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ABSTRACT: This book 1s a monograph devoted to one of the
important questions of modern aviation and rocket techniques —
the theory of the working process taking 1lace 1in the
combustion chambers of air-jet engines, The book deals in
detail with the working process of combustion chambers of
straight-flow air-jet engines. Various questions treated in
the book refer to combustion chambers oi turbo-jet engines and
to boller furnaces, This book 1is one of The first scienfific
monographs on this question in the USSR, The book consists

of nine chapters in which the most important questions of the
physical principles and the calculation of ifhe working

process of the combustion chamhers are elaiorated, TIn the
brief introduction a schematic description of the working
process is given for a simplified combustion chamber of a
straight-flow engine, Chapter 1 is devoted to the grneral

thermodynamic analysis of the combustion chamber. Here we

u must bear in mind the consideratiorn of questions of the supply
of heat to a moving gas in tubes of constant and variable
cross section, the analysis of the offect of the various
parameters on the characteristics of the combustion chamber,

. the calculation of the temperature and comyosition of the
products of combustion, aml gquestions of the hydraulic

resistance of the straight-flow chamber and its elements, 1In
Chapter 2, which takes up 121 pages of text, authors conslider
questions of the preparation of the combustion mixture
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(questions of forming a mixture), Unlike the first chapter,
the material of Chapter 2, which is richer in content, is
based to a large extent on the work of Soviet researchers, in
particular on the investigations of the authors themselves,
After a general analyslis of the processes of forming the
mixture, the elementary processes are considered which
constitute the process of mixing in chambers into which the
fuel is fed in liquid form and is atomized in a stream of

alr, In the analysls of the processes of atomization of the
liquid, a general physical picture is given of the breakdown
processes of films and drops, and quantitative characteristics
of these processes are quoted (criterial formulas,
distribution curves of the drops with respect to size).
Unf'ortunately there are no data for jet injectors, for which
only the theory of deformation of a jet injected 1into the

flow at some angle 1s developed, The material on an
atomization torch in a supersonic flow of air 1s of especial
interest. At the end of the chapter, some material is cited
on the distribution of the liquid phase of fuel in the
alrstream, and also on questions of the vaporization of drops
and clusters of drops. In Chapter 3 a beginning is made on
the consideration of the processes of ignition and combustion,
In this chapter are studied forced ignitions and the combustion
of homogeneous mixtures, i.e. this chapter is a preparation
for the study of subsequent material. The size of the chapter,
evidently, is not very large (34 pp), since the material is,
generally speaking, known from o:her sources., In Chapter 4,
which is also of a preparatory nature, questions of the
turbulence of flows of air are studied, 1In spite of the fact
that the material of this chapter is, generally speaking,
known from other sources, the analysis in the chapter is
suf'ficiently clear and at a modern level, Data are cited
which relate directly to the elements of the working process
taking place in the combustion chamber (turbulence of a flow
hbeyond cascades, turbulence in the case of deformation of the
flow, etc), Chapter 5 gilves further material on the combustion
of homogeneous mixtures in a turbulent flow, These occupy a
good deal of space (90 pp). Here authors consider existing
theories of turbulent combustion and also the experimental
data of many researchers, The treatment of turbulent
combustion proposed by the authors occuples a good deal of
space (analysis of the one-dimensional combustion zone, of a
turbulent torch in‘an open channel and in a tube, analysis

of the statistical distributlion of the scales of temperature,
nonhomogeneities in the macrozone). A separate paragraph
contains a consideration of the hydrodynamic peculiarities of
turbulent combustion in the wake behind a stabllizer, 1In

the last paragraph, data are given on the dependence of the
velocity of turbulent combustion on various parameters, In
Chapter 6, which is small in bulk but important in significance,
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authors consider questions of vibrational combustion in the
chambers of air-jet engines., Here the general physical
mechanism of the phenomenon is explained, and a scheme is
glven for the theoretical analysis. The possible special
feedback mechanisms are calculated. At the end of the
chapter there are some general recommendations about how to
overcome vibrational combustion, 1In Chapter 7, they consider
the stabilization of a flame in a flow of fuel mixture.

After studying the effect of the form of the stabilizer on
the parameters of the wake, authors proceed to analyze the
effectkof the various parameters on the characteristics of
stable &efbustion, At the end of the chapter the theory and
calculation of the stabilization of a flame by a poorly
streamlined body is given, Chapter 8 1s devoted to questions
of the combustion of a mixture in the weke behind a stabilizer,.
First of all the combustion in the wake of a homogeneous
mixture is studled, taking into account the effect of the walls
of the tube, The effect of the two-phase nature on the
characteristics of combustion is then demonstrated, Finally,
some material 1is given on the generalization of the data of
the Investigation of combustion in the wake behind a
stabilizer, In Chapter 9 (the final chapter), the authors
deal with questions of the cooling of the combustion chamber
walls and of the nozzle of straight-flow alr-Jet engines, Some
different methods of the air-cooling of combustion chambers
are given, and formulas for calculating the external cooling
of the walls are cited. The calculation of bharrage and
combined cooling 1s treated in fairly extensive detail., The
limits of applicability of the air-cooling of the combustion
chamber and the nozzle are indicated. At the end of each
chapter there 1s a bibliography of the questions dealt with,
The book contains a number of misprints, including some in
the formulas. English translation; 490 pages.
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In this book there are expounded the physical principles
of fuel combustion processes in air flows and methods of cal=-
culat}on of combustion chambers of jet engines,
There- are considered thermodynamic and aerodynamic char-
acteristlics of combustion chambers, processes of atomization .
and carburetion of fuels, ignition and combustion of gas mix-
tures in laminar and turbulent flows, methods of flame sta-
bilization, vibrational combustion, combustion in the wake
behind a bluff body, processes of heat exchange and thermal
protection of chambers,. - o

~—

This book 1s intended for scientlists and englneers in
aviation, as well as nonaviation speciallsts; furthermore,
it will be useful for students of technical colleges,
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PREFACE

In this book there are presented the physical princlples of the working process
of straight-through=-flow combustion chambers, o

In Chapter I there are considered certaln questions of thermodynamlcs of com-
bustion chambers. There 18 given a qualitative analysis of ideal and real thermo-
dynamic cycles of an air-breathing jet engine., There is shown the influence of
pressure and flow velocity in the combustion chamber and of hydraullc losses on the
degree of conversion of heat fed into the chamber into effective work of the cycle
(1.e., thermal efficiency of the cycle)., There is given a method of approximate
calculation of flow friction of the combustlion chamber, 1In this same chapter, there
is briefly discussed the known method of calculation of specific pressure losses
caused by heat addition to a moving gas.

In Chapter II there are given criterial dependences for determination of the
spectrum of atomization of fuel by swirl inJjectors, which were obtained on the basis
of generalization of a large number of experimental data on atomization of liquids,
the recsults of theoretlcal and experimental investigation of the motion of a liquid
during its atomization into the flow of a direct-spray injector. There are presented
certaln experimental materials on atomization of liquid in a supersonic flow. There
are given new materials on the distritution of vapor and liquid phases of fuel, on
the 1nfluence of deformation of drops on the trajectory of thelr motion, on disper-
sion drops on area of sectlon of fuel on the influence of preheating of fuel on the
character of its distribution in the flow.

In Chapter III there are assembled the most interesting for practice experi-

mental materials on ignition and laminar burning of homogeneous mixtures in reference

TP 273 -1~




to straight-through-flow combustion chambers, These materials are especially impor=-
tant, since in works having an applied character, the physical essence of the 1n-
fluence of turbulence on the above mentioned processes still has not been considered.

Chapter IV is dedicated to fundamentals of the statistical theory of turbulence, .
Experimental material in this chapter 1s selected in reference to conditions of
operation of a straight-through~flow combustion chamber,

In Chapter V there are considered processes of turbulent combustion of homo-
geneous mixtur;s. Until recently, in the technical literature there could not be
found a clear account of a model of the process of turbulent combustion., The ex-
perimental investigation of N. V. Kokushkin and other investigators made i1t possible
to deepen our concepts of the mechanism of turbulent burning, and at the same time
confirmed the accuracy of the known model of surface combustion. On the basis of
this model, it was possible to simplify hydrodynamic equations of flow in which

burning occurs, and to solve them for a serles of simple cases: for a turbulent

flame jet after burners in open flow, after a linear burner in a pipe, and so forth.
Analysis and generalization of extensive experimental material on the basis of the
given theory show that burning 1s basically influenced by turbulent characteristics

of the fresh mixture.

! Fundamentals of the theory of vibrational combustion are presented in Chapter VI.
Such burning is characterized by powerful regular oscillations of pressure and flow
rate, which not infrequently lead to damage of the combustion chamber, strong vibhra-

tions of the construction and other undesirable phenomena (incomplete burning of |

4 fuel, etc.).
In distinction from the conventional theory of vibrational burning, which con- !
sists of composition of equations of acoustics taking into account boundary condi-
tions, the authors applied the energy method, which made 1t possible to obtain all
basic conclusions by use of a very simple mathematical apparatus.
Results obtained by this method at the same time permit us to give certain
recommendations on methods of suppression of vibracional burning.
i In Chapter VII there are considered hydrodynamics of flow in the wake after a
bluff body and conditlions of stability of burning in dependence on dimensions and Q

relative location of stabllizers. In this chapter there is described a method of

calculation of a stabllizer for assigned parameters of the fuel mixture,

Results of experimental investigatlons of burning of homogeneous and




hetcropsencous mixtures in the wake after a single stabllizer and an array of sta-
bilizers arc discussed iIn Chapter VIII., 1In it there a;e given basic features of
the process of burning and its dependence on physicochemical characteristics of the
fuel mixture, dimensions, geometric shape and relative location of stabilizers,

The last chapter is dedicated to one of the important problems — to the problem
of thermal protection of a combustion chamber, on the successful solution of which
the possibility of creation of a high-speed engine to a considerable degree depends,
The authors describe diverse variants of the simplest (structurally) methods of air
cooling (convection, barrage, combined) and consider the influence of radiation
from combustion products on temperature of the chamber walls,

During writing of this book, the authors widely used Soviet and foreign litera-
ture., Examples of calculations given in the book are based on hypothetical data,

Chapters of book are written by: I, VII, VIII — I, V, Bespalov; II (§ 1-8) —
M, S. Volynskiy; II (§ 8-18) — S. A, Belyy; III, IV, V — A. G, Prudnikov; VI -

B. V. Raushenbakh; IX -~ V, Ya. Borodachev,

The authors are grateful to Corresponding Member of the Academy of Scilences of
the USSR L, N, Khitrin for a serlies of useful suggestions on the contents of this
monograph.

The authors also express gratitude to Comrades V., F. Dunskiy, A. M, Gubertov,
V. M. Iyevlev, K, I, Svetushkin, I, M, Kuptsov and V. Ya, Pereverzev for their help
rendered during writing of this book.

All remarks and wishes concerning the contents cof this book should be directed

to the address: Moscow, I-51, Petrovka, 24, "Machine Building" Publishing House,




SYMBOLS AND DESIGNATIONS

1, DIMENSIONLESS NUMBERS

Cp = coefficient of friction;
Cy = drag coefflcient;

cy — 1ift coefficient;

Cr — thrust coefficlent;

M ~— Mach number;
Nu — Nusselt number;
Nu - diffusion Nusselt number;
Pr — Prandtl number;
Pr — diffusion Prandtl number;
Pl(x) — probabllity of appearance of fresh mixture at point x;
Pe(x) — probability of appearance of combustion products at point x;
R(1) — Lagrange correlation coefficient;
Re — Reynolds number;
St — Stanton number;

V(a) — volume fraction of drops in atomization spectrum with diameter
less than aj;

AV(a) — volume fraction of drops in the spectrum with diameter a;
7 — degree of vaporlzatior of 1liquid;
¢ ~ dimenslonless concentration of fuel vapors;
¢, — on surface of drop;

¢ — in the surrounding medium;

f - relative area; fx — 1n nozzle throat;

f_ = at nosvle edge; fﬁ — stream of air in front of . he engine (at
infinity);
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welght, volume component of i-th gas in a mixture;

gas~dynamic function for determination of flow rate, momentum;
ratio of velocitles of mixing flows;

adiabatic coefficient;

polytropic coefficient;

frequency distribution function;

completeness of burning; n — softening coefficient of inlet;
chemical completeness of burning; Mo = total efficlency of engine;
effective efficliency of englne;

reduced velocity; thermal conductivity coefficlent;

discharge coefficlent of injector; coefficient of dynamic
viscosity;

intensity of turbulence of flow (in %); degree of blackness;
temperature recovery factor;
coefficient flow friction of the chamber;

pressure recovery factor,

2. GEOMETRIC DIMENSIONS IN m, TIME IN sec
diameter of pilpe;
eauivalent dilameter;
throat diameter of nozzle;
2
area 1n m ;

length of platn, coordinate of drop in relative motion (sce
Chapter III);

characteristlic width of the zone of molecular mixlng of two
chemically inactive medla;

characterictic width of zone of turbulent mixing of two chemically
inactive media;

diameter of drop; 8y = initial; ay — median diameter in atomiza-
tion spectrum; coefflcient of thermal diffusivity;

width of cone of turbulent mixing;

helght of cooling channel;

length of pipe, heat of evaporation of liquid;
FEuler scale of turbulence;

lagrange stale of turbulence;

radius of nozzle;

coordinates in orthogonal system;
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thickness of hydrodynamic boundary layer;

thickness ot vortex sheet of liquid flowing from injector;

characteristic wldth of burning front during turbulent mixing

of two chemically active media;
characteristlc width of laminar flame front;

characteristic width of zone of turbulent burning (zone of
mixing of two chemically active media);

momentum thickness;
half of atomizatlon angle of injector;
angle at vertex of stablilizer;

angle of slope of relative velocity of blowoff of drops to
axis Ox;

