; 5)
temperature distribution; 6} flame front positlon.

Equation (6.11) has two solutions 1llustrated in Fig. 6.14 by two
curves (1 and 2).
The result 1s a runction of the coefficlent a, the alr excess 1n

the mixture. wWwhen ao > 1 the flame surface closes on the flow centerline
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(curve 1). When a > 1, that 13, when there 1is an air excess, the flame
surface approaches the wall c¢f the outer condult.

Based on (Fick's) diffusion equation:
‘¥ —DPpZ (6.12)

where M 1s the mass of the diffusing gas; F 1s the diffusion area; »r
is the diffusion path, and uslng dimensional analysls, we can define

the followlng relationship:

In the case of diffuslve flames wlth excess alr, flame helght 1s
determined by the position of 1ts peak on the burner's axls. Then the
oxygzen diffuslon path 1s equal to the radius of the inner condult

R =dy/2
anu the diffusion time amounts to
T v R*/D
If flow veloclty does not change and 1s egual to u#, then the flame

helght 1is
Q

t,=ﬂ~-—‘-—~—-—

D (6.13)

where g uR2

is the volumetrlc efficlency of the fuel gzas.

It 1s seen from Eq. (6.13) that the height of a diffusive laminar
flame increases with an lncreasing flow veloclty and burner radlus and
wlth a decreasing diffusion coefficlent. Flame helght decreases wlth a
decrease in pressure (in the case of nondecreasing voluretric effi-
clency), since then the diffusion coefficlent inecreases. In the case
of constant gravimetric efflclency, flame helght 1s not a function of
pressure,

Figure 6.16 shows an actual plcture of the influence of fuel effl-

clency on the helght of a dlffusive flame. Beyond the range of laminar
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Fig. 6.16. Influence of gas efficlency (city gas, Q) and of burner di-
ameter d; on flame length Ip: 1) d; = 10.2 mm; 2) d1 = 6 mm; 3) d; =

= 3.4 mmn. A 1s the boundary of the diffusive laminar flame.

combustion, these curves also encompass turbulent combustion (the range
of lamlnar combustion terminates at the 2urve apex, l.e., at polnt 4
in Fig. 6.17). The following conclusions ~an be reached from this
grarh:

— in the zase of short flames (lp < 150 mm) tpe relatlionship of
Eq. (6.13) 1s important; 1t ylelds the proportionality between flame
length and fuel efflclency;

— 1n the case of longer flames, the rate of flame length 1lncrease
decreases with an increace in efficlency, which must be Interpreted as
a drop in gas velocity and an increase in the dirfusion coefficlent as
a function of distance from the birner edge.

This latter influence illustrates the relatlonship used 1n prac-
tice:

D = Do + k=
where DO 1s the diffusion coefficiént at the burner edge; z is the dls-
tence from the burner edge, measured along 1ts axls; k 1s ar experl-

mental constant,




-
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6.5.2. Diffusive Combustion in a Turbulent Stream

As can be seen from Flg. 6.16, an 1ncrease 1n gas efficlency (and
thereby an Increase 1n 1ts veloclty 1n the termlnal burner cross sec-
tion} causes an elongatlcn of the flame in the range of laminar com-
bustlon. After exceeding a certaln limit veloclty, vortices appear
first in the apex reglon and then 1n the entire flame, and these
shorten the flame and simultansously change the nature of the process.
Such combustion 1s called turbulent combustlon. Figure 6.17 shows the
dependence of the flame length and of the length of the laminar reglon
on the gas flow veloclty in the termlnal burner criss sectlon. As the
velocity 1increases, the lamlnar segment decreases untll 1t dlsapoears
completely, whilch occurs when gas flow becomes turbulent inside the
burner. Thus diffusive turbulent flames can be subdlvided into two
groups:

— mixed flames {the flow at burner exlt has a laminar character),

— completely turbulent flames (the flow at burner exit has a tur-
Lulent character).

A characteristic feature of turbulent flames 1s the weak effect
of flow velocity on their length.

Thls fundamental experimental result can easlly be explalned the-
oretlcally. As has been shown 1n the preceding section, the helght of
a diffusive lamlnar flame 1s directly proportlconal to flow veloclty
and to the square of the burner radius, and 1t 1s 1nversely propor-
tlonal to tne diffuslion coefficlent. In the case of turbulent flow the
role of the diffusion coefficient D 1s fllled by the coefficlent of
turbulent diffusion

Dr=LV{g®
where [ 1s the turbulence scale; vffﬁ_ 1s the mean square pulsatilon

rate.

- 142 -

S el TN

el

s

PEpiRL




L i

I

a
0 M0 X0 e

Flg. 6.17. Influence of gas velocity in exlt section of combustlon

chamber on height of diffuse flame: 1) height of diffuse flame; 2)

height of laminar part of flame; 3) laminar-flame region; &) milzxed-
flame reglon; 5) turbulent-flame region. a) m/sec.
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Fig. 6.18, Influence of the ratio of fuel efflclency to primary air
efficlency on flame length 1n medel combustion chambers: B) fuel effi-
ciency; Gpp) efficlency of primary air; Zp) flame length; d) diameter

of incandescent chamber.

In the case of a turbulent flow it 1s assumed that
- -R

Vv~

From which
LV ~ R

and the flame height 1s
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(6.14)

Therefore the nondimensional height of a completely turbulent
diffusive flame 1is a constant. The neight of turbulent flames can be
decreased by two methods:

— by addition to the stream of fuel gas of the so-called primary
air in front of the combustion zone; this shortens the diffusion path
of the secondary air particles. In this case the flame has a diffusion-
mixture character;

- by increasing turbulence while maintaining the flow velocity
constant.

The first method of flame shortening i1s illustrated in Fig. 6.18,

From thils graph 1t is seen that by preserving the ratio c” fuel
and total air, the relative flame length decreases when the effleclency
of primary air increases. The influence of increased turbulence on
flame shortening can be explained by an intensification of the mixing
process of fuel gas and oxidizer.

The result of the existence of turbulent flow 1s that mixing of
alr and fuel occurs due to & mutual penetration of elementary volumes
of gas, the size of which is a function of the turbulence scale.

The combustion process starts at the contact surface of the re-
acting elements; further flame propagation 15 governed by the rate of
molecular partlcle diffuslion. Therefore, the rate of diffusive combus-
tion 1s a function of turbulence intensity and of the molecular diffu-

sion coefficlient.

- 144 -




=TI -

3o A

o e S

6.5.3. DIFFUS1VE COMBUSTION THEORY OF LIQUID FUEL DROPS IN AN OXIDIZ-
ING ATMOSPHERE

The combustion process of fuel drops in an oxidizing atmosphere
can be 1llustrated by means of the model shown in Fig. 6.19a. The drop

temperature 1s equal to the fuel's bolling temperature. Fuel vapors

Crolo plomienig 3

Pig. 6.19. Combustion model of a liouid fuel
drap 1n a gaseous oxidizing medium. 1) Heat;
2) drop; 3) flame front; 4) combustion prod-
ucts; 5) fuel vapors; 6) oxygen.

diffuse toward the flame front which stablllizes 1tself at a distance
rg from the drop center. Oxygen diffuse: similarly toward the flame
front, but from the outslide. The heat created at the polnt of contact
vetween the fuel vapors and oxygen 1s transmltted partiailly to the
drop and partially, together with the combustion products, to the out-
side. Pilgure 6.19b shows the temperature distribution as well as the
distribution of partial pressures of fuel wvapors and oxygen 1in the
drop's surface layer. In the described model, the combustlon rate 1s
rigorously related to the evaporation rate which 1n turn 1s a function

of the heai-transier raie buelween the drop and the ©

lame front.

If it 1s assumed that the phenomenon governing the procesgs 1s the
diffusion of fuel vapors from the drop toward the surrounding flame
front, then the result of the mathematical analysis 1s analogcus to

that obtained in Chapter 5 for the case of an evaporating liquid fuel
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Fiz. 6.20. Influence of pressure and type of hydrocarbon fuel on the
value of the combustion rate constant: a) gascline; b) isococtane; c)
kerosene; d) ethyl alcohol.

drop ia a gaseous medium (Eq. (5.8)).

1 = k (de?—d? (6.15)
where k is the combustion rate constant; do is the initial drop diame-
ter; d 1s the drop diameter at time 1, reckoned from initiation of
combustion.

The combustion constant ¥ is a funection of the fundamental ther-
modynamic parameters and of the Tuel type. The corresponding relation-
ships are illustrated by the graphs in Fig. 6.20.

6.6. THECRY OF COMBUSTION OF SOLID ROCKET FUELS

Sclid roclket propellants consist of a mixture of fuel and oxi-
dizer, shaped into a charge whose form 1 a funetion of the desired
burning rate,

The term "combustion of so0lid propellants" refers to a series of
chemic¢al processes as the result of which the solid propellants are
transformed into gasecus products because of the acticn of an initial
ignition process. /n appropriately shaped charge of solid propellant

1s called a grain. Grain combustion ccecurs at its surface.
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The burning rate of a solid propellant has been defined as the

distance traveled by the flame frent per unit time in a direction per-

pendicular to the open surface of the grain.

As has already been discussed in Chapter 4, solid propellants are

subdlvided into two groups: homogeneous and composite.

The combustion mechanism of these two types of propellants is

dlifferent and therefore will be considered separately.

6.6.1. Combustion of a Solid Propellant Having a Homogeneous Structure

Combustion of solid propellants occurs in parallel layers, and

therefore it can be treated as a one~dimensional process varyling along
an axis perpendicular to the burning surface (Fig. 6.21). Since the
combustible materlial exhlbits low thermal ccnductivity, changes in the
propellant caused by surface combustion do not reach deeply into the

propellant mass. Heat transfer from the flame toward the material in

the solid phase should be sufficient to maintailn the temperature of
the reacting substances in the individual layers at the level required
to preserve the reaction's continuity.

4 waxmﬂ 9

1 rownial - 5 __Pomed moknol provege  _——
w;hnb&- Strefo reohch f ————
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Fig. 6.21. Illustration of the combustion of a homogeneous propellant.
1) Solid propellant; 2) decomposition zone; 3) temperature To; %) cum-
bustion surface; 5) flameless reaction zone; 6) hissing zone; 7) ready-
ing zone; B) flame reaction zone; 9) propellant flame.

In this fashion is created a steady state which 1s characterized

by constant rates of mass and energy flow through the combustion zone
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and by constant temperature and concentration gradlents. The first ma-

terlal zone subjected to the flame's action 1s the gzurface layer called

the decompositlon zone. A temperature increase 1n thils zone causes an
exothermal decomposiltion of niltrocellulose and of nitroglycerine into
gaseous products. Another source of heat ralsing the temperature of
the subsurface layer 1s the reaction taklng place between nitrlec acld
esters and the stabilizer (e.g., ethyl centralite). The stabilizer's
function 1s to react with the nitrogen oxides which occur in spontane-
ous decomposlition of nltric acid zsters durlng the fuel manufacturing
process and thus to prevent an accelerated autocatalytic reactlon.

At hlgh temperatures, stabllizers can react directly with nitric
acld esters; thls reaction has an exothermlc character.

The heat balance on an arbltrary plane in the combustion zuine 1s

described by th2 relation

where x 1s the distarce from the fiame front; X 1s the thermal conduc-
tivity; m 1s the mass combustlon rate; dx 1s the heat flux 1n the
plane x caused by the chemlcal reaction.

The first term in the equatlon represents the rate of change in
heat energy per unit veolume due to conductlion; the second term repre-
sents the agent's rate of change of enthalpy, and the third represents
the rate of liberation of heat energy as a result of combustion. This

equation can be easlly solved by assuming that 9p = 0, which 1s nearly

b

the c¢ase [lur planes [urllier away from the combustion surface., Atfter

integratlon one gets:
N’ r

T—Ty= (T, —T)e * (6.16)

where T0 is the initial propellant temperature; Tp 1s the temperature

at the combustlon surface.
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Figure 6.22 shows the experimentally obtained temperature distri-
2ution in the vieinlty of the combustion surface for the case of nitro-
cellulose with a 1% additive of ethyl centralite. If 1t 1s assumed
that temperature distribution in the fuel, underneath the surface

layer, 1s described by Eq. (6.16) then the quantitv of stored heat 1s

given by
mps

o [ Qg
lu.f(T-—T.)ec,n’xg(T'_ O)%I"d"

whereas the surface temperature 1s given by

L=n+§

In this way (substituting actual values), we find that the tem-
perature at the combustlon surface of a double base propellant is

330 ¢ 45°C. The mechanism responsible for the creation of the gaseous

P 1420

=
g —
—_—

— -
g 4

Fig. 6.22. Temperature distributlon in the vicinity of the combustion
surface as a function of pressure, in the case of a solld propellant.
1) Temperature (°C); 2) distance (em x 102),

mlixture as a result of the reectlon, in the decomposition zone, 1s
considered to be the process which governs the combustion rate of
solid propellants. Unsaturated particles arising in the decomposition
zone are expelled toward the gasecus phase 1n a directlion perpendicu-

lar to the grain's surface. These particles initiate a secondary reac-
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tion in the next zone, called the hissing zone. The reaction products
in thls case are: nitrogen oxides, as well as indlividual organic com-

pounds together with such stable terminal products as nitrogen, water

b4 e

vapor, carbon monoxlde and dloxide. Present reactions release energies
on the order of 500 kcal/kgf which 1s less than half of the total heat-
ing value. Terminal temperature in the hissing zone 1s ~1500°C. Sub-
sequently, transformations having a preparatory character take place
(readying zone), where activated products are created without heat
generation. ;
In the terminal reaction stages, nitrogen oxldes react with the
remaining materials to be oxidized, and the products tend toward ther- E

i modynamic equilibrium, Flame temperature then reaches its maximum wvalue

TRt

of abcut 3000°K, and the reaction 2zone glows intensely. The hissing
zone together with the preparatory zoie constitute the flameless reac-
tion zone. The width 7 (mm) of this zone 1s a function of pressure p
(kgf/cmz) and 1s given by the empirical equation:

1 = 8790/p3.

M T R S O ot

At low pressures, the area of high temperature is fairly distant

from the combustion surface in order to supply a greater amount of en-

Al

ergy to the initial decomposition in the surface layer (in the combus-
' tion of sollid fuels, radlatlion has much lewer significance than con-

duction).

W TR e iy

This phenomenon 1s the reason for the existence, for a glven =

|- snlid fuel, of a minimum pressure below which a stabllized combustion

Pt e

oimiy

: | process cannot be achleved. When pressure drops below the minimum

level, the zone of flameless rzactlion widens, the activity in the de-

B3

! composition and hissing zones decreases, the concentration of activated

o
{ Mk

[ products i1 the preparatory zone decreases and the flame zone dilsap-

it g iu
%

pears.
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But Inltial reactlions take place nevertheless ard the graln 1s
used up; however, the reactlon does not run 1ts full course and the
temperature in the lower layers 1s low. Thls phenomenon 1s the Lcgin-
ning of an intermittent operation of combustion chambers operating at
pressures that are too low.

6.6.2., Combustion of a Solid Propellant Having a Composite Structure

The varlety of solid propellants having a composite structure 1s
so great that a general treatment of the combustlon processes of this
group of fuels 1s impossible. However, a majority of propellants of
this type exhibit a similarity from the point of view of physical
structure and ballistiz properties., A common feature of these propel-
lants 1s among others the relative insensitivity cf the combustlon
rate to pressure and temperature. The inhomogeneous structure of the
fuels under discussion results in an inhomoge "eity on the combustion
surface and in tnhe flame-reaction zone. The bzo.ic oxidizing agent in
composite solid propellants 1is in general potassium perchlorate which
1s disseminated in a resin substrate. Perchlorate's thermal distribu-
tion on the combustion surface leads to a gaseous mixture containing
oxygen and potassium chloride. Simultaieously, the substrate envelop-
ing the potassium perchlorate generates a fuel gas mixed with carbon
particies. The rate of the reaction baiween these components and there-
fore the distance between the flame's hot zone and the propellant sur-
face are functions of the flow's mixing rate. The more the perchlorate
is subdivided, the more tiny sources ,f oxygen will be created, and
this will decrease the diffusion mixing path and wlll increase the re-
action rate by improving heat exchange with the combustion surface.

Since diffusion rate decreases with a pressure lncrease, then to
a certain degree it equalizes the strong dependence of the substrate's

combustion rate on pressure, and by the same token 1t lessens the pres-
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sure's Influence -n the combustion rate cof solid fuel propellants hav-
ing a composite structure.

6.6.3. Combustion Law Geverning Solld Propellants

Rocket technology preserves the old artillery traditions. This
has contributed to the fact chat many concepts and formulatlons, whilch
today are either untlimely or have a strange sound, suffer by their
strict relation to the terminology of this sclentific disclpline. We
are 1ot surprised therefore by the discrepancy between thls sectlon's
title and its modest and simple equation describing the relatlon be-
tveen the combustlon rate of sclld propellants and pressure, in whilch
this process takes place.

Thils equation has the fellowlng form:

w = bp" (6.17)
where w 1s combustion rate; p 1s pressure; n is an experimental expo-
nentlal coefficient which is a function of the propellant's composl-
tion; b is an experl: >ntal constant which is a function of the Initial
propellant's temperature.

This 1s an approximate equation valld in the experimentally de-
scribed ranges. However, based on many studies the following generali—n
zations can bq made:

— =0 high pressures (above 20-140 atm) the equation is adhered to
rigorously;

— in the medium pressure range, lrreguiarities occur {(reglons are

e beam I A am *ete L ol R Tl ] —-
ILT LW Ll wlila Ul LWl uaewdlwll L O

- - £ e mmm Ay e
A= RV

a fTunction of pressurc or
even decreases with an increase in pressure);
— in the range of lowest pressures the equatlion 1s not valld,
since tﬁg propellants cease to burn at pressures below 0.3-20 atm.
These phenomena can be explained on the basls of the previously
described theory of the combustion of solid propellants. At high pres-
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sures the greater portlon of the energy required to achieve decomposi -
tion in the subsurface layer comes from the flame zcne. The rate of
energy flow to the surface 1s governed by the flame's thermal conduc-
tivity and by the distance of the high temperature reglons from the
cor~ustlon surface. Since the flame reaction rate 1s a function of
pressure, consequently as the pressure lncreases, the energy flow to
the surface of the solid state phase 1lncreases and the combustlon rate
increases. In the medlum pressure range, the flame reglon 1s slightiy
separated from the solid-phase surface. Therefore a certaln portion of
the energy required to sustaln combustion must origlnate from the hilss-
ing zone. Reactlons 1in thls zone are slow and to a large extent depend
on the propellant's composition, as opposed to th2 reacticens 1r the
flame zone which are baslcally the same for all double-base fuels.

In view of the above, the dependence of the combustlon rate on
pressure, in the medlum pressure range, ls much less predlctable. At
very low pra2ssgures the quantlty of energy transferred to the combus-
tion surface from the gasecus phase 1ls very small, and cumbustlon rate
becomes almost 1lndependent of pressure.

Changes 1n combustl-n rate wlth changes 1n 1nitlal propellant
temperature are relatively small and usually amount to less than 5%
per 10°C. An 1increase 1in the initial propellant temperature causes an
increase 1n the final flame temperature. By the same token, the heat
energy flowlng backward from the flame zone toward the solld phase
gsurface 1lncreases and simulitaneously the combustlon rate lncreases.
This influence is taken into account by an appropriately determined
change in the experimental constanc o appearing in Eq. (6.17), which
for this reason 1s called a temperature ccefflclent.

The temperature cocefflcilent at a glven temperature TO can be de-

termined from the relatlon
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b= Cc/(7" — Ty)
where C and T' are constants, characteristic for a given fuel.
The dependence of b on temperature, in the case of a propellant
of the JPN type ls glven in Table 6.1. The composition and other prop-

erties of thls material are glven in Table 4.1.

TABLE 6.1

Dependence of the Temperature Coefficlent & on
the Initlal Temperature of a Solid Propellant
of the JPN Type

1) - 21 60

b 0,0683 0,0832 e

The influence of flame temperature (which can be determined by
knowing the fuel's heating value and the composition of the cocmbustion
products) on 1ts rate comet directly from the following relation which
is applicable to the majority of solld propellants having a homogene-

ous structure:
=1 +P¢-6.46+0.703 . 10"T.

where w 1s combustion rate in cm/sec; p 1s pressure in kgf/cma; T8 is
combustion temperature in °K.

For this type of propell:ni, the flame temperature is approxi-
mately a linear functicn of the heating value. Furthermore, it 1ls not
surprising that the following relation exlsts between the heatlng value

and che combustion rate:

Hx

T oo w1 47 L N DAL
g T oague v,v.v]

where w' 1s the double combustion rate when p = 1000 kgf/cmg, in
mm/sec; Hu 1s the heating value in kcal/kgf.
The above relations are derived from experimental data. They are

applicable solely in the high-pressure range where the combustlon rate
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1s to a large extent governed by =nergy flow from the flame zone; they
do not represzent the actﬁal facts Iin the range of low or medlum pres-
sures (below 140 kgf/cme), where there elther 1s no flame reglon at
all, or it 1s located at some distance from the combustion surface.

The radlatlon phenomenon also exhilbilts a certaln influence on the
combustion rate.

Radiant energy 1ssuing from the flame region 1s abscrbed by the
propellant grain, thereby ralsing its temperature and consequently it
iqcreases the combustion rate in an analogous way to the actlon of an

“f;crease in initlal temperature.
Radiation influence should be taken into account in the relation

describing the temperature coefficlent:

¢
T —(T, + 4T))

where ¢ and T' are constants, characterlstic of the glven fuel; ATA is
the temperature 1lncrease due to radiation.

The increase 1n graln temperature due tc radlation 1s small and
mey amount at most to 130°C under the most favorable condltlons.

The definlte addition ~f carbon black to the gralin's material ef-

fectively decreases the influence of radlatlon and protects against

its consequences.
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Chapter 7
FULSEJET ENGINES

Untll now, the pulsejet has been a jet engine of frustrated ex-
pectationz. It arose from the idea of a gas generator — without com-
pressor — to be used in conjunction with a combustion turblne, and ap-
peared initially as an unattainable goal of engine simplicity.

Nearly all the thermodynamic processes of a piston engine occur
in a simple, but appropriately shaped channel.

Even as recently as 1953, the pulsejet was described {7.4] as the
one aircraft engine having the gireatest developmental possibiliities.
Nowadays, however, there 1s a wldespread conviction that even the most
unexpected development of the pulsejet will find only limited applica-
tlons in military and c¢ivillan technology.

The idea of exploiting the phenomenon discovered by Huygens in
the occurrence of an overpressure in a contalner due to a sudden ex-
pansion of compressed gas to the construction of englines has recurred
several time- durlng the past fifty years. However, only in 1930 did
Paul Schmidt give some concrete form to these ldeas. His englne, de-
veloped for over ten years in German industrial and academic labora-
tories, was used as the maln propulsion unit of the first large scale
flying mlssile in history.

The fundamental progress in the development of the pulsejet was
achieved 1n 1950 by the introduction of an improved version of Bertin's
idea of replacing mechanical ports with inertla gas ports. Further re-

search aimed at reducing the engine's dimensions and improving its ef-
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ficiency, mainly by trying to induce detonation combustion, has falled

so far to produce results.
7.1. WAVE THEORY OF PULSEJETS

The basic processes occurring in a pulsejet are most easily de-
scribed by means of the wave model. Assuming a cylindrically shaped
engine, Instantaneous ignition of the entire mixture volume (and there-
fore isochronous compression of the thermodynamic agent within the
mlxture-filled region), isentropic expansion of the gas following the
explosion and assuming that the problem 1s gcverned by laws of plane
waves in a perfect gas, the following sequence of phenomena taking

place during a working cycle can be discerned (Fig. 7.1).

1
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Fig. 7.1. Theory of operation for a pulsejet. 1) Time; 2) inlet; 3)
atmaspheres; M) inlet portc; S5) charge, §) ocutlet; 7) i (engine length);
8) pressure distribution after detonation; 5) level of atmospheric
pressure; 10) mixture region; 11) engine dilagram; 12) compression wave,

13) direction of atmospheric air flow; 14) rarefaction wave.

At che instant of 1gnition, two waves are initiated in the engine

at the boundary between the reglons of atmospheric and increased pres-
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sure: a compresslon wave g directed toward the outlet and & rarefac-
tion wave b moving toward the inlet which is cl-sed by the inlet ports.
Inflow is initia%ed at the instant that the compression wave reaches
the engine's open end. The compression wave a reflects from the chan-
nel's open end as the rarefaction wave ¢. During this time, due to the
outflow, the pressure in the combustion zone drops to uine atmospheric

level so that the incoming rarefaction wave ¢ creates a partial vacuum.

D T — The inlet ports open as a resul% ¢ this par-
¢ BEITITTEAC tial vacuum and new mixture flows Into the en-
¥ E—__a__ _! b4 -

¢ =TT — gine. The rarefaction wave ¢ reflects from the

opening inlets as the rarefaction wuve 4 which
causes an overpressure at the pipe's open end.

As a result of this, atmospheric air flows in-
!

to the engine from the outlet end.
Fig. 7.2. Working

cycle of a pulse- The course of the above-described phenom-

Jet: ena can be visualized by mei.'s of diagrams
(Fig. 7.2) representing the working cycle of a
pulsejet.

The top diagram, 1, represents the condition at the end of the
cycle; a new mixture charge flows in through the inlet port, “he tube's
midsection is filled with ccmbustion products from the previous cycle,
and air is in the vicinity of the outlet, since it flowed in from the
rear.

The next diagrams, 2, 3, 4, represent the conditions immediately
following ignition. The small arrows indicate the action of the pres-
sure caused by combustion: the column of gases is pushed to the rear.
Due to this column's inertia {or what amounts to the same thing) due
to the effect of rarefaction waves, an overpressure is created in the

engine (especially in the vicinity of the inlet port) causing suction
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of a new mixture charge, which 1s denoted by arrows in dlagrams 5, 6,
7.

Alr enter: the englne through the outlet opening and 1s expelled
during the next cycle (diagrams 7 and 8).
7.2. TRANSIENT FLCW OF GASES THROUGH A PULSEJET

In the analysls of 1lsentroplc unsteady flow, the starting eaua-
tions are the equations of conservation of mass, conservation of mo-

mentum and the lsentropy equation

% | Hew) _ (7.1)
3t+ ix 0 ‘
¢ du  Ou
s SRR o Wil .2
ox ’ 3t+3x Il) (7.2)
po* =const (7.3)

where p and p are gas pressure and cdenslty; u 1s the flow veloclity; ¢
1s time; 2 1s the coordinate; x 1s the 1sentroplc coefflclent.

Introduclng the speed of sound which is given by the expression
den/wE (7.%)

we obtain the following transformation of the 1sentroplc equation

ag-z_mconst (7.5)
{~n
@7 = cont (7.6)
or In differential form
2 da
do = o—
x—1 a
x—1 a

Wi subsipibantinm mft Shes shove equatione ITibe pEkk

éa Ou 2 Oa
—_— b — = ——— g —
ot ox x—1 dx (7.7)
02 da x— 1 0Ou
ot ax 2 oz
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Scolutlons satisfying thils set of equations are:

U = ty = const

a == g = const (7.8)
or
-1
a=a.:Fx 7 ]
yo 2 xEoyl o -2)
41 t414

The solution given by Eq. (7.9) represents a linear wave set. The
wave veloclty ¢ can be determined by appropriately transforming Eqg.

{(7.9) and then differentiating 1t wilth respect to time. We then obtailn
—=c=uTFa (7.10)

Therefore the wave propagation speed consists of the veloclty u
of the gas within which the wave travels and of the speed of sound a.
3ince the process under discussion 1s isentrople in nature, the quan-
tity e 1s the velocity of propagation of weak {acoustic) waves. When
thls veloclty 1s directed along the positive direction of the z-axls,
the quantity u + a represents the wave's propagatlion speed with re-
spect to the x-axls and 1n the positive direction; con the other hand,
the quantity u — a represents the propagation velocity in the negative
z direction (for the case of u < a).

Equations

.—-—=ﬂ+ﬂ' and ;‘—‘-=H—ﬂ

di di
in the =z, t plane represent two famllles of lines along which the ex-

presslons

=r

(7.11)

x
2
a ¥
—_— =
x—1 2

remaln constant and are called Rlemann's invariants. These llnes are
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called the characteristics cf the set of differentlal equations. Xnow-
ing the behavior of two characterlstics, it i1s possible, based on the
knowledge of the invariants s and r, to determine the flow velocity

and the speed of sound from the above models by adding and subtracting

Eqs. (7.11) from

a y 45 (7.12)

7.3. ANALYSIS OF THE OUTPUT OF A PULSEJET BACZD ON THE METHOD OF CHAR-
ACTERISTICS

There are a number of methods of analysis and computation of the
performance of a pulsejet based on the method of characteristies [7.2,
7.3, 7.8]. They differ mainly in the assumptions made as to the course
of the combustion process. In Section 7.1 the combustion process was
reduced to an instantaneous pressure increase. Schultz-Grunow [7.2]
proposes replacing 1t by a series of isentropic steps spread out in
time. Each such pressure step will generate a pair of waves: a compizs-
sion and & rarefaction wave which will propagate in opposite direc-
tions along the engine.

