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INFLUENCE OF TURBULENCE PARAMETERS ON
THE VELOCITY OF FLAME PROPAGATION

Candidate of Technical Scilences G.M. Gorbunov

- The development of air-breathing Jjet engines has obliged us to
organize new work on the study of the combustion of atomized liquid
fuel in a rapidly moving stream. However, the exceeding complexity of
the real working combustion process in which the final results are in-
fluenced by several factors which are difficult to differentiate, has
made it necessary in the overwhelming maJjority of cases to simplify
the problem by carrying out the Investigation on a previously prepared
homogeneous mixture. This pertains in equal degree to theoretical as
well as to experimental work.

Without going into a detailed analysis of the theories in which
an attempt 1s made to explain the mechanism whereby the flame propaga-
tion velocity 1ncreases in a turbulent stream, we can merely note that
based on the premises used by the authors of the various theories in
the analyslis of the turbulent flame, all the theoretlical investigations
can be broken up into three main groups.

In the theoretical investigations of the flrst group the authors
reach the conclusions that In the case of a large-scale turbulence the
main influence on the magnitude of the turbulent flame-front propaga-
tion velocity Uy is exerted by the mean square pulsating component of
the veloclity w', and to a lesser degree by the excess-alr coefficlent

a. The latter quantity 1nfluences u, not directly, but via the normal

t
combustion velocity Uy Experimental results obtained by the adherents
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of this theory are usually generalized by means of an experimental
formula of the form

u,=A(w')* (u,)"
where A is a constant factor gréater than unity while n and m are con-
stant coefficients, withn D> mand (m + n) = 1,

The magnitude of the turbulence scale 1 does not exert any influ-
ence on u,, if this scale exceeds appreciably the width of the laminar
flame front. The values of the constant coefficients A, n, and m ob-
tained by various authors differed, owing to differences in the methods
ugsed to determine the principal quantities. It 1is characteristic that
the coefficient A assumed values between 2.5 and 5.3 in the experimen-
tal formulas. Some authors attributed the last circumstance to the
fact that in the mechanism where the flame Jumps from the hot gases
back to the fresh mixture a declsive influence 1s exerted not by the
batches whose veloclity 1s close to the mean square pulsating velocity,
but the fastest moving batches, whose pulsating velocity is two, three,
and more times larger than the average pulsating velocity. These hlgh-
speed batches indeed determine the Jumping of the flame back to the
fresh mixture, and consequently, the rate of advance of the forward
boundary of the combustion zone — the flame front.

In the theoretical investigations of the second group, the growth
in the turbulent combustion velocity u, wilth increasing turbulence 1s
attributed to a growth in the turbulent exchange coefficlent D, = w'l
or to a growth in the Reynolds number Re = Hw/v, where H is the charac-
teristic dimension of the stream. Replacing the values of H and w in
the Reynolds pumber by the geometrical similarity criterion (the Strou-
hal number Sh = H/1) and by the kinematic similarity criterion (inten-
sity of turbulence € = w'/w), we obtain

Re -?'—"‘3'- == constlw'.
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Thus, according to these theories, the turbulent combustion vel-
oclty L should depend both on the pulsating velocity component w' and
on the turbulence scale 1.

Finally, the third group includes theorles whose authors belleve
that the principal factor acceleratlng the transport of the flame 1s
autoturbulization in the flame 1tself.

In various experimental investigations, set up for the purpose of
verifylng theorles, and also to obtaln experimental values of u, as
functions of the mixture composition and the characteristics of the
turbulence, different procedures were employed.

In most studles of the flame characteristics 1n a moving turbu-
lent stream of a homogeneous mixture, the flame front surface was as-
sumed to be the forward boundary of the flame. The definition of this
boundary was carried out on the basis of the start 1n the change of
temperature, total head, and one of the gas components, determined by
gas analysis, direct and shadow photography of the flame, or measure-
ment of the ionizatlon current.

Experimental 1lnvestlgatlons of the dependence of u, on the turbu-
lence parameters are usually carried out within the core of a free
turbulent Jet in direct or inverted cones (see Fig. 1l). Measurements
of the turbulence intensity show* that the values of € increase both
from the axls toward the boundarles of the core of the Jet, and along
the core of the Jjet. Therefore in determining Uy by the use of the re-
lation of V.A. Mikhel'son (ut = W cos @) or the ratio of the areas
v, = wFO/Fkon, it 1is necessary to refer the value of ue to that value
of w', which actually prevailed in the region where the flame front
was sltuated.

If, for example, we conflne ourselves to the measurement of tur-
bulence on the axis of the jet behind the nozzle (see Fig. la), and
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Flg. 1. Illustrating the determination
of uy in a free turbulent jet., a) Direct

cone; b) inversed cone; 1) core of jet;

2) flame front; 3) igniting burner. A) Cone.
the value of the turbulent velocity Uy determined from the direct cone
is referred to "'0 = EqW, then, other conditions being equal, the
value of the constant coefficient AO in the experimental formula for
the determination of U, will be larger than the true value A. let us
consider this by means of an example.

Let the determination of u, be carried out at two velocities at
the exit from the nozzle. For these velocities,wl and Wy, We determine
U9 and Uios respectively: w'ol = ggWy and w'02 = EgWs. The data ob-
tained are plotted (Fig. 2a) on a logarithmic scale and we obtain Aq
and
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fowm B4 =18 Ao

g, tg a,.

The theoretical formula willl have the form

H 9= Ay (100)™.
But in fact the flame front is located in reglons where & > £ge Iet us
assume that n = 1; then as the velocity 1s increased (other conditions
being equal) the flame front will remain in a fixed position. It is
known that for natural turbulence the intensity of the turbulence g at
any poiﬁt of the core of the jet 1is independent of the stream velocity
W. Then at the point where the flame front exists the condltion w' =
= kw'o will always be satisfled, where k > 1. Were the same velocltiles
U4 and Uto to be referred to the true values of the pulsating velocl-
ties w'l and w'2, we would obtaln the true value of the coefficient A,
which 1s less than AO:

uy = A(w')!,
Inasmuch as uy, = u,, we get Aj(w')y = A(w') and

A=A, ®o a4 o Ao

w’ kwy ok

According to the data of most investligators, however, n < 1.

In this case when the veloclty increases from Wy to Wo, the flame
front occuples the position lndicated dotted in Fig. la, and goes over
to those portlons of the core, where the values of € and w' are greater
than in the first position.

After determinling from the Mikhel'son relation or from the ratio
of the areas the values of the turbulent velocitles for two stream
velocities, (utl)n and (ut2)n, as well as the true values of the pul-
sating components w'l and w'2, and again using logarithmic coordinates,

we can determlne the true values of An and n = tan o_ (see Fig. 2b).

n

Were the obtalned values of the flame velocities (utl)n and (ut2)n to
be referred to the pulsating velocities on the Jjet axis, w'Ol and w'02’
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we would obtain values An and ny = tan q, different from the real ones
(see Fig. 2b):

The foregoing examples show that to obtain correct data it is nec-
essary to refer the cambustion Qelocity to the values of the pulsation
velocities at the points where u, 1s determined, as was indeed done in
the present work.

A comparison of the results of the measurement of u, by different
authors, other conditions being equal, indicates that there are con-
siderable digcrepancies in the values of uy, reaching 30 or 50% and
even more.

In the present work we undertook to ascertain the degree to which
a particular method of determining the forward boundary of the combus-
tion zone influences the experimentally determined value of u,, and
whether other characteristics of the turbulent stream (in addition to
w') exert any influence on the velocity of turbulent propagation of
the flame front Ug. In particular, the task was to check whether the
character of the spectrum of the turbulent stream influences the value
of L In the case of artificial turbulization of the stream, usually
produced by passing the stream through grids with various geometric
parameters, one can conceive of cases when two streams are obtained
with ldentlcal value of the average pulsating veloclty component w!',
but with different spectrum of pulsation velocities. If in one of
these streams the number of pulsations with velocity exceeding the av-
erage one (W') by several times 1s larger than in the other, then in
such a stream the turbulent flame should propagate with greater veloc-
ity, although the values of w', 1, and u, will be the same in elther
case.

The principal diagram of the setup on which the experiments were
carrled out is shown in Fig. 3. The flow of alir delivered to the ex-
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Fig. 2. The dependence uy = f(w') in log-
arithmic coordinates.

perimental stand was measured by a usual gasdynamic method. The fuel,
B-70 gasoline, was introduced into the mixing chamber by centrifugal
nozzles. To ensure good pulverization of the fuel, depending on the
required consumption, one, two, or more nozzles were turned on, S0
that the pressure of the fuel ahead of the nozzles was not less than
10 atm. The mixture was then fed through a 15-meter tube, where the
fuel drops were completely evaporated, some thing monitored many times
by means of special apparatus (the OMK instrument). The fuel consump-
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tlon was measured by a volume method.

At the exit from the mixing tubes, depending on the required vel-
ocity, nozzles were installed with inlet aperture diameters of 280 or
154 mm. The nozzles were profiléd in accordance wilth the recommenda-
tions of Ye. Vitoshinskly and made of sheet material by a pressure
method.

To ignite the homogeneous mixture, a burner with an outlet hole
diameter 1.5 mm, operating with a gasoline-air mixture with oxygen
added, was installed 50 mn away from the rake of the nozzle, opposite
1ts center. The igniting burner was fed from a special generator.

The turbulizing grids were secured to the rake of the nozzle. Be-
fore carrying out the combustion experiments, experiments were made to
determine the characteristics of the turbulence 1n the core of the
Jjets for different nozzles and for different turbulizing grids (see
the first artlcle of the present collection).

All the main investigations were carried out in the core of the
Jet, and the measurements were made 1n a horilzontal plane coinciding
with the axis of the Jjet. To Install the instruments, a speclal coor-
dinate unit was constructed, which made 1t possible to place the sen-
sitive elements of the instruments at any point of the lnvestigated
plane with accuracy +0.5 mm. The coordinates of the position of the
sensitive element were measured against speclal scales of the coor-
dinate unit. In addition, the coordinate unlit was provided with a de-
vice (electrical path marker), which made it possible to record on a
loop oscillograph the longitudinal displacement of the 1nstrument. The
coordinate unit was rigidly connected to the nozzle during the time of
the experiment.

In carryling out the basic experiments, the following measurement

apparatus was used:
-8 -
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Fig. 3. Schematic diagram of the setup. 1) Ailr duct; 2) air bypass;
3) mixing chamber; 4) nozzles; 5) fuel pump; 6) volume flow meter
for fuel; 7) profiled nozzle; 8) igniting burner; 9) panel with
coordinate unit; 10) turbulizing grid; 11) stabillizer. A) Air.

