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EPPECT' OF THE DESIGN OF STABILIZER ON THE CHARACTERISFIC OF SMOOTH

BURNING OF LIQUID SPRAYED FUEL.

K. V. Kakhovskiy, P. M. NMingaleyev, Ye. D. Nesterov.

Page 98.

In work are jiven the results of the investigation of the effect
of the character of the supply of air at the root of th2 fuel flame
of injector on th2 range of smooth burning of the liqaid atomized
fuel. It is shown, that the flameout in stabilizer with l2aning-out
of mixture in certain cases is given risa to by the transition of the

process of microdi ffusible combustion into kinetiz rejion.

One of the mdst important requirements, presentel to the
combustion chamber of gas turbine engine, is the provision for a
broad band of smooth burning in the camera/chamber in all engine
paver ratings in f£light. With flight operation are possible the cases
of poverful impovarishment or enrichment of fuel-air aixture in the
camera/chamber with sharp jettisoning or increase in angine

revolutions. In order to avoid the extinztion of £lam3 in the
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camera/chamber, vhich can lead to the emergency of aiccraft, it is
negessary to have data on the range of smooth burning during a change
in the airstreasm l1ata at the entrance into the camera’chamber (P,,
T2¢ ¥2). In the camera/chamber of the GTD [gas-turbina engine],
occurs the process of the combustion of the sprayed fael/propellant
in a turbulent flow which is studied to a lesser degree than the
process of the coabustion of uniform fuel-air mixture. It is
concealed by form, is necessary the accuaulation of experimental
material on the investigation of physics of the combustioa of

heterogeneous mixt ure and mechanism of the stabilization of flame.

Page 99.

Pigure 1 gives the typical region of smooth burning in the

comnbustion chamber of GTD, which is limited to twvo br2acawvay

characteristics of the camera/chamber:

the characteristic of "lean" flameoutg

the characteristic of "rich" flameoat.

The region of smooth burning of uniform mixture, conditionally

shown on Pig. 1, has a foram which is characterized by the form of the

characteristic of "lean" disruption/separation. Durinj the supplying
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through the imjector of vaporous fuel/propellant, the characteristic
of "lean™ flameout approaches in foram an analogous characteristic
during the combustion of uniform mixture [ 1]. Consequa2ntly, the form
of the characteristic of "lean"™ flameout, the homoganzous mixture to
a agonsiderable degree is determined by th2 condition >f f2eding the
fuel/propallant. The characteristic of "lean" disruption/separation
can be conditionally divided on 3 stability regions with respect to

the velocity of air (Fig. 1):

1. Region A. The excess air ratio daring flameout is

proportional to air speed (o, ~w) .

2. Region B: The excess air ratio daring flameout does not

depend on air speed (d‘p‘-'-'consﬂA




DOC = 78204401 PAGE 4

dep {2~ Xcpakrepucrtubu
ebe2r020" cpiiBa;

//) = 2 - xapakrepusruka
Dopobas «Sc2aroeo” epiiba;
ePopeyrka —--obazcry yerodvuloeto
(2D Op2HUR " OOHEPOLHIG
Yewrpose:inan < .
Q;):ynka\-

(4>

w "Awk

— S— Sa— — —

Fig. t. Region of smooth burning in combustion chamber of GTD. 1, 2 -

characteristic of "lean" disruption/separation; 3 - characteristic of

"rich® disruption/separation; --- the rejion of steady combustion of

unifors mi xture.

Key: (1) . The st2am jet. (2). Centrifugal injector. (3). Region of

smooth burning. (%). m/s.

Page 100.

3. Region C. The excess air ratio during flameout is inversely

proportional to air speed (d-;,,'-.'WA).

In wvorks M. T. bortnikova is given the explanatisn of the

T e
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mechanisas of flaseout with leaning-out >f mixture in the chamber
operation of combustion in different regions on air sj»eed. In chamber
operation in stability region A*, flameout occurs as i1 result of the
cessation of fuel atomization by injector during the lecrease of the
fuel consumption in the region of the low air flow rates. Flameout in
chamber operation in stability region B* is determined by the
condition for existence of the diffusion front of flase, i.e., by the

caoandition a=1.

The stability of the process of combustion in tha field high air
speeds C* is determined by the relationship/ratio of th2 time of fuel
evaporation T. to the retention time of fuel-air mixture in the zone
of circulation Inp)b’ condition Tu/TNP =1. pepending on the
thermodynamic and aerodynamic flov parameters, the 2xteat of the
regions of smooth burning will change and possible tha cases when
region B* disappears as a result of the joining of rejions A* and C¢,
In view of too coaplex a situation, in which occurs the process of
combustion in full -scale combustion chambers, in this work conducted
experimental invastigation of the stability characteristics of flanme
d”=}0~) during the combustion of the liquid atomizad fuel on
separate stabilizars in connection with front equipment/device of

combustion chamber of GTD.

Description of experimental installation and procedura of study.
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The 2xperimeatal study of the characteristics of smooth burning

of the ligquid atorized fuel was conducted during the installation
vhose schematic vas represented in Fig. 2. Air with t2mperature

ty = +10 + 20X  through the throttle plate was fed along duct to
stebilizer 1. Puel /propellant (kerosene IS-1) with teaperature

Ly = +15°C proc2eded to the injector tarough needle valve/gate 5.

The combustionp of fuel-air mixture occurred in the ataosphere.

Page 101.

The types of the stabilizers being investigated airs represented
in FPig. 3. Injectors in stabilizers the centrifugal, single-channel

vith diameter nozzles of sprayer dcp = 0,75 wu.

The experimeatal procedure consisted of followinjy. After the
inflammation of mixture from the extraneous flame jat was established

the assigned air-pressure differential on stabilizer AP, By gradual

decrease or incraise in fuel consumption with the aid of needle valve
vas achieved the conditions/mode of the 2xtinction of flame in 3
stabilizer. The air speed in the opening/apertures of stabdilizers
varied in the ranje Wy=40-100 m/s, vhich corresponds to the speed

range of air in opening/apertures and slots of froat
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k equipment/devices of the combustion-chamber linings of 3TD. The flow

okl

rate of air was m2asured wvith the aid of graduated diaphragm, the

fuel consumption it was determined from the discharge charactaristic

of injector.
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Fig. 2. Measuring circuit on installation. 1 - stabilizer; 2 -
injectecr; 3 - graluated diaphragm; 4 - the throttle plate; 5 - needle

valve/gate; 6 - the stop cock.

1 Key: (1) . Air. (2) . fuel.

Page 102.

A jumpsdrop in the pressure fuel/propellant on imjector Ap., .vas
lacated through piezometer through the value of the colaan of

Q kerosene in piezometer relative to the axis of injector. Por the

T G 0 N~ 3 T o e i AN TN . 6120 PR R 53905 (50

AL e A b ) MRS P AR iy, e
oy 5, e Lo ) gl e WAL
VST s ;




Dac = 78204401 PAGE 9

analysis of aerodynamic flow pattern, was conducted the m2asurement
of velocity fields in the section/shear of stabilizar wita the aid of

total pressure tube.
Results and analysis of experimental data.

On a stabilizer of the type A, wvas conducted the investigation
of the effect of the supply of air in section II-II aad ILI-III on
the characteristicz of "lean" flameout. In initial version the
stabilizer vas male vith the annular slot with a heigatsaltitude of 1
ma in section 1V-1V, in the remaining sect ions of opeaing/aperture
for the supply of air, they wvere absent. The study of combustion
stability was conducted in the small speead range of air in
opening/apertures #o=80-60 mn/s, that somevhat impedes the analysis of
de pendence dq,=f(vk)‘ but it permits to evaluate the 2ffect of the
character of the supply of air over the length of stasilizer on the

absolute value of the excess air ratio during flameout.
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Pig. 3. Types of stabilizers.