These waves, computed by Schultz-Grunow, are illustrated in Fig.
7.3. These computations were based on the following assumptions. The
engine consists of a channel of constant cross sectlon. The cembustion
mixture fills 1/7 of the engine’s length. Atmospheric air, mixture and
combustion products have the same physical properties. Pressure in-
crease during combustion corresponds to the increase 1n the speed of
sound (due to the 1sentroplc compression which replaces combustion 1n

the assumed model) Aa = 0.14 g, and takes place in 1/15 of the tlme

1
needed by the wave to traverse the lengih of the engine at the speed

of sound ay which corresponds to the temperature of the atmospheric
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Fig. 7.3. Development of waves in a pulsejet during the first two work-
ing cycles. 1) Cyclie; 2) inlet; 3) outlet; U) sonic; 5) subsoniec.

air. On that basls, a pressure increase to 2.5 times the amblent pres-
sure level requires approximately 1/5 of the working-cycle time. The
ratlo of the mazimum effective inlet port area to the engine's cross
section 1s 0.4. The coordinates were taken as dimensionless time T =
= tal/L and dimensionless length ¢ = /L, where L 1s the engline length,

z 1s the coordinate and ¢t 1=z time.

;{\A‘*",
N [N

4=‘r

Fig. 7.4. Pressure varlation as a function of time at the engine's out-
let cross section. a and b) Theoreticel variaticns during the first

and second cycle; 37 actual variation obtalned by means of an oscillo-
scope.
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Waves 4' and 4" shown in Flg. 7.3 are caused by combustion during
the first and seccnd cycles; they initlate the outflow of combustion
products at the speed of sound and at a rn»essure higher than atmos-
pheric. In view of thls, some of the rarefaction waves in the group B'
and B" reflect from the channel's open end with the same sign, untiil
the overpressure 1s elluinated. Opening of the ports causes waves ('
and C" which initially reflect as rarefaction waves F' and F", and
then (once the ports are fully open) as compression waves G', except
that the waves G¢' occur only durdng the first cycle. The first cycle
-xerts ar influence on the second one malnly through waves E' and F'.
Compression waves E' 1gnite the fresh charge. The second cycle begins
with this ignition. Rarefactlion waves F' reflect from the open end as
compression waves #' and cause at that spot a flow of air into the an-
gine with the maximum speed of u/al = 0.18. This air occuples approxi-
mately 1/8 the length of the channei. Graphz 2lluctrating the pressure
varlatlion as a functlen of time at various englne cross sectlons can
be prepared on the basis of Fig. 7.3. Figure 7.4 shows such graphs for
the exlt cross section.

The elevatlons # marked on these graphs are due to the H' waves
reflecting as compression waves from the initlally partly closed in-
lets. Therefore this phenomencn 1s tiled to the operation of the inlets.
The stiffer the ports and the greater thelr mass, the more pronounced
these elevations.

7.4, MIXTURE GENERATICN, IGNITION AND COMBULTION DEVELOPMENT IN A
PULSEJET

Figure 7.5 shcws superlmposed on the came graph the pressure vari-
ation as a functicn of time at the front engine cross seciion and the
position of the inlet ports. These ports open and close almest instan-

taneously. in the open state, these ports are subjected to vibrations.
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Fig. T7.5. Pressure distribution as a function of time, at the front

engine cross sec¢tion superimposed nn the sequence of operation of the
inlet ports. 1) Chamber pressure; 2) inlet port position.
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Fié. 7.6. Alr velocity distr'bution as a f. 1ction of time in the front
engine ¢ 188 section. 1) Aiv velocity (m/s :); 2) time (msec).

The inlet open time accounts for 40% of the entire cycle.
Fuel 1s injected into the flow of fresh alr entering the engi.ne.

Due to a more or less constant injector output and a variable air ve-

locity (Fig. 7.5), mixture compositior !'s a function of time. '
At the beginning of the charging cycle the mixture is very rich, |
then it gets leaner and at the end of the cycle it gets richer again.
Since each of the parameters having an effect on drop size and
concentration, such as temperature, Iiow veliocity in the vicinity of
the injector and evaporation rate, vary within wide bounds, the mix-
ture 1s very nonhomogeneous; 1t consists of two distinct layers: a
highly enriched layer with fuel and combustion products from the pre-

vious cycle and 2 could layer arising at the end of the suction cycle.
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This mixture inhomogeneity causes a noticeable drop in 1its combustible
properties. Proper engline operatlon 1s ach.eved with a mixture compo-
sltlon consisting of an air excess ratio a = 1.1 to 1.4,

There are two theories explaining the ignition mechanism in pulse-
Jet engines. According to the first one [7.2], ignition is initiated
by the compressive waves whic halt mixture entry into the engine. How-
ever, 1t 1s most unllikely that a pressure increase of the order of 0.3
kgf/cm2 aould cause ignition ~f & mixture which could be preheated
sumewhat due to intermlixing with combustion products left over from
the previous cyzle.

According to the second hypothesis [7.6], ignition 1s initiated
by the flame remalning from the termlnal combustion of the preceding
cycie. Fhotographs of individual phases of e engine charging process
seem to confirm this hypotheszis. Mean mixture temperature before lgni-
tic. is at least 600°K (and cften reaches 1000°C), whereas 1/3 of the
mixture volume has a higher temperature than the mean. Part of the
mixture ighites even before completlon of the charging process. Once
the ports are closed, mixture motion ceases and the flame front sur-
rounding the fresh mixture from all sides {(also from the lateral sur-
faces) moves toward the inlet ports with a velocity on the order of 50
to 30 m/sec. Toward the end of the combustion process the speed of
flame propagation with respect to the englre decreases because of the
expansion of that part of the mixture which has not yet burned.

The combustion process most likely consists of two phases: an ini-
tial combustion which gradually takes over the entire combustion cham-
her and which increases the preasure and temperaturz in the chamber
thereby facilitating the evaporation of the remaining w.burned mixture,
and a main combustion occurring almost instantaneously In the entlre

chamber and lasting about 25% of the entire cycle.
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Measurements of 1nstantaneous.temperatures in the engines have
shown that maximum combustion temperatures attain approximately 2000°K
due to the mixture's low combustib!lity. Englne wall temperature
(amounting to 400-500°C in the viecinity of the chamber) has no effect
on combustion. Durlng start-up, steady engine output is attained within

a fraction of a second, during which wall temperature rises slightly.
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Fig. 7.7. Mean pulsation frequency Vop 35 8 function of fuel pressure

p: a) engine length is 3350 mm; b) engine length is 4300 mm. 1)
(Cycles/sez2); 2) {(atmospheres).
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Fig. 7.8. Mean pulsation ampli-
tude as a functlon of fuel
pressure [same legend as in
FPig. 7.7]. 1) (Atmospheres).
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The second 1gnitlon hypothesls described above (from the flame
remalning from the terminal combustion of the preceding cycle) is fur-
ther verlfled by two facts:

Filrst of all, the frequency of pulsations in the engine (Fig. 7.7)
1s almost insensitivé to fuel quantity and 1s not proportional to en-
gine 1ength-des§1te notlceable differences in the total pressure amp-
litude (Fig. 7.8).

If 1gnition were a functicii of the waves which stopped mlxture
motlion, the pulsatlon frequeney should be lnversely pronortional to
engine length and should increase with an increase of added fuel (be-
cause of an 1ncrease 1n the mean gas temperature and pressure, and
therefore an increase in the turbulence propagation rate).

Second, notlceable changes 1n the duration of the several englne
¢ycles, which on the average amount to 15-20% of the entlre cycle,
should he taken as a rule; and thls can be explalned only by the prob-
able occurrence of ignition.

It must be recognlzed, however, that opftimum efficlency willl be
achieved only in that engine in which i1gnition occurs at the instant
at which the compression waves reach the combustion chamber. In the
event of a lack of synchronization between these times, low-frequency
changes in pressure amplitades take place, and these can often lead to
an interruption of englne operatilcn.

7.5. PORTLESS ENGINES

M o el s vt e 1
i . 4 adln

- . T QY mnct Aftran
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used 1n pulsejet engines have a number of disadvantages, the most 1im-
portant of which are:
— short life, presently amounting at most to 50 hours;

- good performance only at engine frequency corresponding to port

natural frequency;
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— 1nadequacy of adaptation to large altitude variations due to
great changes in air density. Inlet port opening is caused by the ab-
solute pressure difference acrcss “he port. Since this difference de-
creases with flight altitude, the width of the inlet opening decreases,
which in turn decreases the fresh alr charge. In addition te a number
of phenomena such as drep 1n combustibillty, as a result of a decrease
in absolute pressure and temperature of the mixture in the combustion
chamber, this inlet performance sets a celling on pulsejet engines;

— during port opening, the resistance due to 1ts spring load must
be overcome. Thils 1s especially important in the case of short engines
(used, for instance, for the propulsion of propeller-driven planes)
operating at high frequencies (around 150 Hz). Use of thln ports to
decrease their stiffness 1s not indlcated since it reduces their life.

These disadvantages of mechanical ports have forced designers to
search for a nonmechanical method for controlling the flow in this

type of engine.

1 3

1 1 1 t'f"bfo /Z{wm 7',:"5’ 4

anZ
o Z

“‘\-'trsfw-,v sloiowe T~

Fig. 7.9. Spring loaged Flg. 7.10. Theory

ports. 1) Rib; 2) steel
leaf; 3) port; 4) riv-
eitsy.

Two innovatlons have been introduced whieh have

of operation of
a "hydraulic
flap."

inated moving parts from pulsejet englnes. These are: ports of the

"hydraulic-flap" type and gas inertia ports.

The first one of these is 1illustrated in Flg. 7.10.

Fresh mixturc {or fresh atmospheric air)
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indicated by the arrow. Or the other hand, when an overpressure exists
in the enpglne, the combustion products are forced into rotary motion
of ever-decreasing rauluc during the intake period. This results in .
velocity increase, because of the irrotationality of the flow, thus

accelerating the working fluild. In direct consequence of this phenome-
non, a force 1s created which retards the gas outflow. Figure 7.11 11-

lustrates an implementation based on the same principles but better

adapted to practical applications.

i

Fig. 7.11. Inlet of a pulsejet engine equipped with a "hydraulic flap":
a) Jet vanes imparting rotational motion tc the outflowing stream of
combustion products (in the direction of the arrow).
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Fig. 7.12. Theory of operation
of a gas 1inertia port.

The theory of operation of the gas lnertia port is illustrated in
Fig. 7.12.
Air flowing into the engine through the inlet conduit reaches a

ralrnrite 2. taaamA ks
------- YW LowWard ol

cend ¢f the cha
In order to reverse the flow, that is, in order for that particle

which at tnhe instant of ignition 1s located at point 4 (and ror which

polnt 8 is the turn-around point) to be at that came spot at the ent

of the combustlon process, an appropriate p must arise in the combu.s-

tion chamber. This pressure must nroduce momentun {whose measurs i
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glven by the shaded area in Fig. 7.12) capable of counterbalancing the
change in momentum which will occur in the englne 1inlet rozzle durlng

the time from tl to t,, that is, during the combustion time.
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Fig. 7.13. Portless pulsejet englne: a) englne diagram; b) engine flow
graph; c) pressure variation in the combustion chamber as a function
of time. 1) Nozzle; 2) combustion chzmber; 3) inlet; 4) injector.

starting with the equations ot conservation ot momentum and [1ow
continuity (for a constant cross section duct)

B ol (7.13)
dx +Q( ax+ 6!)_0

on
—_= 0
@ ox

the following relation 1s obtained after transformation and integration:
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p{ta) = ol (u, — ua) (7.14)

where p Is the density; y and Uy are the veloeitiles at times t. and

1
t

5
Substitution p = 0.12 kgf-sec’/m", 4y = u, = 100 m/sec and I -
= 0.5 m, ylelds
plt2) = 12 kgf-sec/m?.

Assuming that t2 - tl = 0.005 sec the average combustion chamber
overpressure can be computed to be 0.24 atm, which corresponds to a
maximum pressure of 0.5 atm. In 1950 Bertin took advantage of this
fact to bulld a portless pulsejet engine (that 1s, one without mechani-
cal ports). A diagram of such an engine together with an illustration
of the flow phenomena and pressure varlation as a function of time (in
the combustion chamber) 1s shown in Fig. 7.13 [7.4].

The theory of cperation of a portless englne is the following.
The combustion products created after detonati.n flow simultaneously
through the inlet duct (called a detector) as well as through the noz-
Zle. As a result of the 1nertlia of both these streams, an ovirpressure
1s created in the engine's combustion chamber. But the inertia of the
flow issuing through the nozzle 1s greater so that the outflow through
the inlet port wlll terminate earlier and it is through this latter
port that fresh alr willl start to flow into the engine. This alr, mix-
ing with the fuel contilnuously injected into the combustion chamber,
forms the combustible mi..ure which will ignite from the smoldering
combustion products remaining from the previous cycle, at an appropri-
ate time after termination of the charging process.

7.6. CHARACTwRISTICS OF PULSEJET ENGINES

7.6.1, Effect of Engine Shape on Its Output

From an aercdynamic polirnt of view, 1t would be advantageous to

make the pulsejet engine in the shape of a cigar (Fig. 7.14). However,
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Fig. 7.14. Wave path in an aerodynamically shaped engine: a) aerody-
namically shaped engine; b) substitute shape (cylindrical duct with a
half open outlet; ¢) wave path. 1) Combustible mixture.
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tion chamber: a) engine with enlarged combustion ciamber; b) substi-
tute shape; c) wave path.

it can be proved by means of the wave theory discussed above, that
prcper operation of such an engine 1s doubtful. The result of the wave

theory 1s the condition for proper engine operation that upon reflec-
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tilon from the duct's open end two waves are generated, cone being a
rarefaction wave and the other a compression wave. If in order to fa-
cilitate the analysis, the aerodynamically shaped engine 1s replaced
with a cylindrical duct terminated by a half cpen outlet, then as can
be seen from the graphs in Fig. 7.14 the order of these waves is re-
versed.

This willl obvliously prevent suction as well as mixture ignition
at the proper insvant and will disturb the continuity of engine opera-
tion.

The above derivaticn was backed by static tests during which an
attempt to start up an aerodynamically shaped engine, shown in Fig.
7.14, proved to be futile [7.2].

The shape glving proper operation without simuitaneously maximiz-
ing aerodynamic drag 1s shown in Flg. 7.15.

Characteristic features of such an engine (with a combustion cham-
ber wider than the outlet duct) are a longer charging time (with a
lower pressure differential causing suction) and the occurrence of a
weaker compression wave than in a cylindrical engine. Fowever, as has
been shown during the analysis of the 1gnition and combustion proc-
esses, these phenomena should not seriously affect the course of the
engline operation.

Engines having the above shape have found useful applications.

7.6.2. Effect of the Size of the Inlet Cros- Section on Engine Operation

The magnitude of the mixture charge sucked in during a cycle in-
creases with an increase in the inlet cross section (Fig. 7.16).

However, at the same time the 1lgnition and combustlion conditions
are impalred. Increase in mixture charge causes a drop in its tempera-
ture increase due to interacticn with combustion products left over

from the previous cycle. Also, *“» contact area between the mixture
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Fig. 7.16. Dependence of the charge of the new mixture suckeo in dur-
ing one cycle on the ratlo of the engine outlet cross sectional area
Fy to the cross sectional area of the outlet duct F: m'o,s 1is the mix-
ture charge corresponding to Fo/F = 0.6; m' is the mixture charge for
the gliven ratio Fo/F.

and the remaining flame, which causes ignition, decieases. Under tnese
conditions, as the ratic FO/F increases, the mixture burng nore and
more sluggishly and the combustion process assumes an ever-increasing
isobaric character (which obviously tends to decrease engine perform-
ance.

These two opposite trends: increase in the output of the working
fluid and the decrease in engine performance, bring about the existence
of an optimum value for the ratio FO/F between 0.2 and 0.4 which is
equally applicable to engines with and without ports.

7.6.3. Speed Characteristic of a Pulsejet Engine

Flgure 7.17 illustrateé schematically the characteristic operat-
ing features of a pulsejet engine at standstill and at a high flight
velocity. The effect of flight velocity shows itself in an increase 1n
charge and a decrease in supercharge.

Engine charge (Fig. 7.18) increases with an increase in flight
veloclty: at first slowly, and then starting at MO = §.5 al au in-
creasingly faster rate.

This comes about because of the increase in the pressure differ-
ence across the ports. As in the case of an improper ratioc of inlet

and outlet engine cross sectlons, this causes a drop in engine per-
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Fig. 7.17. Pulsejet engine: &) operatlon at standsiill; b) operation
in flight. The diagrams i1liustrate the condition 1mmediateiy before
ignition. 1) Fresh mixture; 2) alr from supercharge; 3) combustion
products left over from the previous cycle.
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Pig. 7.18. Effect of the Mach number My in free flow in front of the
engine, on the latter's charge: m') charge at the given Mach number;
m'e) charge at Me = O.

Flg. 7.19. Pulselet englne with
an inlet screen which reduces
the effect of flight velocity
on 1ts performance.

1s, a decrease in the quantity of alr which 1s sucked into the engine
from the rear, 13 caused by the ejection effect of the flow streaming
around the engine. Together these two phenomena cause, 1n conjunctlon
with the increase in flight speed, a drop in thrust and an increase 1in

the unit fuel consumption of the pulsejet engine. The graph in Fig.
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7.22a shows the speed characterlistic of a pulsejet engine using ports.
Starting between My = 0.5 and 0.8 (depending cn *the ratio FO/F) the
thrust of z pulsejet engine with ports begins to drop and i*ts unit
fuel consumption beglns to rise.

Portless pulsejet engines are cven more sensltive to the effects
of speed (Flg. 7.24a). The effect of thrust decrexse with increasing
fligint veloclty can be compensated for to some extent by placling spe-
clally contoured screens at the englne 1nlet (iflg. 7.19). The inlet
port should be so placed inside the screen that a constant dynamic
pressure is present in front of the 1lnlet ports regardless of the
flight speed.

7.7. THRUST OF A PULSEJET ENGINE

The thermodynamic cycle most often used to compare the perform-

ance of pulsejet engines 1s Lenoir's cycle (Fig., 7.2Q).

Theoretical efficlency of thls cycle 1is given by the relatlon:
s
R
Pe (7.15)

Since the process 0-1 1s one of constant volume, then:

- T
h. 1

The 1sochoric compresslon whilch determines the comparatlve effl-
clency of pulsejet engines is a functlion of the ratlo of combustion
temperature to the temperatuire of fresh alr flowlng in. Since combus-
T1l0n vemperature Ls z funclion of Lie excess air coeificient, it is
advantageous to use nearly stolchiometric mixtiures in pulsejet engines.
In the casa of comrorn. technical condltiens and for a stolchiometric
mixture, the efflclency of Lenolr's cycle is

ng = n.28.
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8 - B Theoretical work performed by a charge
1 - sucked 1In during one cycle 1s glven by the ecua-
tiou:
P : L’y = 4271 B"Wun, (7.16)
L . -

i where B' 1s the fuel weight cont iined in one

Fig. 7.20. Len-

oir's cyecle. charge; Wu 1s the fuel heating value.

During an actual work cycle, several energy
losses occur in the engine. These losses are due to incomplete combus-
tion, heat loss to the surroundings, friction between fluld and walls
and a nonuniform veloclty distribution in the stream. All these losses
decrease efficlency; the resulting efflclency is calied, by analogy
with the efficlency of plston engines, the indicated efficlency n;.

Useful work performed by individual charges can then be expressed
by the relatlon:
Li man L,
' (7.17)
The useful energy 1s equal to the 1increase 1n the kinetic energy
of the combustion products 1issulng out of the englne nozzle:

. it G y= =
L= (7.18)
: % fed' '

where Gi is the mixture wel '+ {charge welght) sucked in through the

engine iniet during one cycle; Gé 1s the welght of alr sucked in
threugh the engine outlet during one cycle (welght of supercharge air).

From this, the average flow veloclty is

—
- _ i (7.19)
“= Vo
Intrcducing: '
the supercharge coneffliclent A = Gé/Gi
and the work obtained from 1 kg of mixture L, = Lé/Gi,

the relation for the mean cutflow velocity 1s obtalned 1in the form:




x
!

The rate of expendlture of the working fluld in a pulsejet englne
amounts to

C= (G + Gv=2G{ (1 + ) =G, (1 + ) (7.21)
where v 1s the pulsatlion frequency; Gl is the mixture (charge) expendi-
ture rate.

From the above equatlons the equatlon for the statie thrust of

the pulsejet englne 1is obtained:

Gz ]/31__'?4-"“5
=T =G} T (7.22)

On the basls of experimental data, 1t can be assumed for computa-
tional purpcses that n; lies between 0.2 and 0.3 and A lles between
0.25 and 0.5.

7.8. DETERMINATICN OF THE CHARACTERISTIC ENGINE DIMENSIONS

Characterlistic engine dimenslons are computed on the basils of
statistical data. The starting parameter 1s the thrust coefficlent

Cg = 5/pF (7.23)
where S 1s the thrust (kgf); p 1s the atmospherlc pressure (kgf/cmz);
F 15 the nozzle cross sectlonal area (cmz).

It has been verified that the thrust coeffliclent 1s approximately
equal to the maximum overpressure (expressed in atmospheres) in the
combustion chamber. On the average 1t is equal to 0.25-0.35.

Assuming a value for Cs and knowing the thrust, we can compute
the nozzle dlameter d.

Combustion chambe: ‘lameier D and engine length I are computed on
the baslis of the eguatlon

p/d = 1.5=1.7 and L/d = 8-10.

Combustion-chamber length 1s determined 1n such a way that its

volume be equal to between 1/7 to 1/5 of the volume of the entlre =r:
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giae. The effectlve surface area of inlet ports zhould be equal to ap-
proximately 30% of the nozzle area.

Engine pulsatlon frequency 1s computed by treating 1t as an organ
column open at one end. In vliew of the above assumptlon, the followlng

relations are of interest

v--:l-; c-]/m; _T-’-:.‘T.
where v is the frequency; R 1s the gas constant; a 1s the speed of
sound in the nozzle; Ts 1S the combustion temperature (equal to ap-
proximately 2000°K).
7.9. DESIGN SOLUTIONS OF PULSEJET ENGINES

A dimensional dlagram of a pulsejet engine with ports, having a

nominal thrust of 500 kgf 1s shown 1n Fig. 7.21.

Flg. 7.21. Design dlagram of a pulselet
engine with ports. 1) Inlet port mani-
foid; 2) injectors; 3) spark plug; U4)
fuel manifold; ) spring loaded port; 6)
injector.

Tne engine consists of the body, inlet manlifeld, injector and a
properl; shaped intake. In the body one can discern 2 cyvlindrlcal nocz-
zle and a conlcal combustion chamber. The spark plup 1ls iocated on tnhe
combustion chamber wall. In addition to the Injectors, conduits feed-

ing in compressed alr which facllitates start-up have been placed In
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the inlet port manlfold.

The 1nlet port manifold 1s 1n the shape of a

rectangle and conslsts of ribs against whlch rest the spring inlet

ports which are riveted to steel supports. The speed, altitude and

choklng characteristics of this englne are shown in Fig. 7.22.
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Fig. 7.22. Characteristics of the engine
shown in Fig. 7.21: a) speed; b) altitude;
¢) choking. 1) (kg/kgf hour).

This englre 1s deslgned to propel drones and guided missiles; its

nominal flight speed is 900 km/hr. The engine body 1s made out of cor-

rugated steel sheet (3 mm corrugations’'. Total weight 1s 190 kg.

o s i s e o s— - —

o0
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Fig., 7.23.
ing a 10 kg thrust. 1) Injectors.

Portiess pulselet engine hav-

Figure 7.23 shows a design dlagram of 3 portless pulselet englne

wlth a nomlnal thrust of

Thm e b e 1 D o-
-~ v 4

rm 8 e X - — T b
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and of a properly shaped

10 kg. ™ils englne 1s used to propel gliders.

i

Gt

condists of a Dody, @ sireamiined inlei duet

cubhe placed In front of the 1nlet to recover

the fiow of combustlon produccs blown through the inliet durling combus-

tion in the chamber.

The exlt nnzzle 1s divergent so as to lncrease the supercharge

flow.
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Figure 7.24 shows the speed and choking characteristics of this
engine.
It 1= seen from the speed characteristic that an engine with a
- divergent nouzls is very sensltive to an increase in flight velocity.
{ However, at low veicclties the unit el consumption of such an engine
is comparatively =mall (1.8 ccapsred to 3).
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Flg., 7.24. Charactoristics of & portless
1 pulsejet engine: 2} speed; o} .hoking,
! 1) (kg/kgf nour).
:
T.1G, PULSEJET EMGIHNE WITH DETONATION COMBUSTION

It appeavs ab zresent that the nmost Important avenne of pulsejet

‘0o

enzine dovelopment 1isc indizated by the experimental achievement of de-

astugil

tonaticn comvusiticn.

The dasais of copereticn of & detonxzhion pulseJet englne 1s based
an the gbhvlouz fxugib that a d=vonation wave cunning thircugh a constant
: crosys section duch esn ve a gaurce of thrust. Thrust arices as a re-
ault of a pressure difference across the weve whlah corresponds to an
increise in the mementum of the gas Dlowing chroough the duct.

A disgram of flow with combustion in a detcnation wave 1s shown
in Fig. 7.25.

The detonatlon wave refiecting from the open end creates a rare-
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favtion wave. This 1s based, however, on a subsonic outflow of the
combustion products compressed by the wave (the conditlon PE/Pl < 1.94

must be satisfied).

-
[ 4

Fig. 7.25. Flow dliagram in tLhe case of detonation combustion: 1) re-
glon in front of the detonation wave; 2) reglon behind the detonation
wave; 3) region behind the rarefaction wave.

The occurrence of intermittent detonation combustion in a constant
cross section duct, one end of which 1s open with a spark plug which
causes ignition at the other end, takes place 1n a fashion similar to
that of conventional pulsejet englnes. In a one-shot work cycle, the
following processes carn be distinguished: mixture injection, mixture
ignition from an electrical spark, creatlon and motion of a detonatlon
wave, creation and motion of a rarefactlon wave, outflow of combustion
products and finally the fliling up of the engline with fresh mixture.

Figure 7.26 shows a detonation pulsejet engine operating as de-

scribed above.

The nature of thrust varlations as a function of .time in this en-

gine is shown in Fig. 7.27.
With introductlion of the symbols glven in Fig. 7.27, the mean

thrust can be expressed by tne followlng equation:
] e e -
Sdt .
3“! o Flutty
5 . b
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Flg. 7.26. Detonatlon pulsejet engine working
with a hydrogen-alr mixture. 1) Alr; 2) hyvdro-
en; 3) gaskets; U) suspension; 5) spark plug;
) thermocouples platinum rhodium-platinum.
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Flg. 7.27. Thrust variation as a function of time: tc) duration of one
cyele; td) travel time of the detonatlon wave: tr) travel time of the

rarefaction wave; ¢ ) duratlon of engine fill up time with fresh mix- .
ture.

whareas the thrust 5 is given by

S:F(f':":ﬁi) =9 (i’"‘ - l)

1

By appropriate transformastion of this equation, the followlng ex-

presslen for the mean Thrust 1s obtalned:

1- ‘}"t, -::I u
5 % U (7.24)
'c k"
whereas the exprsssion for the specific impulse is: =
3
T ww T
» e B 2
By (e - f,.)[ ! +x‘ i l_t‘__._l Me)"_l
- knl . 2 .

j »
Liypf+ v, 01 = f3] ' (7.25)

wuere F 1s the englne cross sectlonal area; Ky and Ky &re the isen-
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troplc exponents of the mixture and combustcion products, respectively;
Ml and M, are Mach numbers in front of and bzhind the wave; Yp and Yo
are the specific weights of fuel and oxidizer (hydrogen and air); f 1s
fuel proportion by welght, in the mixture; Wp and Wa are the weight
consumption rates of fuel and oxidizer; [ 1s englne length.

The results of studies conducted on a detonation engine bullt ac-

cording to the drawing of Fig. 7.26 are presented in Fig. 7.28.
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Fig. 7.28. Dependence of specific impulse of a detonation engine on

the ratio of hydrogen Lo air. 1) Specific impulse (sec); 2) welght ra-
tio of hydrogen-air; 3) theoretlcal curve: 4) kgf alr/sec; 5) cycles/

/S .ec,

“his graph permits a quantitative comparison of the engine under
discussion with other Jet englnes. The value of the impulse is strik-
ingly large, since at optimum detonation frequency and mixture compo-
sition it can amount to 2100 sec. Thils corresr:nds to a unit mixture
consumption rate of 1.72 kg/kgf-hour, and a consumption of hydrogen of
the order of 0.07 kg/kgf-hour. It is seen from this that a detonation
engine has the lowest fuel consumption of all jJet engines.

The question of thrust per unlt engilne frontal area does not look
much worse., The 3030 kgf/cm2 thrust achlieved 1s roughly equal to the
thrust obtained with turbojlet engines and is 4-5 times greater than

the thrust of osdinary pulsejet englnes.
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7.11. APPLICATIONS OF PULSEJET ENGINES

Up to the present, the applications of pulsejet engines have been
limited. The reasons for this state of affalrs are: nolse 1s difficult
to control; short range, especially at higher speeds, and low thrust

per unit engine frontal area.