Euler time scale;
Lagrange time scale;

time, degree of preheating of working substance (air),

3. PARAMETERS OF WORKING SUBSTANCE
flow rate of gas in kg/sec;
fuel flow rate through injector in kg/sec;
neat flux in kcal/sec;
work of adiabatic expansion of gases in the nozzle in kg-m;
work of adiabatic compression in kg-m;
effective work of cycle 1n kg-m;
network of cycle in kg-m;
specific impulse of englne in sec;
absolute temperature in °K;
stagnation temperature in OK;
wall temperature in OK;
equilibrium temperature in OK;
temperature at nozzle exit in OK;
temperature of wake in °K;
speed of flight in m/sec;
speed of sound in m/sec;
speed of sound in ' “oat in m/sec;
mass concentration in kg/mB;

specific flow of fuel in g/cme'sec; Cy — Specific flow of
liguid phase; Cq = specific flow of vaporized fuel;
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pi

Ve
impact pressure (p?) in kg/mez

static pressure in kg/hzg

stagnation pressure in kg/ng

fuel feed pressure in kg/meg

saturated vapor pressure of fuel in kg/me;

temperature of drop in °C; to ~ initial; - equilibrium
vaporization temperature of drop; t8 — alr temperature;

component of flow veloclty along the axlis Ox; alr velocity
relative to the drop in m/sec;

velocity of main flow in m/sec;

speed of barrage flow in m/sec;

flow velocity in m/sec;

pulsational flow velocity in m/sec;
velocity of drop in m/sec;

heat transfer coefficient in kcal/me-hr-deg;
coefficient of mass transfer in m/sec;

coefficlent of friction in kg/me.

4, PHYSICAL PROPERTIES OF MATERIALS
thermal equivalent of work (426.4 kg-m/kcal);
coefficient of molecular diffusion in m?/sec;
coefficient of turbulent diftusion in mE/sec;
coefficient of accelerated molecular diffusion in m2/sec;
heat of reaction in kcal/kg-mole;
heat of formation in kcal/kg.mole;
calorific value of fuel (lowest) in kcal/kg;
highest calorific value of fuel 1in kcal/kg;

stolchiometric coefficient, theoretically the quantity of air
necessary for burning 1 kg of fuel;

coefficient of thermal diffusivity in m?/hr;

heat capacity of gas at constant pressure in kcal/kg-deg;
gravitational constant (9.81 m/secg);

enthalpy in kcal/kg;

entropy in kcal/kg-deg;

heat of vaporivation in kecal/kg;
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"y = specific gravity in kg/mj;
u = dynamic coefficlent of viscosity in kg-sec/mz;
v = kinematic coefficient of viscosity in mg/sec;

€ — degree of blackness;

p — density in kg-sece/meg ‘;-'
A — coefficient of thermal conductivity in kcal/m.hr.deg;

o0 — coefficient of surface tension of liquid in kg/m; 3

$ — heating efficiency of a hot mixture in kcal/kg.

5. SUBSCRIPTS |

B — air;

Kp — critical; |

X — liquild;
I — vapor;

T — fuel, turbulently;

P — equilibrium; i

el i e i

H - normal;
N1 — laminar; ) {
0 - initial value;

r — (products of) combustion;#*

X — cold (fresh) mixture;* ; |

o — deformed, |

R

SRR SRR SRR

*In certain chapters, instead of subseripts "x" and "r" there are used respec-
tively subscripts "1" and "2,"
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INTRODUCTION

In spite of the structural variety of combustion chambers, processes occurring
in them have many common features and frequently obey the same laws, Tﬁerefore,
the authors limited thelr account to investigations of one of the simplest chambers,
This monograph is dedicated to the study of physilecs of processes in combustion
chambers of ramjet engines,

A number of elementary processes common to many chambers occur in the ramjet
chamber under relatively simple conditions, which allows us to conduct necessary
observations and measurements, These processes (carburetion, flame stabilization,
ete.) in chambers of turbojet engines with swirling flow are more complicated and
difficult to observe,.

It 1s necessary to note that the method and many results of investigations of
these processes in ramjet chambers can be applied in industrial boiler installations
and f{urnaces, in internal-combustion engines, apparatuses of chemical technology,
cte, At present, considerable attention 1s allotted in the power and fuel industry
of' our country to combustion processes of petroleum, black oil and natural gas, Duc
to this, there appears the necessity of rational organization of the process of
combustion of pas in boller furnaces of thermoelectric power stations, of achlevement
of ctability of the burning process, carburetion and several other processes,

From the history of development of many branches of technology, it 1s known
that at the initial stage of their development theory insufficiently reinforces the
rapldly developing practical actlvity of the designer. 1In the beginning designers
developing new systems can use an ldea only in 1its most general thermodynamic or
aerodynamic formulation., Concrete development, for instance of a system of organira-

tion of combustion in the chamber, estimate of its main dimensions, etc., is conducted
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with the help cof so=callet "reneral phystcal conceptn,

Now the requirement of high et'tf'lcloency, and alvo use of rattonal and st
methods of creatlon of combustion chambers har agvanced to “irst place, This poses
the problem of deeper study of physics of the working process., Results of ef'forts
of numerous investigations permlt us to prouceet! to creation of a sclentifically
proven method of development of chamber:s and declyn of ite elements, source of ipni-
tion, stabilizers, cooling sy:stem, etc,

The authors have tried to describe the working proces:: of preparation and com-
bustion of fuel on the whol~, and to breakdown into ceparate elementary nrocecses
according to thelr internal nature, Where joscible and evpedient, they have cone
structed a graphic model of the jhenomenon ana given theorctical or experimental
dependences determining its besie param:ters, Thece dependences corve as the tounda-
tion of the method or system of methods ot ajproximate calculation of clementary
processes,

We will brietly consider stagec of the working jrocess In a chamber of stralpht-
flow-through type (see the diagrsam). Thus for clarity w will follow along the chain
of interconnected elementary procesces occurring in the flow of air from the inlet
section of the chamber to its outtet. TImmediately let us note that sueh a sequence
is more methodological than svace-time, 1In reality scrarate processes overlap one

another and flow simultaneoucly,

Fuel manifrold of swirl
Flame ho!ler
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The initlal process whlch 1s developed in the inlet section of the chamber is

esrburctlon, 1Its purpose ig to create a fuel mixture with appropriate distribution

of 1ligquid and vapor phases over the cross section of the chamber., For this purpose th“f

there 18 usually used a system of collectors with swirler or direct-spray injectors,
which atomire the liquid fuel in the alr flow and create a set of mutually inter-
cecting 'lemes, i
Drors entrained in the flow should insofar as possible be uniformly distributed I
over the given volume of the chamber (sometimes it is attempted to create higher
enrichment or impove.ishment of fuel of individual zones of the flow). Processes
of carburetion are developed in the "cold" section of the chamber, which has an
extent of 100-600 mm (for various systems of organization of combustion). The time
the mixture remains in the "cold" section usually is small (5-20 msec) and insuffi-
cinet for completion of full vaporization of the drops and mixing of fuel with air,
Further on the two-phase mixture enters the vone of 1gnition and stabilization,
where carburetion and burning flow in parallel, Here the mixture is ignited by an
electrical spark in a specilal device — a precombustion chamber, and the appearing |
flame front 1s held in a steady state with the help of stabilizers [flame-holders]
(see the diagram), Hence there begins the "hot" section of the chamber,

The precombustion chamber is a minilature cylindrical or annular chamber with :

"pinched" inlet, which creates inside its vortex flow with low velocities (10 to

i 15 m/sec). This ensures inside the precombustion chamber favorable conditions for

ipnition and burning of the mixture with high completeness and a stable "pilot flame" |
at 1ts outlet independently of varliation of parameters of the bacic flow in the

chamber,

The fuel mixture moves along the chamber with sufficiently high speed (60 to

00 m/sec). For stabilization of the f'lame tront with respect to walls of the cham-
ber it is necessary to satisfy a serles of conditions which have an esercdynamic and
thermal nature and basically reduce to observare of equality between velocity of
rlame jropagation and the component of velocity of the incident flow along the
normal to the flame front, |
N For creation of these conditions there are anplied stabilizers, which consist
of a body of bluff form (cone, ring with V-shaped radial cross section, etc.), 1In
the stern region of the stabilirer there appears a vorter zone with counter currents,

The t'uel mixture entering this zone is ignited by the precorbustion chamber flame,
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burns with high compl=2tencss, ol combustlon protucts tenltte the mlsture at'ter the
nearest stablllver, Thus there are cproaiod conditions ror stabl!f atlon ot the t'lame
t'ront over the entire cross section of the chamboer,

Fresh fuel mixture passing through the flame front ignites, but does not com-
pletely burn it; the eoxtent of the combustion . one atter the front can te con:slder-
able, Individual combustion ' ones ol coparate ctablll -ers (which are echeloneld In
the chamber) overlap, tormings a common combustion =one, where combustion ot the fuel
15 completed, In the "hot" section of the chamucr 1 roeesses of carburetlon (vapors
iration and mixing) ot vajort ed tuel with air, chemteal combustion reactions, and
turbulent diffusion and miviry- ot el rdxture with combuction producte occur in
complicated interaction,

The presence of very hiih temperature of combustion vroduct. leads to the
necessity of creation of systems of thermal protection and coollrny of elements of
the engline. These syctom: must proevile neat rosistanee and thernal cstability of the
construction during the ontire time of oreration ot the enrine,

With air cooling, part or" the air not varticlpating in burnines is used ror
cooling of the combustlon chapor ol no . Lle, Ate ceolant 1 removed into Lhe
external loop of the chamber, and then tnrowrh cloc: Clows Into the zombustion cham-
ber, forming an alr curtain !ctween combustion |roduct. and chamber walls, Thus,
the steavnation temperature ot alr vuoed for coolim should he lecs than the maximam
permissible temperature of tl.. material which are btasic colements o the engine are
maie,

such basically i the sivicion orf the workine process in the chamber Into @ lo-
ments, According to thic arviteeey division, th» material of the followin - chaptlers

is jresented,
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CHAPTER I

CERTAIN PROBLEMS OF THERMODYNAMICS OF THE COMBUSTION CHAMBER

§ 1., THERMODYNAMIC CYCLE OF A RAMJET ENGINE

The complexity of working process in an air-breathing Jjet engine ﬁPiD hampers
its general analysis with tne help of the usual equations and formulas of engineering
thermodynamics. For analysis and graphic description of the most 1important factors
determining the basic quality indices of the cycle of an air-breathing jet engine,
there is usually considered the thermodynemic cycle of an ideal engine,

By an ideal air-breathing engine there 1s understood an engine in which internal
losses are absent; the working substance is air; heat capacity of air is constant,
i.e., does not depend on temperature; the flow 1s completely decelerated in the
diffuser and completely expanded in the exit nozzle,

Thus, the ideal cycle consists of a simplified (arbitrary) scheme of combination
of real processes occurring in a real engine, All parameters of the working sub-
stance determining the operation of the engine cycle take limiting values in the
in the ildeal, and the degree of approximation of param-
eters of a real engine to them characterizes the degree
of perfection of the real engine,

As an example we will consider the thermodynamic

cycle of a ramjet engine ([IBPM). At the basis of the

working process of a ramjet engine there lies an ideal

Fig. 1.1. Variation of thermodynamic cycle with adiabatlic compression and ex-
parametcrs of gas along

the length of a ramjet pansion of air and heat additon at constant pressure.
engine,