1) instrument for measuring the ilonlzation of the gas, consisting
of a transducer, amplifier, path marker, and recorder (MPO-2 loop os-
clllograph). The transducer was of the two-electrode type, with a gap
of 1 mm between copper electrodes;

2) small-size total-head fitting with water-cooled housing. The
recelver tube had a dlameter of about 1.5 mm;

3) platinum-rhodium/platinum thermocouple with U-shaped open Junc-
tion. The dlameter of the electrodes was 0.3 mm. The place of the elec-
trode Junctlion was stripped to the initlal dlameter of the wires;

4) instrument for determination of the local fuel concentration
(OMK), based on the well-known property of the magnetic susceptibility
of oxygen. The Instrument made it possible to determine the loss of

oxygen in a gasoline-alr mixture as the latter is burned up. The cool-
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ing gas sampler had an inlet aperture 3 mm in dlameter;

5) standard "Kiev" camera for flame photography. The photography
was with a neutral fllter, using an exposure of 2 seconds. Along with
(the flame, ruled scales were phétographed 80 a8 to determine the dimen-

sions of the photographed toroh of the flame.

When working with so-called "inverted cones," in view of the heat
released in the combustion zone, the initlal current lines along which
1t 1s necessary to investigate the varlation of the different gas
parameters become curved. To determine the mutual placement of the
current lines for a gilven combustion mode of the flame, the following
procedure was used.

In five sections (Fig. 4), at a specified operating condition,
measwrements were made of the temperature fleld, the total pressure
heads, and the static pressures. The currents were measured every 10O
or 5 mm, In the zone of the greater gradient of the measured quantity.
The veloclity flelds were plotted from these data. The specific gravi-
tles of the gas Yy at the measurement points were calculated.

Every 5 mm from the axls of the torch, in the directlon of the
radlus, calculations were made of the current density

dG/dF = wy.
The values of the flow per unit length of the segment were calculated

.d_.a.- -—1.9_ 2xr
dr  daf '

where r 18 the distance from the axis to the limlt of the segment.
The following quantity was determined

(ﬂ) - (”47)."'(%)”1

Adr Jep 2 '

where k 1s the serlal number of the flow division boundary; the flow

rate of gas on the chosen segment
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AG =(dq—) ar
dr cp

and the flow of gas in the entlre section
G,=40,4+4G,+...+4G,,

where n 1s the number of elementary segments.
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Fig. 4. Diagram of Jet and torch of the
flame. 1) Limits of the core of the Jet;
2) outer limits of the torch of the
flame. A) Camera.
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Curves of G = f(r) were plotted for each of the sectlons in which
the measurements were made, and were then combihed on a single graph
(Fig. 5).

By drawing a horizontal line through the flow curves, 1t 1s easy
to determine from the polnts of Intersection the radiil of the polnts
in sections I, II, etc., through which the lines of equal flow, i.e.,
the current llnes will pass.

The coordinates of the current lines determlned in thils manner
for varlous preselected operating modes have shcwn that the current
lines within the core of the jet are quite close to straight lines,
whilch make for each mode a separate small angle with the Jet axils.
This cilrcumstance has made 1t posslble to use for the investigation of
the parameters of the flow along the current lines the same coordinate

- 1] -



unit, but in this case the entire panel with the coordinate-unit plate

was inclined at an approprlate angle relative to the initial position
80 that the recelving element of the instrument followed the current

line exactly as the coordinate unit was displaced longitudinally.
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Fig. 5. Variation of gas flow along the
radius of the jet (and the torch of the
flame) at different sections. 1) kg/sec;
2) section.

An investigation of the turbulence characteristics (see the first
article of the present collectlon) made it possible to choose for the
study tuwrbulent streams such as would permit separation of the inde-
pendent variables of interest to us. For experiments with a flame, a
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large nozzle (BS) was chosen with a free exhaust (S) and with two
grids "2" and "5." The parameters of the turbulent flows in section II
are listed in Table 1.

TABLE 1
1 _ O6nekr
Mapas
2 Mapaxerp BC-C BC-2 BC-S
3] ~5 6,53 6,5
! wm ~125 ~1,7 ~1,6
1
e 3 ~100 ~625 ~680
W = f(w) 4 our. 6 our. 7 Sur. 8

1) ObJect; 2) parameter; 3) sec; 4) Fig.

The intensity magnitudes and the transverse turbulence scales
for the grids are presented with corrections for the length of the
filament, introduced by the Dryden method.

Figures 6, 7, and 8 show the spectra of the pulsation velocities.
If 1t 1s assumed that the variation of the veloclty at a given point
of the turbulent stream follows a sinusoidal law, then the pulsation
frequency n can be regarded as the number of pulsations. The largest
pulsation velocity corresponds to a frequency of 66 cps for BS-S, 100
cps for BS-2, and 140 cps for BS-5.

Thus, it can be assumed that for the same intensity of turbulence
in the streams BS-2 and BS-5, the stream of BS-5 will contain a larger
number of pulsations with maxlimum pulsating velocity component.

Flgure 9 shows by way of an example the results of experiments on
the investigation of the parameters of the gas over the sections of a
turbulent torch and over several current lines for BS-S.

The values of the total pressure head, the.temperature, and oxygen
content were measured along the current lines No. 1, 4, and 2 every
3 mm, In addition, the variation of the ionization current was recorded

-
- L
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on an oscillograph and the torch was photographed with long exposure
(1.5-2 sec).

The front of the flame can be assumed to be the geometric locus
of the points on the longitudinél gsection of the torch, at which one
of the measured quantities (i.e., T#, Ap*, etc.) begins to change in
value.

In the lower part of Fig. 9 are plotted the positions of the
flame fronts as determined by the start of the temperature rise, the
drop in the total pressure head, the start of the ionization-current
bursts, the change in the oxygen, and the start of visible glow on the
photograph, all as determined by the performed measurements. The bound-
aries of the flame, determined by various methods, 4o not agree with
one another.

Iet us disregard pulsations in the stream and let us consider the
average motion of a particle along the current line.

If a particle of fresh mixture moves along the current line (we
choose for further analysis the central current line No. 4), then at

. some point in 1t there will be observed an

fw)| -

: increase 1in temperature, corresponding to a
position of the flame front as determined by
the start of the rise in temperature; on fur-
ther motion, glow will begln in this particle,
as can be determined by photography; at the
same place one observes the first bursts in
the lonization current and finally by the

ll start of the decrease in the oxygen (based on
a'—ié_’ N
RRTIF ISR waw 1 gas analysis).
Fig. 6. Spectrum of Whereas in the direction transverse to
pulsation velocities
in free Jet. 1) sec. the torch axis the distance between the ex-

- 14 - .



FW)
Flw)
I IIH Lins
sgsg§§§§§§§§§gg§ J"‘ OOM D OVVOVooD (=)

'~-~§an‘t?" 1 . ~n06923252§§3§§5 wf#(l
Filg. 7. Spectrum of pulsa- Fig. 8. Spectrum of pulsa-
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treme positions of the flame fronts, determined by the starts of the
changes in T*, I, Ap*, etc., amounts in the initial sections to several
millimeters (in section IV this quantity amounts to about 25 mm),
along the current lines this quantity amounts to about 100 mm. If 1t
1s assumed that the velocity along the current line remalns constant,
then the value of uy determined by the Milkhel'son law wlll depend only
on the value of the angle between the current line and the tangent to
the given flame front at the point of intersection. It 18 quite obvious
that the largest value of ue should be obtained when this quantity is
determined in accordance with the forward front of the flame (in ac-
cordance with the temperature), and the smallest value should be ob-
tained when the determination 1s based on the flame front as determined
by the varlation of the oxygen concentration. It 1s necessary to bear
in mind here that the I1ntensity of the turbulence along the current
lines does not remaln constant.

Flgure 10 shows, 1n accordance with the data obtained in Fig. 9,
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the values of u, as a function of w'. The values of w' for the corres-
ponding points of the stream were chosen without account of autotur-
bulization (see Fig. 6a of the first article of the present collection).
It 1s quite understandable that'from two or three points it is impos-
sible to determine correctly the slope of the curve u, = f(w') on the
given section. At the same time, the data of Fig. 10, as well as log-
1cal reasoning, lead to the conclusion that the experimental values of
u, are the smaller, the closer to the axis the conditional flame sur-
face i1s determined. Thus, for example, in the present case the values
of U, determined in accordance with the front constructed on the
basis of the varlation of the oxygen content, are considerably smaller
than the values of u, determined from the front constructed on the
basis of the drop in total presswure head, photography, or - temperature
fields.

Taken by 1itself, the disagreement between the starts of the
changes in T#, the ionization, Ap*, and the oxygen-content in the tur-
bulent stream, in which the mechanism whereby the matter (concentra-
tion) 1s transported 1s the same as the mechanism of heat transfer, is
little 1likely, but this fact was confirmed in experiments made by dif-
ferent authors.

The explanation must be sought probably in the following.

Deep in the turbulent torch of the flame, where the increase in
the average temperature of the mixture reaches 100-300°, intensive
burning up of the fuel begins. If one moves from this point deep into
the torch along the current line or along the radius of the torch, it
is there that the maximum temperature gradient is observed. The chem-
ical composition of the mixture also begins to change noticeably. Ob-
viously, an instrument which measures the variation of the oxygen con-
centration along the current line will note the start of the change at

- 18 -



a point corresponding to the sensltivity threshold of the instrument.
When the instruments TI and OMK were used, the point where the change
in Oa(a) began corresponded to a temperature rise by 100-300°.
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Fig. 10. Dependence u, = f(w'), de-
termined from measurements of dif-
ferent parameters. O) Determined
from start of rise in temperature;
%) from visible boundary of torch
on the photograph; o) from start

of drop in total pressure; A) from
start of decrease 1ln oxygen con-
tent. A) m/sec.

However, hot batches of gas are ejected from this zone to the
perlphery of the torch, where they can be detected by an ionization
transducer. Thelr luminosity is sufficiently high to be recorded on
photographic film with long exposure. But the relatlive mass of the hot
batches 1s small here, and the instruments employed 4o not detect
changes in the concentration.

At a certain distance from the torch axls, the ejected batches
either burn up completely, or cease to burn as a result of mixing with
fresh mixture and reduction in the reaction rate resulting from the
drop in temperature. In this case the torch does not glow and all the
ionlzation transducer records are very rare bursts. The thermocouple,
on the other hand, notes an increase in temperature.
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A similar change in the parameters was obtained also in other ex-
periments by us.

From the bhysical point of view, the most correct way to deter-
mine the forward boundary of thé combustion zone would be to measure
the lonizatlon current, but methodological difficulties arise here,
too, for it is not known which of the bursts are accidental and which
are reliable.

For an open torch, a very convenient method is to photograph the
torch. The flame front determined on the photograph practically coin-
cides with the front determined by measuring the ionization current
(1f one takes the average position of the individual bursts, see Fig.
9).

In fhe later experiments u, was determined either from the "tem-
perature" flame front, or from the front obtained on the photograph.

It must be noted that, lndependently of the method used to deter-
mine the flame front, the method wherein u, 1s determined by the angle
between the direction of the current line and the tangent to the flame
front is inaccurate. Even under most careful reduction of the experi-
mental data and when a geodetlc protractor is used a large spread in
the values of U is obtained.