Key: (1). Slot. (2). Type. (3). blades.

Page 103.

During the decrease of the fuel consumption, the combastion zone was
reduced along the length and approached an end/face of stabilizer,
the extinction of flame occurred vithin stabilizer. The measurement
of velocity fields showed that in stabilizer is formel the zone of
circulation M because of the ejection of air in stabilizer by the
annular jet, whica escape/ensues froam slot (Fig. %) . Fuel combustion

in preflameout conditions/modes occurred in the zona2 >f circulation.
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Fig.

Key:

type “A "and B.
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§. Bechaanise of the stabilization of flame in stabilizers.

(). Velocity field in cross sect. (2). a/s. (3). Stabilizers of

104,

(4). stabilizer of type C.

Observation of tha character of the discharge of fuel/propellant

behind blast nozzle under the conditions of flameout shh>w2i that the

injector ioes not virtually spatter fuel/propellant with jump/drops
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in pressure A&,‘ 0,1 . 10° B/a® and fuel/propellant escip2/ensues
from stabiliser by separate streams. For an improvement in the
quality of fuel atomization in preseparatiop conditioas/md>des at the
root of fuel flams in section II-II, arrange/located at a distance of
3 sn from blast n>zzle, was conducted the air through 5 tangential
opeaimg/apertures with a diameter of 1.5 mm. The excess air ratio

c ¢, dwring disruption/separation increased from 0.35 to 0.8 (Pig. 5).
Por a mora effective effect on fuel flame in section II-II, were made

6 radial opening/apertures with a diametar of 2 mm which in

BT TR A e

comparison with tangential ones have the large depth >f panetration
of air jets. The juantity of air, applied at the root of fuel flanme,

increased 2 times.

PP
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Pig. S. Characteristics of “"lean® flameoat in a stabilizer of the

type A.

Key: (1). Conv. Plameout. (2). Section. (3). m/s.

Page 105.

As a result of th2 supply of the air through radial
opening/apertures, the excess air ratio of flameout iacreased 2.5
times ( d, =2,0). Consequently, the quantity of air, applied at
the root of fwel flame, has considerable effect on tha range of

smeoth burning of the liquid atomized fuel. The consideration of
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dependences for a stabilizer of the type A shows that with an
increase in the air speed in opening/apertures the excess air ratio
during flameout decreases, that permits us the conditions/mods of
disruption/separation to relate to stability region C¢, i.e., the
process of combustion in preseparation copditions/modz is limited by
the process of evaporating the drops of fuel/propellaat. The supply
of air in section III-III, arrange/located at a distaanc2 of 10 anm
from blast nozzle, does not affect characteristic Aep=F(W,) in the
range of air speels W,=40-50 m/s, but it prevents dscreass o ., during
inerease Wy (Pige 5). It is possible tg assume that in this case
appears the supplamentary zone of circulation N, vhich is formed
because of the ejaction of air by central jets (Pig. 4). The zone of
circulation ¥ can serve as the supplementary source of the

stabildization of Elame and contribute to more rapid evaporation of

the drops of fuel, providing the transition of ths coaditions/modes
of flameout from stability region C* into region B%, shere o it

does not depend on W,.

More detailed study of the effect of the charactar of the supply
of air along the length of fuel flame on the range of smooth burning
vas conducted on a stabilizer of the type B, in this zase, the air
speed in opening/apertures changed in the range Wy=40-90 a/s.
Investigation was conducted on three separate stabilizers. Combustion

in preseparation conditions/modes occurs in the zone >f circulation N
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(Pig. 4) and in a stabilizer of the type A. During thz investigation

of the effect of a quantity of spattering air on the rejion of stable

combustion, the air wvas fed through the annular slot of different
height/altitude in the end/face of blast nozzle. The results of
investigation are represented in Fig. 6. Por the analysis of the ;
effect of a quanti ty of spattering air on the characteristic of |
"lean® flameout on Pig. 7 are constructed dependences

“cp;f(?,==f%:J with Wg=const. FProm the examinmation of Pig. 7, it is
evidemt that there has an optimum value of the relatire area of slot

in the end/face of the injector: F, =045,

D R e PPy
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Pig. 6. Regions of smooth burning in stabilizers of type *B "and C.

Key: (1) . Designation. (2). Section. (3). “Rich"™

disruption/separation. (4). Stabilizer. (S5). m/s.
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Pig. 7. Dependence of excess air ratio during "lean™ flameout in

stabilizer of type B on quantity of spattering air.
Key: (1) . Designation. (2). Section. (3). m/s.
Page 107.

Caogseguently, a co>nsiderable increase im t he quantity of spattering
air (i-"v 045) leads to decrease & and to the contraction of an
eatire field of smooth burning, which is explained by the prevailing
ef fect of the retantion time of mixture in stabilizer in comparison
wvith an improvement in the quality of fu2l atomizatioa. The effect of
the guality of fusl atomization by injector om combustion stability
is also confirmed by the results of experiment (Fig. 8). When making
a small scratch (6=0.1 am) on the nozzle of injector nozzle fuel cone
becomes asymmetric relative to the axis of stabilizer, which leads to
the impoverishment of fuel-air mixture in the place of th2 deviation
of fuel flame froa the wall of stabilizer and as conssguence - to
early flameout. Pigure 9 depicts to the cegion of smooth burning in
stabilizer during a change in the quantity of air, appliel through
central opening/apertures in section II-II. With an iacrease in the
quantity of air, supplied through central openings/apertires, occurs
the contraction of the region of smooth burning, whica, passibly, is

congnected with the decrease of the retention time of fuel-air mixture

ian stabili zer.
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Pig. 8. BEffect oa the characteristic of *lean” flameoat in a
stabilizer of tha type B of the quality >f fuel atomization by

inmjectcr.
Kef: (1). Designation. (2). Section. (3). a/ss.
Page 108.

It should be notel that a stabilizer of the type B male it possible
to obtain smooth burnimg at the values of a jump/drop in the pressure
fuel/propellant A'P, =30 N/m®, i.e., virtually before the complete
failure of fuel. A stabilizer of the type B can be us2d im combustion
chambers, to whica are presented the requirements of the provision

for smooth burning vhem o ., >100 .

The study of the effect of the premixing of fuel/propellant with
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air om the characteristic of "lean" flameout was carrieil out on a
stabilizer of the type C wvhose design concept was r2prasented in Pig.
3. The premixing of fuel/propellant with air makes it possible to
obtain good fuel atomization with insignificant jump/irops in the
pressure fuel/propellant. An increase in the air speeil im the range
Wg=50-100 mn/s does not virtually change the value of the excess air
ratio during "leaa" flameout (Fig. 6). The aerodynamic investigation
of flow pattern shows that in stabilizer is formed tw> zones of
circulation M and L, the zone of circulation M being circular vortex
pair. During the lecrease of the fuel consumption, occurs the
extinction of flame at first in the zone of circulation L, and then

in the zone of circulation M.
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Pig. 9. Region of smooth burning in a stabilizer of the type B.

Key: (1) . Designation. (2). Section. (3). "Rich"®

disruption/separat ion. (4). m/s.
Page 109,

The best stabilizing ability of the zone of circulation M is
explained by the high size/dimensions of zone and the possibility of

the closing/shorting of flame front on the ring of ediy/vortex.