Varilation of parameters of the gas along the lensth

ot the ideal ramjet engine is shown in Flg, 1,1, Change
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- oft ctoete ot ag paselngr throwrh the 1ieal
b 2, 2 ! houn o e, by 0 Tine o=
) AL, ‘ corresponds to adlabatic compression ot
7 a e o —— / |
| air in the diffuser; line P-3 corresponds <
3 1
a) 1) ¢ s to heat additlion In the combustion chamber;
&
Mg, 1,2, Ideal pgas cycle of a ram- line =% corregponds to the proces: ol oxe
Jet engine durins nonshock compre:- :
slon ot air, pansion of yras in the norrley the tsobar
of heat removal 4-0 reprosents the arb Itrary process which closes the eycles; In
reality it occurs outside the cnrine,
The total work of expancion ol aces In the noscle (referred to 1 ke of alr)
Ita.u r and p-V-diagram ic dejpt:ted by the area off n-b=4=l; work exnended 1n adiatatie
compression of alr 1In the Jdi.iu er I'a,u.c‘it 1o depleted by the arca a=b="=0; net work
N o ~te t] t e iterene o= - : N i N
of" the cycle is determined by the dit'terence 11 1 all.] LBn.cm and arca O 3=,
In a ramjet enging e wori of fae cyele 1o urer for Inerenne off Kinetice anerpy
o' the flow of alr pancins throwh the engiines
.'z_w
) Ly=—r—, (1.1)
: 2% .
] where Wz; — e¢xhaust velocity ot maer trom the no: 1o iy m/."v-v;
: V — velocity ot 'light in m/ecc,
ﬁ The basic characterictle £ the fh rnelbyvnowmie cyela Is thormal ot ficiency, 1.e., .
p
i the degree of converclion o oo lieo hwat o Into useful work of the cycle, 'hermal
R
.
: efficlency iy, I emal to i pntd Tohent converted into weetul work Lo Lo the
: heat o supplied from withoont:
i 1',:: AL’ - Q'—o’ ,1 2
E ’ Q Q ’ L)
E 3 where Ql — heut suppli--i on the cectien =72 (area o= <3<t on the i-s diagrra);
0, = heat remocod Tn the cycie on bhe section 1=0 (area a-0-4-b),
} heferring heaty o, and o Lo L ke ot glv, 1t Is pooclile Lo wrile
Q| =CP(T°3‘—' 02)-] (l ) -
.E QZ = Cp (T4 - To)-
:
Then«
H T‘ ] ]
p=l—J=l g T T S
Tea— T Tox Ton
1
To
' ety “low
w1 =
4
-
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From the equations of adlabats 3.4 and 0=2 we have

T o (20)5t e o (Pa)5L (1.5)
T Ps Te Po
Since
Py™ Py 2 Po3 ™ Pon i
then }
Jo o Ta ,, Tu _To i
Whence Te T, T T,
m-l—';.}'-l——l—._—l-. (106) {
S v

The degree of increase of pressure at the end of the diffuser for an ideal
enpgine (without losses) can be expressed in terms of velocity of flight MH' With

complete adiabatlic deceleration

For air k = 1,4, and then

1'-

3.5 1.7

o Tl it
My

Expressions (1.6) and (1.7) show that thermel efficlency of an ideal enginc

depends only on the degree of lncrease of pressure at, the end of the diffuser and

continuously increases with increase of velocity of fli,nt (*ig, 1.)). This 1s ex-

2% plained by the fact that with increase of the derree
of pressure increase there occurs higher expansion
]
4 of air when heat 4 is supplied to it; a larger
7] / quantity of this heat is used for increase of kinetic
energy of gases exhausted from the englne, which leads :
Qe
/> to decrease of the heat Q2 lost from the cycle into ’
62 the atmosphere., 1
If with increase of velocity of flight 24 is 1
] i
¢ £ - § . »n kept constant, then net work of the cycle will con-
Fig. 1.3. Change of thermal
efficiency depending upon tinuously increase, since
MH’ during nonshock compres-
LN
sion of air, L= A »-

The obtained relationships (1.6) and (1.7) are valid for an engine with nonshock
compression of air. Shock compression, due to losses in shock waves, leads to

decreare of jressure p and to worseniyg: of all parameters of the englne. 1Tn
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Fipg, 1.0 the solid Linee show variation

of parametors of pas on p=Ve and {-v-dla-

Py grams during shock compression of alr in

| the diffuser, On the same graph, for com=- .

parison, by the dotted lines shows varla-

|
i
l i
'Y . .

tion of parameters of alr durlng nonchock

Fig, 1.4, Ideal cycle of a ramjet

engine with shock compression of air, compression, Due to losses of cnerpy of *
the t'low of alr in shock wave: et the oawe speed ot flipht M”, shock compression
leads to lower pressm'e(p(;2 3t the end o!" the diffuser and consequently to decrease
of thermal efficiency, and with constant heat addition Q1 also to ‘lecrease of net
work Lt as compared to the case of nonshock compression,
Change ol state of zas In a real cn;sine, taking into account locser existing
in it, 1s illustrated in Fi¢r, 1.5, For comparison, on these rraphs the dotted lines
denote curves corresponding to an
ideal engine with shock compression
of alr,
In Fig, 1,4 1t ic clear that at =
the end of compression, the air has
lower i ressurc (‘(')'2 < ;'(')9) and come-
Fig, 1.4%. Real oyele of ramfet enpelne, vhat lower thermodynamic temperature
( LA '1'::;_:!. than 1n the Ldeal :=sce, [ressure of polnt o decreaces as a recult of
hy lvvullice losses 1n the Jdiftfuser and the jresence ot residual veloclity at the hopin-
nie of the combustion chamber (w7 @), ‘Pemperature decresces also due Lo the
fact that ., / 0, since the rollowln: relationship ic =lways valtds
= ;2""£:i'-
2g¢,
ressure on the linc ot heat alaltion - o irop. Jdue Lo t'low friction in the
combustion chamber, and due to heat aliition to the moving alr during combustion of .
the 'iel,  The higher the tlow tfrliction of the comiuction chamber and the hirsher
the rtow velocity are, the bilirer the irop of preccure 10 on cection "’”-j”.
s s expanded alonge tne line ""-31 ", which e to hydraulic lorses in the .
o 1o it more rontly Slopine than alinbatic curve. "-'-4'1',

: L]
Lork o' tne real cycle on the j=Y=dfayram i: Jdetermined by area C=2 =7 <k, This

work 1o colledl thenet workand In o« ram’st opcine {0 wholly expended In Inercase of
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the kinetic enerpy of' gaseu, i,e,, in creation of fjet thrust, TFor the same supply
1" "
of heat Q1 net work Le decreases with decrease of pressure on the line 2 =3 .,
Efficlency of the ramjet engine as a heat engine 1s equal to the ratio of heat

converted into net work ALe to the heat introduced into the engine in the form of

chemical energy of the fuel(%vﬂu:

. = Al _Aldi—ab) (1.8) |
GH, 2.6ty ° ! |
where Gpr — flow rate of gas (flow rate of air(% + flow rate of fuel GT)

through the engine in kg/sec;

wy and V — flow veloclty of gases at the nozzle edge and velocity of flight
of the engine in m/sec;

H — lowest calorific value of fuel in kecal/kg;
A= 7 thermal equivalent of work in kcal/kg-m;

g = 9.81 — acceleration due to gravity in m secg. 1
Expression (1.8) shows that other conditions being equal, the net efficilency 1
of the englne depends on Wy — the exhaust veloclty of gases from the nozzle, which

depends on temperature TO and pressure po3 of the gas before the nozzle, since

3
with full expansion, without taking into account losses in the nozzle,

A—1

"o"‘w‘o'l/.—?_—l'lm'u[l— ‘ﬁ)T s (1.9) i

In turn, temperature of gases before the nozzle, other conditions beling equal,

deyends on combustion efflelency of the fuel

_ o (1.10)
= o,

where Q1 — quantity of actually released heat during combustion of fuel and expended

in heating the gases: j

Q= GtpTe— GocpiTer: (1.11)

Thus, net efficiency of the engine decpends on combustion efficiency of the
fuel n, (1.e., on the perfection of the process of burning of fuel in the combustion
chamber) and on flow friction 1 the combustion chamber, with increase of which

pressure before the nozzle p decreases,
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§{ 2, SUPPLY OF HEAT TO MOVING GAS IN A PIPE AT F = const

Heat addition to a moving ¢as in pipe of uniform cross section (Fig, 1.6) is

typical for combustion chambers of the ramjet engine and afterburners of turbojet

engines . .
b . AN | gines @PI
& —— r The problem of thermodynamic analysis of a combustion
chamber is reduced to determination of:
g, 1,6, For cal- .
& culation of flow a) parameters of flow along the length of the combustion

during heat addition
to a moving gas in a chamber, 1f parameters of flow at the inlet py, wy, Pxs Ty

pipe of uniform
cross section, and the law of heat addition are known;
b) maximum heating of the work substance (air),
Parameters of flow at the inlet Into the chamber are determined during calcula-
tion of optimum thrust and efficiency characteristics of the engine, taking into
I account 1ts arrangement in the alrcraft, and are taken initlal data for designing,

Following [1], ve will consider variation of parameters of gas along the length

ot the combustlon chamber. From the equation of continuity
[ "l'- P (1 '12)

it 1c easy to note that during heat addition to moving air in a pipe of uniform

cross section, its veloclty increases, consequently static pressure drops,

According to the momentum equation, !
pl—pl'-ptwr(wr_wl) (1.13)
increase of velocity causes a drop of pressure, From the equation of state we have

P . b (1.14)

peTr Pl )
| ut since Pn < Py s density of gas along the length of the plpe drops somewhat
, faster than 1/7; therefore, gas velocity is increased faster than temperature, Speed
! of sound, which 1s proportional to the square root of absolute temperature, is in-
i creased along the pipe considerably more slowly than flow velocity, Therefore, Mach
s number M = w/a along the length of the pipe increases consequently, with appropriate
heating, a flow having any initial velocity can be accelerated to critical velocity
(Mr; 1,0), .

lut no heating can cause the flow of (as in a cylindrical pipe to reach super-

é sonic cpeed, This phenomenon i: called thermal cricls,
The enthalpy equation of the f'low can be written in the following way:
A
Q= cptTOr i cplTlx = cprTr —Cp Tx + E (w,’-_ w,’)' (1.15)
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Fig. 1.7. Average heat capacity of combustion
products of kerosene in air.

where Q 1s the heat, introduced into the gas, Values of cpp are given in Fig, 1.7.

With help of four equations (1.12)-(1,15), we can determine four parameters

T

of the gas at the end of the plpe % 5 % s Tp and Wy, if there are known the same {
parameters at the beginning of the pipe. The considered system of four equations
with four unknowns 1s reduced to one quadratic equation,

The momentum equation (1.13) can be rewritten as
£ -1 (w0, —w)
Pe » = Pl (W, .

We will substitute in this equation the value of py/pp from the equation of
state (1.14):

B Lo ) (1.16)
e Tr ! [ 9 "( ‘n)
But
BB e =VRgRT,,
[ 3 PegRT, ‘& K
whence .L...;._

"~ &

Consequently, formula (1.16) will take the form

- el ),

Values of k are given in Fig, 1.8. Rati~- of temperaturc in the flow

r lie) ()

— 2"” - TO" ‘zfplror 0
I -k
o« 2“[‘ o 2“,[1.“-
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Fig. 1.8, Average adiabiatic index of combustion

products of lkerosene in air,

Ot ™ Vmg o

and using the continuity equation (1.12) and dimensionless

Introducing the critical speed

A= —T , we will obtain

Gup.r T ﬁ-—-l(p.-\’
_:.:g_-ﬁr ke 1\pg / r.
’ 2
g ﬁr+lx'

llsing the known relationship of gas dynamics

n,’ i
M’-—"'—-
1— = x'
k+1"

o)
and cubstituting values of M; and T /T
x"r

sou;tht quadratic equation

PN ey Te 1
( )1+1: h+Tu 14+ b

by solving which, we will find

’-o

-.Lt:t l__‘/[[____gi_ﬁth ,

oo | (1+%)° T ]

Aalogounly we will obtain
l’

PR PRV S

oo (‘+ ) Tu ]

“he help of equations (1.1&), (1.15) and (1.13),

.‘.] ti

vters of the gas at the end of the combustlon chamber,

-20=-

in equation (1.17),

coefficient of velocity

we will obtaln the

(1.18)

(1.181)

we will determine parame-




17 at the o o the pipe there occurs thermal crisis (AP = 1), then ecquation ﬁ;:
&8
(1,14} will take the form .
4
a1 Tu (1.19) ]
= L] T .
' 4
or in dimensions form 4
.._'-u _]/ l——"" )
M’ Gxp. x Te
i
Put Ar = 1,0, and the ratio 4 |
& T ]
‘&pn T t
i .
‘ whence |
. ) - -y 11— Te /T . : !
i Ta Pox (1.70)
i This equation shows that at thermal crisis, a completely determined value of Ax

al the beginning ot the combustion chamber correcponds to a given quantity of supirlled
heat, At TOr/TOx = 1, the coefflcient of velocity at the beginning of the pipe al:o

is equal to unity; for infinitely large heating », = O,

X
Critical heating of gas 1s possible with appropriate pressure at the beginning
ot the plpe — more correctly, with approprliate pressure ration px/q,.