The experlmental data presented show that the cholce of the method
for determining the flame front predetermines also the values obtained

for Uy . Thus, the difference in the values of u_, obtained by differ-

t
ent authors, may be attributed to the choice of different procedures
for determining the main quantities.
let us return to the question of the influence of the frequency
spectrum of the stream and the turbulence scale on the values of U.
The procedure outlined above (with allowance for the deviations
of the current lines) was used to determine the values of u, at con-
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stant valiac of the excess-air coefficient (o = 1.25) in section II be-
hind a large nozzle without a grid (BS-S) and with grids "2" and "5"
(the position of the flame front was determined by noting the start of '
the temperature rise). Table 2 lists the data obtained.

TABIE 2
1 O6vexr
n
2 Mapauerp BCC BC-2 BCS

3

o’ Mjcex 2,3 3,12 2,86

Uy Mfcen 5,76 8,5 11,4
! uu 125 7 1,6

W’ c=f () )4¢ur. 6 Pur, 7 dur. 8

1) Object; 2) parameter; 3) m/sec; 4) Fig.

The data presented show that u, i1s apparently influenced by the
frequency spectrum.

Indeed, for BS-5 the value of w' (with account of the correction
for the length of the thermoanemometer filament) is less than for BS-2.
The scales are approximately the same. On the other hand, the value of
ug is 344 larger for BS-5 than for BS-2.

Comparison of Figs. 7 and 8 shows that the frequency spectrum for
BS-5 has larger values of pulsation velocity components in the region
of medium frequenciles than the frequency spectrum for BS-2.

This probably explains the larger value of u, for BS-5 compared
with its value for BS-2. It can be assumed that in the BS-5 Jet there
i1s a larger number of pulsations having larger pulsating velocity com-
ponents (larger than the mean square value w'). This.is what causes the
faster transport of the flame, i.e., the larger values of u, . In the
case of BS-~S the larger values of.the pulsating veloclty components
are concentrated in the low-frequency part of the spectrum and u, has
a smaller value than for BS-2 and BS-5.
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Fig. 11. Dependence u, - f(w') be-
hind grids with different frequency

spectra. A) Grid "5"; Q) grid "o."
A) m/sec.

The turbulence scale apparently does not influence u,. The scale
in the case of BS-S 1s approximately 75 times larger than for BS-5,
but u, for BS-S 1s almost half that of BS-5 for nearly equal values of
w'. The maln influence on the value of uy (apart from w') is exerted
by the frequency spectrum.

Experiments on the determination of the influence of the frequency
spectrum of the stream on the value of u, were carried out with the
same grids "2" and "5" using a small nozzle (MS-2 and MS-5). The pro-
cedure used to determine the main quantities remained the same. The
results of the experiments, shown in Fig. 11, confirm that the values
of the turbulent flame-front propagation velocities uy behind grid "s5,"
which gives larger values of the pulsating velocities in the high-
frequency part of the spectrum than grid "2," turn out to be larger.

Thus, the value of U, other conditlons being equal, depends on
the frequency spectrum of the turbulent stream, something not accounted
for in any of the investigations known to us. In connection with the

influence of the frequency spectrum, the structure of the formula em-
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ployed in many papers for the turbulent velocity, namely
u,m=A(w')" (u,)"
1s not sufficiently universal.

Manu-
seript
Page [Footnote]
Nol
3 See Figs. 6-10 in the first article of the present collection.
Manu—
script [List of Transliterated Symbols]
Page
No.
1 T = t = turbulentnyy = turbulent
1 H = n = normal'nyy = normal
3 KOH = kon = konus = cone
10 ° cp = 8r = srednyy = average
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INVESTIGATION OF PROPAGATION AND STABILIZATION OF
A FLAME BEHIND A TROUGH-SHAPED STABILIZER

Candidate of Technical Sciences E.L. Solokhin

One of the main requirements imposed on ramjet combustion chambers
is the maintenance in them of a stable combustion process over a suf-
ficiently wide range of velocities, pressures, temperatures, and ex-
cess-alr coefficients. The range of variation of these parameters 1s
determined by the type and purpose of the engine.

Stable combustion in ramjet chambers 1s guaranteed by installing
in them various poorly streamlined bodies, behind which a backflow
zone 1s produced, filled with hot gases which ensure continuous igni-
tion of the fresh combustible mixture.

However, neither the experimental nor the theoretical papers have
dealt sufficiently with the structure of the backflow zone, the
mechanism of exchange between this zone and the actlve stream, and
thelr response to various parameters.

The insufficiency of the experimental data from which to Jjudge
the physical picture of the phenomenon makes it difficult to develop a
rigorous theory of flame stabilization behind poorly streamlined bod-
ies, so that the following was undertaken in the present work:

1) accumulation of experimental data on the variation of the di-
mensions of the backflow zone behind poorly streamlined trough-shaped
stabilizers for a wide variation of stream parameters (velocity, tur-
bulence, mixture composition a), and on the influence of the stabil-
izer dimensions;
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2) investigation of the time-averaged temperature field, fuel
concentration, ilonization, and turbulence in the backflow zone at modes
close to lean flameout;

3) attempts to explain the exchange mechanism between the back-
flow zone and the active stream and the influence of the stream param-
eters on the flameout characteristics of the stabllizers.

An experimental study of the stream behind a stablllzer was car-
ried out starting from the following notions. The backflow zone 1s the
result of turbulent exchange between the gas located 1n the feed re-
gion of the body and the actlive stream. Instruments placed 1n the back-
flow zone indlcate a positive velocity head in some definite direction.
The latter indicates that there exists 1n the backflow zone a definite
stream directlon, which prevails over the direction of the mass trans-
port. This enables us to determine lines which delineate equal flows
("Jets"), between which constant turbulent mass exchange, energy ex-
change, etc. take place, These lines can be determined by starting
from the flow equation, so0 as to analyze further the changes of the
gas parameter along the "Jets."

The diagram of such a flow is shown in Fig. 1. Let us consider
thils diagram. Behind the stabillzer 1s formed a circulation zone, which
encompasses both the backflow zone and that part of the forward stream
which 1s adjacent to the backflow zone. The per-second flow of gas
through the forward stream of the circulation zone (c) is equal to the
per-gsecond flow of gas through the backflow zone. Beyond the boundaries
of the circulation zone is located the active stream (a).

An experimental investigation of the flow of gas was carried out
in an initilal portion of & blunted axially symmetrical turbulent Jet
of a homogeneous gasoline-air mixture.

Since the purpose of the investigation was to determine the pre-
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flameout modes with a lean mixture, we first plotted the 6haracteris-
tics of the lean flameout behind the stabilizers employed. In the in-
vestigation of the flow, the excess-alr coefficient was always set

equal to a = °°9°sr' . .

Wherever possible, a comparison was made of the values of the ine
dividual stream parameters, obtained in one and the same mode by dif-
ferent methods. Thus, temperatures measured with thermocouples and
calculated from the results of gas analysis were compared (see Fig.'13
below); the pressures were obtained with a thermoanemometer and com- -
pared with those obtained after processing the flelds of the tempera-
tures, static pressures, and total heads; the dimensions of the back-
flow zone, measured by means of a special fitting and obtained from
processing of the velocity fields were also compared (see Fig. 17 be-
low). The agreemen% of the results was found to be quite satisfactory.
1. EXPERIMENTAL SETUP AND OBJECTS OF INVESTIGATION

The experiments were carried out with the setup shown in Fig. 3
of the second article of the present collection.

To obtaln in the Jjet turbulence with different characteristics,
grids were used, the characteristics of which are presented in the
first article of the present collection.

The construction of the stabillzers employed is shown in Fig. 2.
The spread angle of the stabillizers was chosen to be 60°, and the
heights 2h were, respectively, 60, 30, 20, and 10 mm. The stabilizers
were secured to the nozzle by means of aerodynamic posts at a distance
of 22 mm from the outer boundaries of the nozzle, so that no atmos-
pheric air should have entered into the backflow zone. A check has
shown that this actually was the case.

In the preliminary experiments it was established that the inten-
sity of the turbulence changes with distance from the rake of the noz.
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zle, and therefore all the stabilizers were installed with their rakes
at an equal distance from the nozzle, thus guaranteeing formation of

backflow zones in stabilizers of different size at identical turbulence

intensity.
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Fig. 1. Diagram showing flow of gas behind the stabilizer. a) Ac-
tive stream; b) boundary of circulation zone; c) forward stream of
circulation zone; d) boundary of backflow zone; e) backward flow of
circulation zone (backflow zone); f) lines delineating the "Jets"
of equal flows (current lines); g) boundary of core of free Jet.

The cross sections for the measurement of the stream characterils-
tics in the backflow zone behind the stabllizers were located at dils-
tances lh, 2h, 3h, etc. Thus, independently of the dimensions of the
stabllizers, the number of ilnvestigated sectlons in the backflow zone
remained approximately the same.

The apparatus used for the measurement of pressures, temperatures,
fuel concentrations, lonization current, and also the procedure for
processing the experimental data were the same as in [1].

2. RESULTS OF THE EXPERIMENTS

Figure 3 shows the flameout characteristics with lean mixture
plotted behind different stabllizers with the velocity of the 1lncident
stream ranging from 30 to 190 m/sec. The curves divide the field of
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Fig. 2. Construction of stabilizers. a) Stabil-

izer with 2h = 30 mm; b) stabilizer with 2h =

= 20 mm; ¢) stabilizer with 2h = 10 mm.
the drawing into two regions: upper - above the curve, in which the
combustion is impossible under the given conditions, and lower — region
of stable combustion. The stability of the combustion deteriorates
both with Increasing velocity of the incoming stream and with increas-
ing dimensions of the stabilizers.

Figure 4 shows the dependence of agp ON the initial stream turbu-

lence. With increasing initial turbulence, Cop decreases.
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stabilizer with 2h = 20 mm; 4) stabilizer with
2h = 10 mm. A) Stream parameters after extinc-
tion of flame; B) stream parameters during
combustion close to flameout mode; C) m/sec.
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Fig. 4. vVariation of flameout characteristics
of stabllizer with 2h = 30 mm as a function of
the initial stream turbulence. 1) In free Jet
at the rake of the stabilizer & = 2.5%; 2) be-
hind grid No. 5, at the rake of the stabilizer
at € = 10%; 3) behind grid No. 2, at the rake
of the stabilizer ¢ = 15%. Ag Stream parameters
after extinction of flame; B) stream parameters
%ﬁring combustion close to flameout mode; C)
sec. ‘
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Fig. 5. Variation in the length of the back-
flow zone behind a stabllizer with 2h = 30 mm
as a function of the velocity of the incoming
stream 1n a free Jet at near-flameout mode

(a = 0'9°sr)‘ A) m/sec.

The measurement of the dimensions of the backflow zZone was made
by means of a fitting, the construction of which 1s shown in Fig. 5.
Both tubes of the fitting were connected to an alcohol differential
manometer. It was assumed that when the drop on the manometer 1s equal
to zero, both tubes are on the boundary between the backflow zone and
the forward stream.