We analyze thoroughly the form of dapendence o =§(W,) for a
stabilizer of the type C. In work [2] was conducted tae study of the
mechanism of combustion after screens at air speed 20-40 m/s, when

fuel/prope llant was introduced with the aid of the swirl injector

_A‘_“.
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into wake after s>reen. Experiments showed that the sizes/dimensions
of flame jet weakly depend on the speed of airflow, wiich serves as
the confirmation of the mechanism of microdiffusible turbulent
combustion, i.e., occurs the diffusion combustion of small volumes of
fuel/propellant i1 vapor phase, distributed in airflow. During an
increase in the velocity of airflow, occurs the transition of the
process of microdiffusible combustion into kinetic region, i.e.,
combustion period will be determined not by the tim2 >f mixing, but
chemical reaction time. D. A. Franck-Kamenetskiy identifies the
transition of comdustion into kinetic region with flameout. During
the study of combustion stability in a stabilizer of th2 type C, the
sizes/dimensions of combustion zone in preflameout conlitions/modes
did not virtually change during an increase in the air speed. During
the decrease of the fuel consumption, th2 color of flam2 varied from
yellow to azure. The azure color of flame during combustion in
preseparat ion conditions/mode attests to the fact that occurs the
combustion of vaparous fuel/propellant, but not the drops which
during combustion color flame the yellow. Thus, the color of flame
and the character of dependence Aep = f(W,) serva 1s tae
confirmation of thie fact that in stability region B* in preseparation

conditions/mode ozcurs the process of microdiffusible combustion.

During the study of a stabilizer of the type B, 1lso was

observed the azure color of flame during combustion in praseparation
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conditions/mode, but the character of dependence dq,=f(v4) can be
attributed to stability region C*, since the excess air ratio during
nlean” flameout dacreased with an increase in the air speed. The
comparison of the region of smooth burning in stabilizer with the
region of smooth burning of uniform mixture, undertak2n from work [3]
(Pig. 10), indicates the great similarity of the rejions >f smooth

burning on its geometry.

Page 110.

It is possible to assume that in a stabilizer of the type B the
flameout is given rise to by the transitiom of the pro>cass of
microdiffusible combustion into kinetic combustion, which serves as

the confirmation of D. A. Franck-Kamenetskiy's hypoth2sis.
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Pig. 10. Comparison of the region of smooth buraing ia a stabilizer

of the type B with the region of smooth burning of unifora mixture.

Key: (1) . Uniform mixture. (2). Heterogeneous mixture. (3).
Designation. (4). Type of stab. (5). Section. (6). kgs/cm2. (7).

sphere. (8). cone. (9). Gasoline. (10). a/s.
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SPECIAL PEATURES D)F GAS-DYNAMIC (JET) STABILIZATION OF A FLANE IN

FLOW OF A COMBUSTIBLE NMIXTURE WITH A HETEROGENEOUS COMPOSITION,
I. P. Motylinskiy, V. A. Kosterin, Yu. S. Alekseyev.

Are investigated the limits of smooth burning iluring the
gas-dynamic stabilization of flame in flow of heteroganeous in

composition of coabustible mixture.

It is shown, that the parameter, which are deteraining limits of
the stabilization of flame, is the excess air ratio in ths zone of

circulation (zone of return currents).

In combustion chambers, the feed of fuel/propellant into
airflow, as a rule, is conducted in immeliate proximity of flame
holders. These foraming in cases combustible mixture is heterogeneous
in composition, and with the injection of liquid propellant ~ even on

phase. This substantially complicates the examination of the

. AP— . o B ———
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processes taking place and creates supplementary difficulties in
identification of the parameter, which is determining the limits of

stable (without flameout) combustion in flow.

The limits of the stabilization of flame in trace after the
poorly streamlined body for heterogeneous tyo-phase flows were

examnined by V. F. Dunskiy ( 1]«

The thorough analyses of the stabilization of flame on the
poorly streamlined bodies in flow of heterogeneous in composition

evaporated combustible mixture are carried out by B. ?. Lebedev.
Page 124,

ILn contrast to known works in our experiments, are studied the
special feature/peculiarities of the stabilization of a flame in the
noguniform flows on the adjustable by the size/dimensions and the

chemical composition jet-edge screens.

The schematiz of experimental installation is represeated in

Fig. 1.

Air with compressor was supplied to combustion chamber 1, vhere

it was preheated before the assigned temperature becaus2 >f the
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combustion of certain quantity of kerosene.

Uniform combastible mixture wvas created by the f2ei o>f

fuel/propellant - kerosene T-1 - into airflow through

collector/receptaczle 2, adjustable on sufficient distance from

S

experimental section 4. For an improvement in the mixinj, was

establ ish/installed mixer 3.

Heterogeneous mixture was obtained during the supplying of the
fuel/propellant through swirl injector 5, adjustable >n the axis of

duct towards airflowv with different distamces (L,=600,350,175 mm) from

flame holder. Angle of the atomization of imjector - 90¢5° at the

pressure fuel/propellant 40 atm(abs.).

The temperature of combustible micture in front >f the
stabilizer of flame during tests remainel the constant, ejual to
973°K. The speed >f flow changed in the range 70-150 a/s. Air of the
stabilizing jet was preheated in a heat exchanger before temperature
of 5209k. In the main line of the supply of this air, is
establish/installed the injector for feeding kerosene, which makes it
possible to changs the composition of mixture over a wide range

(during tests o' = oo +Qu4).

Gas-1ynamic flame holder 6 (Fig. 1) has the folld>winjy geometric
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parameters: the diameter of tube 22 mm, the width of slot 0.8 mm, the
angle of the blowing-in of jet of 135°, sampling for gas analysis
from the zone of return currents vas conducted throagh codled probe

7. Sample/tests vere analyzed to the carbon-dioxide conteat and

oxygen.

et bl S e i St o
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(2)
o= wovapeccops | i W

Pig. 1. Installation diagram.

Key: (1) . Air wvhich stabilizes jet. (2). From compressor. (3).

fuel/propellant. (4). fuel/propellant.

Page 125.

The temperature of gases in the zone of return currents was measured
by the platinum-platinum-rhodium thermocouple with antenna joint,

fasteny/strengthen2d to probe 7.

The limits of smooth burning were remove/taken in the assigned
conditions/mode by of decrease or increase (the "“lean' or "rich"
region of combustion) in the feed of fuel/propellant into flow to
complete flameout after stabilizer. In preseparation conditions/modes
(0.9-0.95 from maximum impoverishment or enrichment) was aeasured the
temperature and the composition of gas in the zone of retarn

currents.
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The calculations, carried out accoriing to the procedure of K.
N. Yerastov [2], shovw that the injected kerosene for the temperatures
accepted and the speeds of flov and the selected distances Le
evaporates to 75-950/0. The evaluation of the trajecturies of drops
shows that the latge/coarse drops (d>60 p) do not fall into the zone
of circulation, but they burn directly in flame front. Phis gives
grounds with certain approach/approximation to count the combustible

mixture, flowing to flame holder, to uniform in phase, but with the

heterogeneous in section composition of mixture.
Results of investigation.

Pigure 2 depicts the maximum excess air ratios of uniforam and
heterogeneous combustible mixture depending on the 2xcess air ratio
of jet of constants to temperature and speed of flow and the constant

hydrodynamic paraaeter
-t __pv‘
W= Rt

where V, W - jet velocity and flow;

PnP,, - deasity of jet and flow.
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Both for uniform ones and heterogeneous ones in composition of
mixtures during the enrichment of the stabilizing jet the limits of

smooth burning ar2 shift/sheared into the region of "lean" mixtures.

Extreme points in curves correspond to the left to the limits of
the stabilization of flame on the jets of pure air. Durinj the
enrichment of jet by fuel/propellant the curves for different
distances between the injector and the stabilizer (different
heterogeneities) converge into two points. At these points in the
flow of gas after preheating chamber, burns only the fu2l/propellant,

supplied to the stabilizing jet.