According to the momentum equatlion, pressure drop in the pipe us equal to

o -'_"3( - =)
But P.r Pr wr
b
k=1,
2 % _1 Tk
[N | k 2 Kpre
k+1 ‘
thercfore, 1
- ®
Ar
L BPRER s —= ) (1.71)
k+1°

Consequently, to every valuc of flow veloclity at the beginning of the pipe and
i degree of heating, there corresponds a definlte value of pressure drop &,4}

The limiting value of jpressure drop 1s obtained upon achievement of thermal

¥ cricis (Xr = 1), 1In this case, on the basis of (1.19)
[ 3
1 i
- i
rﬂLl =1+ 1______. (4520
Pr Imax 3
i
"
With very strong heating Tﬁ.; ) p ressure drop can reach the larpgeit magnitude: : §
or 2
2
-23- ke
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1t pressure drop 1s less than required according to formula (1,22), then for

the given preheating TOr/TOx through the combustion chamber air will pass with

lower flow rate, coefficient of velocity Xr will be less than unity, and the ratio

of" velocities wx/wv will be established to be such, that it satisfies equality (1.,71),

Ry Increasing pressure at the beginning of the pipe, we willincrease flow

rate of alr and speed w, until, for the given preheating TOP/TOx’ XP becomes equal

X

to 1. With further increase of pressure Py flow rate of alir through the pipe will

be accordingly increased, and the ratio of speeds and pressures at the beginning

L7 [ and at the end of the pipe will remain
uw
a y E ?[. constant,
[ 3 < Let us determine the drop of total
v _ru N N pressure in a cylindricel pipe., According
—, -
“ to the equations of gas dynamics, we have
q \ va accordingly
2

P A4+1*

47
i [ ™ L-(l_""xg)r
Pec a1

Fiy, 1,9, Pitot losses in a combus-
tion chamber during heat addition
(F = const, k = 1,4), Dividing the first equation by the

second, we will obtain

._-'l: S£T
.I.CFL-_"'— _.L. . (1.23)
Pex f L—‘——-lg
k41

Pressure coeffi-ient oR o decreases with increase of Xx for constant degrees

ol' preheating, and with increase of preheating at constant velocity at the inlet,

T
This situation is graphically illustrated by the curve On.c-’( 11.1—.!) in Fig. 1.9
[ _§

whicl: was calculated on the basis of equations (1.,18'), (1.21) and (1.23) on the

asoump tion of constant value of k = 1.4,

The bigye.t drop of total pressure 1s obtained under the conditions of thermal

5);

el (AP = 1), Substituting expressions (1.20) and (1.22) into equality (1.7
we will exypress the total drop of total pressure as a function of the ratio of

stornntion temperatures

Dl

s




S ks

: (1.2)
|+.l/| ——
T

The dependence of @ on the ratio of stagnation temperatures during thermal

crisis, calculated for k = 1,4, by formula (1.24), 1s given in Table 1.1.

Table 1,1

i
TolTei t {18120 ¢ 6} 8| o ‘

Sp 1 |o89|0,08]0,81081]0,80]0,79

Conseqyuently, for prehcating TOr/TOx§ 4,0, Fitot losses almost attain their

maximum magnitude and compose ~20% of the total pressure at the beginning of the

combustion chamber, Pressure drop on the heat addition line, as follows from analy-

sic of the thermodynamic cycle, leads to decrease of net work (thrust) and net

ef'flclency of the engine., Thermal losses can be lowered by means of decrease of

the coeft'icient of flow velocity at the beginning of the combustion chamber A_, but

this leads to increase of dimensions of the engine, its welght and external drag,

§ 3. HEAT ADDITION TO A MOVING GAS IN A PIPE WITH VARYING CROSS SECTION

Heat Addition at p = const

Such a process can be reallized in a divergent pipe, the area of cross section

of which 1is selected 1n accordance with the law of heat heat addition, so that pres-

sure in the flow remains constant along the length of the pipe.

Let us consider the varlation of parameters of the izas along the length of the

nipe when heat added to the moving gas at n = const,

From the Bernoulll equation written in differential form

we have

Ur’.‘wl"l"s_ =0, (1.25) :

But since pr = px, then wp £ wx, i.e., flow velocity along pipe remain constant,

Total pressure of flow at the end of the pije
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(1.26)

(l—l¢+l )‘é"

Let us express x, in terms of xx. Since Wp = W, then

X v
13 G =gy )

and

: (1.27) )
- h-ry B

] Placing value Xr from (1.16) in (1.26), we will obtain

Pre = B . (1.28)
( .-"lf ]
B4
Ratio of temperatures of decelerated flow Tox/Tor is found by means of equation

of' enthalpy (1.15).
Replacing in (1.28) magnitude Py by pressure of decelerated flow

e

at constant value of k, we will have

— =1 1 ]
o =2 T ke . (1.29)
¢ P l—-.—ll’i -

Thus, during heat addition to moving gas at p = const, total pressure in flow

o s

1 also drops, and more, the higher kx and degree of preheating of gas Tor/TOX' are,
Change of cross section of pipe, necessary for heat addition to moving gas at

p = const, on the assumption of absence of hydraulic losses, is determined only by :

the law of heat addition. From continuity equation |
' - @ Fy=pmF, }

taking into account the fact that pressure and speed along length of pipe remain

X constant, we will obtain .
il > (1.30) 1
! Here subscript "i" denotes values in the considered cross section. . if
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Heat Adiition to a Moving Gas in a Pipe with Arbitrarily Varying
Area ol Cross oecction

I"Low of’ pas with heat addition in a pipe with arbitrarily varying arca of cross
sectlion can be calculated approximately by the method of numerical integration pro=-

posed by V, 5, Zuyev,

Let us assume that the gas flows through a pipe | L

of arbitrary cross section with a given law of heat \
addition (Fig. 1.10). Let us replace this channel

by circumscribed and inscribed step contours con=- )
sisting of n cylindrical sections.

Calculation of parameters of flow is conducted i

4

F
| I | consecutively from first to subsequent sections along

Fig. 1.1cC, .Analysir of flow both contours, with use of relationships obtained in
during heat addition to a

moving gas in a conical § 2 of the present chapter for the case of heat addi- ]
convergent ripe.,

SR

tion to a movling gas at F = const,

Transition form one cylindrical step to another 1s considered to bhe adiabatic,
Results obtained along btoth contours are averaged, and the aritmetic mean is taken
as the true result, The larger the number of sections n into which the channel is
divided, the higher the accuracy of the calculation,

The method expounded below 1s useful for analysis of flow in a channel of any

arbitrary geometrlec form, but two cases may be of practical interest - heat addition
to a moving gas in divergent and convergent conical channels. As an example we will i
consider the latter case, Parameters of the gas at the channel inlet Wis Pqs Ti’ Pqs
areas of inlet and ocutlet cross sections and the law of heat addition along the
length of the channel are glven.
It 1s required to determine: parameters of flow at the end of the channel,
pressure coefficient O o permissible (critical) heating of the gas for which XA
will be equal to 1.0 at the end of the channel,
The formulated problem is solved in the following way, We divide the channel
into n (in Fig. 1.10, into six) sections and perform successive calculation of change
of parameters of the flow along the outer (circumscribed) step contour.

The quantity of heat added in each section will be

<a-'f ol (1.31)

k-

.
Ny

e 3

P i = R R DUMEEEY
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We will determine the temperature of the flow at the end of each 1-th section

by the heat balance equation
Q = ¢y Tu —Cpr~1Tur-1=6piTs — ST -0+ —:" (wf—l). (1.32)
Flow velocity at the end of the first section of the outer step contour will

be found according to the relationships

S .h_-"“ Ty |
L [ ‘/ W+ 5)5-1":"1 (1.33)

and

- __ 1,34
= (1.34)

With transition to second section, coefficient of velocity is determined by

(1= A5 - ”"’(' i (2.35)

Ratio of velocities at the end and at the beginning of i-th section will be

the formula

obtained by means of an expression analogous to (1.33):

_m-mz-'_t‘_%-_n[,_‘/._ g i]

- Pimep nz_" 1 +xu_|)) Toi-p

Then we make adiabatic recalculation of velocity at the end of this section:

h—1 ! F k-1 n
W Pl B Y\ P (=1 —rl
‘(l i o e (1= 4 Y

We will take Xi as veloclity at the beginning of the section, etc., up to the
last section. We will complete calculation of the outer step contour by adiabatic
recalculation of velocity X6Hap for the ratio of areas F5/F6 by means of the formula

(1.35), and will determine X6Hap'

We will start calculation of flow along outer contour with determination of
coeffticlent of veloclity at beginning of first section by means of relationship
analogous to (1.35):

e i ad

Then we will find coefficient of veloclity at the end of the flrst section of
inner countour Az, recalculate velocity at beginning of second, third sections, etc,,

until determination of X6nx5 this is analogous to calculation according to the outer

contour,

~28-~




Coefficient of velocity at the end of the channel will be determined by the

rciationship

1
ll-_zohn'*')‘lu)' (1.36)

Pressure at the end of channel will be found by means of expression (1,21)

2B (- 2) |

k—1
l-li-ll.

and | ressure coefficlent — by (1.23)

|- —

;h_ k+‘ 1 A1
[ k=1,
: k418

%.c™

ir X6 < 1,0, then this completes solutlon of the first problem — determination
of parameters of flow at the end of the channel and the pressure coefficient, 1r
at the end of some section (including the last one), as a result of calculation
, coefficient of velocity is obtained to be larger than unity, then the given heat
addition is above limiting.

Limiting heating can be determined by the above method, by successively taking
total value of supplied heat Q until there 1s obtained convergence, i.e., until given
quantity of heat corresponds to transonic speed at the end of the channel,

Calculation of flow of gas with heat addition in a chanrel of variable crous

sectlion by method of numerical integration is cumbersome and labor-consuming, but

| division of channel into a sufficiently large number of sectlions gives very high
accuracy. It 1s necessary to indicate, however, that in motors heat addition along

\ the length of combustion chamber (1.e,, burnup) depends on many factors — organiza-
tion of carburetion and burning of fuel, parameters of flow of air, geometric form
of chamber, etc, Therefore, during calculation of flow in combustion chamber of
variable cross section, 1t 1s impossible practically to assign in advance a law of

heat addition, although total amount of supplied heat 1is usually known,

: § 4. Influence of Flow Veiocity on Characteristics
ol the Combustion Chamber

Above it was indicated that thermal efficiency of the engine is increcased with
increasec of air pressure at the end of compression, For increase of Ps (see Fipg., 1.2)

at riven speed of flight, 1t is necessary to try to decelerate air at the end of the

-29-

B e

— e v, a0 " R AT A o A v c . rof W

ARG b 2 o S et
’
.
.
i o .

i
{
E




'Fig. 1.11, Change of total

diffuser as much as posrible — Woe Decrease of speed Wo is possible by means of
increase of area ratio FE/FO' i,e,, the cross=-sectional area of the combustion
chamber F,. However, considerable increase of area ratioc FE/FO leads to impermis-
sible increase of dimensions, weight and external drag of the engine,

In a ramjet engine, total pressure of air at the end of compression Po2 depends

on work of the diffuser and is determined by the relationship
Pez ™ Ubse
wﬁere Op — pressure recovery factor in diffuser;
Poo — total pressure during adiabatic deceleration of flow,

In engines of usual design, flow velocity at the end of the diffuser 1s always
subsonic (ke << 1.0) and usually is equal to Xg = 0,15 to 0,25, in rare cases
attaining ke = 0,4 to 0.5, With such values of XE’ the ratio of statlc pressure at
the end of the diffuser to total pressure of the decelerated flow pg/p02 1s accord-
ingly equal to 0,985 to 0,855, Thus, change of flow velocity at the beginning of
the combustion chamber, even within such a wlde range as XQ = 0,15 to 0.5, does not
in practice directly affect the magnltude of thermal efficiency of the cycle,

Increase of velocity at the beginning of the combustion chamber 1s not desirable
for other reasons: wlith increase of xe proportionally to the square of velocity,

hydraullc losses Ilncrease and, furthermore, thermal losses are lncreased,

Decrease of the ratio of total pressure at the end of the chamber po} to
total pressure at the beginning of the champer for Ppps which 1s caused only by
hydraylic losses, 1r shown in Fig. 1.11 in dependence

i: l#@l upon coefficlent of flow friction ER.O and veloclity
a 2 and coefficient at the end of the diffuser xz. From
this graph it 1s clear that if, for instance, &K.c =
o NN = 3.0, then with change of \, from 0,15 to 0.5 losses
¢ of total pressure at the end of the combustion
a chamber as a result of hydraulic losses will compose
[ aQ qQ @ a8 A

accordingly in first case only ~4%, and in the second
will increase to 40% of the total pressure at the
pressure at the end of the beginning of the combustion chamber, Due to this, at

enbiusielion) elamber, | dEgends A, = 0,5 net efficlency and thrust of the engine will

ing on &, ,c and X,. 2

worse,

The discussed example shows how lmportant it 1is during creation of a combustion
chamber to try to its flow friction as much as possible, especially for high flow

velocities at the end of the diffuser. High flow velocities at the beglnning of the

combustion chamber are also not desirable from the polnt of view of organization of
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the procecss of burnlng ot thel, since they cauce stabilliration of the flame to
become worse, and for ensuring stable burning it is necessary to Incrzase dimensions
of the flame-holders; but this, in turn, leads to 1increase of flow friction of the
‘lame front devices with all of the above-indicated negative consequences,

Furthermore, with increase of flow velocity, burning of two-phase fuel-air
mixture becomes worse, slnce time of stay of fuel in the combustion chamber decreases,
acz 2 result of which in a number of cases (at relatively low temperatures of flow
tf'or insufficiently fine atomizing of liquld fuel, during burning of solid fuel,
ete,) combustion efficiency of the fuel n, decreases, For increase of combustion
ci'liciency in this case, it 15 necessary to increase length of combustion chamber,
and consequently also welght of the engine.