Fig. 7.29. Glider Boeian {Stork] in powered
flight, propelled by four port pulscjet en-
gines (photograph from the advertising bro-
chure World Gllder Champions at Lesznie Wlkp).

Fig. 7.30. Drone powa2red by a port pulsejet
engine,

Remembering, however, this engine's advantages, cuch as thrust
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generation at standstill and simple and easy design, it might be as=-
sumed that the range of 1ts applications will not snirink. This is fur-
ther evidenced by an as yet incompliete exploitation of its full devel-
opmental potential.

Figures 7.29 and 7.30 1lilustrate examples of ccnternporary appli-
cations of these englnes.

Figure 7.29 shows how pulsejet engines (two on each side) power a
two-seat gllider of the "Bozlan®™ [Stork] type.

Fiéure 7.30 shows a photograph of a drone equipped with a port
pulsejet engine which is placed over the rear fuselage. This engine is

provided with an inlet screen adjusted for high flight speeds (Fig.

7.21).
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Chapter &
RAMJET ENGINES

Application of ramjet engines 1s presently limited exclus.vely to
the propulsion of missiles, experimental fighter planes and a certailn
number of helicopters. However, this fleld shculd expand 1n the near
future to encompass passenger alrliners and transport planes,

Such alrpluanes, powered by ramjets and flylng at speeds corres-
ponding to Mach numbers between 6 and 8 will have a lower cost effec-
tiveness than the present subsonlc alrplanes.

B.1. THERMODYNAMICS AND AERODYNAMICS OF RAMJETS
Atmospheric alr flewing through and around the ramjet englne ex-

erts a statl: pressure on its walls (Fig. 8.1la) the resultant of which
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is called the useful thrust snd 1s directed in a dlirection opposite to

the flow direction. Useful thrust Su is the resultant of two antiparal-
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lel forces:
— the Internal thrust Tw (being the resultant of She pressure:
acting on the internal engine walls),
~ the external drag D (belng the resultant of the pressures act-
ing on the external walls)
S5 =85 -~ D (8.1)

8.1.1. Internal Thrust

By introducing the concept of a flow thrust
S = mw + pF (8.2)
the internal thrust of a ramjet engine can se described [8.4] as
S, = 8, — So — po (Fo — Fy) (8.3)
whe re Se and SO are the thrusts of the outlet and inlet flows; Fe and
FO are the cross-sectional areas of the outlet and inlet flows; Py 1s
the amblent pressure; m is the mass rate of flow.

Thus the Internal thrust 1s equal to the Jiftference of flow
thrusts at engine 1lnlet and cutlet plus the force due to atmospheric
pressure acting on the difference of the normal inlet and outlet flow
cross~sectional areas.

Analysls of the distributlion of the flow's thrust along the en-
gine length is most instructive. Such an analysis 1s very useful in
the selection of engine shape.

For a constant 1nlet-fiow thrust (S0 = const) the 1nternal thrust
can be Iincreased by lncreasing the value of the outlet-flow thrust.
This can be done only by lncreasing the engine cutlet arca, which 13
automaticaily related to an increased neating or the r'low in the com-
bustion chamber. In the limit case where the internal thrust 1s maxi-
mum, the adlabatic-expansion exit nozzle 1s replaced by the combustion
chamber fulfilling the role of a thermal nozzle. However, thils change

reflects itself in a decrease in engine efficlency, whlch becomes evi-
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Fig. 8.2, Variation of flow thrust along the length of a ramjet engine
and effect of thrust magnitude on the area of the thermodynamle cycle:
A) conventional engine with adiabeatic nozzle; B) engine with thermal
cycle.

dent from a consideration of the engine cycles shown in Fig. 8.2 for
the case of an adiabatic and thermal nozzle.
Equation (8.3) can b¢ transformed by introducing the continuity
relation:
(8.4)

S == mw + pF = F (g3 + p) = pF (1 + »M?)
Then one obtalns successively

So=m,w,—mpwg + F, (p, — |
’ P (8.5)

Sw*PeF.(I'i"“.W)-—(PoFoMﬁ +]J¢Fc)
and

18.6)
where Ko is the isentropic coefficient; MO and Me are Mach numbers at
inlet and outlet.
In order to eliminate the expressions contalning pressure fre=m
the equation for the internal thrust, the concept of effective stream

velocity at nozzle exit is introduced and it 1s deflned as
wy = 1w, + f"‘!‘(ﬁl-’a) 7
RS -
In this case, Eq. (8.5) can be written in the following form

TS, = mu; — Maty (8-7)

whereas Eq. (8.6) can be transformed as follows:
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where [ is the fuel-to-alr ratio; Mj = wJ./ae 3 the etf"vetive Mach
number at nozzle exit; TO and Te are the avsolute temperatures of the
inlet and outlet flows; a, 1s the speeld of sound in the outlet low.

Flow through the englne involves pressure losses. These losses
are due to:

— increase of entropy 1in the fluld during transition through the
shock waves 1n the . upersonic diffuser;

— frictlon, separaticn and turbulence in the subscnic portion of
the diffuser;

- aerodynamic dreg of injectors, flame stabillizer:s and other com-
ponents located 1nslde the englne,

— pressure drop due to heat transfer;,

— friction in the nozzle.

The ratio of totul pressures af the baginning and end of a typl-
cal ramjet 1s p;/pé = 0.72 under the following operating conditions:
inlet Mach number MO v 1.8; Mach numper at the entrance to the combus-
tion chamber M2 v 0,2; and temperature at the end of the combustion
chamber T3 v 2100°K. This over-all pressure drop 1s subdivided 1in the
following way among the various engine components:

— across the supersonic diffuser pi/p6 = 0.92;

— across tine subsonic diffuser pg/pi = 0.90;

— acrnss flame stabllizers p;/pg = 0.97;

— across the combustion chamber pﬁ/p% = 0,92,

— across the nozzle p;/pﬁ = 0.97.

The cver-all pressure drop causes a drop in the effective Mach
number at the nozzle exit. Thisz effect 1s exhibited in Flg. 8.3.

Ir the 1decal case, the Mach numbers at engine 1inlet and cutlet
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Fig. 8.3. Effect of the over-
all pressure drop in a ramjet
engine on the value of the ef-
fective Mach number at nozzle
exit.

are ejual. Furthermore, 1f one alsc assumes that Kg = K, and that f =

= 0, then Expression (8.8) for the internal thrust can be transformed

T,
Sp = Fv"n?nM: (‘/i‘: - i)

a5 fcllows:

or
su- et () 7 1)

where Py 1s the alr denslty in the 1nlet stream; Tﬂ 1s the temperature
at the end of the combustion chamber; T3 is the temperature at the be-
ginning of the combustion chamber,

From this last expression 1t 1s seen that the internal thrust of
a ramjet engline 1s proportional to:

~ the dernsity of inlet alr (and therefore decreases with ircreas-
CA N AL AT

~ the veloclty squared (and therefore changes similarly to aero-
dynamic drag),

- the square root of the temperature ratio at the end and begin-

ning of the combustlion chamber minus one,
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§.1.2. Externa., Dra-

External dragy of a ramfet engine is expressed by the roliowing

equatilon:

D=F{'(p,+:.; &F - g, (Fy - F) (8.9)

cr

D.,';"[(,,_;,,;f':]dﬁ (8.10)

where P, and 1, are the pressure and contact potential on the outer
engine walls; Py 18 the ambient pressure.

Exterrnal drag ronsists of:

~ friction dray Dt;

— drag Dc dve ©to the pressures acting on the engine's ocuter sur-
faces,

— charging drag Dd'
Obviously

D = Dt + Dc + Dd'
Charging drag 1s due ts a change in momentum resuliting from a

spreadlng of the flow 1in front of the inlet diffuser (Fig. 8.5). Its

magnitude 1s mainly a function of the inlet contractlion coefficlent

P s
. § \8-11)
L 7,

where FO 1s the ares of the stream flowing into the engine, Fl is the
inlet area, and can he sxvressed hy the relatlionship

Dy = muy, + Fi (P -~ ) — MW (8.12)
which 1s a calculation of the changes in momentum between cross sec-
tior . C~0 and 1-1 (KFig. B8.4).

In the case where the Li.et ooatraction cozfficient 1s equal to

unity (that 1s, contraction does not ozcur), the charging drag 1s zero.
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Fig. 8.4. Occurrence of charging drag as a result cf the contracticn
.f the stream flowlng intc a ramjet e.igine: a) engine with subsonic
diffuser; b) engi..e with supersonic d.ffuser.

The magnitude of the charging dr ; is specified by means of a

drag coefficient
Cyoe —"_. (8.13)

where Fm is the engine frontal area; 99 !3 the dynamlic pressure in the
Inlet stream.
Figure 8.71 shows typical dependence of Cd on the Mach number and

the contraction coefficient.
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Fig. 8.5. Drag dependence on inlet Mach
number: a) charging drag; b) pressure
drag.
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The remalning drag efficlents, frictlon and vressure, wie ¢r-

pressed by analogous equations

9Fe .‘ [

where Fb is the transverse area of the englne.
The values cf tie frlctlon-drag coefflclent can be expressed by

means of the following relationships:

G =29 Reg 100

Ret4
and '
0,242\ -
C, = 2%
4 ¥ ) r Re::—IO‘

Coefficient Cc 1s a function of the Mach number, engine shape and
of the inlet contraction coefficlent. For preliminary computations it
¢an be selected on the basis of the graph gilven in Flg. 8.5b.

8.1.3. Coefficlent of Uscful Thrust

The coefficient of useful thrust for a ramj]et englne 1. &xpressed
by the relationship

S Ase-D) .
9.F P FaxM] (8.14)

U"- -

Fiiure 8.6a shows the dependence of the useful thrust on the in-
let Mazch number.

The following assumptions were made in the computations shown 1n
this graph of characteristices:

— gasoline combus*insn efficiency 0.9,

— ambient temperature 20°C,

— the coefficient of total pressure recovery in the diffuser var-
1es as shown in the graph placed in the upper left-hand corner of the

figure.,
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Fig. 8.6. Jeloclty characteristics of ramjet engines: a) dependence of
the coefi'i-ient of useful thrust on the inlet Mach number; 1} charac-
teristic of -1 englne of varlable geometry; 2) characteristics of en-
gines of conctant geometry; b) dependence of the coefflclent of inter-
nzl thrust eon the inlet Mach number; 1) at altitude conditions; 2) at
sea level; 3) subcritical range; 4) critical range; 5) supercritical
range.

8.1.4. Coefficient of Internal Thrust

The application of useful thrust and by the same token of the co-
efficient of vseful thrust in the evaluatlion of the performance of
ramjet engines 1s correct only in the case of the engine 1tself. How-
ever, more and more often one encounters implementations (and such 1is

the development trend in the development of flying craft) ian which the

cr
1
1

ramjet engine constitutes au lalegral peri of the aircrait as a part
of its fuselage or winug. In this case, the guantity characterizing the
engine is 1its internal thrust and by the same token the coefflcient of
internal thrust 1s defined by the expression

Sw
SoFm -

Cl- bl

(8.15)
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After the necessary transts »oations o By L5015 we it iy

2F,
= t

Copw Tm fo0[ PrsMiy 4 25 y wdl
"orﬂo pl‘l P: F-

As 1s already known from previous considerations, the development
of thrust in the engine is a consequence c¢f the presence of an appro-
priateiy high pressure. In order to malntain this pressure i1 1s necoo-
sary tc transfer heat to the strearn of alr flowing ithrough the engine.

For constant-geometiry englnes, tne mass rate of air flow through
the engine 18 a function <f the gquantity of heat transferred. Equation
(8.16} presented above allows us to compute the dependence of the c¢oef-
ficlent of internal thrust on the inlet Mach number. Typical charac-
teristics are shown on the graph of Fig. B.6b. Three ranges of engine
operation can be discerned on these characteristics: suberitical, crit-
lcal and supercritical. Th ecritical rang~ ~orrcsponds to the case for
which the computatlions were made, that s, when the 2ntire flow of the
incoming air enters the englne and the normal shock wave is situated
at the cross-sectional area of the diffuser inlet. The subcritical
range (Fig. 3.34a) corresponds to the case in which the inlet Mach
number is smaller than computed, in view of which a contractlion takes
place at the diffuser Inlet and the mass rate of inflowins alr de-
creases. In the supercritical range [(Flg. 3,340L) the inlet Mach number
is greater than computed, so that the normal shock wave 1o swallawed
inside the diffuser. Thls causes an increase 1In over-all pressure loos
across the engine and a drop 1n the coefficlent of internal drag. The
increase in the thrust coefficlzent with an increase in fllight altitude,
shown in Flg. 8.6, 1s explained by the drop in inlet stream tempera-
ture. In view of thls, the malntenance of the ascumed temperature T,

at the end of the combustion ch-mher requlires an increase in the heat
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transtferred, .hlch In turn causes an increase 1In CSw'

8.1.5. Unit Fuel Consumptic:

Unit fuel consrunption of a ramjet engine fs defired vy the equa-
tion:
B = B/5 (kpf/kgf-hr) (8.27)
where B 1s fuel consumption in kgf/hour; S is the thrust to which the
unlt fuel consumption corrssponds (Sw corresponds to bw’ whereas Sr

4

corresponds to bu).
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Fig. 8.7. Dependence of tie coefficlent of useful thrust and of unit
fuel consumption =n inlet Mach number for a typilcal, flxed-geometry
ramjet engine specifled vy the area ratio P /Fh = 0.6 (Fig. 8.1). 1}
(kgf/kgf-hr).

After appropriate transformation of ig. (8.1i7) cne gets:

b:—--afl:{.—-(—fi’-)-!- (8.10)

where g 1s the acceleratlon of gravity; ay 1s the speed of sound in

the inlet stream; f is the fuel-to-alr ratio; s is the thrust ceoeffl-
cient correspoadlng to the unit fuel cousumption.
Results of computations specifying the aependence of unilt fuel

consumption and of the coefficlent of useful thrusi on the inlet Mach
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number of a typical superscnlc engine are shown in the graphs of Fig.
351
8.2. COMBUSTION CHAM.ERS OF RAMJET FIGINES

Combustion chambers of ramjet engines consiltute their basic ele-
ment. Thelr operating condltlons are much more stringent than those of
the combustion chambers 1n turbolets. Flow velocitiles occurring in
this case reach up to 150 m/sec¢ and this often at very low pressures
(down to 0.2 atm). The one factor which in particular makes 1t diffi-
cult to achieve an efficlent operation of the combustion chamber is
the condltlon of small over-all pressure drop across the chamber. The
necessity of thls requirement arises because of the effect of pressi e
losses on engine performance, as was mentioned 1n an earlier section.

8.2.1. Thermal Efficlency of the Combustion Chamber

The thermal efficiency of the combustion chamber 1s given by the

relation

, Biey
Ny = yD {8.19)

where ﬁirz 1s the actual increase 1n enthalpy in the chamber; Ait is
the the¢retlcal enthalpy change in an 1deal chamber.

By ideal chamber we mean one without thermal losses due to in-
complete combustion and due te heat transfer to the surroundings. The
followlng mixture parsmeters and construction details influence the
thermal efficiency of the combustion chamber:

- compositicn, temperature and Initlal mixture veloclity;

— length of the combustion chamber and shape of flame stabllizers.

Flgure €.8 illusirates the effect of mixture composition and ini-
tial temperature. The charactsristics shown here have been obtzined in
a model chamber through which flowed a homogeneocus and compietely

avaporated mixture. A conical flame stsbilizer was pluaced on the cham-
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ber's axls. Maximum thermal efficilency is achleve” with a stoichlomet-

ric mixture. It follows from the ibove that a stoichiometric mixture
composition assures optlmum stabllity conditions and the highest speed §~
of flame propagatlion from the stabllization zone toward the chamber

walls. Thermal efflciency increases with temperature, which is obvious,
nince a temperature rise increases the combustion rate.

The effect of flow veloclty on thermal efficlency 1s shown in
Pig. 8.9.

T 10K
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Fig. 8.8. Effect of the coefficlent of alr excess a znd of initial

mixture temperature t on the chamber's thermal efficlency: 1) ¢t =
= 210°Cy 2) ¢t = 100°C. |
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Filg. 8.9. Effect of flow velocity w on the chamber's thermal efficlen-
cv: 1) w =91 n/sec; 2) w = 76 m/sec; 3) w = 61 m/sec; 4) w = U6 m/sec.

Turbulence intenslty increases wlth lncreasing flow velocity, and
l.Ly the same token the speed of flame propagation Increases. However,
‘he rate of lncrease 1n flame propagation speed 1s smaller than that
f the flow veloclity so that the flamefront angle between the stablli-
zation zone and chamber wall (SCz in Fig. 8.14) decreases. At ecxcessive |

fiow velocities the flame becomes detached from the stabillizer and is '
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Fig. 8.10. Dependence of chamber thermal efficlency on the degree ot
evaporatlion and initlal average drop dlameter dk: 1) dk = 90; 2) g, B
= 290, :
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Fig. 8.11. Effect of chamber
length L on 1ts thermal effi-
clency: 1) L = 254 mm; 2) * =
= 355 mm; 3) L = 457 mm.

3 VI
lﬁr \ ‘f#]ﬂﬂm
4o 10000 \
AL
o
| W
mﬂmnm\ r‘ﬁ{ j
AN
\\

A
125] 1 \h ok f -

b
LT IANNANN
BZENINN
I .f
0 ] F 3 i

Fig. B.12. Dependence of combustion chamber length L of a ramjet cn-
gine, corresponding to an efflelency n, = 1.0, on altitude # and fli.-
veloclty My. Coefficlent of alr excess o = 1.
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Fig. B8.13. Effect of stabilizer shape cn
chamber thermal efficiency: 1) conical sta-
bilizer; 2) spider stabilizer.

blown out. During the transition stage, increase in flow velocity

causes a drop in chamber thermal efficiency.

Figure 8.10 represents the results of studies on the effect of

the degree of evaporation and of the size of hydrocarbon-fuel drops on

chamber thermal efficiency [8.8]. The graph shows that a drop in the
degree of evaporation lowers thermal efficiency. This effect 1is more

pronounced the larger the average drop dlameter. The obvious conclu-

cion 1s shown in Fig. 8.11 and namely that thermal efficiency increases

wlth chamber length. Increased chamber length Increases combustion
time which facilitates complete combustion of regions of unevaporated
or badly mixed mixture. From a certain chamber tength, thermal effi-
clency reaches 100%. Typical dependence of this chamber length, from
the combusticn point of view, 1s shown in Fig. 8.12. It 1s seen from
this graph that the optimum chamber length 1s a functlion of flight al-
titude and speed. An 1increase 'n flight speed and a decrease in flight
altitude have the beneficlal effect of shortening the combustion cham-
her, TIf from h ations chamver lengin musi be shorter
than the optlimum length, then the drop In thermal efflicliecncy must be

taken 1nto account.

Figure 8.13 illustrates the effect of flame-stabilizer shape on

thermal ef{iciency.
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Two stabllicers — a cone and a spider — have been compared; each
one has the same coverage and the same ratio of stablllzer frontal
area to the area of a transverse chamber cross sectlion. The spider
stabllizer favors the propagation of hot reactlon gases, formed behind
the center cons, in the direction of the walls and thus reduces the
distance reqguired for fla.e propagation across the entire transverse
cross section of the chamber.

8.2.2. Design of Combustion Chambers

Figure B8.1ll4 shows the configuration of the combustion chamber of

a ramjet englne which 1s mcst often encountered.

]
F
s

=,

135
L

Fig. 8.14. Diagram of a combustion chamber in a ramjet engine: 1) an-
techamber; 2) intake of alir diverted to the maln chamber; 2) swirl
chamber; 4) starter injector; 5) main injector; 6) liner; 7) stablliz-
er; 8) flame front.

The chamber consists of:
— an antechamber whose tesk 1s to facllitate the acceleration
achieved by means of a spark plug or detonatlon ignition and to initi-

ate the combustion process in the mixture flowing next to the main

— main spray nozzles which supply fuel to the alr stream flowing
through;

-~ a flame stabllizer or a stahllizer system.

Combustion chamber walls are of the liner type so as to protect

them from the effects of high temperature. An additl nal function of
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the llner 1s to muffle the vibrations in the flowing mixture which
arise due to corbustion. The transverse cross section of the antecham-
ber constitutes approximately 25% of the transverse cross section of
the entire chamber, whereas the transverse area of the cooling jacket,
protected from the chamber by the liner, amounts to approximately 10
to 15%.

The desigin of the antechiamber is analogous to the majority of de-
silgns for the burner portion of combustion chambers in turbojet en-
gines. A centrally located injector injects fuel into an alr stream
which has been set into rotation by appropriately shaped blades situ-~
ated at the chamber inlet. The mixture so created burns to form a pllot
flame of high intensity. In order to increase the flame's chemical ac-
tlvity in reiation to the maln mixture stream, the combustion process
in the antechamber 1s dellberately not allowed to go to completion,
leaving a certain percentage of unsaturated reaction products in the
combustion products. In the design of a combustion chamber for a ram-
jet engine, the following problems arise:

— deslgn of the stablllizatlon system;

— cholce of the Injectlon system,;

— relative position of these two systems.

Before 1nitiating the design of the stabllization system, we must
find the answers tc the followlng two questions:

—~ what should the stabilizer shape be?

— A T el

-~ -~ 2l
AATA L MW WL W

R
= vy

coverage and characteristic dimension?
Stabilizer shape is governed by chamber dlameter. In the case of
small chambers (up to 250 mm) conical, circular (Fig. 8.15a and b) or
splder (Fig. 8.13) stabllizers are used; in larger chambers, ring sta-
bilizers (Pig. 1.15¢), multiple ring stabilizers (F‘g. B8.17) or mixed

type stablllizers are used.
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The coverage magnitude, a measure of which 1Is given by the coef-
ficlent
Fy (8.20)

where Fs is the stabilizer frontal area; Fk is the area oi the trans-

verse cross section, is specified by the -ondition that the ratio »f

the characteristic stabilizer dimension tuv the flow velocity, in a
given chamber, should be maximum; in that case, for conical and cip-

E cular stabilizers ¢B = 0.5 whereas for ring stabilizers Gy = 0.35,

Fig. 8.15. Shape of flame stabil-
lizers: a) circular stabilizer; D)
conical stabilizer; c¢) ring stabi-
lizer.
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The characteristic stabilizer dimension ds is equal, in the case
of circular or conical stabillzers, to their gecmetric diameter,
whereas in the case of ring stabilizers 1t 15 equal to the hydraulic

diameter (Fig. 8.15). It is computed on the basis of De Zubay's rela-
tion

a=F|- " e
sl 7) | e

where 2 i5 the agir-excess coefficlent in the area of the atahilizer; n»
is the veloclity at the stabllizer cross section; TO is the tem erature
at which De Zubay conducted his experiments (T0 = 390°K); F i3 the
function defined by means of the curve in Fig. 6.10: T i the initiu!

mixture temperature.

The computation is performed for the worst flight conditions (most
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often for high-altitude conditions). The quantity obtained 1s checked
against the graph of Filg. 8.16. This graph represents the effect of
the characteristic ratio F/w {(Wwhere R = d8/2) of a flame stabilizer on
the stablility range of a kerosene-air mixture. It 1s seen from the
graph that increasiag the ratlio R/w over 200 psec 1s senseless,

In view of this, 1t 1s advantageous to replace a single ring sta-
bilizer in larger combustlion chambers by several stabillzers of smaller

characteristic dimensions (Fig. 8.17).

pmeees

]
Ma=~mmrn)
T R A T

Fig. 8.16. Effect of the characteristic ratio R/w of a flame stabilizer
on the range of stabllity of a kerosene-~alr mixture.

Fig. 8.17. Stabilizing system
with two ring stabilizers: 1)
flame front: 2) chamber wall;
3) stavilizers.
Such an arrangement decreases the flamefront path in the trans-
verse direction and at the same time shortens the chamber. In order to
eliminate interactions between the stabilization zones {which might

cause vibrations dangerously affecting chamber strength), the stabi-

lizers are spread out longitudinally in such a way that they are not
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Fig. 8.18. Flow injectors: a) straight; b) spreading; c¢) injector posi-
tion in the chamber spray zone; 1) injector; 2) diffuse ' core or ante-
chamber.

Fig. 8.19. Manifold of vortex injectors: 1) outer engine wall; 2) mani.-
fold channel; 3) vortex injector; Y4) outer wall of the antechamber or
of the diffuser core; 5) boundary of flow reached by a single injector.

in direct contact with the flame front produced by another stabllizer.

The injection system consists of an assembly of vortex or jet in-
Jectors.

Figure 8.18 shows two types of flow injectors. The injector
sketched in Fig. 8.18a -onsists of a straight pipe with openings ori-
ented perpendicularly to the flow. The injector shown in Fig. 8.18b is
of the confluent type. The 1Injection openings are located 1n such a
way that the individual flows collide, thus improving dissemination.
Figure 8.18c indicates a method of positioning such injectors in & com-
bustion chamber., Vortex injectors are positioned on one or several cir-

cular manifolds as shown in Fig. 8.19.

- 207 -

" W ENE seelelmermT




e

In those cases where the operating condltions of the ramjet en-
glne recquire a large range cof fuel flow rates which cannot he handled
by varlation of the injectlon pressure, an injection system consisting
of several sections (which are switched in or out as may be required)
can be used or the simple vortex Injectors can be replaced by vacuum

injectors (Fig. 5.6).
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Fig. 8.20. Effect of evapora-
tion coefficlent on flame
<rability.

Fig. 8.21. Two-zone combustion chamber
for a ramjet engine: 1) internal zone;
2) external zone; 3) fuel; U4) zone of
combustion and mixing; 5) Injectors; 6)
stabllizers.

The next important consideration iIn the design of the combustion

charmber 1s the proper positioning of injectors. They should be located
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in such a way thal tne mixture flowing pas: the Tlam abilicer

close to stolehlometrice vomposlition as possiile, since € L0 inecrea

the range of cornbustion stablility. Tn theor -, Lthe diztance from the
injector Yo the stabilizer should be chosen in such a wav that the
fuel 1n the mixture reaching the stabilizer 1s already evaporated to a
large extent. Except 1in special cases, such as for instance when due
to the operating range one would expect lean mixtures in the stabiliza-
tion zone, 1t 1s advantageous to position the injectors in such a way
that the fuel in the mixture flowing past the stabillizer 1s only partly
evaporated. Such a mixture has better stabllization properties due to
the exlstence wlthin 1t of fuel-rich microspheres. Thls phenomenon is
1llustrated in Fig. B.20. This figure shows the dependence of mixture
stabilization properties (the measure of which 1s the partial content
of CO2 in the stabllizatlion zone) on the evaporation ccefficlent. It
is -een from the flgure that optimum stability of lean mixtures 1s
achleved with evaporation coefficients ¢p = 0.6, In the case 1in which
the range of reguired thrusts at constant flight wvelocity 1s such as
to require such a wide range of mean temperatures at the end of the
combustlon chamber that it exceeds the possibillity of stabllizing the
mixture-flame stabilizer system, the combustion chamber should be sub-
divided into two zones (Fig. 8.21). The individual zones can be arbi-
trarlly switched in or out so that three engine operating ranges can
be achieved without imposing stringent requirements on the cperaving
range of the stabllization system.

The last deslign parameter, namely chamber length, 1s chosen em-
pirically in such a way as to malntain the combustlon efficlency atovs
80 to 90%.

8.3. VIBRATIONS IN THE CHAMBER OF A RAMJET ENGINE

IInder certalin conditlons, continuous combustion in the chamber
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bepins to pulsate. This manifests 1tself by an increase in noise, drop
ir efficlency and a pressure oscillation of various frequencies and
amplitudes.

In many cases these pulsations cause destructlon of chamber com-
ponents or even of the entire enpgine. The phenomenon descrlbed above
is called hard combustion. Obviously, the combustion chamber should be
designed in such a way that hard combustion shculd not occur under its
cperating conditilons.

Studles conducted by a number of researchers nave differentiated
three types of hard combustion differing in their pulsation freguency
and which are caused by differ-nt factors.

8.3.1. Hard Combustion of the 35 tc 60 hz Type

This type of hard combustlion exhibits the following pattern (Fig.
8.22). When the flame from the stabilizer reaches the chamber walls

after traversing the mixture stream, a detonation occurs in the bound-

Fig. 8.22. Diagram of the occurrence of hard combustion of the 35 to
60 rhz type: 1) layer of detonating mixture; 2) flame front; 3) flame
stabllizer,

ary laver and adlacent lavers which runs counter to the stream flow
and terminates some distance from the stabillizer. When the new bound-
ary layer of the fresh mixture reaches the flame, the process repeats.
The combustion definltely 1s explosive in char:zcter; this has been

varified by srraying water at the point of convact between the flame

front and the chamber wall. This stopped the 7rocess, slnce as is well
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known steam has antidetonation properties (whereas cooling of the wall
In this same spot r'rom the outside had no effeet on the course of the
process).

Under the best conditions, thils type of combustion terminates in
the destruction of the stabilizer.

If we denote by = the 'rontal path of the detonatlon wave, and by
SO the 1nitial combustion rate in the counterflow direction (6-9 m/sec),
the.l the pulsation frequency 1is given by:

, V3508,
/350
arctgx
S8

I{ 1t is assumed that z = 300-900 mm, then v = 35-60 hz.