The width of the backflow zone was measured in cross sections
spaced a distance h apart, l.e., a dilstance equal to half the stabil.
izer height. In each section two points were flxed, in one of which
the pressure drop was positive and in the other negative. Usually in
determining the width of the backflow zone a displacement of the fit.
ting by 1 mm near the boundary of the zone caused an appreciable change
in the value and in the sign of the pressure drop. In determining the
length of the zone, the distance between points with positive and nega-
tive pressure head amounted to 3-5 mm.
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Fig. 6. Dimensions of the backflow zone during
combustion, as a functlion of the velocity of
the incoming stream. (Stabilizer with 2h = 30
mm, o = 0.9ag,, in free Jet.) 1) w = 170 m/sec,
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a=1.44; 2) w= 130 m/sec, a = 1.50; 3) w =
= 105 m/sec, a = 1.53; 4) w = 74.5 m/sec, a =
= 1.59; 5) w = 50.9 m/sec, a = 1.69; 6) w =

29.9 m/sec, a = 1.69.

!

th  2h 3Rk 4k
Fig. 7. Dimenslion of backflow zone as a func-
tion of the velocity of the incoming stream in
the absence of combustion. (Stabilizer with

2h = 30 mMm, a = =, in free Jet.) 1) w = 184
m/sec; 2) w = 34.5 m/sec.

It was shown above that the characteristics of lean flameout

varied monotonically relative to the velocity, the initial turbulence
of the stream, and the stablililizer dimensions. We therefore chose the

-~
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following sequence of investigation. On one stabilizer, at a constant
initial turbulence, we Investigated the variation of the dimensions of
the backflow zone as a function of the velocity of the incoming stream;
then, at a constant velocity ané at a constant stabilizer dimension,

we lnvestigated the variation of the backflow zone with changing ini-
tial turbulence of the stream, and finally, at constant velocity and
constant initial stream turbulence we lnvestigated the variation of
the backflow zone as a function of the stabillizer dimensions.

Figure 6 shows the dimensions of the backflow zone for different
incoming-stream velocitles. With increasing incoming-stream velocity
in combustion, the length and width of the backflow zone increase cone
tinuously and at a velocity w = 170 m/sec its width was 30% larger and
its length was 45% larger than at a velocity 30 m/sec (the Reynolds
number increased by a factor 5.7).

In the absence of combustion, the dimensions of the backflow zone
were considerably smaller and hardly changed with variation of the
velocity of the incoming stream (Fig. 7).

The gas veloclty in the backflow zone increased with increasing
stream velocity (Fig. 8): in the absence of combustion the increase
was proportional to the veloclity of the incoming stream (ux ~ w); in
the case of combustion the increase was less intense (u8 -~ w°’6).

Figure 9 shows the dimensions of the backflow zone behind various
stabilizers. It was natural to assume that with increasing stabilizer
dimensions the length and width of the backflow zone would increase 1in
proportion to the height of the stabillzer. However, a reduction of
the experimental results in dimensionless coordinates (Fig. 10) has
shown that this assumption did not turn out to be correct. Whereas the
dimensionless length at near-flameout modes was approximately the same
for all tested stabilizers, the dimensionless maximum width fluctuated
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between 2.1h for the stabilizer with 2h = 60 mm to lh for the stabil-
izer with 2h = 10 mm.

Figures 11 and 12 show the dimensions of the backflow zone with
changing initlal turbulence and excess-alr coefficient and at constant
stream velocity. No appreclable difference was observéd in the dimen-
slons of the backflow zone in the indicated ranges of variation of the
Initial turbulence and the excess-alr coefficlent.

Thus, 1t follows from the foregoing that the laws governlng the
varilation of the dimensions of the backflow zones behind a V-shaped

stabllizer are different in combustion than in a cold stream.
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Fig. 8. Variation of axlal velocity u in the
backflow zone on the velocity of the incoming
stream. (Stabilizer with 2h = 30 mm in the
free Jet.) 1) a = »; 2) a = 0.9a,.. A) m/sec.

The experimental data shown in Figs. 13, 14, 15, and 16 give an
idea of the temperature distribution, the fuel concentration, the ax-
lal velocity, and the lonization current in the clrculation zone be-
hind the stabllizer during combustion.

The veloclty and temperature flelds were used to plot the lines
of equal flow (Fig. 17). The equal-flow lines, as well as the first
"Jet" of the active stream 0-0 are shown in Figs. 13, 14, and 16.

From an examination of the temperature flelds and the fuel-con-
centration flelds (see Figs. 13 aqd 14) 1t follows that the tempera-
ture deep in the backflow zone 1is constant at near-flameout modes,

and the fuel concentration is close to zero. Consequently, deep in the
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Fig. 9. Dimensions of backflow zone in free
Jet as a function of the size of the stabil-
izer. a) Stabilizer with 2h = 60 mm, o = 1.74,
W = 50 m/sec; b) stabilizer with 2h = 30 mm,
a=1.69, w = 50.9 m/sec; c) stabilizer with
2h = 10 mm, a = 1.48, w = 48.3 m/sec; d) sta-
bilizer with 2h = 20 mm, a = 1.53, W = 49.7
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Fig. 10. Dimensionsg of backflow zone

in dimensionless coordinates. 1) Sta-
bilizer with 2h = 60 mm, o = 1.74, w =
= 50 m/sec; 2) stabilizer with 2h = 30
mm, a = 1.69, w = 50.9 m/sec; 3) stabil-
1zer with 2h = 20 mm, @ = 1.53, W =

= 49.7 m/sec; 4) stabilizer with 2h =
=10 mm, a = 1.48; w = 48.3 m/sec; b)
current width of backflow gone; hs half
the height of the stabilizer; L) cur-
rent length of backflow zone.

backflow zone there is no combustion. On thg other hand, the presence
of ionization current in that region (see Fig. 16) can be attributed
-3“ -l
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Fig. 1ll. Dimenslons of backflow zone as a func-
tion of the initial turbulence of the stream
at the rake of the stabilizer (stabilizer with
2 =30mm). 1) e = 2.5%, a = 1.69, w = 50.9
m/sec; 2) € = 10%, a = 1.61, w = 50 m/sec; 3)

e = 15%, a = 1.57, w = 50 m/sec.

to two factors: first, the afterburn of the individual unit batches of

mixture, and second, as shown by the investigations of [5], ionization
current can be observed in the combustion products behind the flame
front.

In the backflow zone, at its boundary with the active stream (see
current line IV in sections 4h, 3h, and 2h of Figs. 13, 14, and 16),
an increase takes place 1in the fuel concentratlion and a decrease in
the temperature, while the magnitude of the lonization-current bursts
increases compared with the central part of the backflow zone.

This indicates that the combustion process engulfs a small exter-
nal region of the backflow zone. The mixture enters there because of
the high intenslty of exchange with the active stream.

The variation in the fuel-concentration filelds begins somewhat
closer to the stream axis, than the variation of the temperature. Such
mutual placement of the temperature and fuel-concentration fields in
combustion was observed by many investigators. Its cause has not yet
been explained.

It is interesting to trace the varlation of the gas temperature
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Fig. 13. Temperature flelds in the circulation zone behind the stabil-
izer with 2h = 60 mm at near-flameout mode, w == 50 m/sec, a = 1.T4.

1) For section lh; 2) for section 2h; 3) for section 3h; 4) for sec-
tion 4h; 5) for section 5h; 6) for section 6h; 7) for section 9h; 8)
for section 10h; 9) for section 2h as obtained by gas analysis. O,

I-IV) current lines. A) Temperature scale; B) absolute.

and the fuel concentratlon along the lines that dellneate equal flows.
Inside the backflow zone the gas temperature 1is constant over the vol-
ume, and the fuel concentration 1s close to zero. The situation 1s en-
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tirely different in the direct stream of the circulation zone. Filgure
18 shows the variation of the gas temperature along the current lines
in the direct stream of the circulation zone. From the stabillizer rake
to section 3h the gas becomes cooler 1in the direct flow of the circu-
lation zone (lines I-I, II-II, III-III) and transfers heat to the ac-
tive stream (in the construction of Fig. 18 it was arbitrarily assumed
that the current line II on Fig. 13 1s tangent to the section 1lh).

It is characteristic that the actlive-stream gas layer adJjacent to
the circulation zone (line 0-0 on Fig. 18) 1is heated up to section 5h
by merely 100° and 1its temperature remains practically constant in
the section 2h-4h, which can be attributed to the constant removal of
heat into the actilve stream.

Starting with section 3h the temperature begins to rise in the
direct stream of the circulation zone as a result of the combustion of
the individual batches of the fresh mixture, which enter there as a
result of turbulent exchange. Between sections 5h and 6h begins a proc-
ess of combustlon in the active stream. The start of the combustion
can be observed by comparing plots of the variation of the fuel con-
centration, gas temperature, and ionlzatlon current.

Figure 19 shows plots of the variation of the temperature and
fuel concentration along the current lines, from which it is seen that
a sharp change in these quanticles occurs beyond the sectlon 5h. What
causes this radical change, an increase in the turbulent exchange or
the combustion process? This question can be answered directly by ex-
amining the plots of the lonizatilon current (see Fig. 16), the rise of
which along the current line 0-0 1s determined over the interval be-
tween sections 5h and 6h. Consequeptly, at near-flameout lean modes
the start of the combustion of the mixture in the active stream occurs

at the end of the backflow zone.
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Fig. 1l4. Fuel concentratlon fields in the circulation zone behind the
stabilizer with 2h = 60 mm at near-flameout mode; w = 48.9 m/sec, a =
= 1.81. 1) For section 2h; 2) for section 3h; 3) for section 4h; 4)
for section 5h; 5) for section 6h; 0, I-IV) current lines. A) Fuel con-

centration scale; B) kg of fuel per kg of gas.
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Fig. 15. Fields of axial velocity in the circulation zone behind the
atabilizer with 2h = 60 mm at near-flameout mode, W = 50 m/sec, a =

= 1.7T4. 1) For section lh; 2) for section 2h; 3) for section 3h; 4)

for section 4h; 5) for section 5h; 6) for section 6h; 7) for section
oh; 8) for section 10h. A) Scale of w; B) m/sec.

The start of the mixture combustion in the active stream was reg-
istered by three methods in one and the same place, 80 that ‘it can
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Fig. 16. Ionization-current flelds in the zone of circulation behind
the stabilizer with 2h = 60 mm at near-flameout mode, w = 50 m/sec,
a=1.74. 0, I-IV) Current lines.
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Fig. 17. Lines of equal flows 1n the circulation zone behind the sta-
bilizer with 2h = 60 mm at near-flameout mode, w = 50 m/sec, a = 1.T74.
x) Boundary of backflow zone, calculated from the velocity filelds; o)
boundary of backflow zone obtained by measuring with a speclal fitting.
[Line of equal flows delineates the flow of 0.05 kg/sec'm. The maximum
gas flow in the backflow zone occurs at the section 4h (center of the

zone) and amounts to 0.25 kg/sec.m. )]

henceforth be determined from the place where an abrupt change takes

place 1in any one quantity, say the temperature.