§ 5. Dependence of Engine Characteristic on Combustion
Erflclency of Fuel

Combustion efficlency of fuel 1, 1s one of the basic parameters characteriring
perfection of the econbustion chamber,

Analysis of thermodynamic cycle of an alr-breathing jet engine shows that at
constant net efficiency, net work, and consequently also engine thrust are projor-
tlonal to the quantity of heat Q1 added to the gas, Heat is introduced into the
combustion chamber in the form of chemical energy of fuel, In the process of burning

there i1s not released all chemical energy of the fuel, but only part of it:

& (1.57)
el

where Ggq — fuel consumption in kg/sec;
Hu — lowest calorific value of fuel in kecal/kg.

It 1s obvious that at a glven value of Qi’ which provides a given engine thrust,
fuel consumption GT will be greater, than less N, is, Consequently, fuel combustion
efficiency 1in all cases directly affects magnitude of engine specific impulses:
specific impulse J is changed proportionally to n, .

In turn magnitude of engine specific impulse determines range of powered t'light

of an aircraft with engine working, By the formula of Tsiolkovsky

1
L b kJVln l__b"o

.

where k — lift-drag ratio of the alrcraft;
o = englne specific impulse;

¥V — sperd of flight in m/sec;
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T — relative fuel welght.

At constant fuel consumption, engine thrust naturally decreases with decrease
of Ny However, at certain values of a > 1,0 and not very low combustion efficiency,
decrease of n, as compared to its design value can be compensated by Ilncrease of
fuel consumption.

On the basis of (1.37), total quantity of heat added to gas, will be
Q =G, (1.38)

Quantity of heat added to 1 kg of gas:

(] Gr
- - H 1.
“T%te T ata (25
But fuel consumption is equal to
-l 1,40
G, ! ( )

where a — excess air ratio;

Lb —~ stoichiometric coefficient — theoretically necessary quantity of air for
full combustion of 1 kg of fuel,

Consequently, it 1s posslible to write

-H,—2 1.41

To provide the given thrust it 1s required that for any values of N, magnitude
of a4 be constant. It follows from this (if we disregard the insignificant change
of mass of combustion products during small change of a) that the magnitude of
“z/(i + aLo) must be constant, Compensation for incompleteness of combustion of
fuel by increase of its flow rate 1s possible as long as @ =~ 0.9~1.0. With further
decrease of a, temperature of gas, and consequently also englne thrust will decrease,

§ 6, Peculiarities of Thermodynamic Processes
at High Temperatures*

At high speeds of flight of aircraft or use of nigh energy propellants, tempera-
ture in engine combustion chamber can be higher than 2000-2500°K. At such high
temperatures, there starts to notlceably appear dissociatlon of comiustion products.
Since the dissoclation reactions are accompanied by absorption of heat, then as a
result gas temperature will be considerably lower than in the absence of dissocla-

tion.

*§§ 6 and 7 were written jointly with V, A, Chernov,
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Fig. 1.12, Theoretical feod | | (o))
temperature of combustion
products of kerosene in
air both without taking 0 ! bor keal/ky !
into account, and taking Fig. 1.13. Change of composition of combustion A
into account dissociation products of kerosene 1ln alr depending upon en-
| (e =1,1; p = atm (abs.)). thalpy of mixture (a=1.1; p = 1,0 atm (abs.)).

In Figs, 1.12 and 1.13 there are given graphs of change of temperature of com-
bustion products of kerosene in air at a = 1.1 and weight fractions of components
depending upon magnit-ide of enthalpy of the mixture 1o In Fig, 1.12 the dotted
line illustrates the temperature change curve in the case of absence of dissoclation,

From the graphs 1t is clear that process of dissociation starts to noticeably chow
up approximately at T = 2000°K. To a temperature of ?SOOOK the influence of dissocla-
tion 1s weak, and in certaln approximate calculations it 1s possible to disregard it,
At T > QSOOOK in all calculations we should consider influence of dissociation on
thermodynamic properties of components of combustion products, ]
Errors appearing when influence of dissociatlion reactions is disregarded can
be estimated by examining Ffa, 1,14, Curve a on this figure corresponds to procecs
of isoentropic compression ot air to full deceleration in the absence of dissociation
of the air components, Curve b corresponds to the same process, but taking inio
account influence of dissoclatlon; curve c corresponds to the process of combustion
of hydrocarbon fuel in "decelerated” air in the absence of dissociation of combustion

products, and curve 4 — to the procers of combustion taking into account dissociation,
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Thus, curves b and d correspond to real processes,

™ / At very high speeds of flight, temperature of

3
// gases after "combustion" of fuel can be even
c

less than initial temperature of air, This is

explained by great expenditure of heat on dis-

“on /
)/a sociation,
. b/' At high temperatures, the value of tempera=-
// ture 1tself cannot completely characterize energy

Joe} ° / /7A state of system. Really, in the last example

=) temperature of combustion products turned out

4 to be lower than temperature of air in which the

fuel burned, but enthalpy, the total energy of

2000
V/ the system, will of course be much higher than

//q the enthalpy of the alr, This energy can be

realized in the supersonic nozzle of the engine,

00g | //r where durlng expansion of gas 1ts temperature

7 will decrease and there will occur a recombination

reaction with liberation of heat, It is true that

! 4 ¢ s N Mg
the quantity of returned energy will depend on
Fig. 1.14. Theoretical change

ot alr temperature and combus- degree of equilibrium of the process of recombi-
tion products of kerosene

burned in ailr both taking into nation occurring in time, i.e., on to what degree
account and without taking into

account dissociation, depending the recombination reaction will have time to

upon Mach number of flight (a =

= 1,13 p=1,0 atm (abs.)z. occur during flow of the gas in the nozzle,

a, b) air; ¢, d) combustion

products, To avoid impermissibly large errors during

calculations of pr :cesses accompanying noticeable
d4lssociation of components, it is impossible to use thermodynamic relationships for
a pas of con: tant composition., For instance, Mayer's equation for reacting mixtures

takes the form

¢y—cy= A[R+r(g£-)'].

Tn this expression the term 1'(:—:) under certain conditions becomes close in order
’

of" magnitude to R.

Chemical processes also influence adiabatic index k, which in the case when

composition of the gases varies -during the given process is determined by the ratio

~3Y4-




§ 7. Calculation of Composition of Combu~tion Products
at High Temperatures

The rate ot chemical reactions is measured by change of concentration of reac-
tants per unit of time., On the basis of the law of mass action, the proof of which
is given in courses in chemical thermodynamics, rate of reaction at every given

moment is proportional to the jroduct or' concentrations of reactants at thils given

time, TFor reactions cf the type

aA + bB==cC +dD
reaction rate 1s equal to
V = kel
where k — rate constant of the reaction;

ca and cp — are respectively concentrations of substances A and B,

They are ~xpressed usually either by the number of moles or the number of
molecule  pe - unit volume (usually per 1 cmB).

Fc: lnstance, for the reaction HP + 0.503 = HPO, rate of water formation

Vy = ke, -cif2.

All reactions are chemically feversible, l.e., they can go forward ac well &
in the opposite direction. TFor instance, for the reaction Hp + O.GOR ==ly()thn
resultant rate of formation of water is

VoV —Vy=Riey -2 —key .

Upon the expiration of a certain time, rate of formation of water V and rate
of its decomposition V2 will be equal to each other, Then there will exist chemicnl

cqjuilibrium of the system, which for the consldered example glves

kICH.-C")‘n-— kfup =0

or
172
€y €,
kru‘;--EL-ss—lh_gL.. (1.4 )
&y N0
The quuantity kHl 0 is called the chemlcal equilibrium constant for formation
~y
o water Crom oxypen and hy hropen,  auilibrium conctant are determined by,
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experimental means, are functions of only temperature and do not depend either on

pressure at which the mixture i1s reacting or on the presence of other impurities,
According to the Avomadro's law, partial pressure of every component of gas

mixture 1s proportional to the number of gram molecules of considered substance 1n

the given volume. Consequently, eqailibrium constant can be expressed in terms of

partial pressures:
1/2

i;u.o"'!;“%'- (1.43)
Let us note that the numerical values of the equilibrium constant expressed in
terms of concentrations and in terms of partlal pressures are different (k; # kp).
They turn out to be identical only in that case when concentrations are expressed
in moles, and the number of moles before and after the reaction remains identlcal.
Depending upon temperature, equilibrium shifts in one direction or another,
Al & temperature below 1700°C, dissoclation of HEO, CO2 and cther combustion products
is insignificantly small; the reaction of formation of these substances 1s practi-
cally irreversible; at a temperature over 4000°C combustion products are practically
completely dissoclated, Degree of dissociation increases with decrease of pressure,
Dissociated combustion products of hydrocarbon fuels 1n air contain 002, co,
H. 0, CH, H?, H, 02, o, N2, NO, N. Analysis of the composition or dissocilated com-
bucrtion products 1s carried out by means of simultaneous solution of equations of
~quilibrium and material balance.
Equatici, of material balence during turning of hydrocarbons in air can be
written in the following form:
CHa+eLON,, = nC + mH + aL 1,0 4 aLgm\N. (1.44)
Thic equaticiy shows that the number of atoms of each of the four elements (C, H, O

and N) 1is not changed durirg burning. Ratlos of weight fractions of these elements

will also remain constant:

!!'—-M-a

e
& ich

W el

& re '
whiere 11 — molecular weight of components,
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On the other hand, ratios of welght fractions of elements can be expressed in
terms ot partial pressures of substances containing the given elements, Thus, carbon
is contained in CO2 and CO; hydrogen — in HEO, OH, HQ’ H; oxygen — in COE, co, HEO,
OH, 02, 0, NO; nitrogen in N2, NO, N.

In one gram mole CO? contains 12 g of carbon; the same gquantity of carbon is

contained in one gram mole of CO, The total amount of carbon will be equal to
1
—_—f12M +‘2Mm)k
looo( ot &

where M — number of moles of the given substanc~ ’ _ uI' comopusciun products,

Put. according to Avogadro's law partial pressure of the glven substance is propor-
tional to the number of gram moles In thls substance in the given volume, Then the

last expression can be rewritten 1n the following form:

12 M +
i s pm)kg
1000 P3 (v ’
where M. — number of gram moles of all substances composing combustion

products;
by = total pressure In combustion products;

pCo2 and Poo — partial pressures of CO2 and CO,

Analogously to this, the quantity ol hydrogen in 1 kg of combustion products
is equal to
1 M
—— "= (2pu0 + 29w, + P + Pow) [kel.
1000 p,

Then esuation (1,45) can be written in the following form:

a-‘i-ﬁ”"-°+2’"'+’"+’°"
& I Poo, t+ P

P} _ o ¥, +Poo + Pupo +Pon + 2o, + o +Pno i (1.40)
&k ', P, Po

b--‘i-"i 2Pu'+ﬂso+ﬂu
& #c Po,tPo

The fourth will be equation

]
~=Yp. (1.47)

which shows that the sum of all partial pressures is equal to the pressure in the

chamber,
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The total number of equatlions should be equal to the number of unknowns,

But 1n dissociated combustion products there can be contained eleven substances,

we will write seven more equations of chemical equilibrium:

k’-ﬂ'&

Puohoo

A, = ko

e

)

Therefore,

(1.48)

By solving this system of eleven equdtions and determining partial pressures

of every component of the mixture, we find the welght and volume fractions of these

components, and then by the same relationships as for undissoclated gases we find

thermodynamic parameters of the dissociated combustion products of - u, R, 1, s, cp,

CV.

method of successive approximations,

proposed by Vanichev [2].

or

d [(‘A]/dt.
they are removed; 1i.e.,

reaction does not occur,

k

There exist many methods of solution of this system of equations based on the

We will conslider the chemical reaction equation

aAl +bB35cC +dD
A+2B=cfc+Lp.
a . a a

Let us conslder the most convenient method,

We will find the time derivative of concentration of the first substance

Let us assume that with the appearnnce of substances in the right side,
the formation reaction flows irreversibly, and the reverse