It has been verified that the occurrence of this type of hard
combustion 1s governed by the quality of stabllizer performance and by
tire air-excess coefficient. Namely, 1* occurs in rich mixtures (coef-
ficient of air excess a = 1.1-0.8).

In certain cases 1t 1s sufficlent tc increase the characteristic
dimensionr of the stabilizer in crder to avold thls type of hard com-

bustion.

2.3.2. Hard Combustion of the 100 to 130 hz Type

This type of combustion is governed by combustlon chamber shave.
The pulsations taking place are a function of the parameters of stream
state.

Standing waves can cccur in a gaseous stream flowing through a
channel with a velocity corresponding to a Mach number M, and their

pulsation frequency is gilven by
= 1
v=a(l MY

in this equation [ denotes the wavelength and g the speed of

sound.
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Pulsations of thls type occur only 1n the range of 100-130 hz.
Chamber length must be chosen 1n such a way as to avold these vibra-

tions.

8.3.3. Hard Combustion of the 20 to 30 hz Type

Pulsations occurring durlng thls combustion are related to the
characteristic Interaction between the Injector system and the chamber.

Let us assume that for certaln reasons a pressure pulse appears
and dilsappears 1in the chamber. Thls causes an 1ncrease and a decrease
in fuel flow rate which of course 1s a function of the difference of
pressures In the chamber and the Injector. When a leaner mixture
reach:*s the stablilizer, pressure 1n the chamber decreases. When the
pressure also drops 1n the vlclnity of the 1njector, the mlxture be-
comes richer, and so on. Counterflow pressure pulsatlons travel at the
speed of sound minus the average stream wveloclty.

Therefore, the period of a complete cycle conslsts of the time
required for the pulse to travel from the stabilizer to the 1njector
and of the time required by the portion of mixture having an 1ncrepsed
alr-excess ccefficient to move from the Injector to the stabllizer.

The velatlon between the pulsation frequency and the above~men-

tloned gquantities 1s expressed by the following equation:

v=(_'_+ -3 )'I (8.22)
¥ c— %
where & 1s the distance between the injector and stablllzer; u 1s the
flow velcclty; a is the speed of sound.

The hizher the pressures under which the 1injector operates, the
smaller 1s the effect of thls phenomencn.
§.4. SUBSONIC RAMJET ENGINES

Subsonic ramiet engines find a very limited application 1n alr-

craft and rocket technolugy. They are used to propel short-ranpge mls-
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slles, drone airplanes and helicopters,

The most Iintercsting, from the desipgn point of view, i. the en-
gine for hellcopter propulsion. .ts implementation is rendered diffi-
cult in view of the high requirements {low weight with high mechanical
loads and limited length). Flgure 8.23 shows one of many possible de-
slgn solutions for such an engine. A characteristic feature of the de-
Sign shown here 1s lts compactness. In view of the small engine length
requirement, a spider flame stablllizer 1s inserted d=ep into the dif-
fuser, thus creating a cone which squeezes the stream of air flowing
through 1t against the walls. At the end of this cone a counterflow
vortex injector has been positioned. The flow of sprayed fuel is de-
flected to the rear, thus creating an incompletely evaporated mixture
in the stabilization zone, which, as will be remembered from the pre-

vious sectlon, 1ncreases the range of chamber stability.

Pig. 8.23. Subsonilc ramjet engine with bladed propulsion: 1) diffuser;
2) combustion chamber; 3) injector; 4) engine propeller mounting; 5)
exhaust nozzle outlet ring.

The graph in Fig. 8.24 shows the englne's choklng characteristic.
This characteristlc has been compu.~d for the case of constant flow
veloclty Wy = 180 m/sec. This 1s accomplished by reducing tne mass
rate of fuel flow out of the injector. A change in fuel flow rate
causes a change 1n the temperature Th at the end of the combustilon
chamber and a change 1n the veloclty Wy at the englne 1nlet and there-

fore a change in the 1nlet contractlon coefficlent % = Fl/FO. The
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Fig. 8.24, Choking characteris-

tic of a subsonic ramjet engine.
1) Hour; 2) m/sec; 3) atm.

mass rate ¢ of air flow through the engine and the coefficient of air
excess a at which combustion takes place also change as a result of
tne above changes. The optimum useful engine thrust Su corresponding
to the minimum fuel consumption bmin depends on the proper selection
of the enumerated parameters. It 1is especlally important to assume the
proper value for the contraction cocefficient Py

It 1s seen from the graphs in Fig. 8.25 that the unit fuel con-
sumption b, as a function of the inlet contraction coefficient and for
a constant Fe/Fl ratio has a minimum for a certain value of @O, which
is different for different Fe/Fl ratios. This minimum moves in the di-
rection of an increasing contraction zocefficient wo as the Fe/Fl ratio
decreases and the value of the minimum increases during this transla-

1 Ar Tha wralia nf B /7 1 Alantsnd A tha hooleo Af +Fha 1t maAd
Wdraie i Y wa & F a4 e e W Ae A da whate e PP A P - A

e’ i - oS
thrust (Fe/Fl increases as the thrust increases). An appropriatcly op-
timum contraction coefficlent is selected corresponding to the chosen
value of F,/Fy5 1t is dctermined by the appropriately selected (ophi-
mum} excess alr coeffi-.ient.

Flgures 8.26 and 8.27 show a typical dependence of the optimum
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Fig. 8.25. Dependence of unit fuel consumption b ¢n inlet contraction
coefficlient ¥y under various ratios of outlet and inlet cioss sec-
tional areas Fe/Fl.

! excess air coefficient and of the optimum contraction coefficlent on

I the Fe/Fl ratio.
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Fig. 8.26. Effect of the F /Py

ratio on the optimum alr excess
coefficlent.
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Fig. 8.27. Dependence of the
Fe/Fl ratio on the optimum con-

traction coefficlient QO'

8.5. SUPEN3ONIC RAMJET ENGINES

Su,.ersonic ramjet engines are presently used mainly to power
gulded missiles (Fig. 8.28) and drone fighter planes (Fig. 8.29). Fig-
ure 8.30 illustrates a typical supersonic ramjet englne designed for
flights corresponding Lo Mach numbers of 2 to 3.

The individual design elements of this engine are familiar from
previous considerations. The subject of the folilowing discussion will
be the selectlon of optimum engine parameters and the optimum shape of
the individual components. Figure 8.31 shows the dependence of the ra-
tio of total pressures p¥/p} at the end and beginning of the combus-
tion chamber on th- veloclty coeffilcient Mg = wz/cg at the combustion
chamber 1inlet (vhere 05 is the critical flow velocity) under the as-
sumption ef a constant stabllizer coverage coefficlent ws = 0.33.
Superimpesed on the same filgure is the dependence of the velocity co-
efficient at combustion chamber exit ME = wn/cﬁ on the ratio of the
critical and outlet cross sectional areas Ft/Fﬂ (nozzle contraction).
It is seen from the graph that 1f the specifled nozzle contraction and
degree of superheaf are assumed, then unique values are obtained for

the veloclty coefficlents at combustion chamber inlet and exit, as
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Pig. 8.28. Antiaircraft guided missile with
ramjet propulsion, of the Bloodhound type.

well as for the coefficient of total pressure drop across the chamber.
It has been verified experimentalliy that in order to avold unsteady
flow conditions in the combustion chamber, nozzle contraction should
be selected so that Ft/Fh < 0.9. A decrease of the FL/FM ratio causes
a drop in the Mach number at the combustion chamber inlet and outlet
and an increase in the corresponding ratio of total pressures p:/p;.
The thrust magnitude of a ramjet englne is governsd mainly by the
value of the impulse Je of the flow issulng out of the nozzle. This
impulse reaches a maximum value J'e when the expansion in the nozzle
is carried out to the ambient pressure. Unfortunately this condition

cannot be attained at high Mach numbers since the required cross sec-

tional area at nozzle exit would be greater than the cross sectional
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Fig. 8.29. Drcne fighter airplane with ramjet
propulsion, of the Bomare type.
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Fig. 8.30. Supersonic ramjet engine: 1) fuel control system; 2) air
turbine; 3) inlet o1 compressed air into the turbine; 4) fuel pump; 5)

fuel feed; 6) fuel manifold and injector; 7) alr exit from turbine; 8)
flame stabilizer.
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Fig. 8.31. Characteristic of a

combustion chamber for a super-
sonic ramjet englne,

area of the combustion chamber; this obviously would greatly increase
the englne's aercdynamlc drag.

Limitation of the exit cross section area to that of the combus-
tlon chamber causes momentum losses which are speclfiou 2y the ratilo
Je/J'e. Dependence of this ratio on the pressure rat. p:/pg (where Pq
1s the static pressure in the exlt stream) is shown in Fig. 8.32 for
various ratios of cross sec.ional areas Fe/Ft'

Selectlon of englne paraseters 1s achleved on the basis of the

graphs shown in Fig. 8.33. This figure shows the dependence of useful
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Flg. 8.32. Nozzle characteris-
tlec of a supersonic ramjet en-

gine.
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Fig. 8.33. Characteristic of a
supersonic ramjet engine (flight
altitude ¥ = 11 km, two-stage
diffuser):
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thrust per unit ambient pressure and unit combustion chamber area
the Mach numbe: MO at engine inlet and on the area ratios Ft/F2 =
= Fi/Fe'
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a2 @ result of an Increase of thls ratlo, that 13, of the dee. o
[neezele convraciion, the following <ffoct Lake place: thrast in-
creases, the area ratlo FO/F? Increases (wrd therefore an increase in

the mass rate of alr flow throurh the engine), an Increase of unit

fuel consumption and an increase in the Mach number at the combustion
chamber inlet. The quantity Ft/F2 is chosen with proper regard for
correct operatlion of the combustlon chamber which 1s governed, in the
steady~-state case free of vibrations, hy the appropriate stability

range and specific thermal efficliency. The effect of the basle total

e o

pressure losses on the performance of a ramjet engine 1is shown in Flg.

B.34. The source of these losses 1s mainly:

— nonisentropic compression in the supersonic diffuser;

~ incomplete expanslon 1n the englne nozzle.
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iy, 8.36. Erfect of energy losses due v ponisentropic compression

and incomplete expansion on ramjet englnce performance: MO = 3, M? =

= 2.2, =131 km, Ty = 2000°0_ 7 = (.33, 1) Number of diffuser stapge: .
L)

&) ke f/kgf-hour.
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Fig. 8.35. Effect of preheating the stream cf air flowing through the
engine on the ramjet's characteristics: # = 11 km; ms = 0.33; a) MO =

= 3.0; b) My = 4.0.

It is seen from .ne graph shown in the figure that the performance
of a ramjet engine is governed mainly by diff.:er efficiency, which in i
turn is a function of the number of stages. As an example, for the
case under consideration a change from a two-stage to a three-stage
diffuser increases thrust by "-:5% and decrcases unit fuel consumption
by ~6%.

Figure 8.325 shows the effect on 4hrust of preheating the stream
of air flowing through the ramjet engine {(the temperature ratio T:/T;

t]

was taken 2= a measure of th . I% i3 Been o the grapus
that for a constant Ft,’F2 ratlo an increase in the preheating causes
an increase in thrust with a concomitant increase in unit fuel consump-

tion. The range of physicaliy attainable thrusts is limited on the one

hand by preheating corresponding to the stoichiometric (a = 1) mixture

i
&)
Fy
=
|
¥
¥
il

composition, and on the other hand by the area ratio F+/F2 = 0.9 which
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strewa nrea entering the englne FO to the combustion chamber area F

1s «due to the condltion of stavle flow througt the combustion chamber.
A third Liwlt occurring at high Machs numbers is shown in Rig.

£.35b. A thrust increase under constant preheating causes a concurrent

increase in {ne area ratios Ft/F2 and FO/F2. These ratios govern the

mass rate of air fiow through the engine. The limit ratio of the
»

2
is Fy/F, = 1 for a superson!a stream. This ratio is attained for a

lower value of the ratlo Ft/Fz’ the greater the magnitude of MO. For
the case of MO = 4 and T:/TO = 1C the ratio FO/F2 = 1 occurs already
when F¢/F2 = 0.4, that 1z, for a much lower value than the maximum ai-
lowable from the polint of view of steady flow through the chamber. A
can be seen from Flg. 8.31, for the case of supercrltical pressure
drop across the nozzle,; the Mach number at the combustion chamber in-
let indicates nozzle contraction and the temperature ratio TZ/T;.
creasing the Mach number at the inlet for a ccnstant nczzle contrac-

In-

tion and constant temperature at the end of the combusticn chamber in-
nreasws the Mach number at the combustlon chamber inlet. On the other
hand, from the condlition of aaintenance of the optimum range of dif-
fuser per{ormance {(¥Fig, 8.36), which occurs when tne normal shock wave
is loca2led at the Inlet engine cross sectlion, 1t results that as the
inlet Machk number 1nercases, the Mach number at the end of the combus-
tilon chamber should decreasc. If this does not take place, then the
nomrl shoelk wave iz swallowed by the diffuser (Flg. 3.33b). If, how-
ever, the ratices T:/Tg and Ft/F2 remaln unchanged and the inlet Mach
number MO decreases, then the ratilo FO/F2 decreases which causes a

*

drop in the mass rate of alr flow through the engine and a translatic:
forward of the normal shock wave F’g. 3.33a). This lncreases the aero-
dynamic drag and threatens to shift the diffuser operation into the

unsteady range which may wreck the engine and therefore should not br
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Fig. 8.36. Characteristic of a supersonlc diffuser: 1) operational
curve under critical conditions (normal shock wave is located 1n the
diffuser inlet cross section); 2) stability limit; A) regloa of un-~
steady operation; B) region of operation in the subcritical range
(normal shock wave is moved forward); C) region of operation in the
supercritical range (normal shock wave 1s moved backward).
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Fig. 8.37. Comparison of different methods of control of ramjet en-
gines: H = 11 km, T3 = 2000°K {except in the case of control by means

of changes in Tu), F, = F  =F, = 0.1257 m2. .—) Nozzle control;

m

— — =) control by changes in 7,, - + -) air suetion; —.—) engine with
-
fixed geometry.

allowed to occur.

Presently there are several control systems to maintain normal
operating conditions in the diffuser. These consist of:

— air succion between inlet and combustlon chamber;

— change of temperature ratio at the beginning and end of the

comoustion chamber;
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— cnange of diffuser geometry;

— chanpe of nozzle geometry.

Figure 8.37 illustrates the effect of the various control methods
on the engine characteristic in the case of inlet Mach number M0 -3
and a two-stage diffuser.

It is seen from the graphs shown in this fipgurs that the thrust
characteristic has a most advantagecus shape in the case of control by
air suction, whereas the characteristic of unit fuel consumptiocn
achieves its best shape in the case of control by changes of tempera-
ture T:. However, in certain types of engines where it 1s necessary to
achieve large changes in thrust at constant flight velocity, it is im-
perative that control be performed by means of changes in the area of
the critical nozzle cross section, since this is the only control
which will guarantee optimum conditions for diffuser coperation in the
presence of significant changes of temperature at the end of the com-
bustion chamber.

8.6. HYPERSONIC RAMJET ENGINES

The characteristic feature of hypersonic flows is the high stag-
nation temperature. This has a fundamental effect on the performance
of the combustion chamber, by racilitating on the one hand the igni-
ticn process, stabllizaticn and mixture combustion and on the other
hand by decreasing the chamber's thermal efficiency due to the strong
appearance of- disscciation. Figure B.38 shows the characteristic tem-

navnatnmaac nnnnirrin arcantns vamiat ancinac T+ 1
penmZtunc:s eCoCurrln ersenlic rahnget Snganisc. - &

i
fo

the characteristics shown in the figure th-t the mixture of kercsene
and air reaches the autolgnition temperature at a Mach number MO o5
Under these conditions, the classical methods of flame stabilizaticn
by insertion of unstreamlined bodies into the stream can be replaced

by stabilization in the boundary layer or by means of aerodynamic sta-
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Fig. 8.38. Characterlstic temperatures occurring in hyperscaic ramjet
engines: A) temperature at combustion chamber 1nlet; B) engine wall
temperature taking into consideration heat loss due to radiation; C)
combustion temperature of a stolichlometilec mixture taking dissoclation
into account; 1) melting t-mperature of aluminum; 2) autoignition tem-
perature of the kerosensz-air mixture; 3) melting temperature of heat-
resistant steel; 4) meltlng temperature of ceramlc refractory materi-
ais.
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Fg. 8.39. Flame stabillization: a and b) in the boundary layer; o) by
means of an aerodynamic stabilizer. 1) Flame front; 2) mixture; 3)
combustion products; 4) metal plate; 5) plate surface, 6) comnressed
gas; 7; turbulence zone.

bilizers. Flgures 8.39a and b illustrate the flame stabilizatlon proc-
@35 in the boundary layer. A laminar layer is created in the mixture
flowing past a plate; the distribution of flow velocity »w and of laml-

nar combustion speed SL in this layer are shown in Fig. 8.3%b. As a
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result cf these distributions, there exlsts a laver of thickness 4
where The flame propagation 1s greater than the combustlon speed. If
this layer is thick enough, it can become the point of attachment of
the flame front. Layer thickness is a function of the Reynolds number,
and tnerefore in the case of a given m!xcure of a given flow veloclty
it 1s a funciion of the distance between the flame Tront and the plate
leading edge.

In an aerodynamic stabilizer (Fig. 8.39c) the flow disturbance,
within which the flame front 1s initiated, is caused by introduction
of compressed air in a direction perpend!~ular to the main mixture
stream. This method 1s suffleient to obtain stable combustion within
wide “imits at the high temperatures present in hypersonic engines.
Both of these stabilization methods, as opposed to combustion chambers
with classical flame stabilizers, are characterized by small over-all
pressure losses which has a beneflcial effect on total englne effil-
clency. Curve € in Fig. 8.38 shows the relationship between the com-
bustlon temperature and the Mach number M0 at engine inlet. It 1is seen
from the shape of this curve that as MO increases, the loss of chemi-
cal energy due to absorotion by dissociation increases at such a rate
that when MO > 9.0 combustion does not even take place. And even
though part of the dissoclatlion energy 1s recovered in the nozzle as a
result of the recombination taking place during expansion, 1t can
nevertheless be assumed that thils value of the inlet ltach number con-
stitutes the 1limilt of applleabllity ¢f a ramjet engine with conven-
tlonal combustion chamber,

in order to shift tnis 1limit in the directlon of higher f{lipht
speeds, the follewing solutions have been proposed:

— a ramjet engine operating with an over rich mixture;

— 2 ramJet engline with a supersonlc combustion chamber;

- 227 -




RO R LT

Fig. £.40. Hypersonic ramjet engine with a supevrsonic combustion cham-
ber: 1) Semperature distribution in an engine with a conventional com-
bustion chamber; 2) temperature distribution in an engine with a super-
sonlc combustion chamber; 3) external compression; 4) internal com-
pression; 5) combustion; 6) expansion.

Fig. 8.L41. Hypersoniec engine
with detonation combustion.
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Fig. 8.42. Dependence of the over-all efficiency of hypersonic ramjet
enginec on inlct Mach number: 1) enplne wlih a conventional combustion
chamber; 2) engine with a hypersonic combustion engine; 3) engine with
detonation combustion.

— a ramJet engine with detcnation combustion;
— a ramjet engine with external combustion.

The use of fuel-rich instead of stoichiometrie mixtures can in-
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crease the operating range of ramjet engines even up to M, = 20. Such

0
engines have a higher unit fuel consumption and are characterized by
lower combustion temperatures and thereby by a lower energy loss due
to dissociation. Furthermore, large mass rates of fuel flow can be
used to advantage for cooling of combustion chamber and nozzle walls.
An englne with a supersonie combustion chamber, sketched in Fig. 8.40,
1s a different propcsition. The air stream entering the supersonic
diffuser of such an engine is slowed down to an appropriate supersonic
speed selected in such a way that after addition of the predicted
amount of heat the flow velocity at the end of the combustion chamber
would correspond to M = 1.

A lcwer Iniltial temperature is achieved in this fashion as com-
pared to that obtained with a conventional system. Obviously, this has
a beneficial effect on the decrease of losses in fuel chemical energy
due to dissociatin~ of the products of combustion.

Figure 8.41 shews a diagram of a hypersonic engine in which de-
tonation combustion takes place. The combustion process in this engine
is implemented in a standing detonation wave which is located at the
leading edge of the wedge placed in the supersonic mixture stream.

The graphs i1y Fig. 8.42 show a comparison of the performance of
the above-mentioned engines with that of a conventional engine.

In the case of a hypersonic ramjet engine having a conventional
combustion chamber, the over-all efficiency begins to decrease from
MD = 5-6. At higher Mach numbers, the engine with a hypersonic combus-
tion chamber appears to be more efficlent; the destonation engine falls
irn between. The range of their maximum efficiency falls between MO = 8
and 10.

The hypersonic ramjet engines described abcve extend the opera-

tional range of ramjet engines; however, they do not solve the cooling
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Fig. 8.43. Hypersonic ramjet engine with external combustion: 1) hv-
personic flight profile; 2) obligue shock wave; 3) flame front.

problem. From this point of view, the idea of a supersonic ramjet en-
gine with external combustion appears most interesting. Figure 8,43
shows the diagram of such an engine. The engine consists of a flying
wing having a hypcrsonic profile. Heat transfer to the rear portion of
the wing causes a deflection of the alr stream flowlng intc the heat-
ing zone. This Ilnecreases 11ft in the same fashion as an increased an-
gle of attack, thereby causing the creation of thrust. If this thrust
is sufficiently large then the wing can accclerate the flight. Since
the larger portilon of_ the total force due to the expansion of the ccm-
bustion gases, 1n this case, contributes to 1lift rather than to thrust,
the determination of engine efficiency by means of characteristics
such as in Fig. 8.42 1s difficult. However, from an approximate esti-
nate, 1t appears that this engine's efficiency is roughly equal %o that
of the detonation engine. But the biggest advantage of this type of
englne 1s primarily the solution of the cooling problem consisting of
heat transfer from highly stressed points by conduction through the
material of which the profile 1s made snd also throvnoh radiation,
8.7. SOLID FUEL RAMJET ENGINES

Solid fuel ramjet eugines constlitute a separate group of ramjet
engines. Figure 8.4Y4 shows a design diagram of such an engine.

The engine consists of (in addition to the components of conven-
ticnal ramjet engines) a solid fuel grain placed in an appropriately

shaped frame. The grain is made out of compressed magnesium powder
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Fig. 8.44., Solid fuel ramjet engine: 1) diffuser; 2) seal; 3) igniter;
4) fuel grain made of compressed magnesium powder; 5) mixing chamber
of secondary air and combustion products; 6) fuel grain frame; 7) sec-
ondary air channel; 8) primary alr channel.

with a small oxidizer additive which accelerates the combustion proc-
ess. Application of such engines is forecast in the propulsion of mis-
siles of the "surface-to-surface" and "air-to-air" type having a range
of 15-150 km. In this range, solid fuel ramjet engines have a better
performance than rocket engines which are usually used for this pur-
pose, i1f they are both restricted to the same Jimensions. The funda-
mental disadvantage of these engines is the lack of thrust control
capabllity during operation.
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Chapter 9
ROCKET ENGINES

The rocket engine 15 the oldett thermal engine and it 15 charac-
tericed by extremely functional simplicity and in many cases by design
simplicity as well. In spite of this, its real develoupment started
relatlvely late, that 1is, in the nineteen~thirties. This can be ex-
plained mainly by manufacturing difficulties which coulc be overcome
only as a result of the technological progress taking place before our
eyes. The combustion Intensity not encountered in any installations
until now has raised a number of problems, the solution of which was
tied to development in a number of fields in science and technology.

Also, the field of rocket-engine application, in artillery as
well as alreraft, required pronounced changes 1n outlook before they
could be successfully introduced. This had to do mainly with hign
flight velocities and the relatively large masses which were to be
transported across larger but strictly specified ranges and altitudes.
9.1. THERMODYNAMICS OF ROCKET ENGINES

The basic thermal process which results in rocket engine thrust

is an exothermal chemlcal reacticn and expansion of the producfts of
comhus+ion which are created,

A characteristic feature of these prccesses is high temperature
and hignh flow velocity. This becomes the scurce of addltional thermal
effects, of which heat transfer between the hot combustlion gases and

metal engine walls, as well as pressure fluctuations due to instability

of the combustion process, give the deslgner the most difficulties.
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9.1.1. Rocket Engine Thrust

The following equatbtion represents the sunction previously derived
! for a2 rocket engine thrust:

S =mw, + F, (p. — o) (9.1)

——

|l =
T
: R

Fig. 9.1. Diagram of an ideal rocket engine: 1) initial cross section

of coembustion chamber; 2) terminal cross section of combustion chamber
and initial cross sectlon of the nozzle; t) critical nozzle cross sec-
tion; e) cruss section of nozzle exit; wx) axial component of flow ve-

locity; W, @) axial coordinates.

This equation requ.res correction factors due Lo the fact that
the diverging portion of the nozzle is a truncated cone znd the exit
- velocity cannot be parallel to the axlis over the entire cross section
(Fig. 9.1). Strictly speaking, the thrust eguation should have *he

form

s .—.—Fj’ wy dm + (B — po)F,

where w,_ = w
oL

g 08 B Pq is the ambient presszure.

Transforming thls equation and introducing
1
C=—§-(l + cosf;)

we get
L=/lmw + F (n —.mt (9.2)
In the case of conventional nozzles, the ¢ <oeflicient 1is close
to unity (e.g., for By = i5°, ¢ = 0.983) and therefore it can be neg-
lected in approximate computations. Differentiating Ec. (9.1) and tak-

ing into account the fact that the mass rate of gas flow throusgh the
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nozzlz is not a function of exift conuitions, we get
dS = mdw, * (p, — po) dF, + F dp,
From the law of cconservation of momentum we get:
mdw, = — F.dp,
and after substitution we obtain
dS = (p, -~ po) dF,

The thrust 1eaches a maximum value when

This occurs when P, — Py = 0. And thus maximum thrust is achieved

wher. exit pressure is equal to the ambient pressure

5 = mw

max e? when Pe = Pg-

Flgure 9.2 shows the thrust loss S/Smax and .ne corresponding ra-

io of cross sections Ft/Fe as a functior uf the pressure ratio po/pe.
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Fig. 9.2. Thrust variation as
a function of exit pressure
p2 = 20 kgf/cm?; « = 1.21. 1)
Summerfisld's criterion.

These characteristic curves were obtained for an engine with the

eilowdn

]

narameters: v = 1.21;

>

n, = 20 I.(gf‘/r'-rn2 and Py = 1.032 kgf‘/nm2

LA A W]

The guantities which are subject to chunge during the operation

of the rocket engine are:
- ambient pressure, which ccecurs as a result of flight altitude;
— pressure c¢xisting in the combustion chamber, whi. i occurs dur-

ing regulaticen of thrust magnitude.
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Fig. 9.%. Choking characteristic of a liquid fuel rocket engine: Pos
J,o S are the pressure 1n the combustion chamber, the specific impulse

and thrust; Po op1e Jw ob1? Sobl are the corresponding design quanti-
ties. 1) Summerfield's crite-ion.

Thrust varlation as a function of altitude is‘due to a change in
the value of Py in Eq. (9.1). This function 1s 1llustrated in Fig. 9.3.
Thrust reguletion in a liquid fuel rocket englne is achieved by
rhanging the flow rates of O

el

-

and exidizer {in g
preserving thelr weight ratioc), which causes an appropriate change 1in
the combustion cnamber pressure. With e~mztant combustion temperature
and a constant nozzle geometry, this adjustment causes only a smail

change in the specific impulse, and 1t preserves the proportionality

between thrust changes and combustlon-chamber pressure changes. The
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corresponding characterilstic curve, called the cnokling characteristic,

is shown in Fig. 9.4,

9.1.2. Mass Rate of Flcw Through the Nozzle

The mass rate of fluld flow through the nozzle can be represented

by the equation:

G = )’gﬂgF‘ B }”ﬂ‘(i) (‘Z-"') Fg

oy ¥

where Yy @ps Ft are the speclfic welght, the speed of sound and the
area at the crltlcal nozzle cross sectlon; Yos a, are the specilfic
weilght and the speed of sound at the end of the combustion chamber.

Assumlng an 1ls=ntroplc expanslon process 1n the nozzle between
the crltical and exlit crocs sectlons and substlfuting the known rela-
tion for the speed of sound

a =/ gxRT

where g 1s tﬁe acceleration of gravity (m/secQ); ¥k 1s the isentroplec
exponent; k = B48/u 1s the gas constant (m/°K); u is the molecular

weight (kgf/mol), we get:

. l__....__-"'E 2L sek
=T VRT, {kG/sek] (9.3)

where
2 a+|_

ﬁ==V;( 2 )E;” (see Table 9.1),

x4+ 1
TABLE 9..
I as a Funetion of k [Egq. (9.3)]
x I x r ' g ‘ r
! . B ! -
_ | . . ,
L+ 0,6366 120 06185 [ 1,26 | (509
5,15 0,686 1,21 0,6505 1,27 638
1,16 06407 | 1,22 0,6524 1.28 01636
117 0,6426 1,23 06543 1 1,20 0144355
1,18 0,6446 124 0662 | 130 tonr?e |
t 0,6466 1,25 0,6581 13 0u9 |
1] i

#
p* is the total pressure at the initlal nozzle cross section; T, 1s

the total temperature at the end of the combustlon process, equal to
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the combustion temperature of the propellants.
Substituting into Eq. (9.3)
m=G/g
an expression 1s obtalned for the mass rate of fluld flow through the

rocket engine:

LI

’"=P}/;1/R—T= (9.8)

9.1.3. Characteristic Parameters of Rocket Engines

The gquantity characterizing the effectiveness of the flow of com-
busticn products through the nozzle of a rocket englne has been de-
fined in Chapter 2 as the thrust coefiiclent

S -
2*F

(9.5)

where p* 1s the total pressure in the englne's combustion chamber.