Page 126.

Flameout is achieved by impoverishament or enrichment >f the
composition of the mixture of the stabilizing jet. Th2s2 are the
modes of operation of the so-called gas-dynamic precoabustion

chamber.

The approach/approximation of injector to flame holder displaces
the limits of smooth burning into region of more than "lean"
mixtures, which is connected with an increase in the heterogeneity of

combustible mixture in the section of the camera/chamder.
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It is completely obvious that the limits of tha stabilization of
flame, designed by the average/mean composition of mixturs in
heterogenaous in composition flows, will depend not only on the
distance between injector and flame holder, but also from the
characteristics of injector (angle of atomization, th2 juality of its

production), of sizes/dimensions of experimental sectiosn, etc.

Everything anumerated does not make it possible to obtain
sufficiently general laws during the stuly of the limits of
combustion in hetapogeneous mixtures in the usually aiopted

coordinates o3 =f(a’).
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Pig. 2. limits of the stabilization of the flame: Q. = 25,0; W = 115
B/8; o0-L,** (uniform mixture); 4a - 600 mam; 0§ - 350 ma; ©O - 175

AN,
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Pigure 3 depicts those measured by the gas analysis >f the field

of the excess air ratios pered, by flame holder undar conlitions,

close to separatis>n ones (Fig. 2), when q;-.q (pure air) .

It is evident that combustible mixtare in the ceater of
overenrichment and the more powerful, than nearer is arrange/located
injecter to stabilizer. Since about stabilizer flows only the part of

the flov near the axis of duct, then it is possible t> assume that
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the flameout will be determined from the mid section, but by the

local excess air ratios in the zone of circulation.

FPigures 4 and 5 depict the results of the measura2meants of the
local excess air ratios d.“r and of temperatures of gas T in the

zone of return currents under conditions close to separation ones

(Pig. 2).
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Fig. 3. Puel distribution before the gas-dynamic (ja2t-eig2) flame
holder in the preseparation conditions/modes: 1 - uniform mixture; 2
- L’ =600as pressure fuel/propellant 8 and 22 atm(abs.)
respectively; 3 - L =350 mm pressure fael/propellant 5 and 14.5

atm(abs.) respectively.
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Fig. %. Compositioms of mixture in zone of return curreats (zone of
circulation) under conditions, close to separation on2s:

G, =25,0; W= 115 m/3; O—Le=o0 ; -600 mm; -350 mm; o _175mm,
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Fig. 5. Temperztures of combustion products under conlitions, close
to separation ones, in the "lean" region of the combustion:

§,=2650; Welll B/Sj0o-Lo=co ;4 -600 BB; ¢ -850 mm aad ©-175 mm.
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Is obtained interesting result - with the
preservation/retention/maintaining of the constant hyirodynamic
parameter @v the flameout always begins with the constant excess air
ratio (and, correspondingly, to the constant temperatire of gases) in
the zone of return currents regardless of the fact, with what degree
of heterogeneity the combustible mixture attacks to flame holder and
by the mixture of what composition is stabilized flame. This is
explained by the fact that at the constant hydrodynamic parameter

9, the size/dimensions of zone, return currents ani zone of

circulation, and also field of velocities, pressures, temperatures in
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all preseparation conditions/modes remained in effect constant [3].
Because of this the available time of th2 flow of gas in the zone of
cipculation was constant, therefore, was constant in maxiaum
conditions/modes and the equal to it delay time of inflamazation,
depending unambiguously on the temperature of the ijritinjy gases
(composition of mixture) in zone. On the basis of this during the
investigations of the stabilization of flame in the flow of uniform
mixture, the excaess air ratio in the zone2 of circulation is taken as

the determining parameter [ 4].

In uniform flows [3] the length of the zone of ratarn currents
and diameter are the functions of the desigm (&, B,, d,) and regime

(qw @ ) barameters

—n m
bogy ™ Dy = K4y # Kzsoqv)s .

Assuming that in the first approximation, the size/iinensions of the
zone of return currents (zone of circulation) substantialfy do not
depend on the homogeneity of the composition of mixture by the
section before the stabilizer (vwhich is indirect«ly coafirm2d by
constancy d;" and in preseparation conditions/mod2s for the flows
of uniforms and heterogeneous mixture), it is possible to select.

also, for heterogeneous in composition flows as the datarmining

parameter the exc2ss air ratio in the zone of circulation.
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However, it is necessary to note that the considarable
approach/approximation of injector to flame holder (la2ss than 175 mm)
leads for the selected regime parameters to an incr2ase in the
portion of the na-evaporated fuel/propellant, which, in turn, changes
the limits of smooth burning after flame holder because of existence

of phases.
Page 130.

For reliable provision selected d in the zone of circulation it
is necessary to know, what part of the flow before the flame holder
forn/shapes this composition in the zone of circulation. In
experiment s in stable combustion behavior, was suppli2d to the flow
before the stabilizer through the cooled probe agueous solution Nact,
From the beginniny of the dyeing/coloration of the zone of return
currents, was detarmined the significant dimension of the region of

flov (the "tube" of flow).

The analysis of the obtained results showed that wita an
increase in the hydrodynamic parameter q , in the sizes/dimension of
v
the slot of the blowing-in of the stabilizipg jet &, and also of

turbulenca level § the significant dimension of the "tube"™ of flow

increases.
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The chosen "tube" of the flow before the gas-dynimic flame

holder is conveniantly calculated with the aid of coefficient m, [4].

Utilizing siaple dependences, we will obtain

[ ——rmGrv F_K G. __p!_
Fm,= W *F-*'L'L“s‘ ( “.‘)' (1)

vhere m‘=_9.a - a mixing factor;
ry

Sou ™ quantity of gas of the flow, 2jected by th2 stabilizing

G,, - Quantity of gas of the stabilizing jet;
{.,W - veight density and speed of flow;
Fo - area of the tube of gas~dynamic flame holdar;
Fe - area of experimental section:
G - mass flow rate of gas through the experimental section;

Ky = coefficient, depending on the turbulence lavel of flow and

equal to 8-4.8 in the range €, = § 4+ 10%;

el
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G, - value >f mass exchange between the zone of circulation

after the poorly streamlined body and the incident flowt,

FOOTNOTE t. In the value of mass exchange, is accumulit2d at present
considerable experimental material (T. A. Bovina, G. Vinterfeld, E.

L. Solokhin, B. A. Silant'yev, etc.). ENDFOOTNOTE.

Page 131,

The comparison conducted showed that the ratio of the measured
“tube" of flow to that calculated by formula (1) is close to one
(Pige 6) . Satisfactory agreement is obtained also during the
comparison of th2 measured excess air ratio  in the zone of return
currents vwith those designed by the averages o in tie ®tube” of
flow and the known values of mixing factor m, and of.

Thus, knowiny my; and the flow of th2 gas of jet G it is

rvas
possible to calculate an area of the "tube" of flow and a gquantity of

gas, ejected from flow.

These investigations made it possible to establish that the
mixing factor mt, conditionally introduceid for the calculations of
local ones ¢ in the 2one of circulation, makes clear physical

L——-—m-——._____
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There is no i1oubt that dependence (1) can be utilized for the
calculations of the stabilization of flame not only in heterogeneous
ones in composition of mixture, but also in heterogenaous ones
according to speed, temperature, degree of contamination and so forth

flovs.
Conclusions.