Then change of concentration of first substance A depends

on number of collislons of i1ts molecules with molecules of substance B per unit of

time, which decreases with consumption of

of’

mas

s action,

=38~

substances

A and B,

According to the law




- g —————
’

k-

il_:tél— = = kylcal,-[calf

iInder real condltions, along with the forward reaction of formation there also
occurs the reverse reaction, which increases concentration of substances A and I},

Thus, total rate of reaction will be
Aeal o — yfeal-lealte + kyleck- feolf,
Expressing concentrations in terms of partlal pressures, we will obtain
e R

Replacing the derivative by the ratio of finite differences, we will obtain

—-———p'w'::—pu = — ko Pyt + kP50 -PEE
whence

- ,
Prtsan = Py + by Ot [fﬁ“'”‘"“ﬂu'#] .
1

]
Inasmuch as the magnitude of At 1s arbitrarily chosen, we will replace k1 Lt

by an arbitrarily selected magnitude €. Then, taking into account (1.42) it is pos-

silble to represent system of equations (1.48) in the following form:
: Poo, ‘
M-pm+§[kp|_u_;-Pm]o
Po,
P = By + E [k, 2L — pif]

Po = Pot E[kaPl — Po].
P = Py + & [P — Py

(1.49)
. Puo 1
M.-pw"'t[kp.’_"(.;_pm] ’

Pu =Py +% [k,. ";:"’ —p;.,] A

Pro = Pieo + & (& N1PY? — Pxo]-

Usually there is taken the magnitude £ < 0,5, Let us note that with increa:e

of £, the necessary number of approximations decreases; at the same time this can
lead to divergence of the equations, The obtained system of equations can be con-
veniently solved in the following way:

First approximation, Take partial pressures (usually zeroes) of substancec

expressed In terms of chemical equilibrlum constants, 1i.e., Peor Pyr Por Py Poye

i

R e
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Py » Pyoe We put these values in equations (1.46) and (1.47) and solve them ex-
2
plicitly for the remaining partial pressures p s P y Pn » Py » These four found
002 H20 O2 N2

values of partial pressures we put in equations (1.49), replace in these equations
!
¥] the partial pressures marked with primes(pco pé, etc,) by the initially given Y
] »
values (usually ~eroes), and find new values of the seven partial pressures Pgo?

Pys Pg» etc.

Second approximation. The new found values of seven partial pressures we put

in equations (1.46) and (1.47), find new values of pCOQ’ pHoO’ po2 and pNz’ put them

in (1.49) and find new values of Poor Pys Poye €te. Calculation is continued until
results of the last two approximations differ by a magnitude less than the given one.
Thus, calculation of composition of dissoclated combustion products 1s a very
labor-consuming task. At present these calculations are conducted on high speed
electronic computers, By the obtalned data there are constructed diagrams for the
glven mixture ratio a and fuel combustion efficilency N, which are used during analy-

sis of thermodynamic processes,. I

§ 8. LOSSES OF PRESSURE IN COMBUSTION CHAMBERS

Flow of air through the combustion chamber 1s accompanied by losses of energy ;
and losses of total pressure of flow [Pitot losses]. These losses appear due to
i flow friction of the gas-air channel and due to heat addition to the moving gas.
] Hydraullc losses and heat addition cause variation of parameters of the flow —
pressure, density, velocity — along the length of the combustion chamber and a cor-
recponding distribution of flow rates of air along 1ts contours.

Hydraulic losses are composed of losses due to friction of air against walls

of the combustion chamber and local losses — losses due to eddy formation, appearing

during flow around the flame-holders, fuel manifold, precombustion chamber and other
bodies installed in the chamber, and also from losses appearing during mixing of air
cvolant with combu-tion products during air-boundary cooling of walls of the combus-

tion chamber,

FLOW FRICTION OF BLUFF BODIES (FLAME-HOLDERS)

} Losses of pressure due to eddy formation appear mainly during flow around flame

t'ront devices — fuel manifold, precombustion chamber, flame-holders, mounts of these

elements to walls of the chamber, etc, Drop of total pressure by the formula




Cx where € — coefficient of local flow friction;
- = T W — flow velocity to which coefficient of
a8 r’dﬁ”( local friction is referred.

i/{ x t | To the investigation of “low friction of bluff
oL 7° i bodies in fluld flow are dedicated many theoretical
1t 12 I3 e 15 6 17 I8 &

17, 1,15, Dependence of and experimental works; however up to now this ques-
drag coefficient on a and Re

for V-shaped flame-holder tion has not been finally solved.

with vortex angle B = 60° in

half-open flow. O — Re = It i1s known [3] that during turbulent flow of

f = 6+10"; A~ Re = 9-10“; a real liquid, drag coefficient of a bluff body Cy
X = Re

4
13.40°,

-e

depends on its geometric form, the degree of obstruc-

tion of the pipe by bluff bodies, relative location of hluff bodies to one another

PR

and to the wall of the pipe.

Under conditions of infinité or half-open flow (bounded by two walls),drag co-
efficient of a bluff hody with combustion in the wake behind it conslderably decreasoes
as compared to flow without combustion and depends on air-fuel ratio a,. Thus, acrord-

ing to experimental data obtained in half-open isothermal

]
, “} Re=s.5-10° flow at Re = 5-10“ to 11-104, drag coefficlent of a

V-shaped flame~holder with vertex angle B = 60° is equal

to ~1,12, and with combustion in the range a = 1,15 to .',¢

1s correspondingly lowered to 0.75 to 0.85 (P, 1.4%),

and thus decreases somewhat with increase of Reynolds

number,
Decrease of drag of flame-holder during burning 4n

its wake in an infinite or hal’-open flow 1s explained by

the fact that due to heat emission there is increased

pressure in the stern region, the flame-holder to be con-

-1
Fig. 1.16. Change of siderable degree loses the properties of "bluffness" and
Jdimensionless pressure
F = (p - py)/a, on

front and rear surface
of a flame-holder dur-
ing combustion and

without combustion in
half-open flow,

expenditures of energy of the flow on cddy formation

decrease,
In Fig. 1,16 there 1s shown the pressure distribution ]
of front and rear surfaces of a stabilizer placed in an ]
isothermal flow, and during combustion, In this filiure
along th~ axis of absclssas there is plotted the dimensionless length of the

feneratrix of the stabilizer

{
I-%z"
1
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and along the axis of ordinates — the dimensionless pressure

- P~Pu
P e

where p and Py = static pressure on surface of a flame-holder
at a given poilnt 1 and in an undisturbed

flow in kg/mg;

Ay = impact pressure of undisturbed flow in
kg/mg.

In pipes, drag of bluff bodlies during combustion and

without combustion depends un degree of obstruction of the

Fig. 1.17. Determina-

tion of flow friction area of cross section of the pipe by these bodies T =

coefficient of flame- FOT
holders, = With increase of degree of obstruction of the pipe
TP

there 18 1increased drag of the flame-holders in a cold flow, and, to still a higher
degree, their drag during combustion. Thus drag during combustion can become equal
to or even hlgher than drag in the cold flow. There are known experimental data,
according to which drag coefficient of a flat disk d = 47 mm, fixed in a pipe d =
= 57 mm, during flow around 1t by a cold flow, is equal to ~1,5, and during combus=-
tion (@ = 1,7) increases to 3,0,

During flow 1n closed channels of uniform cross section, the relation between
drag coefficient of the bluff body

2R (1.50)

Cpm ——,
£ o

where R — drag force in kg/me, and the local flow friction coefficlent

g..lE!L
put

can be found from conslderation of the momentum equation and Bernoullil's equation,
According to the momentum equation, the resultant of aerodynamic forces, acting

on the bluff body (Fig. 1.17c) is
R 8pF oy — pym (3, — ) Fo

where Ap = Py = Py — drop of static pressures caused by local friction, in kg/mg;

Wy and Wy = respectively average flow velocity in cross sections 1 and 2 -
before and after the bluff body — in m/sec;

pq — alr density in cross section 1-1 in kg-sec?/mu;

F  — area of transverse cross section of the pipe in m?.

TP
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According to the Bernoulll equation, for sections 1-1 and 2-2 1t 1s possible

to write
"’"’"””'“’""_h':"'—_h;’_" (1.52)

Placing in (1.51) the value of R from (1.50) and of Ap from (1,52), we obtain

oo, e
| G T Mt T Ty —hme—w)

or after certain transformations with the use of the continuity equation

¢’_ﬂ-_‘_’§.4’.1_;ﬁ_

Tl el P
! . i
i whence
f ﬁ"fvp'*‘l-‘s" (1.53)

For an incompressible liquid (p, = p2) we will have

! =il (1.54)
As Kuptsov showed, losses of total pressure during flow around flame-holders H
ﬁ in a pipe can be considered as losses due to sudden expansion. During flow of an

incompressible liquid in a channel with sudden expansion (Fig. 1.17a), losses of

pressure are determined by the formula of Borda
. —_)t
2

It 1s obvious that the relationship will also be valld in the case of the flow

l shown in Fig, 1.17b. For this case F1 is the area of the ring bpetween walls of the 7
pipe and the central body. It is possible to expect that such a relationship will
also determine losses of pressure and during flow around a fiame-holder fixed in

the center of & pipe (Fig. 1.17c), but in formula (1.55) instead of velocity We — r

in the narrowest section of the stream, which is located at a certain distance trom

the fleme-holder., Magnitude of compression of the stream, which we will estimate

by contraction coefficient of the stream

o Fe

L
basically depends on geometric form of the body 1n the flow, If the front part of H

the body ends in a section whose walls are parallel to the walls of the pipe, then

the fluid t'low is not subjected to additional compression and a = 1,0, During flow r

around a flat obstacle (disk or plate fixed perpendicularly to the axis of the pipe),

there occurs maximum compression of the strcam and coefficient a has maximum value,

=4z
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In work [3) 1t is shown that during flow through a hole in a diaphragm from

one channel into another or into free space, the contraction coefflelent of the

stream is determined by the formula

!
u-m- (1.56)

where n — damping coefficlent of the inlet depends on viscosity of the liquid,
geometric form of the body, rounding of edges of the hole in the alaphragm, etc.

Thus, during flow around a flame-holder, expression (1,55) will be written in

the following form:
P (W —1
Ap.-_ 2 *
Whence, referring loss factor to impact pressure in sectlon 1-1 and disregarding

change of density on section 1-2, we will have

-(3-2)

For an incompressible liquid, in (1.57) the velocity ratio can be replaced by

the area ratio; then

If we take into account (1.56), we can write the last expression in the following
F, L]
= — £
k. K

=V vln-h) (1.58)

If the drag coefflcient is referred not to impact pressure in section 1-1, but

form:

or finally

to impact pressure of the incident flow, then for incompressible liquid we will have

b= (Vo) i (1.59)

For V-shaped and conical flame-holders !ocated in an air flow, damping coeffi-
cient of the inlet depends only on the vertex angle of these flame-nolders B°. Ex~-
perimental dependences n = f(B) are shown in Fig, 1.18,

Relationships (1.58) and (1.59) may also be used for calculation of flow fric-

tion of an array of flame-holders located in one plane or echeloned along the length

=44~




g of the combustion chamber, In the first case T&p ia
determined by the total area of all flame-holders,
L -—$%\i but € is calculated by (1,59)., With echeloned place-
a - ‘\\ ment of flame-holders in the pipe, if the distance
between them (along axis of pipe) is equal to or larg
4 - then length of the zone of counter currents (with cold
] X \ flows the length of the zone of counter currents is
\Nb equal to 1,5-2,0 helghts of the flame-holders), drag

N I T

coefficient of the array will be equal to the sum of
Fig, 1,18, Damping coef

R T

er

SWSPOP N RS

flcient of inlet 71 = f(B) drag coefficients of each flame-holder, If axlal dis-

for flame-holders: 1 —
conical, 2 — V-shaped, tance between flame-holders is less than length of

vone of counter currents, drag of the array will be increased.
As was shown, flow frictlon of stabilizers during combusticn can be smaller

than, equal to or larger than friction flow during cold flow due to change of the

contraction coefficient of the stream, which depends basically on degree of blockage

of the pipe and, to a smaller degree on relative increase of the temperature of the

flow 1 = TOP/TCX‘ Functional dependence of € on TTp and 1 at present has not boon

established. However, experience shows that at T& £ 0,5, coefficient of flow fric-

D
tion of flame-holders during cold flow and during combustion remains practically

the same,

Flow Friction of Fuel Manifold and Mounting Eleln.ents
Flame Front Devices fo Walls of Conbustlon Chamber

In combustion chambers of ramjet engines and afterburners of turbojet engine:,

fuel manifold 1s usally made from pipes of round or elliptic shape, which in the

form of rings or radial branches are located in the same plane or echeloned alons

the length of the combustion chamber at certain distances ahead of the flame-holders

Precombustion chamber, flame-holders and fuel manifold are fastened to walls of
combustlon chamber with help of braces or pylons,

Tt ic possible to calculate losses of pressure on these elements by means of

the formula

Ap, "E'%EL“

Reslstance of such bodies during external flowing around them is usually esti-

mated by the drag coefficient Cy- The relation betweern £ and Cy is established by

=452
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&
relationships (1.53) or (1.54). Values of c, for certain bodies are given in
Table 1.2 (plane-parallel flow) ([4].
" Table 1,2, Values of Drag Coefficients for Different
Bodies .
Type Diagram Re € Parameters
-«
Circulay. a >8.100 |0,3--0,4
cylinder e _@ <510 ]| "1,2 -
Wire 1.1
Plate with 5
fo— 106 0,78 d
edges ’ "] 5 — = (,0333
rounded = e | 008 | %
along the
arc of & . -
circle, - .
] ries | o | £ g 0m
Profiles of ' P t -
different » .
thickness - 0,006 ‘L 0,125
: 0,080 .:— =0,197 .
Profiled wire, 3-10+ 10,3-0,¢
] pipe, and so 2&‘ l0¢
- forth ° =
Profiled steel| ¢ | S| 02 | £ 45
pipe (drop- - ¢
shaped d
| profile). . LA =0,33

Taking into account (1,54), it 1s possible to estimate hydraulic losses on

fuel manifold, mounting braces, and so forth, by the formula

Ah -.CJ""&.