This relation can be transformed by using Egs. {(9.1) and {(9.3).

We then get

IR = e

This equation is plotted in Fig. 9.5.

C,=F-L/ g
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Fig. 9.5. Varlation of the thrust coefficient as a function of the ra-
tio of nozzle cross sectlons: of the termlnal and critical areas for
varlous expansion ratios PQ/PO- 1) Separation.
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The reglon of applicability for this equation 1s limited by the
separatlon phenomenon occurring in the nozzle when expansion is car-
ried out to a pressure lowe - than atmosgheiic. This phenomenon sta-
billzes the magnitude of the thrust coefficient, but since it is often
the cause of unsteady changes in flow direction, its occurrence should
be avoided. Equation (9.5) refers to the case of 1sentropic flow
through the nozzle. Wher nozzle efficiency n 4 is less than unity, the
maximum thrust coefficient moves in the direction of lower Fe/Ft ra-

tios (Fig. 9.6).

-

Fig. 9.6. Shift in maximum thrust coefficient as a function of nozzle
efficlency. 1) Maxirmum thrust; 2) design nozzle.

Furthermore, taking into account that the curve of the thrust co-
efficient as a function of the cross-section ratio Fe/Ft is very flat
in the vicinity of the maximum, it is advantagecus to bulld the nozzle
with a somewhat smaller Fe/Ft ratio than the thecoretical.

The parameter characterizing the enginc's combustion effective-
ness is the coefficlent of the mass rate of flecw, deflned by analogy

to the thrust coefficlent as:

R (sec/m) (5.6)

Cp =

where m is the mass rate orf fluid flow through the engilne.
The output coefficient has dimensions which are the inverse of

the dimensions of velocity and therefore instead of Cm one very often
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uses a parameter which is its inverse and which 1s Kknown as character-

istic velocity

=— % F‘ -
we = (m/sec). (5.7)
Replacing m by its value from Eq. (9.3), we get:
. VET
wc=lle—§gi—(m/sec). (9.7")

It 1s seen from Egq. (9.7) that the characteristic velocity is
solely a funection of the parameter RT which has been introduced in
Chapter 4 and which characterizes the sultabllity of the propellant as
a source of energy for rocket engines. The characteristic veloclty de-
fines the avallablility of energy from the products of combustion cre-
ated 1n the combustion chamber and at the same time it characterizes
the quality of the propellants.

Beoth kimds of parameters dlscussed above, of which the thrust co-
efficient defines the flow and the output coefficient (or the charac-
teristic velocity) deflnes combustion, are related by a parzmeter in-
troduced earlier and which characterlzes the efficiency of the total
engine system, namely, the thrust unlt also known as the specific im-
pulse J (sec). The unit of propellant consumption b (kgf/kgr.iiour) or
the effective veloclty uj have an analogous significance, i.e., they
are related with the remaining parameters characterizing the rocket
engine by the esquation:

C,
2600 G _ e (m/sec). (9.8)

S
=----=J =
wy an - wf It . C-

9.1.4. Loss Coefficients

Coefficients or energy losses In a rocket engine are defined by
comparing the actual values of characteristic parameters discussed in
tt.e preceding sectlion, with the theoretical values.

These are:
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— the coefficlent characterizing nozzle quality, which 1s the ra-
tio of the actual thrust coefficient ¢ wn With the theoretical thrust

coefficient ¢
s t

(9.9)

— the coefficient characterizing the quality of processes taking
place in the engine chamber, that is, the quality of spray, mixture
formation and primarily combustlon.

This is the ratio of characteristic velocities: of the actual

w te the theoretical w
¢ rz o t

Wey* (9u10)

~ the coefficlient characterizing the quality of operation of the
entire engine, which is the ratio of specific impulses: of the actual

J to the.thecretical Jw

W rz t

Jwrs

J-I (9-11)

o=

According to Eq. (9.8) from which werobtain the relationship
J.gtlc.w,
we obtaiﬁ the following relation between these three loss coeffleients:
b={.¢, (9.12)
9.2. SOLID PROPELLANT ROCKET ENGINES
The characteristic feature of solld propellant rocket engines is
thelr physical arrangement whereby the combustion chamber aets simul-
taneously as the pronellant starace container, This f_’liminates aut -
matically the fuel supply system which 1s indispensable in other en-
gines, but especially in the case of larger units this 1nereases the
deslign weight. However, the undeniable advantage of these engines,

namely their extreme simplicity, constantly assures them an expandine

range of applicability.
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Solid propellant rocket engines are subdivided into types accord-
ing to the propellant grain shape and to the type of surface on which
combustion takes place. In this way we can distinguish end-burning
grains and unrestricted grains.

9.2.1. Sclid Propellant Rocket Engines with End-Burning Grains

An engine with an end-burning grain is shown in the dlagram of
Flg. 9.20D. It consists of a cylindrical combustion chamber terminated
by a nozzle; the propellant charge of constant circular cross section
1s located in the combustion chamber. All the propellant surfaces ex-
cept the end facing the nozzle are covered with an inhibitor, that is,
an inflammable substance which 1s also resistart to high temperature
effects. The inhibitor's main component 1s mest often talc mixed in
proper proporticons with polyvinyleoctane in conjunction with a plasti-

cizer, such as, for instance, butyl phthalate.

Fig. 9.7. Antitank missile.

Engines of this type are characterized by low thrust and long
burning time. They are used as sustaining engines, for instance, in

antitank missile and in target airplanes (Fig. 9.7).
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Steady-state engine conditions are achleved when the mass rate of
gas flow through the nozzle is equal to Its generation rate during com-
bustion.

Starting with the deflnlng equatlon (9.6) of the ocutput coeffi-
clent, we get:

.m -=7C,, pF,

This output of combustion products is generated by the combustion

of the propellants

m =g, w0, F,
where pp is the density of the solld propellants (kgf-secz/mu); W, is
the combustion rate (m/sec); F, 1s the combustion surface (m2).

Assuming, as per Eq. (6.17), that

Wy = bpn
the followlng equation for the equilibrium p: ssure in the combustion

chamber 1s obtalned after proper transformations:

]
,=(_eﬂv_)"-“- (9.13)
Cm
where KN = Fs/Ft is the ratio of the combusticn surface area tc the

nozzle critical cross sectional area; b is the temperature coefficlent
assumed for w, in m/sec (in Eq. (6.17), and in Table 6.1b it is glven
for w_ in cm/sec),

Combustion chamber stability i1s 1llustrated in Fig. 9.8 where two
characteristic curvec intersect at the equilibrium point,; these are
the characteristlec curve of the cutput of combustion products flowlng
through the nozzle and the characteristic curve of the generation of
combustion products during combustion. Perturbation of equllibrium con-
ditions by elther process (combustion or flow) leads back to the equi-
11brium point 4. Substitutlng the characteristlce velozlty v, into Eg.

(9.13) instead of the output coefflcient ¢, we get, accordlng to Egs.
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(9.6) and (9.7)

1
£=(bo, Kywy)i-e (9.14)

Fig. 9.8. Stability of the combustion chamber: 1) nozzle characteris-
tic; 2) combustion characteristic; 4) equilibrium point; +A&m) excess

of combustion products generated during combustion with respect to the
mass rate of flow of these products through the nozzle (pressure must
increase); —Am) excess of ocutput of combustion products flowing through
the nozzle with respect to the generation rate of the.e products dur-
ing combustion (pressurec must decrease).
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Fig. 9.9. Dependence on temperature of
thrust and burn time of a solld propel-
lant rocket engine.

In Eq. (9.1%4) Ky, defines the englne geometry whereas b, p , v

P
and n dencte the properties of the solid propellant. The influence of

=]

the initlal charge temperature manifests 1tself through the b coeffi-
clent whose variation as a function of temperature is particularly
pronounced in the case of homogenecus propellants. Obviously this 1s
related directly to thrust variations as well as burn duration. This

1 varizilon for a typical booster engine is shown in Fig. §9.9.
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9.2.2., Solld Fropeilant Rocket Engines with linrestricted Grains

301id propellant rocket engines with unrestricted grains are used
whenever hilgh thrust generatlon is regquired. This type of requirement
occurs first of all in the case of booster enplnes (Fip. 9.10). The
transverse cross sections of englnes such as are most commonly encoun-
tered are shown in Flg. ©.11. The shape of the transverse cross sec-
tion is a funerion of the required combustion area and of the postu-
lated engine thrust schedule. The highest combustlon area (i.e., the
highest thrust anJg shortest burn time) 1s obtained in an engine (Fig.
9.11;) which is filled wilth several plilpe-liie charges. The disadvan-
tage of such an engine {and also of engines of the types f, g, ©, h)
is the direct contact betwesn engine walls and the hot combustlion prod-
ucts. In the arvangements shown in Figs. 9.1lla thrcugh e, on the other
hand, combustion takes place cnly on the internal grain surface while
the external grain surface in direct contact with engine walls insu-
lates the latter from the effects of the combustion products. In order
to increase thrust, the internal surface is usually made in the shape
of a star.

The requirement of engine operation most often postulated is con-
stancy of thrust. This of course is related to constancy of the graln
surface during combustion.

The following phenomena, whielhi are pecullar only to solid propel-
lant rocket engines operating with restricted grains, seriously affect
engine desions:

- pressure drop across the combustion chamber;

— zrosion combustion;

- resonance combustion.

The flrst of these phenomena is caused by an increased output and

the corresponding acceleratlion occurring in the combustion-product
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rocket propellant grains for internal burnlng. 1
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stream {(Fig. 9.12). Marimwn pressvrs Securs in thz iniiial enming

]
cruss eeviion (bectisn i, rig. $.12) and 2t the bepinning of compbus- f
tion when the ratle of combustlon surf{ace area to tre outlet area 13 L
at 1ts maximum. [ts valuc enn be determined Ly wmeans of Eg. (9.13) 1n

which parameter Kﬂ is replaced by parametrer KH L which 15 obtained

2

from the expresslon:
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where T is the functlon defined by Eq. (9.3) and whose values are con-

tained in Table 9.1; KJ = Ft/Fp; Fp is the Instantaneous flow area at

the terminal grain cross section (Section 2, Fig. 9.12); F, is the

area of the critical nozzle cross section.
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Fig. 9.12. Longitudinal cross section of rocket engines with restricted
propellant grains. a) engine with a single grain of circular cross
secilon (h of Fig. 9.11); b) engine having an internal grain combus-
tion sarface*in the shape of a star (e of Flg. 9.11).
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Fig. 9.13. Effect of KJ on the
pressure ratio pl/p2 at the be-

ginning and end of the combus-
tion chamber.

The graph in Flg. 9.13 1llustiates the effect of KJ on “he ratio
¢f pressures at the beglnning and end of the combustion chamber. In
order to limit the pressure changes z2long the combustlion chamber and
in order tc decrease the concomltant axial loads which occur in the

case of grains with cir-ular crcoss sectios (these loads are propnr-
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tional to the pressurs difference ¥y — Py across the grain), it is
necessary to satisfy the conditilcen

K,<05 (9.16)
when designing the combustion chamber of a solid propellant rocket en-
gine, Obvicusly, this condition refers to the starfeup condition when
pressure p, at the chamber head reaches 1tz maximum value. The effect
of pressure variation along the chamber can be compensated for to =ome
extent by staping the grain 1n such g way as to increase the fiow
cross section gradually from the chamber head toward the nozzle exit,

In the solution shown in Fig. 9.12b the quantity X remains un-

N ef
changed during the entire combustion process.

The second phenomenon, which is pecullar to the rocket engines
under discussion, 1s the increase in combustion rate caused by the in-
teraction of ‘the combustion products flowing along the burning grain
surface. This phenomenon, known as erosive burning, occurs when the
flow veloclity of the combustion products exceeds a certain limit value.

The intensity of erosive burning is specilied by the following erosion

coefficient:

pr= 2% — 1 4 k(v — ug)
ws (9.17)

where W 1s the wvombustion sps~d without erosiocn; Vop is the combus-
tiorn speed with erosion; Up is the 1imit flow velocity of combustion
products (m/sec); u is the flow velocity of combustion products
(m/sec); k is a proportionality constant, and is equal to 0.002 sec/m
under commonly used pressures.

In the case of homogenecus propellants, the 1limit velocity is
around 200 m/sec.

Occurrence ol erosive burning causes an increase of the combus-

tion chamber pressure wnich decreases as the flow crcss section in-

- 248 -

o Wi




-

r

+

Fig. 2.14, Pregsur. variation during erosive burning: 4) erosion peak.
This grapn 1s characteristic of regressive combustion.
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Fig. 9.15. Resonant combustion.
1) atm. abs.; 2) sec.

creases and the flow velocity of the combusticn products drop below
the 1limit velocity. Due to this phenomenon an erosion peak arises, and
this i1s illustrated in Fig. 9.14. This undesirable effect can be
avolded either by increasing the initial flcw cross section, which,
however, reduces the size of the propellant charge, or by designing
the grain shape in such a way that during the initial phase of engine

operation the combustion varistion be geared to the increase in flow

cross section. It i3 thus possible to achieve in the combustion cham-
ber a constant pressure Juring the entire burning time.

The third characteristic phenomenon peculiar to engines using re-
stricted grains 1s resonant aombustion. We mean hy thias the aceurrence
of overpressures in rocket engines, which are sometimes observed but
cannot be explained by an increase in the burning surface (Fig. 9.15).

This process s related to th2 existence of pericdic pressure fiustua-

] tions in the thrust chamber and to an abnormal incresse in the bhurning
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Fig. 9.16. Theoretlical pressure variation as a function of time in the
case of the burning of a tubular grain: 1) without openings (taking

into account initial erosion); 2) with oupenings distributed on the
grain's surface; 3) atm. abs.; H4) sec.

rate at certain polnts on the grain's surface. These irreguiarities
can be eliminated by drilling a number cof radial holes in the grain.
Unfortunately, however, this entails a decrease in burning surface
(Fig. 9.16). The radial openings are distributed on the grain's sur-
face along the path of a screw thread so that each opening is dis-
placed by 120° from each neighboring one. The distance between open-
ings decreases with increasing propellant heating value. For homogene-
ous propellarts of the JPN type, thls distance amounts to 25 mm. The
hole dlameter should correspond to about 40% of the diameter of the
inner core. Thrust chambers filled with propelliant grains in the shape
of pipea and in which gas flow is subdivided are particularly suscep-
tible to resonant combustlon. In this case the scurce of perturbations
might be the dissimilarity in the pressure and rate varizticns along
the chamber length in the various flow channels. In order %o svold
this conditioeon, the grain shape and position should be chosen in such
a way as to preserve the same ratlioc of combustion surface area to the
flow cross sectlon for each stream of combuzstion products.

Ir: the case of an engine with a single tubular grair the above

condition yields the followlng geometric relationship:

...25{)_
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where da is the ocutside grain diameter, d” is the inside grain dizme-
ter; D is the inside coumbusticn ehamber dilameter.

Cbviously, such a condirion can be rigorously satisfied only dur-
ing the initial combustiun phase.

The reason for the instabllitvies described above is most likely
the turhbulent motion of thez fiowing combustion products; these turbu-
lent motlons allow SHhe heat filux originating at the flame zone to come
in direct ccntact with the grain surface, and this greatly increases
the burning rate. Thils nypothesis 1is verified by the familiar experi-
mental fact that the phenomencn uf resonant combustion disappears with
Increasing pressure 1n the chamber, at which time the flame zone starts
to supply heat tc the rzaction surface at a faster rate.

Over*ali\dimensions of a solid progszlliant reocket engine uslng a
restricted grain are most often determined in such & way as to ovtain
minimum design weight. In r2nerali, the starting point of these calcu-
laticns 1s the following data: thrust & (kgf); burning time 1 {sec);
propeliant propertles described by means of the characteristic velcce-
R v, {m/sec); and the allowable tensile stress g (kgf/cmg) of the
mnetal cut of which the combustion chamber is manufactured. Assuming
the pressure p in the combusfiocn chamber, we can determine the thrust
noefflcient CG from &9. (9.5}, and then the total onropellant volume

required to obtaln the postulated 1rust and burn time Is computed:

AORLLL R (3.19)

Pp Cl W,

where 1.1 1ls the safety factor which accounts for incomnlete combus-
E 2,4
tion; p_ is the density of the propellant (kgf:sec™/m’).

P
Next, the assumption of Lhe K arameter allows us to determine

J P

the Iritial low area at the terminal prain cross section:
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1,055
K1pCs [em’] (9.20)

p=

where 1.05 1s a coefficient which accounts for nozzle losses,
Critical nozzle cross section 1s given by:
F,=F,K, [cm?) (9.21)
The engine's second geometric parameter 1s computed from Eq.
(9.14).
Thus the burning surface is defined as
F,= Ky F; [m? (9.22)
The following relationship is valid for the basic combustlon cham-
ber length L of radlus Rk:

V’ ‘. ]0.

L= apog el (9.23)

This equation allows us to determine the basic chamber dimenslons
1f the specified combustion surface is malntalned,
Engline welght Gs conslsts of nozzle welght Gb’ combustlcon~-chamber
weight Gk and of propellant welght Gp
G,=G,+ G, + G,
The individual component welights are approxlmated by the follow-
ing equatlons:
— nozzle welght from t.e empirlcal equation
G,=25 10 St Kpf] (9.24)
— propellant weight from the obvlous relation
G, =V, [kegf]

— ¢hamber welght

e = ye-P- (21 REL -+ 22 R} — F,Ry) (9.25)
g

where vy, (kgf/Cm3) 1s the specific weight of the combustlion chamber
wall materlal; ¢ = PRk/Z (kgf/cma) 1s the allowable stress 1n the cham-

ber wail materlal; Z (cm) is the chamber wall thilckness.
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It 1s seen from the equatlions given above that a prassure increase
in the combustlon chamter of a rocket engine causes:

— & decrease in the volume of the propellant required to achieve
the postulated englne performance schedule;

-~ a decrease 1in the characteristic surfaces Ft‘ Fp and F_.

All these changes have a beneficlal effect in reducing over-all
engine dimensions. However, englne welght 1s a function not only of
the over-all dimensions but also of wall thickress, which in turn are
functions of pressure, allowable stress and chamber dlameter. There-
fore, 1t can be concluded that there 1s a certain optimum pressure and
optimum chamber dlameter for which engine welight reaches a minimum.
The graph in Flg. 9.17 shows the results of such an analvsis carried
out for an engilr. having a thrust of 500 kgf and a 4-sec burning time.
In the lower~portion of the graph the varlations cf three curves 4 zie
shown; these show ti.c change in welght of an cmpty englne as a func-
tion of pressure in the case of three chamber diameters (10, 15 and 20
cm). The envelope of these curves 1s curve 5 which specifies the vari-
ation of the optimum chamber dlameter R; (that 1s, a diameter such
that for a glven pressure 1t results in the lowest welght for the emp-
ty engine). The upper part shows the effect of pressure and strength
of material out of which the combustion chamber 1s manufactured on the
over-all minimum engine weight (that 1s, a welght which corresponds to
the optimum chamber diameter).

A solld propellant graln burns in such a way that each point on
its combustion surface moves in a direction perpendicular t: the tan-
ger.t at that point. In view of this, grain elements which ¢ re convex
toward the combustion side maintain thelr shape, whereas conclave ele-
ments are subject to transformation and assume a bowed shape of in-

creasing radius as the combustion process proceeds (Fig. 9.18). The
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Flg. 9.17. Dependence of empty engine weight, of minimum weight of
loaded englne and of welght of propellant on the pressure in the com-
bustlon chamber: 1) propellant weight; 2) curve of minimum weight of
loaded engines; 3) welght of a loaded engine; 4) weight of an empty
engine; 5) curve of minimum welght of empty engines; R*k) optimum com-

bustion chamber diameter resulting in minimum weight for empty engine
under given pressure conditions,

Fig. 9.18. Development of combus-
tlon in propellant elements: a)
concave; b) convex. 1) Grain; 2)
combustion nproducts

most convenlient grain shape f{rom the polnt of view of engine wolght 1is
a graln whose outer surface adheres to the chamber wall and which
burns from the inside. This protects the walls from direct contact

with the combustlon products and thus allows the use of higher allow-

- 254 -




able stresses. Slnce combustlon from the inside, in the case of a sim-
ple tubular grai::, has a progre.slve character, the internal surface
must be shaped 1n such a way that 1t should not change during combus-
tlon. The shape most commonly encountered which satisfies thils condl-
tion to some extent 1s the star shape. In the segment of an B8-slidec

star shown 1n Flg. .19 three combustion stages can be dlscerned. Dur-

W W
, ne
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Flg. 9.19. Grain geometry having a transverse
cross sectlon in the shape of an elght-sided
star.

ing the first stage, the process 1s 1n general characterlzed by a con-
stant reactlion surface. Thls lasts untll the flame front reaches poilnt
A. Further combustlon exhlblts a progressive charvacter. Upon reaching
point 2, there occurs a sudden drcp in the combusticn surface with a
silmultaneous thrust decrease. In order to avold perfurbaticns durlng
this final phase of engine burn time, very often the cross-hatched
area 1s filled cut wlth an 1nert material.

Progress durlng the first combustlon stage 1s a functlon of the

chcice of angle ©/2. When the angle 0/2 1s specified by the equation
= N 6 6 26)
SR Sh 9

where n is the number of star sides, then the combustlon curface 1s

e
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ccnstant.

The wvarlation of ©0/2 with » 1s shown 1ln Table 9.2.

TABLE 9.¢
6/2 as a Function of n [Eq. (9.26)]

5 4 5 ti "7 ! 3 10 | 1
: [

w| ®f

—[°1 28,21 | 31,12 | 33,53 ( 3555 | 37,30 { 30,83 | 40,20 | 42,52

If the angle‘G/E is smaller than 8/2 then regression occurs dur-
ing combustion. Progressive combustion occurs in the case when 8/2 >
> 6/2. Figure 9.19 shows the graphs specifying all the dimensions
which characterize the grain geometry, that 1s, w/%, FP/Z2 and Ff/z2
as a function of the dimensionless combustion path (f + y}/1 and of
the angular coefficlent e. The quantity w, the so-called combustlon
parameter, constitutes the active length of the intsrnal grain surface.

It the over-all grain length is denoted by L, then the combustion
surface area is

Fs = Lw.

It is seen if'rom Fig. 7c¢ that minimal losses are caused by the ex-
istence of the Ff surface when f + y = I and when € is small. Thils is
related, however, to a large (or in Lte case of small € to an early)
progreséion in the second combustion stage (w/l increases from 10.1 to
12.6}).

An important problem in solid propellant rocket engines generat-
ing high thrusts is thrust control. Combining eguations (9.5) and

(9.14) we get:

8§ = C, F; (w, oy bKy)1—* (9.27)

It is seen from the above relatlious that engine thrust varles as

a unctirn of charges 1n:
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Fig. 9.20. Englnes exhibliting a dual thrust range.

Flg. 9.21. Solid prepellant rocket engine with a controliable thrust:
1) nozzle with variable cross section; 2) solid propellant; 3) con-
trolled nozzles; 4) constant cross-section nozzles,

— type of propellant (w_, p b, n);

p.l

— grain combustion surface F, (KN);

—~ area of the oritical nozzle crosg section Fy.

The first two methods reduce to programming the engine burn cycle;
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tne thira method makes it possible Lo vary the thrust 1n response to
definite needs. The most commen case of programming occcurs when the
vurpose of the engine 1s tu develop high thrust during the first flight
phase so as to facllitate launch, and then just to sustain the [iight
which regquires a significantly lower thrust. The Jdiagrams in Fig. 9.2%a
show sample solutions where two types of propellants wsre used. .in en-
gine whose cross sectional grain shape 1s such as to allow thrust pro-
gramming 1s shown in Fig. 9.20b. The dashed 1line indicates the case in
which the propellant consists of two layers, the seccond one of which
burns more slowly.

Figure 9.21 shows the diagram of a rocket engine used to propel
long-range ballistic missiles and future spaceships. Thrust contrel in
this engine 1is achieved by variation of the combustion surface and by
variations of the critical cross sections of the nozzles.

9.3. LIQUID FUEL ROCKET ENGINES

he combustion chamber 1in solid propellant rocket eénglines serves
a dual role; it is zimultansously the fuel storage tank and the thrust
chamber.

In iiguid fuel rocket engines these two tasks are separated. Fuel
and oxidizer are stored .n "vc separate containers and they are intrc-
duced into the combustion chamber Ly means of a special pumping system.
Such a thrust chamber consists of three basic zones (Fig. 9.22): ine
jection, vaporizzction and combustion.

The Injectlon zone is lccated directly adjacent to the injectors
which are located in the forward portion of the chambavr which 1z known
as the injection head. The length of the injection zone 1z mainly a
function of the types or injectors and the method of their emplacement.
In the next zone, the injected propelliants are heated by the hot com-

bustion products, vaporized and partly mixed and even burned to sone
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; g, 9.22. Diagram of the development of processes in the combustion

1 chamber of a liquid fuel englne: ¢'/G is the relative quantity of the

i injected, vaporized, mlxed or burned propellant. 1) Injection; 2) va-
: porization; 3) mixing; 4) chemical reactions; 5) pressure; 6) tempcra-
ture; 7) rate.

extent. In the third zone, the mixing process s contlnued and the

R

combustion reaction 1z intensified. In the final portion cof thls zone
the combustion rate 1s governed by the rate of mlxture generatilon.

9.3.1. Injection System

The baslec component of the injection system is the set of fuel
and oxldizer Injectors selected In proper number or of appropriate di-
ameters so that they can generate a mixture of proper compositien.
Flgure 9.23 shows a few such elementary syvstems. In Systems 1 and 2
. injection 1s achieved only by atomization caused by recactlcn with the

medium. The disadvantage of this system 1s a lonz mixling path. In Ex-

ample 3 the stream injectors have been replaced by vortex 1Injectors,
which naturally complicates fthe design, but it accelerates mixing. In
Examples 4 to 7 injectlon occurs as a result of collislon between fuel
and oxldizer streams. The resulting impact angle 1s determined by the
equation:
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where L mp are the oridlzer and fuel ylelds; W wp are the flow ve-

loclties of cxidizer and fuel; @, ap are tie angles shown in Fig,

9,24,

Jystem 8 consists of a certaln varlation on thils method since
lilquld atomlzation 1s obtained as a result of 1ts collision with a

metollic wall.,

L]
sm;’%f&
[

Fig. 9.23. Elementary inlection systems of injection heads: u) oxidiz-
¢r; p) fuel; 1 and 2) common-axis stream injectnrs; 3) vortex injec-
tors; U4-7) stream injectors with ¢olliding streams; 8) splash injec-
tors,

The characteristlc features of injJection are mainly a function of
the hole diameters, the angle at which the streams collide, injectilon
overpressure 2nd amblent pressure in the combustion chamber.

Mmenslons of injecticn orifices vary between 0.8 and 2 mm. Ex-
¢esslvely small orifices risk frequent clogging, whereas excessively
large orifices yleld an inferlor spray. An injectlion overpressure of

4-10 kgf/cm2 is commonly used. The selecilon of proper overpressure 1is
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geverned by finding a compromise tetween pood spray and stress consia-
erations.

: The average dlameter of the sprayed liguid is 2 functlon of in-
Jectlon overpressure as indicated vy the expression:

: dp AY = const

where dm is average drop diamefer; r is a constant dependent on cham-

ber pressure (r = 1.0 when p 20 kgf/em’) .

Fig., 9.24., Gecometry of collid-
ing-stream Infectors.,

Fig. 9.25. Distributlon of flow vcloclties for burning particles along
the length of the combustion chamwer., Numbers assoclated with the
curves correspond to the particular injection systems.

The amblent pressure in the combustlon chamber has a similar in-
fluence on tne rpray:
n
dmp = const

where p 1s the pressure in the chamber; »n is a constant dependent on
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the diameier of the injecticn orirfi:e (no= 0,35 when a’o = 1.2 and » =
= 0.16 when dy = 0.8), A, 18 tne opdffce diameter.

In order to monitor the juality of the elementary injection sys-
tems, the velcci.y with which burnlng propellant particles move in the
chamber has been determined: this velocity was obtalned by measurling

particle progression fr-m the injection head to the nozzle entrance

nlane. The results of these measurements are shown In Fig. 9.25.