The approach/approximation of a fuel injector to flaae holder
(in particular to jet) increases the heterogeneity of fuel
distribution according to the section of the camera/chamber and
displaces the limits of smooth burning, designed by q; and d:, into

the region of mor2 than "lean" mixtures.
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However, the charicteristics of the disruption/separation of a

similar form are not common/general/total ones, since they include

the characteristics >f injector. Therefore
stabilization of flame in heterogeneous in
flow as that being determining, one should

in the 2zone of circulation (zone of return

for the evaluation of the
composition of mixture
take the excass air ratio

currents), forming as a

result of cooperating the part of that encountering hatersgeneous in

composiition of flow and jet in the general case of any variable

composition.

In the case vhen it is possible to disregard the existence of

phases of combustible mixture and to examine it only by haterogeneous

ol d
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in composition, s2lected by that being datermining th2 2xcess air
ratio is numerically equal to the excess air ratio in pressparation
conditions/modes in the zone of circulation after stabilizer in

uniform on phase and composition of mixture flow.

Is determined the region of the flow before the flam2 holder,
which forms the excess air ratio in the zone of circulation, and is

proposed the method of its calculation.

BEPERENCES.

1. lyuscku@ B, HccregopaHue MexaHussa CTEOWIH~
salp NuaMeHW B cueje sa NuaxooSTexaewuM Tenod. ABTopedepar
RaHQWAaTCKOR jMccepTaiyu JLMAM, 1949.

2.Epactops K.H. Hcenepopanre ucnapexus kanemb Tom
nuMBHOPO dAkena MpM BHCOKKX TewnepaTypax rasa. B of.: Tperse
BCECOOSHO® COBEWaHAe NO TeOpWuW nopeHud, T.2, 1960,

S8.Kocrepuun B, A,XucuaTynaugr A f,,
PxenBcruf@ E.B. Hexorcpue ponpocH rasoguHe:Mkd CTpyR
B MoNepeuroM NOTOXe Npu ropeniu, /Y3, "ABiaupodHad rextHza",
1966, ¥ 1.

4, KoorTepunu B. A, ¥ gp., OFoSmewie sECIGpiMEH~
TAIbHEX AAHHUX NO MPEeAesaM CTACKAMSALNW ILIAKEHK HE CTPYAX.
MEY3, "AsuaipodHaA Texiuka", 1968, W 8.

Reseived 12 Pebruary 1969.




DOC = 78204403 PAGE \f‘f

Page 133.

STABILIZATION OF P LAME IN GAS-DYNAMIC PRECOMBUSTION CHAYBERS.

M. Sh. Gilyazov, V. A. Kosterin, P. K. Smorodin.

Are given th2 results of the experimental investigation of the
stabilization of flame in gas-dynamic precombustion chambers in the
flows of 1ifferent speeds and temperaturas. Are explained the special
feature/peculiarities of the carburetion in zone of raciprocal
velocities. Is male an attempt at the generalization 2f the obtained
characteristics. Is proposed the method of calculation of separation

limits acctording to the parameters of the incident flowv and jet.

Gas-l1ynamic precombustion chamber is equipment/device for
combusting the liguid or gaseous fuel in the high-spea2d airflow or
mixture of air with combustion products. Its name it sas called as a
result of the fact that the zone of circulation, necessary in
precombustion chambers for flame stabilization, is formed as a result

of gas-dynamic interaction with the carrying flow of jas jet (fuel,
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the oxidizer, for example, of air or their mixture), the supplied
from housing precoabustion chasber through the annular nozzle across
the main flow. The schematic of gas-dynamic precombustion chamber is
given in Fig. 1. Puel/propellant for combustion is supplied with the
stabilizing jet in the atomized and evaporated state >r directly into

the zone of circulation through arranged/located here injector [1].

Gas-dynamic precombustion chambers according to operating
principle are the adjustable combustion chambers. Traasverse
size/dimensions them can be regulated by a change of feading

stabilizing gas.

Page 134.

Gas-dynamic precombustion chambers it is expedient to utilize for
heating of gas in afterburners turbojet and bypass engines. They can
also be applied as the adjustable cameraschambers for tae preheating

of cold air duriny the twvo-stage process of combustion.

In this article are given the results of the experimental
invest igation of the stabilization of flame in gas-iynanic
precombust ion chasbers. Ar: given stalling characteristics with
different size/disensions of precombustion chamber in the flows of

different speeds i1nd temperatures. Are explained the special

s abig b o




DacC = 78204403 PAGE )//l}'l'

feature/peculiarities of carburetion in the zone of raciprocal
velocities. Is made an attempt at the generalization >f taz obtained
charac teristics and development of the method of calcilation of

separation limits.

Investigation was carried out on the precombusti>n caamber,
establish/installad in the flow core of gas in the section/shear of

the duct with a diameter of 200 mm.

Fuel/propellant (kerosene) into precombustion chamber was
supplied in were heated to 330#10°C compressed air througa the
jet-edge collector/receptacle, arrange/located in the cylindrical
part of the housing of precombustion chaaber. Heating compressed air
was conducted in heat exchanger. As a result of the fact that into
air was supplied a considerable quantity of fuel/propellant, for the {
best mixing of fuel/propellant with air and increase in the
uniformity of mixture after collector/receptacle was
establish/installad multiturn worm conveyor. Fuel-air mixture
escape/ensued through the annular slot at angle of 1359 to flow

direction, forminj gas curtain.
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Pig. 1. Schematic of gas-dynamic precombustion chamber.
Page 135.

Stalling characteristics were remove/taken as follows. At given
speeds, pressures and temperatures of flow and jet via of enrichment
or leaning-out of mixture of jet, with the
preservation/reteation/maintaining of the remaining pacamaters
constant/invariable, was achieved rich or lean flameout. Then
precombustion chamber was started again. In preseparation
conditions/mode w2re measured the flow rates of air of high and low
pressures and the parameters of flow and jet. Figure 2 jives
separation limits according to the excess air ratio in jet o, of the
constant velocity coefficient cf incident flow A .« 0,18, but different
temperatures of flow and hydrodynamic parameters of jat qv. ég%;, The

character of a change in the separation limits with others 2\, (from
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0. 14 to 0.55) is analogous given. From curve/graph it is evident that
the separation boundaries during an increase in the hydrodynamic
parameter are displaced to the side of richer mixtures. With an
increase in the tamperature of flow Tw. on the contrary, they are

displaced to the side of lean mixtures.
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Pig. 2. Separationr limits according to the excess air ratio in jet

d, of the velocity coefficient of incident flow A, = 0,18
Key: (1). illegible.
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The mechanisa of the stabilization of flame on the jet-edge
screens, the excess air ratio of which is identical or
insignificantly di ffers from the excess air ratio of thz incident
flow, is studied in sufficient detail [2, 3]. In the first
approximation, it is possible to count that in gas-dynamic

precombustion chamber the mechanism of the stabilization of the flame

in principle of the sanme.
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However, an 2ssential difference between o, in the jet and d,,
flow in the case of gas-dynamic precombustion chamber introduces into
the mechanism of the stabilization of flame a series >f special
feature/peculiarities. For example, the temperature of th2 gases,
which ignite fresh mixture, is determined by the local -omposition of
mixture, that are formed with the diffusion mixing of the jet, which
contains a large yuantity of fuel/propellant (evaporatei and

ne-evaporated), with flow.

For the calculation of the local impaortance of the excess air
ratio in the zone of mixing &, in vwork [4] is introdiced coefficient
my, equal to the ratio/relation of the weight quantity of mixture,

ejected by jet from flow ¢ , the weight of gas of j2t Gv‘

Work [5] exparimentally shows, that ejected by jet and the
entering the zcne of mixing quantity of gas 9. from the incident

flovw enters from the tube of flow with diameter ) Tae gas, which

mi *
takes place out of tube, does not fall into the zone of mixing and
does not participate in shaping of local ones @ 1in th2 zone of

reciprocal velocities.