Total Pressure Losses in Combustion Chamber

Total coefficlent of flow friction of combustion chamber

1.7} {
i

i
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where = — sum of all hydraulic losses on friction of gas against walls and

AP0 puap
2
Pa¥y

local losses on flame=-holders, precombustion chamber, fuel manifold, etc.;
average impact pressure of flow of alr at entrance to combustion chamber,

The "specific weights" of different components in the total sum of hydraulic
losses are unequal,

The main fraction of the total hydraulic losses is composed of losses on the
flame-holders, Friction losses, local losses on the fuel manifold and structural
elements are so 1nsignificant that in englneering calculations it is possible to
disregard them., However, we should emphasize that losses due to friction of air : .
agalinst the walls in an annular channel, in spite of their relatively small magni=-
tude in the total balance of losses, very slignificantly affect the distribution of
flow rates of air along the contours of the combustion chambers when they are 1
referred to the entire flow rate of ailr through the chamber, and therefore have to 3
be carefully determined,

Pitot losses in the combustlon chamber are expressed by the pressure coefficient

Og.ce Pitot losses caused by flow friction of the combustion chamber are determined

by the relationship

l".: ‘
ikl
‘i.c.rnp-".l" Pt . ?’

In § 2, Chapter I, it was shown that heat addition to a moving gas 1s also accompanied

by Pitot losses, which are increased with increase of flow velocity and degree of

preheating of the gas. These losses are determined by the formula

A—1 ., \.b

- ‘—h+ll‘ =T

P Ll Ry
-t ) 1

s, ¢. rens

Overall hydraulic and thermal losses of total pressure can be evaluated by the

total pressure coefficient

% .o ™% ¢ rmap'Pucoroms o
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CHAPTER 1II

CARBURETION

§ 1. GENERAL CHARACTERISTICS OF CARBURETION PROCESSES

Carburetion is the primary preparatory process in combustion chambers in air-
breathing jet engines (BPL). As a result of this process liquid and vapor fuel
are distributed over a given volume of the chamber in definite concentrations, which
are able to support the chemical reaction of burning. Range of stable operation of
the chamber and rate of combustion, as well as other factors (temperature of the
medium, turbulence in the flow and others), depend on the quality of the mixture on
local air-fuel ratios, relationship between vapor -.1d liquid phase, dimensions and
velocity of the drops, etc, Atomization by lnjectors 1s the most wide=spread method
of introduction of fuel into the chamber. Along with swirl inJectors, which give
a comparatively wide cone of fuel, there are successfully applied direct-spray
atomizers, the axls of hich 1s set at a certain angle to the flow,

Carburetion represents a complicated complex of separate elementary processes
interacting with each other, Let us trace the sequence of these processes in the
Jjet of a single atomizer,

Fuel in the form of cylindrical stream or the sheet of a swirl in'ector enters
the flow passing through the chamber. Usually at a small distance from the place
of injection (0,5-10 mm) disintegration of the stream is completed. From this moment,
drops start to move along definite trajectories as a system of separate material
particles, Simultaneously with entrainment of drops by the flow, they are heated
by the heat of the surrounding medium (or are cooled, for instance, for heated fuel)
and are vaporized,

The system of moving partlicles determines the profile of concentrations or
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specific flows of liquid fuel, and vapor mixed with alr creates a distribution of
concentrations of gaseous fuel mixture, Vaporized drops upon approach to the flame-
holders partially settle on their surfaces, and partially penetrate into the zone
of burning,

Experience shows that a sta’ @ and intense process of burning in the chamber
of an air-breathing Jjet engine . . be organizéd for a mixture which 1s close to
homogeneous (w@th small contents or complete absence of liquid phase), as well as
for a mixture proceeding into the flame zone with a large percentage of vaporized
fuel (30 to 60%). In the latter case there appear local regions of fuel concentra-
tions, and drops in the flame are quickly vaporized, supporting the process of com-
bustion, When speeds of the drops are low and the level of turbulence of the flow
1s low, sometimes diffusion burning of liquid particles or burning of vapor in the
stern zone after the drop is possible, In the flame front and behind it, liquid
particles, already losing their relative speed, again fall into the zone of high
relative speeds (flow of hot gases is accelerated with combustion of the mixture)
and can be subjected to a further process of splitting.

The method of calculation proposed in the present work permits raetional choice
of type and location of inJjectors in the chamber, type of fuel and 1ts initial
temperature and also allows estimation of necessary length of the section of prepara-
tion of the mixture. Certain results on analysis of elementary processes (as already
has been sald) can appear useful in other regions of technology (boller and gas
turbine installations, devices for cooling of hot flows of gas, apparatus of the
chemical industry and others).

§ 2, DISINTEGRATION OF A JET OF LIQUID, SPLITTING UP
AND DEFORMATION OF DROPS IN A FLOW OF AIR

The task of atomization 1s distribution of fuel by a certain method in the
volume of a combuction chamber and increase of the surface area of liquid for the
purpose of intensification of vaporization. The process f disintegration of liquid
streams 1is very complicated. 1In spite of numerous works, there still 1s absent a
theory of atomi-~ation useful for determination of the spectrum of drops in the
combustion chamber of an alr-breathing jet engine. However, observation and
theoretical analysis permit representation of this phenomenon in broad terms, Dis-
integration of a stream in its initial phase occurs due to instability of motion

ot the liquid due to the influence of small perturbations, As theilr source serves

-50-
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Fig. 2.1. Diagram of disintegration during outflow
of a liquid jet. 1 — development of symmetric per-
turbations; 2 — development of antlsymmetric pertur-
bations; 3 — cylindrical jet, superposition of sym-
metric and antisymmetric perturbations; antisymmet-
ric perturbations increase faster, Ap = 7 atm (abs,);
4 — 1iquid sheet (long-wave perturbations),

roughness of the nozzle surface, deviation of the outlet contour from a perfect

circle, vibrations, turbulent pulsation in the liquid and environment, etc.

Amplitudes of waves of small oscillations appearing in the liquid rapidly in-

crease, causing considerable deflection of flow lines of perturbed motion from

initial flow lines. Thils causes sharp change of the configuration of the stream

and disintegration of it into separate parts. The initlal phase of the procesc has

certain features in common with the phenomenon of the arising of turbulent flow from

laminar flow, Intermediate formations and drops obtained after disintegration can

be subjected to further disintegration and splitting.

For explanation of the mechanism of the process of atomization, we will at first

consider the case of a c¢cylindrical jJet,

For the first time the problem of disintegration of a motionless infinitely

extended liquld cylinder without the influence of an external medium was solved by

Rayleigh in 1878 [1]. Let us give the basic physical premises of this solution:

1)

wave of increasing amplitude constitutes a future drop, i.e.,, the developing

wave 1s separated from the stream in the form of a particle (Fig. 2.1); thus, the

order of magnitude of the drop is determined by the wavelength of the unstable

oscillation;

)

of all possiblec waves of perturbations superimpored on the stream, there

is developed only one, the rate of increase of perturbations of which has a maximum
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(maximum of increment of increase), Such a wave of length xonw is called "optimum;"
3) during solution of the problem (by the method of small perturbations), the

optimum wave X\ is in the linear region corresponding to the initial moment of

motion, when a:ziitudes of oscillations are still small as compared to diameter of
the sfream. Further, it 1is assumed that in the nonlinear region, where developing
amplitudes of oscillations no longer can be considered to be small, length of the

optimum wave is retained. This assumption sometimes is called the Rayleigh hypoth-

esis, It 1s used in hydrodynamics during solution of analogous problems of stability,

Rayleigh found that long-wave osclllations A .’21ra.c (a° -
radius of the stream) are unstable, and lon? = 4.508~2ac.
Results of further theoretical analysis {2] and investi-
gation with the help of spark photography showed that the
form of development of instability is changed with increase
of outflow velocity relative to the surrounding medium,
Symmetric perturbations 1 (Fig. 2.1) are gradually re-
placed by antisymmetric perturbations 2 (deformations of

surfacé éf stream stream axis). Then there appears an intermediate regime of
near the nozzle of

a swirl injector, flow 3, when there simultaneously exist both types of waves
Water, Ap =

= 3 atm (gage). (there are developed more complicated forms, helically syn-

metric, tangential, etc.), Subsequently there occurs the atomization regime, in
which perturbations of shorter and shorter waves become unstable and start to in-
crease, thelr crests break off from the liquid surface in the form of a great number
of tiny particles.

Thus there 1s created a whole spectrum o. drops of different fineness. Optimum
wavelength of oscillations characterizing the most probable dimension of drops in
the spectrum shifts to the region of small waves (fineness of drops increases with
increase of outfiow velocity). Let us now turn to disintegration of the sheet of
1liquid ensuing for a swirl injector.* It 1s known that the boundaries of the liquid
sheet after leaving the nozzle of the injector (Fig. 2.2) are close to the surfaces
of hyperboloids of one sheet. 1In approximate consideration, they can be considered

conical; their vertex angle is close to the angle of atomization (spray anrle).

*Here there 1s not consldered the mathematical solution of the problem of dis-
integration, It, as 1s known, consists of application of the method of small per-
turbations to hydrodynamic equations of motion of a stream or sheet (for instance,
the Fuler equation) and boundary conditions on the liquid — gas boundary (taking
into account surface tension),
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Fig. 2.3. Outflow form swirl injector (spark photographs).
a) 0p = 2,8 atm (gage); b) &p = 3,0 atm (gage); c) Ap =

10 atm (gage) x 2, d, =3 mm; d) &p = 1 atm (gage); e) 4p =

3 atm (gage); f) Ap - 5 atm (gage); g) Ap = 30 atm (gage), d, =
0.83 mm,

ﬁater.

Numerous spark photographs show that there always exists a certaln small initial
section of nondisintegrated and little perturbed stream. With outflow, on the shect
there are developed waves of perturbations whouse amplitudes rapidly increasa
(Fig. 2.3).

On the sheet, in general, it is possible to reveal two groups of waves (see
Fig., 2.1). Contours of crests of the first group, travelling downstream, are seen
on the external boundary of the stream, These waves tend to divide the sheet into
a system of rings, as if strung on the axis of the injector. The second group of
waves geoes in the tangential direction, i.e., transverse motion of the stream (per-
pendicular to the first group); waves tend to divide the sheet into a sheet of
streams diverging in a fan-1ike manner from the center of the nozzle. The tendency
to formation of waves of both groups can be seen, for instance, in Fig. 2.3¢; here
there predominates the annular form of disintegration, 1.,e., rate of increase of
amplitude of waves of the first group exceeds the rate of growth of the second,

In the place of disintegration of the sheet {there are excluded smallest feed
pressures, at which the sheet after outflow is agaln closed, the so-called "bubble”

regime — Fig. 2.3d), there are usually discovered liquid rings with a wavy outline,
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surrounding the axis of the injector. Consequently, rimg constitutes a separated
crest of an annular wave of an antisymmetric perturbation (see Fig. 2.1). As it is
known, & liquid ring, similarly to a liquid cylinder is an unstable form and is again
broken up into drops. 3

With increase of relative outflow velocity (Fig. 2.3d and g), the wavelength
of unstable perturbation (analogously to what was said for the cylindrical stream)
decreases, This corresponds to decrease of thickness of the liquid ring and, con-
sequently, of dimensions of the obtained drops.+*

Finally, at sufficiently high speeu, there occurs the atomizetion regime; from
the surface of the stream break off crests of the smallest waves in the form of a
swarm of drops, before the ring has time to be completely formed (Fig. 2.3g). This
is erpecially characteristic during atomization in a flow of air. As already has
been said, drops can then be formed during disintegration split up as a result of
influunce of the surrounding flow,

Let us consider separately the process of splitting up of an isolated drop.
On the surface of the liquid particle with the flow passing around it, there 1is
created a distribution of pressures (close to the distribution on a sphere) which

the drop. For a definite relationship between parameters, external forces

overcome the force of surface tension, causing splitting up of the drop. The process
of disintegration of dropes has been studied by a number of the authors. Experimentally
there was established a simple criterial relationzhi; [3], which determines the
range of reg.ines corresponding to splitting up. It is valid for comparatively
large drops (& = 1.5 to 2 mm) of different liquids (mercury, water, alcohol) in a

flow of gas:

%-M-D. (2.1)

where a and 0 — diameter and coefficient of surface tension of the drop;
pr — density of surrounding gas;
w — flow rate,
Parameter D 1s called the deformation criterion, splitting criterion or Weber

number and consitutes the ratio of quantities proportional to the aerodynamic

*The considered scheme is, of cours:, i1deal, In reality the sheet of the still
incompletely separated ring are broken at the "weak" point, and there are frequently
observed segments of distorted liquid filaments,
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prescure of flow on the drop and pressure of surface tension.
Experiment has shown that at D < 10,7, the drop is deformed, but still does

not disintegrate in the flow; at D = 10.7 there is attained the power limit of

splitting and the drop it split (of the total number of particles 10-20% decay).