Fig. 9.27. Spherical head with antechambers: a} emplacement of ante-
chambers on the head; 1) upper fuel manifold; 2) fuel port; 3) lower
fucl manitold; U4) antechamber; 5) thrust transmittlneg bracket: u) oxi-
dizer; p) fuel,

The lccal speed of drop motion is obviously a measure of the de-
gree of progress in the vapcrization and combustlon reactlons at the

glven chamber cross sectlon.
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The shape of Lhe Injection heud and the empluacement of Lhe ele-
mentary 1ujectlon systems snonld be selected In o such s way s vo sat
isfy Lthe Follwewing conditlons:

— urotection of walls from sudden heat transfers Ly emplacement
of fuel and oxidizer injector oriflces in =~uch a wav ac to create a
fuel rich zone in the vicinity of the walls,

— Intensification of heat transter betwe=n combuztlon products
ang the Injected propellantis,

- creatlon in the ;1c1nity of the injectlion head of an inhomope-
Lo zone 50 as Lo swoeth cut ¢ombustion Instabilities,

— ereiation of an zntechamber in tne front portion of the main
combustion ¢hamier in the case of high thrust (over 12,000 ugf) en-
pires.

Zauple head design. ar.: shown 'n Flgs. 9.26 and 9.27.

9.3,2, Combustion Charhers

All the fundamental pror cas taking place 1in a combustlon cham- .
ber, and namely, vaporization, mass transfer, heat transfer and chemi-
cal »ea25icen are so Interdependent that one cannot select among them
any one process which would govern the course of the others. This in-
terdependence varies from case to case and makes it impossible to de-
rive a strict analytical method of combustion-chamber desipgn. The most
tyoilral pattern of phenorena cccurring in a combustion chamber is as
follows. The streams of sprayed fuel and oxldizer ingected into the
combustlion chambeyr move In the directlon of the coubustion zens as
the mix with earh other and vaporiwe. A laver of saturated vapor is

creat d around sach drop, and the evaporation rute is governsd by the

diffusion rate A: a resuit of heat transfer from the combustion sone,
the temperature >f drop surfice i‘ncreases, end this in turr acceler-
ates droo vaporization., If tne drops du not fully vaporlze by tuz tios
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they reach the combusiion zone, a cremical reaction will beglrn on
their sirtaces regardlecs of wheiner 1L 1s a fuel or an oxilclzer drop.
The changes In mixture state, sineled out azbove, from the instant of
injection to the time of exit in the form of hot comiustiion gaces,
characlerize the staytime in the chamber, which 1s the sum of the du-

rations of the individual processes.

* y!.”_’} ¢
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Fig. 9.28. Variation of Fig. 3.29. Definitio.
specific mizture volume, of the (haracteristic
in the combustion chamber, geonet ~1» dimensions of
as a function of time. a comuustion chamber.

1f 1t 1s assumed that a measure of progress is the Increase ln
the mixture's specific voiume, then the graph in Fi,. 9.28 1llustrates
the transformation rate in a combustion chamber. Th. propellant is in-
jecte’? at polnt 4; then it mixes and vaporlzes, igniting at point &.
Combustion takes place between points 7 and €, and point ¢ denotes the
oxit time of the hot combustion gases from the chamber, The total cham-
ber staytime Tg can then te treated as che sum :f the following times:
preparation Tp and combuztion T,- The megnitude of thesze times 1s a
function of the injectlon system, the mlxture propertles and of the
thermodynamiec parameters prevailing in the chamber. They have a defi-
nite effect on ihe fundamental engline design paramsivr, and namely,
zombustion chamber velume.

In ecomputations for the volume of g ¢ylindrsical combustlon chzm-
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ber, Loc valvwwe for the svhvoanls pectdon of the anle in added (R,
.29 ). Tyonnty wHee tie tooeal velume off Lo combustion ehamber o el ven
'y bhe coaguation:
. L |
- v,/ R NN |
Vy = ¥, L( Flj ZRArTVE | i B o
. | o5 l,y@'j! a 'L'" £ “ (9.24)

the 1.L.¢ of the chamber cross sectional area Fﬁ to the nozzle
eritical crosu sectlon areu Ft is selected 25 a fuuction ¢of engline
shrust magnitude (Flg., 9.30). Presently tuere is a tendency Lo use the
lower values of this ratio (the lowsr portion ¢f ihe shacded region in

Fig. 9.30).

Fig. 9.30. The ratio of the cross section area of the combustion cham-
per to the area of the critical nozzle cross sactlon as a functlon of
rocket engine thrust,

Transforming Eg. (9.29)

¥ Ry 0 P Feitt
* =L - 1N o — 4] \,
= F, LE(F¢i+3l/ x H.Fcf 1 (930,

we get the defining equation of the so~called characveristlc chamber

length.

Taking the value of L* from tne stotistical asta (Table 9.2}, the

chamber dinmengjons can eacslly be determined.

Tne following relation exists petween the characteristic chamber

Iength and trne ligulid stay time:
hole

P 0
e ) =
L7}

where I 1o the function given in Table 9.1, B, is the cnaracteristic
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TRALE 9.3

Typienl Valuen of the Characteristlc Combun-
ft.iot Chamber Lenpth whe Chamber Presoure
p o= 20 kpeflenm?®

{ 4 Mutesral pedny 1* [m]

| - |
Carkle den - npai rnndows L0 L L 12" 2,00

3 Koaw arciewy whklitnd . . R 1,00 . 1,25
oo iy el ' L2515

1} Propellants; 2) liquid oxygen + ethyl alco-
hol, 3) nitric acld + aniline; 4) nitric acid +
kerosene.

Fig. 9.31. Dependence of the specific impulse on chamber pressure and
on the coefficlent of oxidizer excess in the case of the mixture: 96%
nitric acid + kerosene.

speed defined by Lg. {(9.7').

Chamber thermodynamlc parameters, that 1s, the coefficlent of ox-
idizer excess {(which determines the composltion of the combustion prod-
ucts and the combustion temperature) and pressure are selected by tax-
ing into account optimum englrz performance.

These effects ar- illustrated in Fies. 9.31 and 9.32.

It is seen from these prashs that maximum engins performance is
attained wlth slightly rich mixiures. This iz due to the fact that
these mixtures are subjJect to disscclaticn to & lesser degres. Improve-

58
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Flg. 9.32. Dependence of the cvombustion temperature on the coefflicient
of oxldlzer excess: 1) nitrlc acid + kerosene; 2) liguld oxypen + kero-
Lsene.

ment of er, 1ine performance wilth increasing ambilent chamber pressure

can br exploined on the one hand by the latter's moderating eftect on .
dlssor:tation a1’ on the other hand by the inereuse In the thrust coef-

ficient which is mainly a function of the ratio between the pressure 3
inside and outside the chamber. But even in this case thers is an up-

per pound to cthe pressure level wnich arises from its effect on the

decrease of steady diffusion which in turn ‘mpairs the conditicn: for
mass transfer. Furthermore, a pressure rilse causes jncreased heat
transfer between hot combustlion gases and chamber walls and requires
thicker chamber walls because of str. 38 considerations. Thus the upper
pressure bound should be taken as p = 60 kgf/cng. Presently, however,
the most zommonly encountered pressures vary hebtween 20 and 30 mgf/cm?

9.3.3. tlonsteady Frocesses

Nonsteady combustion arises under certain operating conditions of
liquid fuel engines. The results of thls nonsteadiness arc: {luctua-
tions in pressure, temperature and in yield of fiuld flowing through

the engine; increased heat trancfer to the chamber and exit nozzie
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viallis; and alsc, under ccortaln condlilons, o decrease 11 combustion
efficiency. Thic has very deleter'ous e *fects on the interactlion be-
tween the enpine and the bLody beine propelled; inclidentally, .chis has
been a contributory factor to the slow-down in the development of
culded missiles, Twe types of instabllities can be discerned in these
nonsteady preocesses, l.e., low and high pulsation fr2juency. Such sub-
division is due to Lhe fluio stay time in the combustion chamber
(9.31). For ligquid fuel engines, this time is of the order of T =

= 3-10'3 sec,

Thus, when the instability period is greater than this time, that
is, when the pulsation freguerncy 1s smaller than the ceorresponding fre-
gquency v = 333 sec"l, then the entlre chamber participates in the os-
clllations. In the opposlte case, when v > 333 sec“l, a pressure wave
prepagates through the chamber.

The fundamental reasor for the coccurrence of low frequency per-
turbations is the lag in propellant ignition due %o the time required
for mixing, vaporization and heating of the propellant components.
They usually occur at low in_ cctor overpressures. A low overpressure
in the injectlion system makes it very sensitive to pressure changes in
the chamber, which manifests itself by a change in yileld of propellants
intoe the chamber. As has been shown, ¢. amber pressure is stabilized
because of equilibrium between the outflow of combustion products and
thelr generation rate in the chamber as a result of the combustion re-

actiorn. If due to some cause this equilibrium is disturbed and the

b
;]

chamber pressure lncreases, the propellant output prouvided by T

9}

Jection system decreases. During this time the chamber 1s cleared of
combustion products since the injectel propellants will not burn ivn
time because of lgnition lag; nowever, once it reaches cembustion,

this process takes place faster than under eqguilibrium cenditions and
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pressure increases sharply above the average level. In this fashion
the first eycle is terminated and the next one 1s started.

On the basls of =tudles that have heen conducted, the followlinrg
features of combusticn 1nstabillity at low fregquencies have been ob-
served:

— disturbance frequency decreases wlth increasing chamber length;

— a rise 1n chamber pressure causes a drop in the pressure pulsa-
tion amplitude and an increase 1n 1ts frequency;

— a rise 1n Injector coverpressure reduces frequency;

— for each liquld fuel rocket engline 1t is possible to determlne
expeirimentally the reglon of fuel-to-oxldlzer ratio f and cnamber pres-
sure p in whlch no instabilitles occur (Filg. 9.33). The minlmum cham-
ber pressure above which steady state cenditions prevall, ceccurs 1n
the case of a stolchiometrlic mixture; this vressure lncreases markediy
as the mixture becomes lean and increases slowly when the mixture be-
comes rich;

~ combustion efficlency decreases in the reglon of nonsteady cham-

ber operation (in some cases, to as little as 20%).

/sl

5 ]

4

k;

2

50 . 75 0w p
Fig. 9.372. Sample characteristlc of ccmbustlon stabllity in 1liquild

RO L. . RS S D, - s : Y
fuel rockei englues. 4) steady operating regien; B) nonsteady operat-
ing reglon.

High-frequency nonsteady processes are characterlzed by high pres-
sure amplitudes. A secondary effect of thils type of combustion 1nsta-

bility 28 a twofold increaze 1n the heat exchange rate with the cham-
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Fig. 9.34. High frequency instabilities as a functicn of flow rate and
chamber pressure: A) region of steady state operation; B) region of
nonsteady cperstlon.

ber walls. The cause of these instabilitlies i1s €he cheamical ignition
lag and its inverse proportionality to the chamber ambient pressure

Eq. (4.4)2. As a result of the perturbations a transverse or longi-
tudinal standing wave 1s created in the chamber; 1n the case of longl-
tudinal waves, the latter may transform intc a strong shock wave. The
frequency cf these instabilities is determined, in first approximation,
by the length of the standing wave and Ly the speed of sound in the
chamber.

The following conclusions can be reached as to the effect of var-
lous parameters on the development of high frequency combustion insta-
hilities, hased on experimental evidence:

— cceurrence of instablilities is a function cof propellant output
arnid of chamber pressure (Fig. 9.34). For any given engine of specified
ceritical nozzle cross sectional area there exists g certain output and
pressure above which combustion insztabilities do not occur. If in the
same engine the critical cross section 1s increased, then the limit
pressure decreases {p,, < p,,, when F,, > Fio)s

— pulsation frequency v is a function of chamber length L, since
the relation of intersst is:

Lv = const
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W oo to charmver diameter;
e type of propellant alsc has an lmpeortant sffecl on the pul-

cLion fregueney. Characterlzing the propellant by means of the veloc-

luy o (53, (9.7)]1, we get the relation:

y = 0,36 =%
L

the Injectlion head has an Impertant effect on the propagatlion
cf hlpr {reguency perturbations. An inhomogenecus prepellant injectlon
and 2 opnerical head shape wlth ¢avitles have a dampening effect on
the propupation of these ilnstabllitles;

-- vombustlon ¢Joflelency 1ncreases under the 1nfluence of high
frequeney Instabllities because of better wasz transfer conditions.
G.4%. ROCKET ENGINES WITH NONCHEMICAL SOURCES OF ENERGY

The recket engine using a chemical propellznt 1s at the end of
Its developmentsl potential. The maximum impulses ever to be reached
#ith this type of engine will never exceed 450 sec., This 1s amply suf-
ficient Lo take care of all applications dealing with the prcpulsion
of ruided or ballistic misslles, but 1t 1s too small to keep pace with
future needs which wlll arise In ccnnection wilth the development of
tpace light. In thls case, the sustalning engine will be required to
stpply o long burning time rather than high thrust (which 1s required
onlv at. launch). The appliecabllity of the engine under thls set of re-
gquirements wlll bpe governed mainly by the specific impulse. From Ex-
arecson (3.11) 4t 1s seen that the exit rlow velcelty of the working
fluid, and therefore 1ts specific ‘mpulse, lz governed by the ratlo

(1. tne initial stream temperature, ;i 1z the fluld's molecular
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Thercfore, the lmpulsc can be increased by increasing the tcmpera-
ture or by lowerirg the molecular welght of the fluid is=uing from the
' rozzle. The fluld's temperature has an lmportant effect on 1ts chemi-
cal strueture. Temperatures on the order of a few thousand degrees be-

zln to cause dissociation of particles into atoms. At yet higher tem-

peratures, the atoms glve up their electrons and are thus subdlvided
into electrons and a positively charged remainder. As the temperature
increases the number of free electrons increases and the gas becomes
increasingly ionized. Such a mixture of highly ionized atoms and fres
electrons, generated by the effect of high temperatures, 1s called a
plasma. By tshking advantage of the plasma's electrical conductivity,
it can be acted upon by means of an electromagnetic fleld. This has
very lmportant advantages, since physical nozzle walls are no longer
required to accelerate and shape the outflowing stream. The 1deas of
nuclear, plasma and ion engines arose on the basis of these consldera-
tions.

©.4.1. Thermonuclear Engires

In a thermonuclear englne (Fig. 9.35) the working fluld 1s heated
by the thermal energy liberated durlng the fisslon process. The basic
problem in selecting the design parameters of such an engline 1s to

finé a compromise between specific impulse and temperature.

Fig. 9.35. Thermonuclear engine: 1) fission reaction; 2) containing
envelope; 3) control rod; 4) screen; 5) reflector; 6) flow channels;
7) pipec bringing in the working fluld.
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From the polnt of view of speelfle Impulce, fv 1v most advars -

i

&)

ne

ue for tne oubtflowlng pas to be dlssoclaled lito abtoms oinee fieg
its atomlec weight is at 1ts lowest (e.g., for avomlce hydrogen u = 1),
Unfortunately, the temperaturc for total dissoclatlion of pas particl
15 around 5000°C whereas the melting temperature of most refractoury
materials, such as hafnlum and tontalum oxides, does not even reach
L00CevC. Therefore, the maximum tewperature of the working fluld cannct
ve szt any higher than 3300°C which yields a specific impulse of ap-
vroximately 1000 sec. At these maximuin temperatures the uranium con-
tained 1in the reactor should be elther in tne liquid or gaseous state.
With such an Impulse and an englne thrust on the order of 106 kegf, the
output of working fluld shculd be around 1000 kegf/sec, which corres-
ponds to a unit consumption of 3.6 kgf/kg'f‘-hour-2 and thus smaller by =
facter of ~4,5 than in present rocket engines with cherical energy
scurces. Thermonuclear snglnes will be used 1 the future as bocster
engines for space travel.

9.4.2. Electrotherral and Magnetchydrodvnamic Plasma Engines

The drawing in Plg. 9.36 shows the dlagram of an electrothermal
plasma engine, In this engine, heating of the working fluld 1s accom-
plisheda Gy meains of zn electric arc. Maximum arc temperature 1s abcut
50,000°K. The gas flowing through the zrc is heated from 3 to 12 thou-
sand °K. If hydrogen is used 1is the working fluild, we will get im-
pulses up to 2500 sec. The impulse beundary value comes about because

s . » P

o7 the increase 1 gad ¢onductivity wi

=1 ey
[CR T I SN

erature risse  When trig
conductivity apprcaches that of copper, due to large losses 1n the ex-
ternal circuit, englre efficiency drops. The advantage of this ~njine
is the ease of thrust control by varying gas oubtput which directiy in-
fiuences 1ts temperature.

f disadvantage of the enginz 1=z rapld electrode wear. Thrusts at-
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. Eleotrothermal plasmz engline: 1) cathode; 2) ancde; 3) elec-
' ingx chamber; %) supersonic nozzle; 6) pipes bringing
ng fluld; 7) voltage source 200 v.

v e e el Y

v “ip. .47, Magnetohydrodynamic plasma englne: 1) channel bringing in
tiee working flulds 2) eleetric are; 3) cathode; 4) ancde; 5) electric
current Tlowing perpendicularly So the direction of plasma flow; 6)
vlasme acceleratieon; 7) plasma outflow; 8) coll creating z magnetice
fisid direcsted peppendicularly to the drawing surface.

Cathabie with these engines will be on the order cf tenths of a kilo-
pram. A further develspme: tal stage of the electrothermsl engine is

Lne pametohydrodynamic engine 1n which plasma acceleration 1s obtalned
rot by expansion in an appropriately shaped channel, but by action

st 1t by a magnetie field. In this fashlon, direct contact between
plasma and metal engine walls 1z avelded. A diagram of a typical mag-
netohydrodynamic engine Is shown in Flg., 9.37. Speci?ic impulses up to

. 9 Lhouwsznd sec Gan be o

<t

mm A A bl maanh
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-
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an engs R

9.4.3. Ion Englne

L+ ion engine (Fig. 9.38) consists of threc baslc components: an
‘on penerator, an electrostatic accelerator and a neutral’zer. The
werking fluid in an ioun engine consists of cesium vapors 3 fed in

t. pouch, o appropriately shaped distributor 2 onto the tonizing insert
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Fir. 2. 4B, lon engine: a) engine cross section, b) cesium vapor dis-
ritutor, ¢} ‘tonlzing elemeni; d) cathode scresn, perspective view of

a catboge screen which produces electrons; 1) lcnizing zlements; 2)
ilstribitor; 1) condult bringing Iin ceslum vapors; 4) cathode screen;

") fneusation ring; 6) ion acceleration screen; T) bracket; 8) thermo-

«leciric electron generator; 9) heating element; 1u) cathode screen;
L1. nutside steel wall; 12) terminals of electrical conductors; 13)
cres o) fon acceleratlon.

vicements 1. These elements are made of poruus tungsten. By coming inte
contact wlth these, the ceslum vapors lonize. The efflelency of such
urface ionlzatlon reaches to 100%. The positively charred particles,
UL wrated, are accelerated through zone 13 by meaas of an electro-
static field created by the cathode screen Y :iw- 2@ like a honeycomb

which vields a uniform fleld intensity in the radial directleon. In cr-

ler Lo cafevuard the system from becomlng negatively charged, which
] c+ar 1n a relatlvely short time due to the expuision of posi-
tive rorticles conly, the lons are neutrallzed in front of the last

[¥1]

cateode coreen 10 by mixing them wilth a beam of electrons whilch 1s

&

I cn the surface of the thermoelectric generator 8. Slmilar to
r ongines, the thrust of an lon engine is plven bdy:

S = mw
e
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v iz the atomlic welght; » is the degree of tonlzaticn; 5 1s the elew

wenvary ton charge; NA is Avezadre's number; V 1s the voltage; I iz

the ion current intensity. In the case of ceslum, that is, for u = 133,
we get

§= 15 10-41yT [kG) (9.32)

Impulses generated by this engine are of the order of 3’1Gr sec,

Fig. 5.39. Engine which converts nuclear energy directly into thrust:
1) reflector; 2) fission material, 3) fissioned atomic nuclel and neu-
trors; 4) cooling passages.

3.4.4. Engines Which Convert Nuclear Energy Directly into Thrust

It 1s possible to Imagine the securrence of thrust as a direct
result of fission of atomic nuciel. Ir this case a nuclear reactor

would fulfiil the role of a generator of appropriately acceleraced

-t B om Y o TAL e oo LT 1 B B e IR S apay e A
I L= A "R L'*EUJ.\; Foa 32 R Ry Vi VN w4 Ol W

]
9]

£ such an
engine. A layer of fissicnable material (L235) 1s shielded on one side
by a mass of svnthetic material whieh acts In the role of a reflector
and of an abscrber. The nuclear elements and the neutrons generated as
a result of the flsslor reaction of uranium create the thrust, The at-

7
tainable impulse of this =neine is 10" sec.




Faontor Engines

I

frare LU0 shows the dlagram of a hypotnuetical engine presently
ity Lays the hlghest achlevement of the rational fantasy of a hu-
man nind. The engline's baslc component 1s a nuclear iight source filled

w.t: 2 pas and connected to a flssion or rusion reactor, within which

Plg. 9.40. Photon engine: 1)
reflector; 2) transpsrent wall;
3., reactor; U) plowlng pas, 5)
bioclogical wail.

corpuscualar aud electronagnetic radlation energy (arising out of the
nuclezr reaction) would be transfcrmed into light energy. The photons
“gected by the gas filling the light source, as a result of these proc-
esse3, creste engine thrust. The walls of the nuclear light source are
made of nypothetical materlals: a hypothetically ideal reflector 1,
which reflects all the photons and directs them along parallel paths

in the "outflow" direction and hypothetlcal matter 2 which 1s 1deally
transparent and would let all these photons through. Only such hypo-
thetical materials allow proper operation of the photon englne. Any
imperfection in these bodies would cavsce instantaneous destructlon of

v o men ar
15

md e, v o moitdn
vl TR LAl y SoaLlT

e the walls, The . nf a photon englne can be
derived by starting with the Elnsteln equatlon whilch relates energy to
the mass cf a photon:

2

E = me

' and with de Broglie's equation which defines a photon's impulse:
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where n *e Planck's constant; v 1s the frequency of photon radiatior;
¢ s the wveloclty of light; » ls the wzvcliength of photon radiation; F
!5 the photon energy: s is the photon mass at rest; g 1s the accelera-
tion of gziravity.

From these two equations we get:

e dvhj:) dE - Ne
S = —- = 2T el = L
o = e L] (9.33)

=
where NF is the force of the stream ¢f 1ssuing photons.

In the last two years the photon englne has become the one system
which most stimulates the imaglination of engineers and sclentists.
This has come about because of the perhaps dlistant, but definitely
genulne possivility of space flights at near the velocity of 1lght by

means of thils engine.
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Chapter 10
COMPOUND ENGINES

Compound englnes conslst of a system of two englnes whilch comple-

ment each other. In such a system, the primary engine, which 1s usu-
ally a turbojet, & puisejet, or a rocket motor, 1ls supplemented with a
ramjef. engline.

The ramjJet engine can be supplled with fuel Independently or 1t
can function merely in the role of a tunnel wilthin whlch atmospherilc
alr mixes with the combustion products generated by the primary englne.
10.1. COMBINATION OF A TURSOJET ENGINE WITH A RAMJET ENGINE

'The compound engine shown in Flg. 10.1 is an example of a ramjet

engine whilch 1s suppllied witk fuel 1ndependently of the primary engilne. ‘

1 2 3 4 5

Plg. 10.1. Cross section of Griffon 02 alrcraft
with compound propulsion system: a turbojet en-
gine ana a ramjet engine. i} Common iniet; Z2)
inlet port; 3) turbojet englne; 4) ramjet en-
gine; 5) common exhaust.

Figure 10.2 shows the propurtion of thrust contributed by the

turbojet and the ramjet engines in a compound engine system as a func-

tion of flight speed. The thrust contrlbution of the ramjet englne to
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Bl 1002, Proportion of fturbojet engine thrust in total compound en-
sine thrust, as a function of Mach number. 1) Turbojet engine; 2) ram-
jet engine; 3) total thrust (%),
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Fig, 10.3. Variatlon of compound englne thrust as a function or Mach
number: 1) turbojet engine; 2) ramjet engine; 3) thrust (7).

the th~ st of the combination increases from 20% at the swlteh-in
speed corresponding to a Mach number of 0.4 to 85% at a Mach number of

2.2, Absolute changes in thrust magnltude relative to the statlc thrust

of the turbojet are shown in Fig. 10.3 as 2 functlon of Mach number.

The corresponding unit fuel consumntions are illustrated by the curves
in Fig. 10.4. This type of compound engine 1s consldered the most ad-
vantageous propulsion system for future long-range transpori alrplanes
flying at speeds corresponding to M = 3-5., The startling polnt 1in the
design of compound engines of this type 1s an exlstling and properly
selected turbojet engine whose speed characteristics are known.

Onee the reqnired thrust variatlon as & function of speed 1s
given, the ramjet engine 1s chosen 1n such & way that 1ts thrust in
the compound configuratlion chould correspond to the stated require-~
ments.

During the design phase, consideration should be given to the

problem ~f cooling the turbojet erglne and to guard i1t freom interaction
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1g. 10.4., Unit fuel consumption as a function of speed: 1) turbojet
engine; 2) comprund engine; 3) ramjet engline; 4) b (kgf/kgf-hr).

with the pressure pulses occurring 1r the ramjet combustion chamber.
The study of the ramjet engine 1s a serious problem. In view of huge
alr requirements, such studies are conducted mainly on scale models or
on ring segments of the actual scale combustlon chamber.
10.2. TUNNELING OF FULSEJET AND ROCKET ENGINES

Emplacement of pulsejet or rocket engines in a cylindrical chan-
nel in order to 1ncrease its thrust can be accomplished in two ways:

— in an underpressure system, that is, by means of a Melot noczzle;

— 1n an overpressure system, that is, in combination with a ram-

Jet englne.

|

|
\l,
i

Yo U
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o
n

Fig. 10.5. Tunneling of pulsejet o rocket en-
glres: a) in a system with a Melot nozzle; b)
in a system with a ramjet engilne.
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2oth these cases are 1llustrated Iin Flg. 10.5. Thrust 1ncreasze,
causzd by tunnellng, independent of the type of primary <nglne or of
the kind of tunnelingz, can be determlned by starting with the funda-
mental equations c¢f conservation of energy, momentwn and mass, by

meanz of the followlng relatlon:

P 2 i
R N

)/ ] -

LR L B

M =g, Fyig+0(Fy—Fyo) ‘P')% l/ w? + 2xcpT[ &).';'] ;

J =0 Fy0? +olF, F,.,)(‘o')" {w’+2567'["' P') ]I

where

E=90Fowo(%°-+;c,r.) + “ N
e R (E ()

ps T, p zre pressure, temperature, denslty; F, w are the cross sec-

tional area and flow veloclty; cp’ k are the specific heat at constant
pressure (kgf-m/kgf:°K) and the 1sentroplc exponent; M, J, E are the

effective mass, impulse and energy; subscript 0 refers to the parame-

eters of the mlxing chamber; no subscript refers to the surrounding
parameters; S, SO are the thrusts of the tunneled and nontunneled en-
gines.

Figure 10.6 shows the characteristics of tunneled engines, which

were computed on the vasis of the glven equation. It 1s seen from these
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Fig. 10.6. Speed characteris-
tics of tunneled engines: 1) in
a system with a Melot nozzle;
2) in a system with a ramjet
engine.

graphs that the underpressure system with a Melot nozzle results in
large thrust increases only at low flight speeds. On the other hand,
the system compounded with a ramjet engine has a very advantageous
characteristic., In this case, thrust increasess parabolically with
speed. The advantages of tunnelling are, howevoer, negated to a large
f extent by the increaée in engine welght and drag. For instance, in the
case of a pulsejet engine having a thrust of 165 kgf at a speed of 200
km/hour, the internal thrust increases by 70 kgf if the flight speed

iricreases to 800 km/hour; however, the useful thrust increases only by

20 kgf. But in certaln cases, even this may prove to be beneficilal,
slnce one would expect a thrust decrease under these conditions in an
uncunneled engine.

In order to compare the performance of a compound rocket-ramjet

engine with that of a ramjet engine, the characteristics of these en-

gines are shown in Figs. 10.7 and 10.8. These characteristics have
been ccomputed for a flight alititude of 20 km.

In order further to stress the advantages of this type of com-
pound engine, one should consider their great simplicity, especlally

in the case of a system consistiag of a solid propellant rocket englne.

F] -283-




T
T o

10

N

RS

==ﬂ

o i
Q2 M Q6 08 w QN

Fig. 10.7. Comparison of engine unit fuel consumption: 1) ramjet en-
gine; 2) compound rocket-ramjet engine; 3) b (kgf/kgf-hr).

§FfiGrem?] 9
2

1

%

Va

A
<]
o1 |
a7 o 05 o 10 1A

Fig. 10.8. Compariscn of engine
unit thrust: 1) ramjet engine;
2) compound rocket-ramjet en-
gine; 3) S/F (kgf/cm?).

Tn designing such an engine, one should conslder the proper se-
lectlon of the ravio of the primary stream to the secondarv, seeklng
of course the optimum conditlons with respect to thrust. The mixing
chamber, which in thils case functlions In the role of a combustion cham-
ber, is decigned by the method given in Section 3.4.

The performance of a compound engine consisting of a ramjet en-
gine can be grezatly increased by éfterburning additional fuel in the
mixing charmber. However, In this process the engine's main advantage,
namely its simplieclty, 1s lost. It should be noted that afterburning

fuzl in a Melot nozzle not only does not increase, but decreases the
b ]

compounc engline's thrust.
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- Chapter 11
ENGINE CCOLINC

The task of the cooling system Is the malnternance of engine com-

ponents within allowable 1limlts whlich are determlned vy stress consid-
erations. In view of the high temperatures and flow velocltles which
occur In rocket and ramlet engines, and in vlew of the great intensity
of heat transfer whleh 1s not encountered any place else, the cooling
probler has become one of the most difficult tasks in the design of
these engines.