Figure 19 shows also a plot of the variation of the temperature
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Fig. 18. Variation of gas temperature

along the current lines I-I, II-II, III-

III in the direct stream of the clrcula-

tion zone and in the first "jet" of the

active stream 0-0 (stabilizer with 2h =

=60 mm, w = 50 m/sec, a = 1.74). A) Ab-

solute.
along the current line 0-0O for the mode with w = 51.0 m/sec and a =
= 1.34. The place where the gas temperature rises abruptly lies in
this case between sections 4h and 5h. This indicates that when the mix-
ture becomes enriched the point of flame stablllzation in the active
stream moves closer to the stabilizer.

At the present time there are no sufficiently reliable methods de-
veloped for the determination of the characteristics of stream turbu-
lence in the presence of combustion. The experiments were therefore
limited to a measurement of the turbulence characteristics in the cold
stream behind the stabllizer and at individual points of the backflow
zones during combustion — in the points where the combustion process,
in accordance with the curves which show the variation of the fuel
concentration (see Fig. 14), has practically terminated. In the latter
case the stream was colored with NaCl vapor, photographed through a
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Fig. 19. Variation in gas temperature and fuel

concentration along the 0-0 current line behind

the stabilizer with 2h = 60 mm. 1) Variation

of fuel concentration in the mode o = 1.81,

w = 48.9 m/sec; 2) variation of gas tempera-

ture in the mode a = 1.74, w = 50 m/sec; 3)

variation of gas temperature in the mode a =

= 1.34, w = 51.0 m/sec. A) Absolute; B) kg of

fuel per kg of gas.
light filter, and the limits of propagation of the coloring were com-
pared with the turbulence-intensity table obtalned for direct hot
streams.

Figure 20 shows plots of the distribution of the turbulence in-
tensity € behind a stabllizer with 2h = 60 mm in the presence of grids
"2" and "5" and also in a free Jet. The curves show the limits of the
backflow zone, and in the case of flow around the stagbilllzer without
grids 1t also shows the limit of the constant-velocity core of the
dlrect stream.

An examination of the curves indicates the following:

1) behind the stabilizer, in the backflow zone, the intensity of
the turbulence turns out to be 45-50% and 1s practically independent
of the value of the initial stream turbulence (more accurately, it

~ 41 -



even decreases somewhat with lncreasiny inltlal stream turbulence);
2) in the direct stream, on thc boundary with the backflow zone,

a region 1s produced where the turbulence 1s larger than in the back-

flow zone, and the higher the 1ﬁit1al turbulence of the stream the

broader this region, starting with the section 2h.

[
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Fig. 20. Intensity of turbulence 1n the case of flow of a cold stream
around a stabilizer with 2h = 60 mm. a) w = 50 m/sec, grid "5"; b) w =
= 50 m/sec, grida "2"; c¢) w = . 50 m/sec in free jet; xS boundary of back-
flow zone; O) boundary of congtant velocities. A) Scale.

Figure 21 shows plots of the distribution of the average frequen-
cles Wg e and the Euler turbulence scales L calculated with thelr aid.
In the backflow-zone points the turbulence scales are conslderably
smaller (by a factor 10-12) than in the unperturbed direct stream.

The intensity of exchange in a turbulent stream can be character-
ized by a turbulent-exchange coefficlent

D:—*}W',
where 1 1s the reduced mixing path and w' 1s the pulsation velocity.
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- In A. Prandtl's "Mechanics of Viscous Liquids" (see [2]) 1t 1is
shown that a proportional relationship exists between the turbulence
scale and the mixing path, and a formula obtained during the investiga- '
tlon of a free Jet 1s presented.

Assuming that the mixing path 1s proportional to the turbulence
scale in our case, too, we can calculate the ratio of the turbulent-
exchange coefficlents on the axis of the backflow zone to the coeffi-
clents at other points of the stream, Di/Dz.o.sk'

The distribution of this ratio behind the stabllizer with 2h = 60
mm 1s shown in Fig. 22. In the region of Increased turbulence, the
ratio of the turbulent-exchange coefficlents reaches 20, whereas in
the direct stream with natural turbulence it has approximately the
same magnitude as 1n the backflow zone.

The boundary of the direct stream with natural turbulence 1s lo-
cated farther away from the stebilizer axis (see Figs.'20 and 21) than
the boundary of the constant-veloclty stream. Consequently, in the di-
rect stream the coefficient of turbulent exchange increases with in-
creasing distance from the backflow zone, and its maximum is located
on the boundary between the clrculation zone and the active stream.

Figure 23 shows the distribution of the intensity of turbulence
behind stabilizers of different dimensions with 2h = 60-10 mm.

The absolute wldth of the region of increased turbulence decreases
with decreasing stabllizer dimensions.

At individual points of the backflow zone, as was already men-
tioned above, measurement was made of the intensity of turbulence dur-
ing combustion by coloring the stream with NeCl vapor. The results of
the measurement have shown that inside the backflow zone the turbulence
intensity during combustion 1is approximately 40%, i1.e., it has approx-
imately the same magnitude as 1n the case of a cold blast.
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Fig. 21. Average frequencles and turbulence
scales in flow of a cold stream around a sta-
bilizer with 2h = 60 mm. a) Average frequen-
cles wg.; b) turbulence scales L; 1) limit of

backflow zone. A) Scale of w.; B) cps.

After introducing the coloring in the backflow zone, the glow ex-
tended only up to the stabilizer and along the boundary of the circu-
lation zone. This indicates that the greater part of the NaCl vapor
does not return to the backflow zone but is carried out in the active
stream. In other words, an intense exchange is observed in th!e region
of the dilrect stream adjacent to the backflow zone also in the case of

- 44 -



xsro0°z_ 1 «
a/’a (g f3o oreds (V °u§ uor3
-098 d03J (9 fyf; UoT3o98 I0J (G fUE UOT3o88 J0F (f fUS UOT3038 JOJ
(€ futr uot3oee J0J (2 fyo UOT3O9s JOJ (T “uM 09 = U2 UITM JI9ZTTTQ
-g18 B punode 33 93J] ® UT UWRDJI3S PTO2 B JO MOTJ JO 98BD ay3 ur
auoz MoOTJMoeq 3yl JOo STXe ayl uo aBueydxa juarng.mi JO AUSTOTJJS00
ay3 03 aBurYUIXD JuUITNQgIM] JO JUSTOTJIS00 TEOO0T JO Of3ey -g2 "37d

unon~.a
[/}

a guﬁ s ue

Ve yz Y .

=
~_ fv

Bt

- 45 -



. *Jo oTeds (v °suoz MorJioeq jo 3JTuwypl (T fumr OT = YS
YITM I9ZTTTQeRIs (P fum 02 = U2 UITM J9ZTTTqe3Is (o fumr 0f = Y2 YITM I927TTqe3s (q
fut 09 = Ug UITM I9ZTTT4e3S Aa *q39f 991J ® U WeaJI3}s PTOO ® JO MOTJ JO 9sed ayj
UJ SUOTSUSWTP JUSISIJTP JO SIIZTTTARIS PUTUSQ douaTnquny jo AL3jsuaqul €2 *I7d

St YU Y6 V9 yf uS up Y€ YZ W
S

=P _

| BREsLy fmm. '
v

YSL Y9 yss ye ysi

ys y» ye yz ¥ N
A . . v . - P P "N :

(o oy

Qa.

(9o

vy

o |

- 46 -



combustion.

The agreement between the values of the turbulence intensities
inside tﬁe backflow zone during combustion and when cold gas is blown
and the statements just made concerning the distribution of the glow
of the NaCl vapor enables us to assume that the distribution of the
turbulence characteristics, namely the turbulence intensity, scale,
and turbulent-exchange coefficient among the cross sections is probe
ably the same in combustion as in the case of a cold blast.

CONCLUSION

The experimental material analyzed above enables us to broaden
somewhat our representation of the stabllization of flames behind
poorly streamlined bodles.

When a stabllizer is 1nstalled in the stream of a gasoline-air
mixture, a backflow zone is produced behind the stabilizer, and is
filled with hot combustion products during the combustion.

The hot gas proceeds from the backflow zone lnto the direct stream
of the circulation zone, which 1s located in a region with higher tur-
bulent-exchange coefficlents. The reglon with higher values of the
turbulent-exchange coefficlent D encompasses also the direct active ‘
stream. From the direct stream of the circulation zone there 1s an 11;-
tense removal of heat into the active stream. The temperature of the
gases emergling from the backflow zone decreases here appreclably.

Owing to the turbulent exchange, the indlividual batches of fresh
mixture enter into layers of the direct stream of the circulation zone,
where they are graduall& ignited. Thelr ignition occurs after a suffi-
clent degree of heating. Therefore in segments close to the atabiliger
no release of heat in the dirzct stream of the circulation zone is ob-
served (or else the intensity of heat supply is much lower than that
of heat removal).
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The burning individual batches of fresh mixture raise the gas tem-
perature in the direct stream of the circulation zone in sections lo-
cated far from the stabilizer, and this causes ignition of the batches
in the adJjacent layers of the aétive stream.

Thus, at near-flameout modes the combustion process of a mixture
in the active stream begins at a considerable distance from the sta-
bilizer (on the order of 6h).

If the mixture is enriched, then the temperature in the backflow
zone increases andall the above-described combustlon processes in the
 fresh-mixture batches occur much more rapldly. The start of the com-
bustion of the mixture in the active stream shifts closer to the sta-
bilizer.

To the contrary, when the mixture becomes leaner, the gas tem-
perature 1n the backflow zone decreases and the start of the mixture
combustion in the active stream shifts farther away from the stabilize.-.

As the mixture becomes even leaner, an instant arises when the
heat obtained from the backflow zone becomes insufficient to ignite
the mixture in the active stream. The combustion of the mixture in the
active stream terminates. However, combustion can still occur in the
direct stream of the circulation zone, and as a result a high tempera-
ture can be maintained in the backflow zone (such cases were observed
experimentally).

With still greater reductlion in the fuel supply, the batches that
enter into the circulation zone did not have time to ignite and burn.

A cascadq process occurs wherein the temperature decreases in the back-
flow zone and flameout occurs.

Thus, it must be assumed that the mechanism whereby a flame is
stabllized behind a poorly streamlined body consists of two processes:
the removal of heat from the circulation zone into the active stream
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and the resultant decrease of the temperature in this‘zone, with simul-
taneous heating of the individual batches of fresh mixture entering
into the circulation zone to the ignition temperature. This model of
flame stabilization behind a poorly streamlined body makes it possible
to explain the flameout characteristics of stabilizers of various dl-
mensions upon varlation of veloclty and initial turbulence of the
stream.

Let us consider the influence of the stabllizer dimensions on the
flame stabllization. From the flame stabllization scheme described
above 1t follows that in order to heat the fresh mixture of the active
stream it is necessary for a certain time to elapse, and in the pres-
ence of a veloclty a certain distance 1s also necessary. The question
arises why a small poorly streamlined body is cépable of stabilizing
the flame. The answer to thls questlon can be obtained by considering
the propagation of the increased turbulence-intensity zone behind sta-
bilizers of different dimensions (see Fig. 23). A small stabilizer ex-
cites a narrow zone wilth increased turbulence intensity. Consequently,
in order to heat up the active stream to the 1gnition temperature less
heat 1s necessary, which can be supplied over a shorter segment of path.