The comparison of the areas of tubes of flow befare stabilizers
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vith the areas of the cupolas of gas-dynamic stabilizars or
precombustion chambers in flows with approximately identical

turbulent characteristics showed that the ratio/relations

¢
A= o oy
Fu=F Bt df

remain constants with different ones qv' e s ¥

- (Pig. 3). Here D“ -

diameter of cupola without combustion.

This result -an be used for the constrouction of the simplified
method of the calculation of mixing factors m,;, and co>nsequently,
local ¢ in the zone of the reciprocal velocities in precombustion

chambers in the parameters of the incident flow and jat.

Page '137. ‘

Mixing factor

2 d}
i BN ey iay . B AD, (1 —Di)c;(l\
2 Be AN, e LA Pv Vo Lbub,d, e

The diameter of cupola is calculated froa the parameters of the

incident flow and jet [6)]

D= d,+k,6,G, "  Unpu p - 135% K = 16,0,
Key: (1). with.

2 B TP SO,
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! After substitution D and simple cogversions, w2 will obtain

TTONR, 1 (kb3 b
m ..—.A/,-‘.-._«_-._! spbliion o SIS0 170 Vy [ = o L=
) TW T (}w) Rw qv 4}_‘ 6. do 1 (d°+ K, aoqe,n)’] Qy(lv)

Expression for m, is analogous with the dependence, obtained by T. B.

Palatnik and D. 2a. Temirbaev [7].

The axcess air ratio in the zone of reciprocal va2locities is

7 calculated from known formula [ 3)
{ 1
° _ I“'(“d',, L.)*(“ol' L ) ;
m My 1 { q
dw({ fd‘v L'.)"d-:(‘*d—-rlb
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In Pig. 4 limits of the stabilization of the flaae of
gas-dynamic precombustion chambers, obtained at different
temperatures, veld>cities of incident flow and in hydra>dynamic

parameters, are g2neralized in the form of dependence [8)]

W ocY
w—————ty ™ 1R ]
L P, Th'," .f 3

The length of the zone of reciprocal veloecities was cialculated fronm

the formulas of wdrk [6].

Both "lean®™ and "rich™ of the boundary of breakasay of flame
satisfactorily they are generalized in the adopted co>riinates (Pig.

4)

Utilizing the obtained generalized dependence anl the proposed
procedure of calculation of compositions, were designed separation
limits by d, (solid lines in Fig. 2). Calculated curves will agree

sufficiently wvell wvith the data of experiments.

Conclusions,

1. Conducted experimental investigation of limits of smooth

burning of gas-dynamic precombustion chambers.

2. Obtained analytical expression for calculation »f mixing
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factor in parameters of incident flow ani jet.

3. Is given jeneralization of separation limits >f gas-dynanmic

precombustion chambers from parameter

ocT
L
Gl s )
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Page 141,
CALCULATION OF COMBUSTION CHAMBER WITH FLAME HOLDERS.
Ve A. Kosterin, B. A. Rogozhin, V. T. Dudkin.
Is presented the method of calculation of direct-flow combustion
chamber taking into account the flame holders of different types

(oorly streamlined and jet-edge).

Are given examples of calculation and comparison with the

results of experiaent.
Heat supply to the driving/moving gas in flow, by limitation by
walls, is typical for the combustion chambers of the iir-sreathing

i and coapound engiles.

Parameters of flow at the entrance into the camera/chamber and

its transverse size/dimensions are definad during the cal-ulation of

the optimum thrust and economic engine characteristics taking into
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account its make-up on flight vehicle and are assigneil as initial

data for calculation and planning.

Into the tasc of calculation, enters the determization of the
pesition of flame edges, change in the pressure, temparature, speed
and combustion efficiency of fuel/propellant along th2 length of the

camera/chamber.

Question wita the position of flame front in the driving/moving
| flow in pipe of constant cross-section during ignition from point
source was examinad in works [ 1-5)]. It was assumed that the fresh
mixture and combustion products are divided infinitely with the
fine/thin flame front, in which abruptly are changed th2 parameters

of gas.

Page 142,

Por the final width of the zone of combustion, characteristic

for real combustion chambers, the most complete and precise
mathematical solution is obtained by A. V. Talantov [3, 7]«
Analogously this same problem solves K. P. Vlasov. [8). Difference,
in essence, consists in the selection of the condition, closing

solution for the calculation of the width of combustion zone.

A A IR ‘w-.-‘m%;t.-wmm Pl SRy o TR /TSI o = b P SR Xg e

ey
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All the avail able calculation methods are carriel out for
combustion chambers with point source of ignition. In real combustion
chambers, for example, in ramjets and TRDF [ TP - turb>jet engine
with afterburner), the degree of blanket by flame hollers reaches

40-500 0.

In the set-forth method is considered the presence in the
combustion chamber of flame holders and their effect 2>n combustion

characteristics.

By investigations in the intensity of turbulence during
interaction of the carrying flow with mechanical and jet-a2dge flame
holders [9] it is establish/installed, that the intensity of
turbulence in trace after flame holders reaches 40-100o0/0. In the
remaining region >f the camera/chamber, is retained tarbulence of
incident flow (5-100/0). With this sharp difference to turbulence
levels and the meshanisms of combustion in different regions,
probably, will be different [10]. Imn connection with this the
mixture, vhich enters the camera/chamber, it is expedient to break on
tvo parts. One part of the mixture with composition, in the general
case different from the composition of the main flow, burns in
“tube®, (including and the high-temperature turbulent zona
circulation), in trace after stabilizer it is calculated from the

equations of chemical kinetics [11, 12]. Anocther part of the mixture

S AT A S B e L BP0, 5 E MG B < oig 07120,

; 3 i " » o ~ o i S .,’ ',/
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burns in "annular channel” around "tube" and is calculatel from the
equations of gas 1ynamics and combustion in the turbulent flow,

analogous in work (6].

The separation of flow on two parts is conducted on the basis of

the research of gas dynamics of interaction flame holler with flow

[131.

Let us examine characteristic for engines cylindrical combustion

chamber.
Page 143.

Besiles the adopted assumptions in works [6, 7] about the
unidimensionality of the incident flow at the entrance into the
combustion zone aad flow of the products of the compl2ts combustion
and about the constancy of static pressure over the cross section of

the camera/chamber, are accepted still following:

1. The combustion of mixture occur/flow/lasts in the

ne-communicated channels.

2. In central "tube" mixture burns behind flame front,

.F.
perpendicular to 1xis of camera/chamber. This Flame front is
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arrange/located in the section of the blowing-in of the stabilizing

jet or in the section/shear of mechanical stabilizer.

In Fige 1, 2 represented the schematic ot flow after jet-edge
flame holier and the design diagram of the camera/chasber. In the
known parameters of gas flow in section 0-0 for calculation, it is

necessary to know the parameters of gas in section 1-1.

The diameter of "tube" in zone is taken equal to the diameter of
the zone of circulation, For jet-edge flame holders, it can be
calculatel by the formulas:

(1)

npx L= 135°%;

D, =D, _0756(-5—*450'"“9) b

Key: (1) . with

. o r)
Dwa"DN=D,78-5°(‘52 12070“) b (npuja. 90°,

Key: (1). with.

VPN TN PIE S s I gy A W RS AT AN e Yot T A R SRR i R T TR T

B ————
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Fig. 2. Design diagram.
Page 144,
Here d, - diameter of the tube of jet-edge stabilizer;
by - sizes/dinension of slot for the blowing-in of 3as;

Bo -~ angle of the blowing-in of gas;

qu%;“ rat io/relation of velocity heads of jet ani flow;
w

T IR AT © e e s
’

NP ais o i oS ?

e e
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. H
9=i+6+-;l;-)“c-.;-f:‘- degree of preheating.