& survey of the commonly used methods of wall cooling is 1llus-

trated in Fig. 11.X. The first method (1) has the character of passive
protection. The metal wall 15 covered with a4 refractory coatingz having
a high hsat-flow resistance. The heat flax which goes through the pro-
tective coating lncreases the metal wall. temperature. The temperature
increasass up to the metal's melting polint. Therefore, the steady state
operatlicn of an engline uslng thils type of ccoling is 1mpossible, and
the prablem reduces to an answer to Lthe questlons:

— how long can the engine operate In a safe manner?

-- wnat materlals willl encure lcag-lasting engine operation?

This type ol coollng is used malnly 1n solld propellant rocket
englnes.

The second method (2) commonly used In pulse and ramjet englnes
consists in transferring heat away from the hezvted wali by means of
radiation and by convectlon to the: atmospheric alr "lowing past the

wall. At hypersonic flows the boundary layer 1z aerodynamically heated
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Filg. 11.1. Methods cf wall cooling: A) coating of a refractory palnt;
S) metal wall; () liquid; P) porous materiasl. 1) Combustion products;
2) air; 3) rad+ction; 4) liquid.

30 that heat transfer can take place only through radiation.

In the third system (3), which is typical for liquid fuel rocket
engines, wall cooling takes place by means of the flow of one of the
propellant comporents (most often of the oxidizer). If this type of
cooling 1s insufficient, additional cooling (4} by means of evapora-
tion of part of the liquid 1s used, thls liquid belng fed to the 1n-
ternal side of the wall to be cooled by special condults prepared for
this purﬂose. For a mere uniform supply ¢f the fluld to the internal
wall side, 1t has been nroposed that 1t be made cut of a percus mate-
rial (5). This method, found in animals and people, appears to have
tha

-~
aa [

atest furure notential.
11.1. HEAT CONDUCTION THROUGH THE WALL

Heat exchange between combustlon products and the wall takes
place by transfer, that is, by convection and radlation. However, the

radiation contrituticon 1¢ small and amounts toc only a few per cent of
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the totul heat [low,

1n view of this, the process of heat flow (Fig., 11.2} from the
combustion products through the wall and tc¢ the coolant consists of
w1y three fundamental phenomena:

— heat ‘ransfer between the wall and combustion products;

- leat coduction through the wall;

- heat transfer between the wall and *the coolant.
The quantity of bheat friowilng through the

wall is piven by the Foilowlng eguation:

1
..w+..{,--\ A== (11.1)

where ¢ iz the guantity of heat transferred to

the servoundings per unit time (kcal/sec); F 1is

Fig. 11.2. Heatl

flow through the the heuxt vranaler arsi (me}; T 1s the tempera-
wall. 1) Combugw 8

ticn pyoducts; 2} ture of the combustion products (°K); T, is the
caoiant.

vemperature cf the ccolant (°K); 6 1s the wall
vhickness {mi; A 1s the wall's thermal conduc-
tivity (kcal/m-sen-f); o 25 the coefflelent of heat transfer between
the combustlion prodvets and +tne wsall (kcal/m2~sec'°K); oy 1s the coef-
ficlent of heat itransfer between the wall and the coolant (kcal/m2 x
% sec-9K).
The heat transfer coefficients are a functilon of the fluld type
anhd of the conditlons under which heat transfer takes place.
In general, one uses the follewlng equations:
- for the combustion products flowing through the englne [11.11

7%\ 688
Nu = 0,0162 (Re Pr)o.e (_7_'1) ' (11.2)

where N“g;‘i\__ i# the Nuszzselt number; Re--?«‘—‘!- — 18 the Reynolds num-
LD
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E ber; f"—“il is the Prandtl number, Al is the thermal conductivity

of the combustion products at the wall temperature (kcal/m-sec:°K); Yq

is the zpecific welght of the combustlon products (kgf/mB}; Wy is the

Ly

flow velocity of the combustion products at a glven cross section

(m/sec); » ==%j!<——is the kinematic viscosity (mz/sec); T* is the stag-

1

S S

nation temperature of the combustion products (°K); 7, 1s wall tempera-

AU W

ture (°K); cpl is the specific heat of combustion products at wall
temperature (kcal/kgf-°K}; 4 1s the diameter of the given cross sec-
tion (m).

The specific heat cpl and the kinematic viscosity Hy of the gas-

eous mixture are defined by the following relations:
§ Cpy = z fm,; :pb\
m\ =t mg |~ (11.3)
| (S e e (S
e 2F e Ay Y il
where m, is the welght percentage of the individual component; g is

the acceleration of gravity (m/sece).

TABLE 11.1
Specific Heat of Gases (kcal/kgf-°C)

Tempe-
raturs

) *c} O, N, H, cO NO 00, H,0

0218 0,240 3,390 0,248 0,238 0,194 0,444

0,228 0,2489 2,4509 0,2495 0,2381 02182 0.4315
0,2% 90,2512 3,4645 0,2528 0,24 14 0,237) 0,4633
0,2876 0,235¢ 34712 0,2580 0,2472 0,254 0,4778
0,2445 0,2607 3,4826 0,2641 0,254 0,2632 0,4931
0,2504 0,2604 83,5020 0,274 0,250¢ 0,2758 0,5092
0,2721 38,5298 0,2763 0,2648 0,2047 0,5258
0,2593 02774 3,5660 0,2816 0,2695 0,2921 0,5429
0,2617 0,2822 3,6101 0,2863 0,275 0,2984 0,601
09654 0 054 1 R5T2 0,2904 02770 t 0.30%7 0,3769
0,2682 0,2802 %,7063 H,2939 0,2799 0,3081 0,5979
0,2703 0,298 35,7584 0,2970 0,264 05119 0,6080
0,2723 0,2964 3,8093 14,2956 0,284 0,3132 0,6220

R FEERT RN

1) Temperature; 2) :hemical symbol of gas.

Values of cpi and H;g can be selected, for the appropriate wall
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TABLE 11.2
Value of gu+10° (kgf/msec) as a Function of
Temperature
Tempe- 2 Symbol chemiczny gatu
TG | O N, H, co NO co, | mo
1
0| 19 | 1867 | o080 | 16% | 1,352 | 1,304 | oss
10 | 2460 | 210f | 1052 | 2067 | 1825 | 1Bes | 1208
200 | 2910 | 2478 | 1226 | 2462 | 2257 | 2262 | 1,605
300 | 3312 | 2815 | 1sal | 2797 4 2653 | 2642 | 2,000
400 | 3677 | 3121 | 1521 | 300 | 3020 | 2991 | 2.3%
500 | 4014 | 3402 | 1651 | 3300 | 3362 | sme | 2772
500 | 4327 | 3664 | 1771 | %640 | 3683 | 3620 | %45
700 | 4622 | 3911 | 1se | 3885 | 3986 | 9,206 | 3310
BOO | 4900 | 4143 | 1991 | 4116 | 4272 | 4177 | 3864
900 | 5164 | 4364 | 2093 | 43% | 556 | 4435 | 421
1000 | 5416 | 4575 | 2190 | 4545 | 4807 | 4681 | 4447
100 | 5857 | 4777 | 2283 | 4796 | 5057 | 4917 | 48
! Jzo0 | sems | 497 | 2973 | 4999 | 5331 | 5149 | 519

1) Temperature; 2) chemical symbol of the gas.

Fig. 11.3. Varlation of the heat transfer ccoefficient for the combus-
tion products as a functuion of temperature and cf the percentage of

I.I'Ilm o'y ‘q{ =

oA |-

L] u%

6+ 5% —
N0

[ Tk~

A A0

water vapor. 1) [kcal/m-hour-°C]J.

1) Combustion products; 2) liguid.

Fig. 11.4. Cooling of rocket engines by means of liquids: a) trans-
verse cross sectlonr »f the engine's combustlon chamber; b} heat flcw
distribution along the enpgine; c) longitudinal engine cross section.
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Fig. 11.5. Graphlic method of determining the temperature distribution
In the wall under steady state heat transfer cconditions (A 1s the con-
ductivity of wall material).

-

H‘l
RS

3 4
< 5_==F==4¥ = J
5 T
0 W a0 10 7&ﬁﬁ%

Flg. 11.6. Conductivity of steels used 1n the manufacture of engines,
as a function of temperature: 1) steel 10; 2) steel 20; 3) steel 30
HMA; 4) steel 1 H18N9T; 5) [kcal/m-hour-°C]J.

temperature, from Tables 11.1 and 11.2. Unfortunately, the heat trans-
fer coefficlent cannot be determined by the method of superpositlion
and therefore !t must be obtained experimentally for each composition.
Because of the lack of other data, this coefficlent can be selected by
means of the grephs shown 1n Fig. 11.3;
— for the coolant
Nu = ©,023 Reb¥ . Pro? (11.4)

where




rorv ereereue

F=1d_ e (Fig. 11.4); @ 1is the wetted parameter.

Viscoslty and thermal conductivity aata of ligulds vsed in cocl-
ing of engines ave given in Table 4.8.

— in the case of air acting as the coolant (e.g., the wall of a

ramjet engine)
Re~02

St = 0,029 — —
Pt 0029 s _ i)

wnere Sg=f—5—-— is the Stanton number; Re:.ﬁ;f.__is the Heynolds num-

Y ¥
ber; pr=2"2 _4s the Prandtl number; L is the distance from the en-

.

gine inlet edge (m); v, np, v, A are the cuantities characterizing the
air at the temperature of the wall.

Wall temperature is determined by a graphic method, given the
heat transfer coefficlents, fluid temperatures and wall thermal cori-
ductivity.

The method is iilustrated in Fig. 11.5.

Wall thermal conductivity is selected from the graphs shown in
fMg. 11.6.

11.2. TRANSIENT HEAT TRANSFER BETWEEN COMBUSTION PRODUCTS AND WALL

Transient heat transfer occurs in the case of heat absorption
cooling. This cooling method is usually emplcyed in the case of solid
propellant rocket engines.

The ore-dimensional heat transfer equation assumes the following

form:

where z is the coordinate corresponding to the direction of heat flow;,
a = A ey 1s the thermal diffusivity; e 1s the specific heat of the
wall material (for steel e = 0.11 kcal/kgf:°C); y s the specific

weight of wall material (for steel y = 7900 kgf/m3).
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Fig. 11.7. Graphlc solutlon of the equation of transient heat flow
through the wall: Ts) temperature of combustlon products; TwO) initial

wall temperature (at instant k — 1); AB) temperature distribution in
the wall at time k; CDE) temperature distributlon in the wall at time
k + 1. 1) Temperature [°K].

In order to solve Eg. (11.5) by a graphic method, 1t must be ex-

pressed in the form of a difference equation:

At

T =
4 a sy

aT (11.6)

where AT 1s a time interval; Az 1s a segment of wall wldth.

If we let k — 1, k, k + 1, k + 2, etc., dencte the indlvidual
time intervals and let n — 1, n, n + 1, etc., denote the wall segments
and 1f we further assume that

A
a pr———
As

1
@ 2 (11.7)

we obtaln the solutlon of kg. (L1.6) in the ioTo:

n.“a-%(r.n.w To-1a) (11.8)

In werds, Eq. (11.8) says: the temperature in segment n at the

time k + 1 is egqual to the arltumetic mean of the temperatures in the
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nelghboring segments at time k. This #quation allows us to solve easily
for the variation of temperature distribution in the wall under tran-
slent heat flow conditions. Flgure 11.7 shows a graphic solution of
this equation.
11.3. RADIATIVE HEAT EXCHANGE

As has already been mentioned, radiative heat exchange between

combustlon products and the wall does not play un important role.

TABLE 11.3

Radlation Path as a Function of Diameter d and
of Combustion Cylinder Shape

1 Kuztsh komory spalania Ly
2Kula . ... e 06 4
3 Walee nieskoticrenic dhugi . . . . . . . ... .. 094
tWalkcowysekolci hemd . . . . . . .. .. .. 06 1

1) Cembustion chamber shape; 2) sphere; 3) in-
finite cylinder; &) cylindﬁr of height h = d.

From the point of view of radiavion, carben dloxide and water
vapor are the only components of combustion products which are active.
Heat flows due to these componénts are giverni by the following equa-

tions:

=35 T )“ % ‘ 2,
fco. l Pm [( 1o { oo } (kcal/m? +hr)
[

fiso s.sr."fur.,n-al( 8 ( )] (keal/m? +hp)

120

where Poo,s Py o are partial pressures of CO2 and HEO; Le 1s the radi-
atlon path, defined in Table 11.3 a3 a function of combustion chamber
dlameter D (m); T, 1s the temperature of combustion products (°K); 7.
is the internal wall temperature (°K).

The total heat flow due to radiation is therefore glven by:

ir = 1c0, + fH0 {11.9)
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hHowever, radlation plays an important role in cooling of hot

walls exposed to the atmosphere. In this case the heat flow is glven
bv:

~

Qr

i ea T}

where # 1s the radlating surface (mg); T, 1s the temperature of the
radiating wall (°K); o 1s the radiation constant of an ideal black

body and 1s equal to 14.9-10'8 kcal/mgohr-°Ku; e 1s the

emissivity (de-
fined in Table 11.4).

TABLE 11.4
Emissivity Factors

Zakres temnperalur

anlctill o ¢

sStal slifowans . . . .. ..., . 940 1100 0,55 +0,61
WSl uldeniona, . . .. ... .. . . 200 +-600 08
s51al o powicrzchni chromowanej . . . 100 - 1000 0,06 -0,26

1) Material; 2) temperature réhge; 3) polished
steel; Y4) oxidized steel; 5) chromed steel.

11.4. COMPOSITE HEAT TRANSFER

In the cas2 of composite heat transfer, that is, when radiation

and convection occur simultaneously, the heat flows add up and the to-

tal heat flow 1s given by:

Jo=q + qr (11.10)
In order to simplify the computations, radiant heat 1s taken into

accournt by incrzasling appropriately the heat transfer coefficient,
which in tnis case 1s given by:

do

a, =_F‘-

where At 1s the temperature difference between the wall and the fluid

between which the compound heat transfer takes place; ¢ 1s the heat
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flow dus to convection; 1s the heat flow Gue to radlation.

1
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Chapter 12

AP T

ENGINE FEED SYSTEMS
Fulsejets, ramjets and rocket engines do not contain any rotating

elements so that thelr feed system regulres an independent scurce of

L power. Such a source can consist of compres.cd gas which pushes the
o] }
[ |
g N |
50 i,
) A2
Flg. 12.1. Pegions of applicability of rocket engine feed systems: A)
pressure system; B) foree feed system; C) transition reglon. 1) [sec];
i
3 propellants out of the storage ftanks and into the combustlion chamber
(pressure system) or i1t can conslst of a turbine driving pump (force
) feed system}. The first method 1s applicable in the case of englnes of
low thrust ard short operating time, whereas the second method 1s ap-
i plicable in the case of iarge englines having a long operating time
' (Flg. 12.1). iIn the final analysls, the selectioun is governed malnly
! by the design's weight and cost.

12.1. PRESSURE FEED SYSTEM

Figure 12.2 1llustrates the pressure feed system of rocket en-
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g. 12.2. Pressure feed system:
compressed gas tank; 2} valve;

Fi
1)
3) oxidizer tank; 4) fuel tank;
5) combustion chamber.

gineg. Compressed gas contalned in tank 1 expands to a predetermlned
pressure controlled by valve 2 and by acting on the surface of the
liquids in storage tanks 3 and 4, then forcing them into combustion
chamber 5. Analogous systems, except that they censist of only a sin-
gle tank, are used to feed pulse and ramjet engilnes.

12.1.1. Storape Tank Volume

The volume of the propellant tank consists of:
- the thzoretical quantity of the propellants
G-t

Vim )

where G 1s propellant cutoput (kgf/sec2); T is engine burn time (sec);
y is pYopellant specific weight (kgf/m3);
- the volume of the safety factor excess due to injector manufac-
turing tolerances
V, == 0,02 =~ 0,05 V,
- the volume of the surge tank which attenuates the starting shock
and compensates for liquid expansion due to temperature variations
v, =002 008V,

Therefore the total volume of the propellant tank is given by:

V=V, +V,+7, (12.1)
The tank volume for each propellant component is computed in the

same way. The volume of all tankg 1is
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v = TV,
The pressure in the tanks ig necessarily greater than that in the

combustieon chanmber because of {low losses and of the need of an over-

pressure for spray Injectlion

£ = 1,15 = 1,25 p,

wnere p, 1s the pressure in tnc combustlon chamber,

Assuaming a polytreple sexpansion of the feed gas, we can obtaln

the volume of the compressed-gas tank from the followlng equatiocn:

. I (12.2)

where n = 1.33 is the polyiroplc expanslon exponent; Py i1s the pres-
sure of the compressad gas (1f ucually varles between 150 and 250
kgf/emz) .

12.1.2, Reducling Valve

The task of the reducing valve 1s to decrecse the pressure of the
compressed gas from the high value 1n the contalner, to the lower pres-

sure reguired to .esd the propellants. The commonly uced spring reduc-

Pilg. 12.3. Spring type reduc-
ing valve: 1) spring; 2) port;
3) red; 4) diaphragm; '3} con-
trol ring; 6) control spring.

»
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Fip. 12.4, Pressure reducing valve of the programed regulator type: 1)
piston; 2) cylinder; 3} compressed air inlet orlflce whose area is reg-
ulated; 4) fluld resisting plston travel; 5) liquid exhaust orifice.

ing valves (Fig. 12.3) are heavy ~nd complicated in order to assure
proper operation towerd the end of the work cycle and requlre an over-
pressure of ~10 kgf/cm2 (ithich increases the volume of the compressed
gas tank).

A better solution consists of the programed regulator shown 1n
Flg. 12.%. In thils regulator, the change in the primary pressure P is
compensated for by a change 1n the area of the choking orifice, which
is increased as a functlon of time by the travel of piston 1 to the
right. Piston position is controlled by the outflow of the retardinrg
fluid througn calibrated orifice 5. A serlous disadvantage of this de-
sizn 1s the necessity of experimental selection for the choklng ori-
fice shape.
12.2. FORCE FEED SYSTEM

In a force feed system the propellant is moved by a pump which In
turn 1s powered by an axial or radial turbine. Turbine propulsion, in
the case of pulse or ramjet engines, is usually accomplished by means
of atmospheric aly which 1s compressed proportionately to the flight
velocity, whereas In the case of rocket engines, 1t 1s accomplished by
means of a not gas optained most often from a cold reactlon of hydrogen
peroxide (see 3ecticn 4.17). As opposed to the simplleity of the pres-

sure system, the force feed system exhibits the following advantages:
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= llght welght tanks and small over-all dimensicrs of the turbo-
pump ;

— the abllity tc feed arbltrarily large fluid outputy;

~ & large dynamlc range, achieved by changing the pump angular
velocity.

12.2.1. Pump Characteristics

The theoretlical pressure increase achlevable in a pump can be de-
scribed by the Euler equatlon (Fig. 12.5)
Adpy = o (Us V2 COS Gz — Uy ¥} TOS )
Assuming that angles oy and Bl are egual to 90°, this fquation
can be greatly simplified:
Ay = o ug?
ishere p 1s the density of the pumped liquid; Uy = 53-80 m/sec 1is the

tin velocity of the pump rotor.

Fig. 12.5. Dlagram of pump operatiomn.

The actual pressure at pump outlet 1s:

Aprl‘—:’fpdpl
L e o] e +ha mamamatnd s roame a PP Adanavg whicrh a2t the nnint nf
Wil L s 1) b L A B s 1A W b e e b A il O ) framu— www - - - -
p
nigiest pump efficiency is equal to 0.45-0.55.
Pump cutput 1is
G:zﬂ'l’:lzvrl {12.3)

where Voo = 2-4 m/sec 15 the radial veloclty 2t the tip of the rotor.
The vtuirgues 2ppifed o Lice rotor 1s glven by:
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The set of cquantitles characterlzlng pump operatlon inclu s also the

L . useful power:

N” = derz
R and the e7flelency defined as the ratlio of the useful power to the
shaft power:
n N

The characteristlcs of a typlezl pump are shown by the graphs in

Fig. 12.6, '
Wing 3 ’
P — as
ool | T%
W [
hﬂrm* F!ﬁg
T ol d L NN
4 (f Y
2 om / .
i }f
0l o
e e R

Fig. 12.6. Pump characteristic.
1) [kwl; 2) [kegf/em?]; 3)
{d-cm?/sec].

In r~depr to avold the cavitatlon phenomenon, the pumped fuel

should pe fed to the pump inlet at a certaln pressure greater than the
limit pressure.

This pressure cen ve uvbtaliied by uslng.

- the 1nitial tank overpressure;

— a staglng p'vap, usually a spiral pump {(Fig. 12.7);

— an ejector placed 1n the channel feeding the 1liquld to the pump,

which 1s primed by the ligquid nbtained from the outlet (Fig. 12.8).
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Fig. 12.7. Deslgn schematic of a pump used in the feed system of rocket
engines.

Fig. 12.8. Diagram of &zn ejec-
tor which increases the pres-

sure at pump inlet. 1) Pump
inlet.

12.2.2. Turbine Characteristics

The pump is powered by a turbine working on combusticn products.
Flgure 12.9 illustrates a sample design oi such a turbine. In this de-
sign, the additional compustion chamber serves as a generator of com-
bustion products to power the axial turpine. The Lurblue powers tiis
fuel snd oxidizer pumps. If the auxiliary combustion chamber uses the
same propeilants as the maln combustion chamber, *then the terminal com-
bustion temperature must be lowered by water injJection. I this case, ;
the turbine 2150 powers a third pump, i.e., the water pumr. Turbines

commonly used in the design of rocket engines are of the axial type
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Fig. 12.9. Diagram of a feed system using sa
turbopump: V) valves; p) pumps; F) filters; D)
manlfolds. 1) Oxldizer; 2) fuel; 3) water; 4)
turbine; 5) gas generator.

2 Proskedy rrylycrny dyszy

- Fresx : oo
Weiok 1 dysay=wejscie Lo Mytmormica T2 eneoer s
o turbuny: [ _p\. Q% - o thaed Chigdriers §

s 8 ot zturbing §opey

Fig. 12.10. Diagram of an axlal pump used in
rocket design to power pumps. 1) Nozzle ex-

_ haust = turbine inlet; 2) critical nozzle cross
‘ section; 3) gas generator; 4) fuel; 5) oxidizer,
6) coolant; 7) turbine rotor; 8) turbine ex-
haust.

-

(Fig. 22.10). The several quantities characterizing the turbine are
defined by .ne followlng equations:

— turbuine efficiency

B
]
i

- 2u(v, cosa, + Uy €05 8,) (12,4}
o}

nr

- power torque

IWT = RJ;—QT (1)[ COs oy -+ v e0s ﬁﬂ

where Iy ; F, is critical nozzle cross section; 15 the pres-
qr p y 2 t pG
(]

sure in the gas generator; 4, ig the charagtevizitle cpeed of the proe

pelliant powering the Surbine.




12.2.3. Interaction Between the Turbine and the Pump

In vliew of the simplicity of the feed system, in almost all de-
$igns the pump is mounted directliy c¢n the turbine shaft. Obviocusly
such 3 system 1s not opceimum from the point of view of efficlency and

the interaction of these twe components.

MMy
s Ny
1 (*
i
g < T
Fig. 12.11. Turh -ne-pump inter-
action.

Figure 12.11 illustrates turbine and pump characteristics ex-
pressed as a change in angular momentum &s a function of angular ve-
locity. The turbine characteristic is a hyperbola, whereas that of the
pum> 1s a parabola. These two curves intersect at a very lcw angle, in
view of which system stability 1s poor. In order to remedy the siltua-
tion, a bypass valve 1s introduced into the pipe connecting the pump
to the gas genersicyr o maintain a constant supply pressure. This pres-
sure 1s achleved at peint B on the turbine characteristic, which coro-
responds to lower angular ve Gitlies than tho docign velcclty .H/HU =
= a < 1, where n, is the ueslgn angular velocity).

Maintaining the pressure in the gas generator constant with in-
creasing anguiar velocity n causes a gradual momentum decrease, which

in turn causes the ircersecticn of the turblne characteristic CAEP

with thie pump characteristic 0'AP to occur at point P at a large angle,
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This greatly lncreases the stablllty of the turbopump system.

REFERENCES TO CHAPTER 12
12.1. H. Mebus: Berechnung von Raketentriebwerken [Mathematical
Design of Rocket Powerplants]. 1957.
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Chapter 13
FUNDAMENTALS OF ENGINE DESIGN

One of the most characteristic features of the development of
contemparary c¢lvilization 1s the large number of prototypes never en-
cour"ered until now. This 18 due to an ever-increasing list of requlre-
ments, necessitated by the intrusion of medern technology intc lncreas-
ingly varied fields of endeavor.

This situation has influenced to a large extent the stages

through which each newly concelved design must pass, i.e., the proto-
N '

type stages.

Until recently, the process of creating =z new system was llmited
mainly to computations pertaining to functlonal and stress considera-
tions which were performed on the basls of theoretical cor experimental
equations; these were ccllected for the use of deslgn departments in
handbooks or notes; another approach involved design at the drafting
board, where attempts were made to determine, through dlscussions, the
various configurations of the optimum design. Tests conducted on a
newly designed system had the character of tests verifylrng the entire
system. If the designer was experienced and the prototype deviated only
3lightly from £he madel . then by definition the deslgn was a succaess.
Some bridge bullde of the past century were so sure of thelr designs
that they stayed in a boat under the bridge arches during the latter's
load carrying tests.

It could be said that the changes which took place in the methods

of designing new systems were greater, and more difficult to foresee,
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than the changes in the systems themselves, which are the pride of .he
era in which we llve, Nlneteenth century writers, dreamers and sclence-
fiction authors such as Verne predicted quite accurately the condi-
tions under which space flight would take place and the nature of the
trajectories which would enable man to escape from earth. However,
thelr heroes approached the implementatlon ol the flight to tne mocn
exactly in the same way as englneer Stanislaw Klerbedz approached the
design of the bridge across the Vistula in Warsaw. They pored over
computations and drafting boards night after night, and once thelr
dream design was on paper, they immedlately started to bulld 1t. Space-
ship start-up, naturally with crew aboard, was simultaneocusly the sys-
tem's first test and the beginning of a trip to another planet. In

this method there was something of the Carteslan falth 1in the possi-
bllity of predlicting everything on the basls of logleal reasoning,
backed up only by the most fundamental laws of nature.

Unfortunately, thls method did not make the grade in real life;
and on the basls of many experiments we must{ openly state the pessi-
mistic thesls that in new slituations man cannot predict everything.
Therefore, in the “eslgn of prototype systems which differ greatly
from the model. the process of ¢reation should rely mainly on test re-
sults. Tests should be conducted step by step, starting from the most
fundamental ones and progressing through the testing of systems up to
structural and functional tests of the erntire design.

In this proress nn skipping 1s allowed, since 1t 1s a priori
doomed to fallure. Unfortunately we must reconclle ourselves with this
fact, just as we are reconclled to the fact that entropy increaszs and
that a perp=stual motion machine cannot be bullt.

The second important change in design methods, which took place

in the last few years, was the increase in importance of the finctlon
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of the stress analyst. Until recently his task was limited to theoreti-
cal, and somztlimes experimental, verification of some doubtful struc-
tural elements. Very often it also happened that in the case of less
important designs, the designer used only his own Intuition, based on
his experience. At present, an efficiently organized design department,
the stress analyst is a direct co-creatcr of the design. He selects the
optimum materials and, from the structural point of view, the starting
point cf system development, so that the functional aspect should not
suffer. And 1in thls case the selection of the implementation technique
is often governed by test results.

The process of engine design can be subdivided into the following
stages:

— firming up the requirements;

— establishing fhe most advantageous values of thermodynamic and
aerodynamic parameters, coaputation of the geowmefry of flow ducts;

— establishment of design layout, establishment of englne profile;

— load computations;

— selectlion of design materials, stress analysis;

— initlal structural and aerodynamic tests;

— initial design;

— technical design and nanufacturing drawlngs;

— program of experimenuzl Work;

— planning of static tests or planning the adaptation of existing
test stands to the study of the new englne.

When setting down the engine requirements, we should keep clearly
in mind the applications for which the design is intended. There is no
such thirg as a universal design; and therefore each design differs
from the others 1n some basic characterist?~ feature Lo whiech all the

other features should be subordinate w' : 'n reasonable limits. The de-
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Fig. 13.1. Shapes of modern engines: a) pulse-
Jet; b) liquid fuel rocket engine; c¢) solid
propellant rocket engine.

sign cannot be burdened by too great a number of conditlions. It is im-
possible, for instance, to postulate simultaneously the unit thrust
and un‘t fuel consumptilon of a projected ramjet engine. A decision
must be reached as to the decign's geal: high thrust per unit frontal
cross secbion or maximum efficiency. In setting the optimum thermody-
namic and aerodynamic engine parameters, most often one takes advan-
tage of stafistical data or one consideirs the graphical results ob-
tained previously or found in the lifterature. Such an analysis 1s most
beneficial, since in general statistical data 1s valld only within very
narrow limits. After selecting the values of pressure, temperature and
sperd at the various cross sections, we choose the basic dimenslons of
the flow ducts in such a way as to obtailn the most effilclent nozzle
anl diffuser profiles.