With increase of D in the interval 10,7 s D < 14, the drop divides into 3, 4, 5,

etc., small drops, and the percentage of split-up drops increases. For D close to

or equal to 14, there is attained the upper limit of splitting, 100% of the‘drops

are split into a great number of small particles (regime of atomization of the

drop). The formed spectrum of drops will be smaller, the larger the magnitude of

D, The regime of splitting is maintained at all D > 14.

In the literature sometimes there are also given other values of the experimen~
tal constant D which are close in order of magnitude to the above-indicated values,
With cinematographic study of the process of
disintegration of drops in a flow (with detér-.
mination of the speed of entrainment of the
drop), there is obtained a minimum value of
D~ 9, The physical cause of disintegration
of the drop 1s that, its deformation attains
a so-called critical phase [4], when the shape
of the drop sharply changes and becomes unstable
relative to small perturbations. A spherical

| drop under the action of pressures on its sur-

! face is turned into a body close to an ellipsoid
(with major axis perpendicular to the flow),
which is more and more flattened. At a definite

. eritical ratio of semiaxis, the ellipsoid starts

ﬁ to be punched through in its center and rapidly

. becomes a liquid ring, which is, as it is

» ]
tuuL“J..Luj, known. an unstable form, which disintegrates

i 1into drops,.

e e ; LR In Fig. 2.4 there are given consecutive
Fig. 2.4, Consecutive phases of phases ct deformation of a drop, formation of
destruction of a drop [28].
1-11 — phases; the arrow indi- the ring, and its disintegration. Thus, D =

cates direction of flow,

= rkr) = 10,7; 14 corresponds to values of the
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critical phase of deformation at the lower and upper limits of stability.

When the drop falls into a flow, aerodynamic forces deform ani simultaneously
entrain it; relative speed and parameter D thus decrease, If time of achelivement
of the critical phase of deformation is less than the time of its entrainment to
level Dxp’ then there will occur splitting. If the time of achievement of critical
phase 18 longer than the time of entrainment of the drop to level an, deformation,

after attaining a certain maximum, will start to gradually decrease and the drop

will again, as relative speed decreases, near the shape of a sphere, Time of achive-

ment of critical phase can be approximately estimated by the formula

mm 1655/ (2.2)

which is obtained on the assumption of small change of relative speed of the drop;

xl; yr are specific gravities of liquid and gas (uO — initial relative velocity of

the drop).

Let us consider characteristics of splitting of a drop entrained in a gas flow
[4]. We will determine speed of the uniform flow w around the drop, which does not
have an initial velocity, and deforms 1t up to the phase of disintegration; i1f the
drop possesses initlal veloclty Vo along the flow, then it 1s necessary to determine
the initial relative velocity uy = (W = V).

During flow around the drop drag coefficient Cy and its mlddle section f change
due to deformation. We will replace these variable parameters by unknown average

constants ¢; T for simplification of the problem:

-3
’- %o

where acp — average middle diameter of deformed drop.

The equation of the motion of center of mass of the drop projected on the flow

axis has the form

N _ e (2.3)
or m =l
o e =
Pa—g & “Pg

2
T %
where e = = '1;1" can be called the center section coefficlent of the drop;
a

u — relative velocity.




Finally the equation of motion will be written in the form

I —:—-u(-—V)’, (2"“)
.--}i:{f. (2.5)

After integration of equation (2.4) for boundary conditions T = O; V = O and
n = const, we will obtain

s (2.6)

Ve .
a4+

We will compose an approximate expression for average rate of deformation of
the drop. The drop in its critical phase of deformation takes a certain fully ;
definite form, which depends on the diameter of the initial spherical drop.

Let us agpume that y is the displacement of some characteristic point of the !
surface of the deformed drop in fractions of its initial radius in the system of
coordinates cénnected with the center of mass of the drop. As such a characteristic
point it 1s possible to take, for instance, the stagnation point of the drop in the
flow, If T — time from beginning motion of drop in the flow to the critical phase, !

then average rate of deformation will be
Vi = (2.7)
where the unknown quantity vy lies within the interval
0<y <1, (2.8) ?
In this state the drop acquires the form of a body which is unstable with

respect to small perturbations, as a result of development of which it disintegrates,

Let us write the system of equations for the critical phase of deformation:

P . (2.9)

where u — relative flow veloaclty in the critical stage of deformation. Eliminating
from system (2.9) quantities T and u, we will obtain the following dependence for

the unknown parameter:

*We assume that the particular relationship (2.1) turns out to be universal for
the critical stage of deformation of any drop. In the case of large drops u ~ w,
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(2.10)

omg, =

& In the formula there is contained the complex of unknown quantities Eé?/vne¢,
! which are difficult to determine within the framework of elementary theory,

In work [4] there 1s given a description of the method and results of experi-
ments in determination of regimes of splitting up of quite small drops entralned in
a flow of alr, Comparison of expression (2,10) with the empirical curve w = ¢(a),
given in work [4] shows that the unknown complex of quantities can be found and
taken to be approximately constant for a given kind of 1liquid within quite a wide i

range of values of diameters a, 250 s a = 2500 n. Consequently,

s = |
Tﬂil/:%-m (2.11) |

The obtained constant has two values for regimes of splitting and atomization. ]
Let us designate the constant in expression (2.11) by Jamin‘ then as & =& , W=,

{ Thus, for every liquid there exists a particle of such small diameter & 1n that a

drop of equal or smaller dimension no longer can be split-up by any gas flow, It |

is natural that determination of a , will be correct only insofar as formula (2.11)
is valid for the entire reglion of small values of dlameters of the drops. This means
that the smaller the diameter of a drop landing in the flow, the greater its accelera-

tion and the less its deformation under the influence of the flow., It 1s obvious 1

; that at a s arin the particle will be entrained in the flow before the critical
/ phase of deformation can be attained. In this case, the time in which the drop
entrained in the flow will lose its relative velocity will become less than the
time passing before the phase of deformation.* Equation (2.10) in dimensionless

{ parameters will take the form

""‘. - 2, (o)
(._l/_-u_-.)
1 . ‘
% where D = 10.7 — at the lower limit of stabllity;

D =14 - at the upper limit of stability.

#*The assumption about the existence of a limiting small value of diameter of the
drop arin DAy, of course, be incorrect for the case of motion of a drop in a flow

! which is variable in velocity (for instance, in accelerated flows),




At a 2 1.5-2 mm, the denominator in the right
side of the equation in practice is close to unity;
therefore, we obtain a particular form of the rela-

tionship — formula (2.1), which is valid for large

drops. For instance, for drops of alcohol in a flow : ;
of air 84n = 59; 104 p (respectively regimes of split- i ?
ting and atomization). The quantity &, within itself j ﬂ
does not determine minimum diameters in atomization ; ]
spectra of liquids, In the process of splitting of i
a drop, besides the maln secondary drops, there are
formed very small particles — this 1s the result of ‘
disintegration of the liquid film appearing during
destruction of the initlal drop. Particles into which
the drop is split-up in regimes lying above the upper
boundary of stability (at D > 14) may also be less
than &nin
i In Fig. 2.5 there is shown disintegration of drops }
gi%ioﬁ'gf aig%it;é?§u¥£,°f of mercury introduced into a flow of air, Photography
?s_agngtmmw _a%bs%}éggfng was conducted in a darkened room with objective lens
3) regiziqgg’sg§1§:é?gé 1s open and side illumination, A beam of light from the
of&it;?ig?fjgg’fgvmation illuminator, reflected by the drop, passed through the
O JEROE A 0 m/sec. objective and traced the trajectory of motion on a
photographic plate, giving an image of the point of disintegration.*
For large drops, 1.5 to 3 mm, the velocity corresponding to critical phase and
entering into criterion D, 1s close to the initial velocity of the flowing gas w,
since deformation attains critical phase befure the drop starts to be noticeably ;
entrained by the flow. During investigation of splitting of the smaller particles
with which it 1s necessary to deal in straight-through-flow combustion chambers, it
is necessary to consider the process of entrainment of & drop by a flow (see formula
2.12),
In Fig, .6 there are compared maximum diameters of drops in atomization jets
i
*The uns*able form of the drop appears a little before its disintegration is :
recorded on the photograph., By this moment, the drop 1s already carried slightly .
further along by the flow, ]
1
-
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°
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:z:"'- of the injectors with different thickness of sheet
i € with limiting diameters of drops according to the
t: \fiw theory of splitting at D = 14 (taking into account
i \ entrainment of the drops). The graphs shows that °
1 - “
p . ] limiting dimensions of drops noticeably exceed 8ax
; ﬂlﬁ’ 7. \ in spectra of injectors with comparatively low flow
;' ) \‘ rate, '
P j \\ In the monograph [5], Longwell giving results
pom of experiments of Lane, makes the assumption that
)
a dependence of type (Z.1) 1s valid within a wide
L
- range of small diameters of drops. On this basis
o there are estimated dimenslions of small particles
\ ‘
» of hydrocarbon fuel, which retain their stabllity
¢ W weec &b flow velocities of the order of 60 m/sec,
Fig. 2.6. Comparison of In light of what has been sald about the inter-
limiting diameters of drops
with their maximum diameters action of processes of entrainment and deformation
in the atomization spectra.
1 — upper limit of stability; of small drops [see formula (2,28)], it 1is clear
2 — water, J— ¢ = 0,072ma,
O—¢€¢=0,150mm, 0@ — € = that results of estimates of Longwell cannot be con-
= 0,22 to 0,25 mm,
sidered to be sufficiently well founded.

The entire process of deformation and motion of drops at D = 10,7 occurs in
the following manner (see Figs., 2,28 and 2.29): the initial spherical drop is
maximally deformed in a very short interval, corresponding to AC (as compared to the
total time of its stay in the chamber):* This state depends on the initial value
of the criterion Dy = praoug/o and conditions of entrainment of the drcp, Then there
occurs slower decrease of deformation of the drop with its entrainment by the flow.

The given process can be considered as a quasi-static process, in which the

N drag coefficient of the deformed drop cl1 and its middle F.n are simply determined by
current values of the diminishing quantity D.

A more detailed description of motion of the drop during variable deformation
will be given below, The influence of deformation of the drop on increase of its
center section and drag coefficient should be considered subsequently intoduction

of the special function %({D).

*Tne drop moving in the flow experiences oscillations due to altenuate separation
of vortices from different sections of its surface (formation of a turbulent wake),
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Let us expound briefly certain results of theoretical investigation of develop-
ment of instability of a drop located in a flow.

The process of disintegration itself, without taking into account entrainment
of the particle by a flow, is analytically discussed in work [6]. The liquid of

the drop and the surrounding ges are taken to be ideal, and there are considered orly

perturbations which are axially symmetric relative to the flow axis, Solution by
the method of small perturbations makes it possible to determine the critical value - 4

of the Weber number. At large magnitudes of this number there occurs instability

and disintegration of the drop.

An important result of the work 1s the determination of forms of perturbations

of the liquild surface corresponding to the equation of nodal lines., Nodal line 1s

| the locus of points on the drop at which the speed of rise of the surface is equal

! to 0, In sketching different pictures of deformation, it i1s possible to assume that
independence upon values of the deformation or Weber numbers, disintegration of the
initial drop will lead to formation of drops or tori.

In the particular case of equality of the Weber number to zero, (absence of
flow around the drop), 1s obtained the well-known result of Rayleigh about stability
of a spherical drop, General conclusions about the critical Weber number as needed,
apparently, in subsequent refinement, since this solution was conducted<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>