A quantity of gas, passing through the "tube", is letermined
frem mixing factor m; for jet-edge stabilizers [14]. It is assumed

that entire gas of jet and ejected by them gas from the part of the

incident flow by size/dimension) they occur/flow/list through the
TPy

"t ube"”
G =6, m,;
r“’w e ™
Gl'",3 Grv(mg*i)b

where Grv - a quantity of gas, supplied by the stabilizing jet.

In work [14] it is noted that the mixing factor a, depends in
essence on the anjle of the blowing-in of jet and little it changes
over a wide range of a change of the regime and design parameters in
combustion chamber. On the average it is possible to accept for
Bo=609-m;=2,5; Bg=90° - m, = 4.5;

ﬂo - '350 = .. = 6.5.

Page 145.
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puring the stabilization of flame on the jets, the excess air
ratio of which 4dif fers from the excess air ratio in flow d,x*dw" in
"tube® it is form/shaped mixture with certain "“averaga"dl,, -The
excess air ratio in this case is determined by the excess air ratios

in jet and in flow, and also by coefficient m;:

_mlrry) (1 i)

w bol |
R

Thus, knowiny coefficient m; can be determined Gr"w' 5.-"‘ ' 0\7,

and by the equation of continuity the diameter

B 4m,6r, 2
™, -—-—L—L&-_ 5, W, +dg

where ¥, and W, - specific gravity/weight and gas velocity in the

incident f low.

For flame holders in the form of the poorly streamlined bodies,

we take
crab .

D,,‘= Dy, = K, D

Coefficient K, is the function of size/dimension and form of

stabilizer, degre2 of blanket. For stabilizers in the form of cone

with apex angles of 30-60° and degree of blanket 10-3)o/0, it is

—————— R ————

i aiien Sl
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possible to accept K,=1.30-1.22 [13]

D

LW = Ks DcmS.

Coefficient K3 is the function of the same parameters, is K,. We take

K3=°- 8~1.0.

From known ones) and ) are detearmined the param2ters of gas
TPw TPy

flow in section 1-1,

The combustion efficiency of fuel/propellant in "tibe" is

calculated from tae equation of chemical reaction rate [15]

dC R e
—'a"tlr-'K.'c.r'C“‘T e .

Page 146,

After a series of conversions, calculated equation for second-order
reaction(n=V+nw 2)and half-angle of the expansion/disclosure of the
flame front of 90° (c=ctg 90°=0) will take form [ 11, 12]

Nt

q+ai’
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where a= —t—"i’-'s—- the first criterion of similarity of Damkdhler [12]3
UM

Z=-X_- axial nondimensional distance.
TP
3

Approximately criterion a can be estimated accoriing to the

equation
Iy
: . Y RT,
a= _’S_&Z.SE S*.L_‘L_T_’:.‘.L ;.e i pt . LN(D"J)',
R'T‘(dl..o-fi) chm

vhere K ~ a constant; it is accepted equal to 1.4¢108 m3/sekg;
a, Lo - excess air ratio and stoichiometric coefficient;
T, Py - initial temperature and pressure;
R, Ry - gas constants;

L“(D") - length (or diameter) of combustion chaabar ("tube")
3

2

RT
Tr =T - - fmax. - conditional temperature, at which burns the
cp WP ax E

bulk of fuel/propallant [ 15];

E - activation energy:
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“&p” = average speed of the motion of mixture aloag "tube",

Knowing combustion efficiency, it is possible to calculate
speed, temperaturas and pressure gas along the length of cylindrical
"tube® according to known from gas dynamics methois (for 2xample

[16)) .

Page 147,

For the calculation of the parameters in Manamularc Channel"” we

utilige the following equations:

1. The equation of conservatioa of mass for eanticre flow
"R,
f'-w‘(Fo- F")-‘ﬁ'wc(F,-Fc)*rfﬁ‘ w'dF+y“-wn(F"—f-'"), (1)
# f”

wvhere F, — coambustion chamber area;

F. - total sectional area of the flow of the praducts of

combustion, zene of coambustion of "tube";

F, = total sectional area of combustion products and "tube";

ﬂ’- sectional area of “"tube®,
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Here and subsequently index 0 is related to tha parameters in
the undisturbed flow, 1 - to the parameters of the sestion where is
formed flame front, C - fresh mixture, P - combustion products, TR -

tube.

In order to present equations in more convenient dimensionless

form, let us introduce the following designations:

T P R Rep = _ax,
U=—">; T=—; &K = - - AX
W, Ty Sl 1 R’ 7"’ Ry’ Ro

For that, in order to equation (1) and following, into which
enter the integrals, they became algebraic ones, we consider the laws

of a rthange in the speed and temperature in zone the known ones

4= = HD) e T= - g(n).

.
\

"The real lav of a chanje in these values is complex
[7, 8] and has characteristic for the turbulent flames S - figurative
form. With its sufficient accuracy can be approximated as linear

relatively N .

Page 148,

Speed and temperature for this case will be written [71

S E——

S
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- %’ :‘.tz (A1) Uy= Eﬁ“t-q)‘

< n

where

A =":n'l; -TCQH h A -M.
' L PR ¢ ' Uy— U

obtain the final form of equation (1)

2 u,—u

(0 T)- (AN, 1)+ A (AA) tn8].

. g - quantity of heat,

?

Here are further p=1{+ ’C“&T“
AL

kilogram of gas.

2. Equation of momentum

ke
M w:(Fn—Fw)-rJ'f)aw:dF’
Fa

or, with analogous to equation (1) by conversions,

After the conversions and the solution of integral, we will

- = -nty, & T 2
' rlrr— T u°(1 qc)+—f—nu"(qn ?rr)+2ﬁ Tn—iL: .

(1)

conducted to one

(R~ Frp)'*fsw:(so— F")-P‘(F.‘F")‘fﬁw:(ﬁ,“ﬁ)*

(2)

we will obtain
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i (=B h) - & w0 1)5, -
ZW(Qﬂ“uc)t

C- Ty oty [T AT -2 +

A (1) -4~ ta 6]

Page 149,

3. Eguation of conservation of energy for flow of frash mixture.

; Flow we consider 2nergy-isolated and adiabatic

wt we
CoTy+3t =CpT o+ 5 (3)
Ve take cP = const. After which
| LSl BV T
‘5 t"'- 2 N' (u‘—'). (8)
4. Ejuation of adiabatic curve for fresh mixture
X
T, R\ ¥
el
{ 1 1
i
t or

T, =%
(4') .

N e e T < ——-T
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5. Equation of comnservation of mass of fresh mixture

F ‘F U = =
Pct_.( . ¢‘_) Wc.ﬁ chWcL(F' FC;)*‘Ptpur a8, (s)

vhere J%P - average flux density of fresh mixture on section between

sections i and i-1;
AS - frontal surface of flame between these sections;

u, - flame velocity in turbulent flowv. During calculation it is

determined from data in work [ 7).

Page 150.

If ve designate

= Uy . AS
PP -
LLT w‘ ) A_s F. ?’

that we vill obtain in a dimensionless form, after solvinj relative

to distance along the axis:
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[( c‘,,( -1 (&
)J

(% -, )

6. Equation of conservation of energy for flow of combustion

2

(' 'l)J
L.)

o
>
0

.F' .ﬂl"‘

(5')

preducts. Taking into account the conducted/supplied to one kilogram

of mixture heat in the process of the combustion

.c Wi wy
plit 3" +q =T, + " 6)

Conversions, analogous to equation (3), will finally give
BTN e BT S '
tn e 2 M‘(un 1) 6')

7. Following method in work (6], let us write coandition of
equality required at, and available at, time for stream at

output/yield fros cosbustion zone (Fig. 2)

at, =28% at_ =t -t '
P w‘.' n= tq Siey! (7)

vhere 2y ™ complate burn-up time of mixture in strean;
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3.« - retention time of mixture in combustion zone.