As was already shown, the dlmensions of the backflow zone change
during combustion not in rroportion to the dimensions of the stabll-
izer (see Fig. 10). In the case of a large stabilizer the dimensioné
of the zone are relatlvely larger, and consequently the conditions for
the flame stablllzation are better. Indeed, as shown by experiment,
the flameout occurs at leaner mixtures with increasing stabilizer di-
mensions.

The relative dimensions of the backflow zone can influence the
stabllizatlon conditlions in the following fashion. An lncrease in the
transverse cross sectlion of the backflow zone causes a similar increase
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in the heat stored in 1it. An increase in the length and width of the
backflow zone increases the time of exchange between the circulation
~ zone and the actlve stream.

The initial turbulence of fhe stream influences the stabilization
conditions in the following fashion. With increasing natural turbue
lence of the stream, the turbulence behind the stabilizer becomes prac-
tically constarit. Consequently, an increase in the initlal stream tur-
bulence leads only to an lncrease in the heat removal into the active
stream, i.e., to a deterloration in the flame stabilization conditions.
Indeed, as shown by experiments, when the initial turbulence increases
the flameout occurs at richer mixtures, i.e., at higher temperatures
in the vackflow zone.

The influence of the initlal stream velocity on the stabilization
conditions is manifest in the following. The dimenslons of the back-
flow zone and the gas velocity in 1t change during combustion not in
proportion to the velocity of the incoming stream, but much slower
(see Figs. 5 and 8). Consequently, the stabilization conditions become
worse wlth increasing velocity of the incomling stream, as a result of
which flameout occurs for richer mixtures.

The results obtained in the experimental part of the work enable
us to draw the following basic conclusilons.

1) The backflow zone behind a trough-like stabilizer increases
during combustion with lncreasing veloclty of the incoming stream and
with increasing stabilizer dimensions. In the case when cold gas is
blown through, the dimensions of the backflow zone are practically in-
dependent of the stream veloclity and are determined only by the astabil-
izer dimensions. A change in the turbulence of the incoming stream (up
to 15.0#) and in the excess-alr coefficlent (in the range a = 1.07-1.6)
does not exert an appreciable influence on the dimensions of the back-
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flow zone.

2) Near the boundary of the circulation zone and the active
stream, a region 1s observed where the turbulent-exchange coefficlent
1s larger. The turbulence intensity during combustion and in the case
of a cold blast has approximately the same value in the backflow zone
and is practlcally independent of the 1nitial stream turbulence.

3) With increasing stabilizer dimension, the flameout character-
istics improve. An increase in the stream velocity and in the initial
stream turbulence deteriorate these conditions.

4) The point of flame stabilization (the start of ignition of the
fresh mixture) at near-flameout modes 1s located at a considerable
distance from the stabllizer.

5) The presented model of flame stabilizatibn of a homogeneous
mixture behind a poorly streamlined body 1s close to the scheme pro-
posed by J. Williams.

Manu—
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INFLUENCE OF THE TURBULENCE PARAMETERS ON THE COMBUSTION OF
A HOMOGENEQUS GASOLINE-AIR MIXTURE BEHIND
A STABILIZER UNDER CONDITIONS OF A CLOSED STREAM

Candidate of Technlcal Sclences V.P. Solntsev

The requirements imposed on Jjet-engine chambers (short length,
high combustion completeness, small hydraulic resistance) are contra-
dictory and to satisfy them most completely it 1s necessary to make a
thorough study of the factors that influence the combustion process.

For a purposeful selectlon of some particular type of stabilizer
it 1is necessary to know the influence of the form and dimension of the
poorly streamlined body on the fuel combustion process.

In addition, lnasmuch as several stabilizers are installed in the
chamber, it 1s necessary to study the laws governing the burning of
the fuel under conditlons where turbulent trails of neighboring sta-
bilizers interact.

Recently several theoretical and experimental papers were pub-
lished, in whlch the distribution of fuel concentration over the sec-
tions of the chamﬁer and problems 1n the gasdynamlc structure of the
stream are considered [1], [4].

So far no work has been done on the study of the turbulence
parameters and thelr influence on the combustion under combustion-
chamber condltions, whereas the turbulence parameters exert a direct
influence on such very important combustion characteristics as the
rate of propagation of the turbulent flame front and the width of the
combustlon zone.
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The task of the present work 1s to investigate the turbulence
parameters behind a poorly streamlined body, the influence of the form
and dimensions_of the stabllizer on these parameters, and also the in-
fluence of the parameters themselves on the combustion of a homogenecus
gasoline-alr mixture under the condltions of a closed flow behind the
stabllizer.

1. INVESTIGATION PROCEDURE
Determination of the Flame Front Propagation Velocity

The flame front propagation velocity u, was assumed numerilcally
equal to the normal component (relative to the front) of the velocity

vector of the incoming stream.

Fig. 1. Showlng the dependence of u, on w'.

With such a definition, the flame front propagation velocity can

be calculated from the formula
| U, =W sin o

where w 1s the stream veloclity at the point under consideration and a
is the angle between the velocity vector and the tangent to the flame-
front surface at the polat under consideration.

In Fig. 1 the line OB) denotes the position of the flame front at \
a stream velocity Wy, to which the segment AlBl corresponds in the
figure; Alcl is the normal component of the veloclity vector, numerically
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equal to the flame front propagation velocity Upqe It can be assumed
that in the general case when the velocity of the incoming stream is
increased a change can take place both in the position of the front
and in the direction of the velécity vector.

The line OB, on Fig. 1 corresponds to the new position of the
front, and the segment Az'B2 corresponds to the new increased value of
the velocity Woe

’ A202 L OB2 and A202 = Uine
The symbol ¥ denotes the change in the slope of the front, while ¢ de-
notes the change 1n the angle of the velocity vector.

It follows from the triangle A,B,C, that

U, =w, sin a;.
On the basis of several theoretical and experimental papers (3, 5, 6],
the dependence of u, on w! can be expressed in the form

u, =B ()"
Analogously, for the case of an increasing velocity we have:

Boa=1w,sinag w,=B(w)".

Dividing the expressions Uy by the corresponding expressions for Uin,
we obtain

»
Mo @ sinay | ay (w. )‘
- == .-_l‘ -

Uy wy sinag ' agy w,

Equating the right halves of the equations
( i';?_)" o sing
u; Wy sinag !

we determine the exponent a

W) sina;

g—— 4 Ig ——
a= ¢ wy f sin ay ,

, (_"_L)
g w;
but

wl

wl:—_—-——l—; wizo—z

L0 ]



and

e (ney) ()
e

Iet us express oy in terms of 5 9, and ¥:

LADB=180"~(p+a,);
LOEBy= £ AEB, = £ A,DB,= 180" —(g+1,)
@, =180°—( L OEB,+9¢);,
ay=a,-49—¢,

and the final expression for a assumes the form
sina, ¢
S -l —
a=1+ "{sm[a.#(v;m,m J+ie(3) .
o(2)

Iet us analyze the expression obtained.

a=1+4

We put
I R L1 N L
f,”.l.ﬁl!&l«x,t(?.:.?)l} e () A

o)

In our analysis we start from the following considerations:

" 1) W, > wy and w', > W'y, consequently,

m(ﬂ)<¢
v,

2) When ¥ = O we have e, = €, and log (52/51) = 0, which is valid
when € 1s independent of the velocity.

3) When ¥ > O we have €, > €1 and log (52/51) > 0.

The case ¥ < O is not real when w, > w,.

The statement that when v > Q we have e, > €, 1s valld for the
case when we investigate combustion behind a stabilizer. In the case
of investlgations 1nAthe core of a free jet with a point-like ignition
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source we get €5 < € when ¥ > O.

Let us consider the possible values of a for different values of

¢ and V:
l) 9 =¥ = O,
In this oase
s(a)-n el
and a = 1.
2) =¥ £0.
§(0)>0 te( i amy) =
A <O and a < 1.
3) < ¥ =0.
W(0)=0 %Gy >
A< Oand a < 1.
L) o < v.
>0 e e ) >
A< Oand a < 1.
5) ¢ > v =0.
e(0)=0 el =) <o
A > 0 and a > 1.
6) o > ¥.

'8 (.::) >0 e {ﬁ;—m } <o.

The case ¢ > ¥ when ¥ # O is the most complicated. It is obvious

that a can assume.the values a > 1, a = 0, and a < 1, depending on the

ratio of the absolute values

5(32)

and llg{—ﬁmlﬂ—x_‘f—a—:ﬁl—“'
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for| g (3r)| > |'e { iy )|

. a<ll.
ror|ie (1)|=|'e { ez

a=1.
ror|te (1) |<|ie (o]

a>1.

Consequently, if the front positlion and the direction of the vel-
oclty vector do not change when the velocity of the incoming stream
increases, then

U, ~ w'.

If the angle by which the veloclty vector changes 18 equal to the
angle of inclinatlion of the flame front or i1s smaller than this angle,
then u, ~ (w')2, where

a<l.

If the posltion of the flame front does not change with increas-
ing velocity of the incoming stream, and the angle of the velocity
vector changes (with ¢ > 0), then

ug ~ (w')?, where a > 1.

If the angle through which the veloclty vector has changed is

larger than the angle of inclination of the flame frant, then the

value of a depends on the ratio of the absolute values

s() e[y =)
This 1s the only case when 1t 1s imposslble to determine directly the
value of a from data on the change 1n the positlon of the front and on
the change in the directlion of the velocity vector with lncreasing
veloclty of the incoming stream, and it becomes necessary to carry out
an addltional analysis.

It follows from the foregoing analysis that the investigation of
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the dependence of u, on w! can be broken up into three stages:
1) an investigation of the influence of the velocity of the in-

coming stream on the intensity of the turbulence; N

2) an investigation of the‘influence of the velocity of the 1n-‘
coming stream on the position of the flame front;

3) an investigation of the influence of the velocity of the stream
on the directlon of the veloclty vector. .
Influence of the Turbulence Parameters on the Width of the Flame Front

In examining the dependence of the width of the flame front on
the turbulence parameters, we shall start from the combustion time,
obtained in [5] under the assumption that turbulent pulsations par-
ticipate in the combustion of each batch:

R v e ’

where 1 1s the turbulence scale and w' 1s the pulsating veloclty com-
ponent.

We define the width of the flame front as the length of the com-
bustion zone along the current line.

Such a definition of the width of the flame front is most con-
venient when it comes to determining the necessary length of the com-
bustion chambér:

6' = w“""’o

where Wer i1s the average veloclty along the current line and Tg is

r
the average combustion time along the current line.
Using the proportional relatlonship for t indlcated above, we ob-

tain

c'~w _L' a ~L.