The computational role of the thermodynami;i;t terminates with

the preparation c¢cf the required theoretical englne characterlstics;
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then the deslgr 1s handed over to the designer, who in conjunction
with the stress analyst determines the optimum structural layout for
the given englne. At this stage, the fundamental criterion governing
ths selectlon of the design layout should be simplicity, minimum num-
ber of parts, ard an englne shape based on functional conslderatiocns
and profile esthetlics. Indifferent cholces can be made on the premicze
that thLe one wnich 1s prettiest 1s best.

As an example, the shapes of a modern puisejet englne and of a
solid propellant rocket engine, as well as the profile of a combustion
chamber and nozzle of a liquid fuel rocket ens-ne are 1llustrated in
Fig. 13.1. All the designs 1llustrated in this figure are character-
ized by far-reaching simplicity and gracefulness of the design line,

The following loads shcould be taken into consideration during the
atructural computationa:

- lcads during start-up. This problem 1s particularly evident in
the case of rocket engines. Accelerations occurring at this time can
reach to 40 g. One should alsc keep in mind, especlally in the case of
two-stage systems, the decelerations occurring at booster burncut can
reach from 3 to 10 g's and are obvicusly directed in the oppusite di-
rection;

— loads during in-flight meneuvers. Thls requires consideration
of the predicted flight program: speed, altitude as well as fturn radius
and type of maneuver;

— loads due t¢ aerodynamic pressures. Cbvlously. the maximum value
1s of 1importance here:

q = pwt/2
where p 1s air densicy, which is a function of altitude; = is flight
veloclty;

— loads due to pressure in the diffuser, combustion chramber and
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nczzie, In the case of a ramjet engine one must consider the position
of the shcek and rarefacticn waves whereas in the case of » pulsejet
engine one must consider the propagation of these waves;

— loads due to fuel pressure, which act on the storage tanks and
their zupporting structures at the times of system acceleratlion cor de-
celeration.

Selection of the material tc be used in the zngline design 1s gov-
erned malnly by:

— engine operating time;

— temperature and pressure;

~ type of prcpellant.

In the case of englines whose oper~ting time 1s of the order of
tens of seconds, low carbon and low alloy structural steels having im-
proved thermal characteristics can be used. 3Steels 15 and 20 belong to
the first category and can be used in the case of light loads; on the
other hand steels 30 HEGSA and 30 HMA belong to the s2cond category

{see Tables 13.1 and 13.2).

TABIE 13.1
Chemical Composition of Low Carbon and Low Alloy Structural Steels

1% Steel; 2) composition.

™ ) 2 Udeinl skiadnikéwl|%) s B
L2 c § | Ma | P s | @ | Mo
15 0,1240,20 | 0,170,397 | 0,35+0,65 01,040 0,045 - 4,30 . 0,% -
20 0,17+0,25 | 0,174,537 | 0,35+0,65 0,040 o5 .| 030 ! 0% -
30 HMA 0,25+038% | 6172037 | 2404070 | 0,035 0,00 | 080+1,10 . 0,40 0,15--0,25
33 HGSA | 0,28-035 | 090120 | 080+4,10 | 0035 0236 || 0,80-21,10 0,40 -
! M i o

Combustion chambers of ramjet and rockei cnglnes

operating time are manufactured out of refractory and

steels or out of alioys of the EJ group. These latter

gilevated temperatures (Tables 13.3 and 13.4).
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TRBLE 13.2

Strength Iropertles of Low (Carbon and Low Al-
loy Struetural Steels

; | $iei 2 Temperatura [%)
% 1 20 | s | 40 600
3
13 ”, 37:30 319 " 297 g,1
P 27 20,8 85 42,6
) K, 415 45.5 405 i6
L™ 25 1%,7 15,7 | 494
S0 KA R 108 105+ ] €3
a8 12 12¢ 6 20
30 HGSA X 108 108 92 53
a 12 12 17,5 25

R) Yield strength [kgf/mm?®]; a) elongation
[£1; *) for 200°C.
1) Steel; 2) temperature.

TABLE 13.3

Chemical Composition of Refractoery and Acid
Reslstant Steels

1l o2 Udzial skladnikéw %]
Stal -
clm|s|?r]s|] o | N |m
1HIsNgT | 012 ] 20 { 1.2 | 0,09 ‘ 0,08 | 17,0-200 |80+11,0| 08
1HI3 005 06 | 06 0035, 0030 12,0~14,0 05 | —
| Epess 0i2f 07| 08| — | — 19+23 75 04
i ENS? o%[as! 19| - | - 1923 rezn 3| 2,0

1) Steel; 2) composition; 3) remalnder.

Nozzles of solid propellant rocket engines are manufactured with
inserts made out of high-melting materials such as tungsten, molyb-
denum or graphite. In selecting materials, cne should keep in mind the
important effect cf temperature on the physical properties of struc-
tural steel. A tomperature increase lowers appreclably the yleld
strength and the modulus of elasticity; 1t also changes the expansion
coefficient and the thermal conductivity. Recently, titanium alloys

and synthetic materials which exhibit very advantagecus strength-to-
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TABLE 13.4

Strength Properties of Refractory and Acld Re-
slstant Steels

y Temperaturas [°C]
- 20 200 400 600 BOG |

1H18N3T R, 32 L 50 40 12

a 58 42 - 33 39 . 3
1H13 Ry 6070 15 - 50 18 -

a | 20 18 20 26 -
EJ438 R, | 75 % 72 60 24

a, 50 _— - - pral
EJ437 Ry 97,7 100 102,3 799 5.7

Py 198 | ns. | ns 69 |- 68

2Oznucsecnia — patrz mbels 132,
Symbols — see Table 13.2.
1) Temperature.

TABLE 13.5
Safety Factors [9.1]

!Lp. 11 Zerspouldi 12 Wipékrynnik

1 ) Warystkic komstrukcje pozr. wymienionymi od-
dmielnde . . ., .. ... ., , . ... 1,0
2 Obcitenia prry obshadac . . . ., ., . . .. . 1,13
3 2 1.0
4 Polgcacnia
otliczone, lecr mu;nwd.wm ........ 1,153
sprawdzons 1a pomocg préb . . L L L L L 1,00
nity, fruby, kol . . . . . ... ... .. 113

1) Al structures except those speecifically called out; 2) loads dur-
ing servicing; 3) caestings; 4) conrections; 5) computed, but not veri-
fied; 5) checked out by means of tests; 7) rivets, screws, pins; 8)
tanks under pressure; §) dangerous to the servicing crew; 10) operating
away irom the crew; 11) component; 12) factor.

welght ratios are belng introduced. Before undertaking the stress anal-
ysis computations, one must seleet the allowable stresses which will

be a function of the type of design, of engine application, and of

time and other c¢perating conditions. Tn tne selection of allewable
stresses, safety factors colilected in Table 12.5 should be used.

The safety factor is defined as the ratic of the destructive load

t0 the maximum predicted load.




TABLE 13.6

Typical Manufacturing Tolerances

Ly Z e s p i Odehylidi | Uwagl
il 12 13
Il Dyfmery. .. ... 308 | ma produlbn
2 Dyme .. ..., . v +16 oa drednicy
3 Rozmicrscxeric clenentdw wewngirz kadhuba, s
wip/dirodkowodd wagledem kmwgdsi dyfuzors +08
4 Bind kgrowy wewnairs Geddubs . . L L L +05*
5 Priozenie widiuine weahdw kadhuba . ., | +08
6 Poloactis wrxdhuine powierschai wiotéw 1 wy-
Jocbw., . . . . ... . \-m&ps ....... | ig.
7 Pioscopadiodt powierzchni wcujacych . .
f | Srcdnice powiemchni wapdlpracujscysh . . . . | 20,23
3 Cwalizacie powierzchni wapdlpracujgeych . | | *1,2
i0 Grubobd blach . . . . .. . ... ..... + 2% |

1) Diffusers; 2) nozzles; 3) placement of components inside the fuse-
lage, concentricity with respect to diffuser edge; 4) angular error
inside thc fuselage; 5) longitudinal position of fuselage Junctions;
6) longltudinal position of inlet and exhaust surfaces; 7) perpendicu-
larity of interacting surfaces; 8) diameter of interacting surfaces;
9) oval shape of int=racting surfaces; 10) metal sheet thickness; 11)

componenut; 12) tolerances; 13) remarks; 14) on the radius; 15) on the
diameter.

The maximum predicted load should not ca:se excessive permanent
strains in the engine. This 1s usually the largest load which is pre-
dicted to exist during engine operation; it 1s usually multiplied by
unity Yo obtaln the design load.

Ir the preparation of manufacturing drawings, one should consider
proper selectlon of tolerances, which from a cost point of view,
should not be too tight. Table 13.6 lists the optimum values of the
most 1mportant tolerances occurring during constructfon of engines

discussed in this book.

REFERENCES TO CHAPTER 13
13.1. C. Besserer: Structures and Design Practice. 1956.
13.2. J. Lipka: Ansllza wlasnoscl wytrzymalosclowych w wysokich
temperaturach stall konstrukeyjrnych niskoweglistych w zasto-~

sowaniu do komor spalania 1 silnikow strumieniowych [Analysis
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Chapter 14
ENGINE TESTING

Testlug is the baslc sustailning force during the prototype design
process. However, a test program conducted in an efficient manner re-
quires large material and human resources.

The significant progress which has been achleved in recent years
ir. rocketry and jet propulsion 1s due mainly to the unprecedented
stress put cn the expansion of research centers speclalizing in thi.
very fleld., The most 1mportant technical problem in pulsejet, ramjet
and rccset englnes 1s tne mastery of the combustlon phenomena, which
are characterized by very high temperaturss (soften reaching to 3000°K)
and by serious 1nstabllitles which can, 1n th" case of rocket engines,
lead to englne destruction enuangering service persoinel.

Thls has crected the emergence of new exverimental methods par-
ticularly suited to the operating condltions of these englnes.

14.1. GENERAL PRINCIPLES CF CONDUCTING DEVELOPMENTAL TESTS

The engline test-effert can be subdivided Irto the following varts:

- component testlng;

— developmnental tests;

— control tests;

— fi1ilght tests.

Tne first two types of tests nave the greatest effect on englne
design philosophy, and it 1s malnly these tests that wlll be discussed
below.

Tne cerdinal orinciple of developmental research 1s to start the
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experimental worx wlth the slmplest components.

The eaglne under investligztion 1s subdivided into systems and
these in turn are subdivided into individual components which are
first tested from a functlonal point of view and then from a struc-
tural ooint of vlew or. separate test stands under conditions approxi-
mating as much as possible those to be encountered 1n the fleld,

Therefore, as an example, it wou.d seem that the vsry simple sys-
tem shown in Flg. 8.23 and consisting of a ramjet engine powering a
hellcopter rotor should pass the fellowing tests before belng subjected
to a test simulating actual operating conditions:

— an inJector test under staztlc conditlions. This test will con=-
slst of preparing the Injecter characteristic, that 1s, determination
of the relat!onshlp between Injection pressure and output, the deter-
mination of the 1njection angle and the study of the zonal dlstribu-
tion, 1.e., the distributlon 1n a plane perpendicular to the dlrection
of 1njection;

— a test of mlxture generation behlnd the counterflow injector
under conditicns 1ncreasingly approximating the actual operating con-
ditlons 1in the engine;

- a diffuser test with the flame stabilizer placed inside;

— combustlon-chamber test or test of whether injector operation
1s stable;

— test of the entire =2ngine on a test stand;

— a strucvural engine test, 1.e., a test which damages the inter-
connectlon hetweern engline wall and the supporting strut;

— a dynamlc test on a rotating stand consistin~ of a rotating arm
to one end of which the engine is attached and a counterweight attached
to the ather.

Only an engine tested in this fasnlon should be installed on an
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actual hellcopter rotor to study the interaction between the helicop-
ter and the engines.

A1l tests whose goal 1t 1z to determine the effect of various
perameters on the system's performance should be conducted under ex-
treme condltlons zo as to accentuate the manifestatlion of these ef-
fects. For Instance, the effect of temperature, speed or pressure on
the efflclency of the combustion chamber 1s most easily exhibited in
the vielnity of the lean-flame extinctlion 1limit, 1.e., flame extinc-
tion due to lack of fuel. Under these conditions any parameter change
whatsoever wlll cause a definite change 1In the efficiency.

Test results are the more certain and the mr.e general, the sim-
pler the system belng tested from the point of view of ellminating any
slde effects. If it 1s desired to test the effect of flame stabllizer
shape on the range of alr excess coefficlents for which combustion re-
mains stable, 1t 1s necessary 1r view of the svove (i.e., to ellminate
the slde .ffect of mixture distribution in the stream and of drop size
on the ceccurrence of the phenomenon) to place the injectors in such a
way that the mixture in the stabllizer zone 1s always vaporized and
homogeneous.

In order to shorten testing time and decrease 1ts cost, 1t 1s of-
ten practical to use indirect and simplifled testing methods. Thus 1in-
stead of determining combusticn =fficlency by means of measurements of
speeds, pressures and temperatures at charber exhaust from whlzh the

mean erthalpy rise can be computed and which 1s then compared with the

thesretical rise to obtail

3

the efficiency

, 1t is simpler fo define the
@ffilciency as the ratlo of the actual pressure drop across the chamber
to thz theoretical, for lnstance, and thus to obtalin by means of dlrect
measurements without any additional computatlisns the characteristic of

th: combu~tion chamser. For the same reason, it is simpler to measure
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Fig. 14.1. Method of flow rate
measurement by means of 4 Pltot
tubes set up at 3/4 of the ra-
dius: a) tubes measuring stagna-
tion pressure; b) tubes measur-
ing static pressure.

L4 ]
-]

Fig. 1&.7?. Testing of a ramjet engine by the probe method: a) ramjet
engine w.th combustion in the chamber; b) ramjet engine with exhaust
chioking by means of a probe; 1) thrust measuring system; 2) carriage -
to which the ramjet engine 1s attached; 3) engine exhaust probe.

the mass rate of flow through a pipe by means of a constriction than
by means of measurements of speed distributlon through the cross sec-
tion. However, if due to excessive pressure losse. a constriction can-
not be used, then 1t 1s still possible to place 4 Pitot tubes in the
pipe. 3/4 of the radius from the center, and by connecting them, %o
read the mean flow velocity with very good accuracy (Fig. 14.,1). Simi-
larly, wnlle testlng systems under laboratory conditions, it 1s pos-
sible to replace the effects of a given process by the effects of an-
other with the same end rzsults, but which from certain points of view
are easlier to use. As an =xample of such an exchange of processes 1s
the study of a ramje* engine {Fig. 14.2) in which heat generation in

the comoustion chamber has been replaced, in the exhaust nozzle, by
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the placement ¢f a probe which 1s so0lldly connected to the test stand.
Therefore, 1f the engine is mounted in suzh a way that it can be moved
with respect tc the nrcbe, by changing thelr relative positicns, .n-
gine thrust cen be changed. This method ls particularly well suited to
the devermination of optimum engine inlet shape.

14,2, PRINCIPLES OF ENGINE MODELING

in view of the hwge test coats due to high propellant costs and
to the often huge cores .7 the test stands used in full-scale engine
teats, it is often advantageocus to conduct model tests.

In order to malntaln complete similitude of the processss occur-
ring in the model and in the prototype, the followlng parameters sheould
be preserved in both systems:

- geometrical similltude;

—~ gimilitude of thermedynamic flelds and of speed zt the polnts
unaffected by the chemical reaction;

— simiiitude of mixture distribution;

-~ 5imilitude of the course of the chemical reaction.

This implies the preservation of the following similitude groups:

(a) ratio of specific neats: xk = cp/cvi

() Mach number: M = w/a;

{c) Reynolds number: Re = pwd/u;

(<} Prandtl number: Pr = po_/X;
p-u

;]

{e) Schmidt number: Sc = u/pl;
{£) Damkchler's first similitude parameter:

4

Wy

N, =

{g) Damkdnler'=s s=cond similitude parameter:
dh

DBy = ——-
C"i

where w, ¢ ave {low veloclty and speed of sound; », T are density and

~
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terperature; 4 is a characteristic dlmension; y, A, O are viscosity,

thermal concuctivity and difrfusion constant; cp’ ¢, are specziflc heats
1 at constant pressure and constant volume; Ak 1s heat released during
the chemical reactlon; L is the duration of the chemicai reaction.
Similicude parameters (2) to (e) are dimensionless similitude
parameters of classical thermodynamics and aerodynamics; Damkohler's
parameters, on the other hand, come about from the analysls of chemi-
cal preocesces, and the first one takes into account the kinematic as-

pect and the sccond the energy aspect of the phenomenon.

14.2.1, Modeling of Sclid Propellant Rocket Engines

Solid propellant rocket englnes are the simplest example of the
application of mcdellng principles.

If the geometrical similitude of the model and prototype is pre-
: | served and 1f the same material is used, then the following relations

are obtaln=d between the parameters ~f engine operation and the char-
. acteristic dimension d:
— operating tlme: 1t v d;
7

— thrust: § ~v 47

— total impulse: Jc = St n d3.

Chamber pressure and the quantities KN and KJ are not functions
of the value of d.

Model tests of solld propellant rocket engines enable one to de-
termine with great accuracy and at low cost the optimum grain shape.

14.2.2. Modeling of Ramjet Engines

¢ It is not always possible to carry out a model study of an entirc

ramjet engine because of the difficulty of simultaneously preserving

* two dimensionless groups, namely, the Mach and Reynolds numbers. How-
ever, since the Mach number mainly affects diffuser operaticn, whereas

the Reynolds number affects the operation of the combustion chamber,
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all conflicts can be easily resolved by separating the tests of d4if-
fuser and combustlon chamber.
The most ‘mportant problem in the diffuser study 1s the determina-
] tion of the position of shock waves on the inlet cone Qnder various op- ¢
erating conditions (Fig. 14.3), the delineaticn of stable operating
: 1'mits and the preparation of characteristics, i.e., of the relation -
between the output and the pressure generated as a function of flow
: veloclty.
4‘1 |
Fig. 14.3. Diffuser 1nlet under two operating ’
ranges: a) supercritical flow; b) subcritical
flow.
Grea® simplification in model tests of combustlon chambers can be
introduced 1f the same initial temperature and the same fuel-to-alr
ratio are used for both the model and the prototype.
It results from the above assumptlons that:
D!I = idem
and ‘
Pr = idam b
In order to malntain similar fuel distribution in the stream, the
injection angle must be constant s

a, == idem

and the speed ratio c¢f fuel and air must also be constant, which leads
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3
w

= iden
where Ap Js Injector overpressure.

In order to assure similitude of the phenomena of diffusion, heat

transfer and reaction kinetlics we must have:

Sc = Lo = idem
D.

e
Rewi 224 L idem
B
D, = = idem
Wiy

Instead of using the time of chemical reaction in Damkdhler's
parameter, we could use the time of ignition lag as being the most

representative parameter characterlzing the combustion process. Fur-

{ thermore, 1f we let the initlal flow velocity be constant
w = 1dem
N - 1f we let the diffusion constant and the ignition lag time be

inversely proportional to pressure
D"'p-l ':h"P—"

— 1f we let the kinematic viscoslity be constant 1indeperdent of

pressure

eand 1f we replace the density by pressure according to the equation of

state

?az gQRT ‘

{ b s R
VLIl T W

(T3
V3
[1:]

gimnle law for modeiing the combustion chambers of
ramjet englnes
pd = const.
Equation (14.1) 1s very useful in modeling combustion chambers of

ramjet engines designed to operate at high altitudes. In thls case,
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with an appropriate chiolce ~»f scale, 1t 1s possible 1o conduct tests
on the model chamber while suprlying it with alr at near atmospheric

pressure, whilch 1s most advantageous since 1t reguires a low-powered

>,

fan to supply the ccembustion chamber.

14.2.3. Modeling of Pulsejet Engines

The method of modeling pulsejet engines =nhould satisfy the fol-
leving basic condition, if 1t 1s to be of much help in the testing
process:

— the modei and the prototype :chould be tested on the ground un-
der atmospheric conditions, i.e., the initlal temperature and pressure
of sunply air should be identical. Fulfillment of thils condition is
important from the point of view of test cost. However, i1ts Imposition
makes impossible a strict modeling of the paenomena.

Assuming: J

— the same mixture composition containing a fuel of the same heat-
ing value; :

— the same flow velocities, which can be achleved with the same
instantaneous pressure fields;
we get

M=idem, D;;=idem Pr=idem and Reztidem

It appears that failure to keep the Reynolds number constant 1is
not dangerous from the flow point of view; however, it 1s most signifi-
cant as far as the vaporization rate of fuel 1 jected into the chamber
i3 concerned.

One way or another, the following conditions must be maintained

in order to preserve the similitude of the combustion process
. d
D= — Disz_d_
wiy WTep

where d 1s the characteristic engine dimension; w is similarly the
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charac.eristic flow wvelocity; rf is the physical ignitlon liag; L 1s
the chemical ignition lag.
The law of modellng of pulsejet engines 1s obtained from the

above conditlons

d
- = CONnsY; — = Const

Ty Ter : (14.2)

I+ 1z possible to satisfy thls law only by

— supplying the model and prototype englnes wlith different fuel:
having the same heating value but different kinetic propertles. Selec-
tion of such fuels 1s not difficult especlally If fuel preheating at
the inlet s used in the case of the model englne.

14.2.4. Modeling of Liguld Fuel Rocket Englnes

In order to preserve geometrical and mechanlcal simlilitude 1n the
combustion chambers of the model and prototype englnes, the followlng

relations should be satlsfled

d .
n.=—d—-_ u.,,==-£—- (14.3>
X Wy

where g, M, are similitude constants; d, w are dimension and speed; ¥
is 2 subscript referring to the model.
Assuming that the fundamental time characterlzing tne chemical

process 1s the ignitlon lag time, we get from the above equations:

Pd B _ T (14.4)
Ry i Yw

where 1. is the combustlon chamber stay time; 1 1s the ignltlon lag
time.
Ignition lag 1s a funectlon of chamber pressure p and of injector
overpressure Ap, as shown In the equation:
T =kp—Ap (14.5)
where k, n and r -re experimental constants,

Suostituting this equation iato Eq. (14.4) we get:
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(14,61}
Since
2 Py Ibu
LT A | 4
where w is the velocity of the llquld stream 1lnjected into the cham-

wEr
ber, Eq. (14.6) can be transformed into

d ]
P S );=l:
s\ e
Combining the above equatlons with the conditlon of constancy of

the Reynolds number expressed by:
(-
»
we get the iaw of modeling of liquld fuel rocket engines:

21—}

£E-=H‘I-¢l--?r

’

W weE (14.7)
' B

In the case of a mixture of nitric acid and furfuryl alcohol, we

n, = 0.3 and »r = 1.5.
By physically interpreting Eqs. (14.5) and (14.7) the followlng
two limit cases are obtalned:

- assumlng that r = = we get

This case applies to chamber operating conditiecns for which igni-

tion lag is gZoverned by the chemical lag that 1s the kinetics of the

chemlical reaction.

~ assumlng that n = = we get
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This case occurs under chamber operating conditions such that ig-
3 nition lag is governed by the physical lag, i.e., the rate of drecp va-

porization.
14,3, LEST FACILITIES

In the rlanning of test facilities, the following fac.ors should
be taken into account:

-~ crew safety;

— ease of erection and of dismantling and the provision for stand
modification;

— faecility equipped with proper instrumentation rather than for

the comfort of location.

Fig. 14.4. Pulsejet engline tesy facility.

AL W
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Flgure 14.4 shows a photograph of a facllity for testing pulsejet
englnes. The englne is fastened to a mobile carriage which facilitates
thru:t measurement. In front of the engine there 1s a spherical fuel
tank. Next to 1t there are two tanks of compressed alr: one to start
the engine and the other tc feed the fuel, Simplicity of the instru-
mentation and lack of laboratory comfort are surprising. Those who
conducted tests on this stand must have had more brains than money.

This 1s the more perplexing, since 1t 1s there that the first useful

pulsejet engine was created.

’ ;’B
|
= !
Y =————1 —
. ﬁﬁx~ﬁ;1 AR st
Cl=r<» e
71 11 S
I B | —x ==
4 § F

Fig. 14.5, Test facility for studying ramjet eagines: 1) compressed
alr condult; 2) Laval nozzie; 3) ramjet engine; 4) diffuser for ex-
hausting combustion products; 5) mixing chamber; 6) exhaust muffler;

7) inlet muffier; 8) cooling air inlet; 9) water injection; 10) cool=-
ing air.

Fig. 14.6. Test facllity for studying ramjet engines under high alti-
tude conditions: 1) first critical crosa section (transition of sub-
sonic flow to supersonice}; 2) second critiral cross section (transi-
tion of supersonic flow to subsonic); 3) supersonic nozzle; U) super-
sonic diffuser; 5) thrust measuring instrumentation; ) ramjet engine;
7) mobile engine carriage; 8) mixing chamber of combustion products
and amblent alr; 9) diffuser.

Figure 14.5 gchows a test facility for the study of ramjet englnes.

In this case, flight velocity 1s modeled by means of precompressed alr

flowing cut of the nozzle. Combustlon products arising in the englne
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are cooled by water injection. If the pressure of the compressed air

1s insufficlent to create the appropriate Mach number, then appropriate
conditions should be maintalned at nozzie exhaust to permif expanslon
below atmcspheric pressure. In thls fashion, due to a higher expansion,
an appropriately higher Mach number can be achlieved. Figure 14.06 rep-
resents a test stand bullt aleng these 1deas. Operating conditions to
which the engine is subjected correspcnd to altitude condltions. Inlet
overpressure 1s obtalined by means of an approprliate ratic of the area
of nozzle exhaust cross section to the area of the critical cross sec-
tion. The supersonic diffuser prevents the occcurrence of shock waves
insilde the nozzle, by compressing the remaining ailr which c¢annot at-
taln atmospheric pressure while flowing through the engine. The area

of the second critical cross sectlon occurring in a supersonic diffuser
(of the type of an inverted Laval nozzle) must be properly selected as
a funcrion of output of the supply nozzle and of engine flow resist-
ance. Overpressure at engine exhaust 1s obtalned by means of an ejec-
tor diverging in the flow directlion and which consists of a mixing
chamber and a diffuser which compresses the mixture of combustlon prod-
ucts and 2tm spheric alr to the amblent pressure.

The test facllity for studying rocket englines, and shown 1in Fig.
14.7, consists of three parts: a measurement room, a test room and a
room in which are lccated (and properly segregated) tanks containing
compressed air, fuel oxidlzer and water. Water is used to cool the com-
bustion products exiting from the nozzle and to wash off the floar the
propellants whlch spill from the englne at start-up.

All measuring instruments and systems are located in the observa-
tion room.

Obviously engine start and stop 1s also accomplished from the ob-

servation room. In this rcom, the followlng gquantlitles as 1ndlcated by
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Fig. 14.7. Test faclli.y for studying rocket engines: 1) measurement

room; 2) test stand room; 3) englne carriage; li) water tank; 5) oxi-

dizer tank; 6) fuel tank; 7) bottle of compressed nitropen; 8) rocket

engine; 9) water tank; 10) muffling and zxhausting of combustlon prod-

Eits; i1} observer console; 12) measurement and recording Instrumenta-
on.

meter readlngs are recorded by the method of photography or automatic
printout:

— rate of oxidizer and fuel flow (mczsur.ment by means of a con-
traction or of 2 rotating t'lowmeter whose revolutions are recorded by
an electrooptical or a magnetic system);

— engine thrust (measured by the tensometer method);

— pr:ssures at all characteristic engline points ana in the plpe
feeding the propellants (measured by means of properly cooled capaci-
tive or inductive transducers whose outputs are recorded on an osclllo-
graphic tape):

— wall temperature and propzllant temperature (measured with
thermccouples ) ;

— flame temperature (measured by opilcal means);

- velocity of combustion products in the chamber (measurement of
the translation of burning propellant partlcles by means of a high-
speed camera. The photographs are taken through a slit in th2 comtus-

tion chamber, speclally fitted for this purpose).
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APPENDIX 2

Tcvas Enthalpy Ici of Combustion broducts of Fueis for Rocket Engines

[cal/mol-°C]
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. 5700 |—15661,0] al4.5% 20370, 1 | SR 60040,9 | 468135 | 501348 46341,6 | TU42,8 | 865646 | 1135614 | 57k
5800 |—140E3,8 | 9514,5 21290,7 | 54,0 | 699389 1 47815,1 | 51459,4 | 47454,9 | 79439,6 | B7094,5 | 114159,9 | 5800 |
5900 |--12508,% | 112823 22206,0 | 583925 ) 70887,6.| 4B820,1 | 52485,9 | 48368,8 | 79926,4 | 87625.5 | 114763.7 | 5900 |
. £000 §—19%09,0 1 12251,9 $3121,8 1 593218 ¢ MEITF | 49826,5 ; 24124 | 492835 1 B0433.2 [ BRIST.7 ) rrviiv A | san ! H
1

= Note: Values of totzl enthslpy are glven in cal /mol-°C., In oprder to
. caonvert them to [keai/moi-°C]l, the tzhuli- entries should be di-

vided by 100a.
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