Page 151.
We take
W, +Ww
t - BT 0 L4
Wep L. 2 (u"f uh_’) W,

Finally calculatel equation we will obtain in the fora

- @
3;- 'l 3 s(rl "t*‘) 8L
where
(u .., u ) ‘/ *u 2 8R A'\(un \ "Ny uq.-‘)
V% ta
""' ‘Lﬂ)
8. For determination of ordinate '13L4 in (7*) let us vwrite

equation of conser vation of mass on output/yield from combustion zone

for flow, limited by flow line DD, (Fig. 2)

Py
wﬂ"(rh"— F")“Pn'u-'wnlﬂ(ﬂ\i.' i 'I’D) J -P) W‘ dF -

F"s‘!
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In a dimensionless fora

(%;)L u'"i.(‘l:t Jl:l') . (%.)n.-: u"‘w (Q:'-t- rl:') ¥ 1

5

v e [0 ) oAb

i
R =k,
+Ac(Az_Al)' ta A ; (8")
LI 1

Page 152.

9. Disregarding heat loss through walls, let us ietermine

portion of isolated heat (burned down fuel/propellant)

e ZZ’;"W‘ '
f?“ﬁ(ﬂ"ﬁ)ﬁ

In the expanded/scanned fora

= 1 | Bl
1_m[ﬁc'% (F-F)(CpT, + .‘i"is )+
wl Fe w'-
W (Fam F (G Ty + 0 ) [ w (c7, + 8 ) -
Fh

=AWy (F-F)(CpT, + ﬁz: )] e ©

After substitutions and integrations we will obtain
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S n t 'lt
1= )(’ ")[ (1-20) + ,Lr(’ln’l) m]x

X (H 521' Hf)*‘ -%“ (rl: ‘7:,)(9")+ —%[(un’lc—uc'ln)x

n

(T o) § (U ud(15+ 2.0, U o 2! g

x[('l:—'l:) o (A{A)(Q“' '1,,)* 2A,(A,-A) ta 9]} (9"

Page 153.

Just as in works [3, 6, 7], it is possible to write approximate

relationship which escape/ensues from (3') and (6*)

,%.. & = it (10)
(4

Given equatiodms (1)-(10) composes system of equations for the
calcni.ation of tha position of flame and completeness of the burnout

R, T, Uy, Uy, ‘C,,.'l‘.’ln.u.'l‘ 1)
of fuel A 1n the "annular caaan21" of
stabilizer combustion chamber and they are suitable only for the
calculation of miidle section, i.e., where there is a fresh mixture,
combustion zone and combustion products( 7 <, 7,7 1, ). For other
sections will be obtained the particular solutions of these equations

depending on the schematic cf process. L2t us point out the basic

special feature/peculiarities which with certain by conversions will

lead to calculatel relationship/ratios.
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Let us examine the initial section where mot in on2 5f the

stream filaments it is reached complete burnout (q,¢%, =1, %

In equations ( V)’@d) it is necessary to make the following

settings:

U=t Uym Uy T,=T,3 60y,

vhere the mark =ny" designates the paramsters on the boundary of

"tube" with "annular channel®,

Conditioa (7) will be written more siafly

ZA—XRO =83°L_93°L- 't
w"(e‘f*’wf u‘og,)~ y 8-4 £ -

(11)

Let us pass to final to the section wher2 front/leaiing flame edge

achieved wall ( 'lc = 1), a"&nixture it burned down all ( 'zn € 1)
Page 154.

To more conveniently conduct the calculation of the parameters in

combustion zone in wall (in equations 1*, 2, 7+, 8¢, 9v)

TR

S e

-
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Instead of disappeared equations (3), (4), (5) we record/write
the equation of conservation of energy ia zone ar the wall (is
analogous with eguation (6)) and the condition of the egquality of
time (11) with th» replacement of marks by "P" amd » 3 ‘on = 3 ",

f while instead of [n® in equations (1'), (2'), (9') to write
8.
Ln'esc E

)

Approximate relationship/ratio (10) will take tha form

. @

=36 4 3%,

<, 8 (12)

I

|

\ During the calculation of combustion in "circular" channel™ can
be encountered this case (for example, in below example in question),

vhen, because of the high flame velocity in the turbulent flow U, , to
the large scale of turbulence Qo (larget, ), the considerable
diameter of "tube", initial section is shoptened and in middle
section there will be only combustion zone (there are no fresh

mixture and products of the complete combustion).

In this case the system of equations for initial and finite
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segments will remain previous. For the calculation of middle section,

it is necessary to bear in mind, that

Qc'“ ’ln"’l,,,

and also for the calculation of finite segment in the parameters with

marks P to present marks 3, and instead of C - 3_ .,

The calculation of "annular channel® one should fulfill,
transfer/converting from one section to the next by saccessive
approximations {7]. This course of computation makes it pdssible to
calculate the heterogeneity in composition of mixture and parameters
of turbulence over the section of the camera/chamber (caused, in 1
particular, by th2 presence of flame holders) by changing the
characteristics of combustion u, amd t, from one se-tion to the

next.

After the determination of the parameters of gas in "circular"
channel and "tube' the calculation can bs refined, on the basis of

the condition of the equality of static pressure for 2ntire cross

section of the camera/chamber.

Figure 3 depicts the results of the calculation >f cyliandrical

combustion chamber with flame holders during the combustion of

)
Uniferm Keccsine = air mix¥ere,
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Fig. 3. Results of calculation of combustion chamber #ith flanme

holder.

Key: (1. m/s. (2) . s.
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Page 156,

1 -
09 =
08 A/'
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Fig. 4. Comparison of calculation and experimental 1ata according to

combustion effici2ncy of fuel/propellant: calculation - uU,= 12 m/s,

-
w

t,= 0.0055 s, a=1, D4=150 mm, D"‘= 70 mm; expercimeat - T
673°K; o, =0, = 1.4; Wy = 80 m/s; Tv. = 523°K3 g, = 413 Po=1359°;

&, = 0.8 mm. Combustion efficiency 1: according to the jas
analysis: on axis -1, over section - 2; with respect to a change in

the static pressure - 3. Change in the static pressur2 on wall -~ 4.

Key: (1) . experim2nt.
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The satisfactory agreement of the results of calculation with
experimental data according to the combustion efficiency of
fuel/propellant (Pig. 4) makes it possible to judge the correctness

of the proposed calculation method.

The combustion efficiency of fuel/propellant for entire section
of the camera/chaaber was summarized proportional to the mass flow

rates of gas, flowing for "ennular channel" and "tube"

6 6.6
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Figure 5 shows the effect of the degree of the blanket of the
area of combustion chamber by "tube" (by stabilizer), which confirms
the need the account of flame holder during the calculation of the

camera/chamber.

Figure 4 shows also the curve of combustion 2ffizisn-y,
( aln’ )D
calculated employing the approximate procedure .+« which makes it
possible to considerably lower the volume of calculat:i wirk, without

leading in this case to significant errorse.
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Supplementary suppositions during the composition of the

approximate procelure consisted in following:

4 1. The front/leading and rear boundaries of combistion zone were

located through known values Uy e

2. Values of speed and temperature over section >f combustion

zZone were accepted by constant

wyw Mty 02 4R
Key: (1). and.

Thus, the praposed method makes it possible to calculate
cylindrical combustion chambers with the flame holdars of different

types (jet-edge a1d streamlined poorly) .
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