Recognizing that



where Wep 1s the average frequency of the turbulent pulsations, we ex-

press 6t in terms of Wop'

By ~ Wgp/Wgpe-

To check the obtained dependences of the flame front wildth on the
turbulence parameters it was necessary to 1nvest1gaté the following:

1) the influence of the velocity of the incoming stream on the
turbulence intensity;

2) the influence of the stream velocity on the average frequency
of the turbulent pulsations;

3) the influence of the stream veloclty on the flame front width.
2. EXPERIMENTAL SETUP

A diagram of the experimental setup 1s shown in Filg. 3 of the
second article of the present collection.

The length of the mixing chamber is chosen to satisfy the condi-
tions for complete evaporation of the fuel, which was calculated by
the procedure of D.N. Vyrubov [2].

The mixing chamber was terminated with a transition plece, on the
end of which was installed the combustion chamber, which comprised &
tube of rectangular cross section measuring 200 x 175 mm (Fig. 2).
Through quartz windows 1 lnstalled in the upper part of the chamber it
was possible to observe the combustion process. The ignition of the
mixture was with the aid of a starting unit, consisting of a spark
plug and a nozzle; the starting unlit was installed 1n the lower part
of the chamber.

The measurements were made with ameasuring baffle 4 having 17 aper-
tures spaced 25 mm apart.

The stabllizers 2 were securgd in the chamber in such a way, that
the forward edges (on the side of the chamber) of the different sta-
bilizers were located always in one cross section. The walls of the
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1) Grid number; 2) diameter.
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chamber were water coolod. ‘

Figure 3 shows dirferent stabilizers, behind which the combustion
process was investlgated. The heights of the stabllizers were equal to
the height of the combustion chémber. All the stabllizers were made
closed on top and bottom and differed in their aperture angle f and in
their width 2h.

Stabillzer No. 4 differed from stabilizer No. 1 in the fact that
1ts side walls wefe cut at intervals of 10 mm to a depth of 20 mm,
bent at the cuts, and installed perpendicular to the stream.

The turbulizing grids, which were used in the experiments, are
shown in Fig. 4.

In the present work the investigations were carried out only be-
hind single stabillzers, installed on the chamber axis. The statilc
pressure in the chamber exceeded slightly atmospheric pressure, and
differed from the latter because of the hydraulic and thermal resist-
ances of the chamber. The air temperature ahead of the mixing chamber
was maintained at 125°C.

The investigations were carried out with a homogeneous gasoline-
air mixture at three stream velocitles: w = 35, 50, and 70 m/sec. The
excess-alr coefflicient 1n all the modes was a = 1.5, except for one in
which a = 1.

The measurement cross sectlons, in which the temperature, veloci-
tles, concentrations, ionlzation, intensity, and frequency character-
istics of the turbulence were measured, were located at distances 100,
200, 300, 450, and 660 mm from the leading edge of the stabilizer. The
measurements of these quantitles were made with apparatus described in

[4] and in the first article of the present collection.
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3. RESULTS OF THE EXPERIMENTS
Investigation of the Flame-Front Structure

In the investigations of the flame-front structure, we measured
the temperatures, concentrations, and ilonlzatlon current over the sec-
tions of the torch. The experiments were made behind stabilizers 1 and
2 at a stream velocity w = 50 m/sec and at an excess-air coefficient
a = 1.5. The results of the experiments are shown in Fig. 5. The quan-
tity Aat.p shows the change in the increase of the excess-air coeffli-
cient determined from the fuel and the combustible additives (see [4]).

In all the sections of the chamber, the start of Intense lonlza-
tion lagged somewhat the start of the change 1n .temperature. In many
cases the start of intense lonlzatlon was preceded by individual bursts
of lonlzation current, which appeared at approximately the location
where the temperature begins to change.

Figure 6 shows data on the investigation of the ilonization in the
flame by the "shooting through" method. In all the photographs the
wall of the chamber from which the transducer was moved was located to
the right. Under the photograph of the ilonization current one can see |
the readings of the path marker and below that the readings of the
time marker.

Figure 6a shows photographs of the ilonization current, obtained
in the investigatlon of the combustion process behinrd stabilizer No. 1.
The first two photographs were made in a section located 50 mm away
from the stabillzer. The photographs show clearly outlined boundaries
of the flame front. The next three photographs pertain to a section
located 100 mm away from the stabilizer.

The first two photographs do not ghow the individual bursts of
lonization current ahead of the flame front.

According to the path-marker data, the start of the front on both
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Fig. 5. Structure of flame front. 1) Scale.

photographs is 81-82 mm away from the wall. On the third photograph
we see an Individual burst of lonization current, located 73 mm away
from the wall, and the start of the intense ionization is located (as
in the first two photographs) at a distance of 82 mm.

he photographs obtained behind stabilizer No. 2 are shown in
Fig. 6b. The first and second photographs pertain to the 100-mm section.
The photographs do not show the individual bursts of ionization cur-
rent. The third photograph was taken at the 200-mm section. It shows
an individual burst and the intense ilonization begins only 8 mm away
from it. On the fourth photograph, which pertains to the 600-mm sec-
tion, the individual ionization-current burst 1s located 13 mm away
from the start of the intense lonizatilon.
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Fig. 6. Varlation of ionization current
over the sections of the torch. (2h = 35
mm, W = 50 m/sec, a = 1.5.) a) B = 309;
b) B = 60°

In all the sectlons of the chamber, there 13 a certain lag in the

start of the change in the concentration as compared with the start in

the change of temperature (see Fig. 5). The start of the change in con-

centration 1ls 1in satilsfactory arreement with the start of the intense

ionizatlon. The differcnce between the start in the change in tempera-
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ture and lhe stsry iy ' chaoge of concentration or of the intense
lonlzation cannmt .- miiributed to the error in the temperature meas-
urement due Lo rociiation,

Calculation of the possiblé increase in the thermocouple ‘tempera-
ture, due L0 raaiation of the flame, shows that in the case of &
chromel-copel thermocouple the maximum error under the experimental
conditions could reach 22°. The maximum error in measurements with a
platinum-platinum-rhodium thermocouple was 20,

In fixing the forward boundary of the flame front, an important
factor ls not the maximum possible error in the temperature measure-
ment, but the increase in the error as the temperature approaches the
flame front. Calculation shows that even in the case of a chromel-copel
thermocouple thils error reaches only 2.70.

With the mechanism whereby burnout occurs in the turbulent flame
front still unexplained, 1t 1is difficult to choose with any Jjustifica-
tion a correct method for determining the leading boundary of the
front. In the followlng investigations the leading boundary of the
flame froni was determined both from the start of the change in con-
centration and the start of intense lonization, and also from the
start of the change in temperature, so that it was possible to ascer-
tain the effect that the procedure used to determine the flame front

positlon has on the dependeince of u_ and ét on the turbulence param-

t
eters.

Influence of Turbulence Parameters on the Flame Front Propagation
Veloclty

Flgure 7 shows the results of an investigation of the turbulence

intensity behind stabilizer No. 1 at a stream velocity w = 30 m/sec.
At a distance of 100 mm from the stabilizer, the turbulence in-

tensity changes appreciably over the section of the chamber. Having an
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increased value at the wall (owing to the influence of the wall itself),
the turbulence intenslty decreases somewhat and begins to increase
noticeably upon penetrating into the turbulent trail behind the sta-
bilizer, reaching a value € = 21% on the chamber axis. The attainment
of the maximum value of & on the chamber axis can be attributed to the
small dimensions of the stabllizer, as the result of which the turbu-
lent "whiskers'" merge already at a distance of 100 mm away from the
stabilizer. With Iincreasing distance from the stabillzer, the uneven-
ness in the turbulence intenslity over the cross section decreases.

This equallization is the result of both the decrease in the maximum
value of € on the chamber axis, and the increase in the minlmum value
of the turbulence intensity at the sections of the chamber. As a result
of which, at a distance of 660 mm away from the stabilizer, the turbu-
lence intensity, remaining practically constant over the cross section,

exceeds by approximately three times the value of the initlial turbulence.

_‘gilliiitli 5 w15 z? 5 m/;; 20 5 w15 1} 5 jf 15 5IT
| / | |

i A\

560 mm

10 ¢%

(1€ ]

100 i 200 J00 350

!

Fig. 7. Varlation of turbulence intenslty over the sections of the
chamber,

An investigation of the influence of the velocity of the incoming
stream on the turbulence lntenslty was made behind stabllizers 1 and 2.
The results of the investigatlon, shown in Fig. 8, lead to the conclu-
sion that behind the stabllizers, under conditions of a closed stream,
the turbulence intenslty does not depend on the stream veloclity. A cer-
talin scatter in the experimental points 1s obviously due to the lnac-
curacy of the experiment. This can be seen from an examination of the
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variation of the turbulence lntensity along the chamber axis behind
stabllizer No. 1.

At a distance of 100 mm from the stabilizer, the maximum value of

€ 1s obtalned at a vélocity w =‘50 m/sec. In the 200-mm section, the
maximum velue of & 18 attained already at & veloocity 70 m/sec, and the
values of € at w = 35 m/sec and w = 50 m/sec coincide. When the dis-
tance from the stabllizer is 300 mm, the maximum value of & corres-
ponds already to w = 35 m/sec. In the sections located 450 and 660 mm
away from the stabilizer, the valuea of the turbulence intensity are
practically the same for all three velocltles.

In investligations of the influence of the turbulence parameters
on the combustion process, the pulsating component of the velocity w!
was varled by changlng the stream velocity.

Figures 9 and 10 show the results of an investigation of the in-
fluence of the velocity of the incoming stream on the flame front posi-
tion. The experiments were carriled out behind stabilizer No. 1. From
the data shown in Fig. 9 1t 1s seen that the start of the temperature
rise coincides falrly well at all stream veloclties.

The variation of the increment 1n the excess-alr coefficlent Aat.p
over the sections of the chamber, determined from the fuel and com-
bustible additives, and also the change in the oxygen concentration,
is shown on Flg. 10. In all sectlons of the chamber, the start of the
change in Aat.p and in the concentration of the oxygen also colncides
for all stream velocitles.

The results of the investigations of the influence of the velocity
of the incoming stream on the flame front position behind stabilizer
No. 1 at an excess-air coefficlent a = 1 are shown 1n Fig., lla. In
this case, too, the change in velocity of the incoming stream did not
influence the start of the change in temperatures in all sections of
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the chamber.

Analogous investigations were carried out behind stabilizer No. 2.
From the data of these investigations, shown in Fig. 1llb, it is seen
that the points of all three modes in each section of the chamber fit-
ted qatisfactorily a single curve.

On the basis of the experimental data obtained we can conclude
that the flame front position, independently of how it 1s determined,
whether 1t be from the start of the change 1n temperature or from the
start in the change of the excess-air coefficlent, which coincides
wilth the start of the lonizatlion intensity, does not change with chang-
ing velocity of the incoming stream.

Consequently, the angle ¥ in the formula for the determination of
the exponent of w' is equal to zero.

An investigation of the influence of the stream velocity on the
direction of the veloclty vectors was carried out behind stabillizer
No. 1. The results of the investigatlons are shown in Fig. 12.

In the overwhelming majorlity of points, the directions of the
velocity vectors coincide for all three stream velocities. The small
deviations that arise (essentially at points located near the chamber
axiq) are apparently the results of inaccuracy in the experiment.

The results obtained show that the velocity of the incoming stream
does not influence the dilrection of the veloé¢ity vectors behind the
stabllizer.

From the formula for the exponent of w'

sin a, _:_,_]
am] 4 g{mﬂﬂ+®:ﬁﬂ*4gnl
]
o)
it 1s seen that inasmuch as ¥ = O and ¢ = 0, we have

1 _ sin &,
g{'lﬂl-"x + (3 — )] }'0‘
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Fig. 9. Temperature fields. @) w = 37 m/sec, a = 1.58; 0) w = 50 m/sec,
a=1.5; X) w=T0 m/sec, a = 1.5. A) Scale of.
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Fig. 10. Change in the increment of the excess-alr coefficient Aut P
and in the concentration of the oxygen O2 over the sectlons of the
chamber.
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From the invariance of the turbulence intenslty and of the front posi-
tion under varlations In the stream velocity it follows that € = €p
which leads to the vanishing of the second logarithm:

s(3)-0.

The entlre fractlon vanishes and we obtain from the formula:
a = 1.
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Consequently, the rate of propagation of the turbulent flame front 1is

directly proportional to the first power of the pulsation velocity. It
18 interesting to note that this conclusion is valid independently of
how the front position is determined, whether 1t be from the start of
the change in temperature or from the start in the intense 1oniza£10n.

Figure 13 shows the dependence of u, on w', obtained as a result

of processing the experimental data on the investigation of the com-

bustion process behind stabllizers No. 1, 2, and 3. The determination

of u, and w' was carried out in sections located 200, 300, 450, and

660 mm away from the stabilizer. The position of the flame front was

determined from the start of intense ionization.

It 1s seen from the figure that the experimental points cluster
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with satisfactory accuracy along a straight line. The value of the
- proportionality coefficient B in the formula
u, = Bw!
is found to be 1l.2l.
' The results of an analogous processing, but for a front determined
from the start of the temperature change, is shown in Fig. 14.

In the processing we used the data obtained behind atabilizers 1
ahd 2. In this case the points fitted satisfactorily a straight line,
and the value obtained for the coefficient B equals 1.22.

With respect to the numerical value of the proportionality coef-
flcient, a few remarks are 1ln order.

When measuring the intensity of the turbulence by a thermoanemom-
eter with a single-filament fitting, one determines in practice the
longitudinal pulsational component of the velocity.

T 4.‘;"" r—’-y
. e - Rervmtmmpmumm—
e I
w
R
e
————— i o o+ o 'L'“’“

1 mecumeb w
- ]
0 0 &0 m/cen

Fig. 12. Velocity fields. Stabilizer No, 1, a = 1.5; ——— w = 35 m/sec;
cmee W = 50 m/BeC; ==+ W = 75 m/sec. 1) Scale of.

In carrying out experiments in a stream with isotropic turbulence,
measurement of the longitudinal pulsational velocity 1s equivalent to
measurement of the transverse pulsational velocity and consequently
the value of B calculated from thg measured longitudinal pulsation
velocity is the true value,

In investigations behind the stabilizer in a cloaed aiveanm. ¢
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turbulence cannot be assumed isotropic, and the most probable 1is a
larger value of longitudinal component as compared with the transverse
one, so that the obt&ined value of the coefficlient B is smaller than
the true one. Thils uncertainty in the numerical value of the propore

- Th -

* 3\



B

Wy - - T

20

/F’u—

A\
A\ 2
\ \“\ .u‘
N I A *
10@>'x\ - 2

T
!
x
%——.— 1,

.
Vs
/
o x
o

0100 200 300 400 500 600 lan

Filg. 15. Variation of u and B

along the chamber. Stabilizer No.
1, w = 50 m/sec, a = 1.5.

é} front determined from temperature;

3} front determined from 1onization.

A) m/sec.
uy Mjcex
251( A
b, \\
\ N Uy .4
3 —
f0}—1>4 . =2
t
3 b
11
0 0
100 200 Joo 400 J00 600 Lacac

Fig. 16. Variation of u, and B

along the chamber. Stabilizer No.
2’ W==50 M/SGC, QA = 105'

é front determined from temperature;

8} front determined from ionization. '

A) m/sec.
- 75 -

M}




tionality coefficient may be significant in the development of a theory
of turbulent flame front propagation. For practical purposes, for ex-
ample for a determination of u, in the chamber, it is more convenient
to use a formula in which the céerficient B is determined from the
longitudinal component, since it is simpler to measure than the trans-
verse component.

To design the combustion chamber it is necessary to iknow the varia-
tion in the flame front propagation velocity along the chamber. These
data are shown for stabilizer 1 in Fig. 15. The values of u, and B
were determined both from the temperature front and from the ioniza-
tion front. In both cases the value of L corresponds to the vblocity
of flame propagation at the points of the leading front boundary. It
i1s seen from the plot that the proportionality coefficlent, starting
with a distance of 200 mm from the stabilizer, remains constant along
the chamber and 1s independent of which front was used to determine 1it.
The character of variation of uy along the chamber is the same whether
u, is determined from the ionization or from the temperature fronts.

In both cases the flame front propagation veloclty decreases notice-
ably at the distance from 100 to 200 mm from the stabilizer, and with
increasing distance from the stabllizer it changes quite insignifi-
cantly. The constancy of the coefficient B in the interval 200-660 mm
from the stabilizer indicates that a small decrease in ug occurs in
this interval because of the decrease in the pulsating veloclty. The
value of u, determined from the ionization front, is somewhat higher
than the value of u, determined from the temperature front, owiné to
the larger pulsating velocity. Analogous results were obtained also in
the investigation behind stabilizer No. 2 (Fig. 16).

An investigation of the Influence of the turbulence scale on the
rate of propagaiion of the turbulent flame front was carried out at a
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stream velocity w = 50 m/sec and an excess-air coefficient a = 1.5.

The average frequency of turbulent pulsations, which is propor-
tional to the average turbulence scale, was changed by changing the
form and dimension of the stabilizer.

’ »
4
)3
] g ) &l .
1 w Jeex
w 1600
:h—-——-‘;—— [
0,5 , 171 N L 4 m
1 o 8 J200
0 0
100 200 Ji 400 300 660 Lmm

Fig. 17. Variation of B and w along the cham-
ber (w = 50 m/sec). @) Stabilizer No. 1; 0)
stabilizer No. 2; A) stabilizer No. 3. A) sec.

The experiments were carried out behind stabilizers 1, 2, and 3.

Filgure 17 shows the change in the proportionality coefficient B
and in the average frequency of turbulent pulsatlions along the chamber.
While the average frequency changes by a factor of two, the propor-
tionality coefficient B femains practically constant. In addition, it
was shown earlier that in plotting the dependence u, = f(w') the ex-
perimental points, obtained from the results of investigations made
behind different stabllizers, fit satisfactorily one common straight
line.

On the basls of these data we can conclude that the average fre-
quency of the turbulent pulsations, and consequently also the turbu-
lence scale, do not influence the rate of propagation of the turbu-
lence flame front.

Influence of Turbulence Parameters‘on the Width of the Flame Front

In analyzing the frequency spectra obtained in the core of a free
Jet (see the first article of the collection) and behind a turdbulizing
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Fw) j grid in a combustion chamber (Pig. 18),
. | it 1s impossible to separate a definite
frequency characterizing the given stream.
: The situation is different in the case
. o of fragquency spectra taken behind a sta-

‘ bilizer.
] ]|| ' f Figure 19 shows the frequency spec-
RS W N IS RS R oo A
RERRTEIRRRRG A tra obtained behind stabilizers 1, 2, and

Fig. 18. Frequency spec- 3 at a stream velocity w = 50 m/sec. To
trum (distance from tur-
bulizing grid & 10 is 450 each stabllizer corresponds 1ts own char-
mm, distance from the
c?amber wall is 50 mm). acteristic pulsation frequency for a
A) sec.

given stream velocity. Behind stabllizer
No. 1, the presence of a characteristic frequency is less clear com-
pared with the other stabillizers. This may be attributed to the fact
that the filters had a narrow bandwidth and the characteristic fre-
quency could lie between them. It must also be noted that.a reduced
value of the amplitudes of the characteristic frequencies could be ob-
tained as a result of some dlsagreement between these frequencles and
the frequencles to which the fllters are tuned. From an examination of
the spectra it 1s seen that an increase in the aperture angle of the
stabllizer B and in the dimension 2h leads to a decrease in the char-
acteristic frequency.

We can advance the hypothesls that vortices are produced behind
the stabilizer, and that theilr dimension is determined by the dimen-
slon and form of the stabilizer. These vortices have the maximum en-
ergy compared with the vortex formations of other dimensions.

The varlation of the frequency spectrum along the chamber sectlon
is shown 1n Filg. 20. The spectra were obtained in a section located
200 mm away from stabilizer No. 2. The variation of the frequency spec-
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trum, brought about by the presence of a stabilizer in the chamber, is
seen already at a distance of 5 mm away from the wall. This is manifest
in the fact that pulsations with frequency of 320 cps begin to increase
in amplitude. The inorease in the amplitude of the 320-cps pulsations:
" eontinues with increasing distance from the walls and reaches a max-
imum at approximately 50 mm away from it. With further increase in the
distance from the wall the amplitude of the characteristic frequency ‘
decreases gradually and at 90 mm from the wall the curve of the spec-
tral density becomes sufficiently smooth. At a distance of 100 mm froh
the stabilizer, at all points on the chamber cross section, one can
séparate in the frequency spectra the characteristic frequency of the
turbulent pulsations (Fig. 21). The variation of the frequency spectrum
along the chamber behind stabilizer No. 2 1s shown in Fig. 22. For all
the cross sections the frequency spectra were taken at the points at
which the presence of the characteristic frequency was the most clearly
pronounced. We can see from the figure how the amplitude of the charac-
teristic frequency decreases with Increasing distance from the stabil-
izer, something probably due to the -gradual dissipation of energy of
the vortices produced behind the stabilizer. In the 660-mm section be-
hind the given stabllizer, the spectrum 1is practically equalized. An
examination of the frequency spectra behind stabilizer No. 3 (Figs. 23
and 24) shows that the law governing their variation is analogous to
that observed behind stabillzer No. 2, but in this case the character-
istic frequency i1s quite clearly seen at a distance 660 mm from the
stabilizer,

The variation of the average frequenocies over the oross sections
of the chamber, obtained by processing the frequency spectra behind
stabilizer No. 1, 1s shown in Fig.‘as. From an examlnation of the val=-

ues of the average frequencies it follows that the average frequency
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of the pulsations 1s practically constant both over the c¢cross sections
and along the chamber. Analogous results were obtained behind stabil.
izers No. 2 and 3 for the same stream veloclty. A comparison of the
values of the average frequencles shows that they depend both on the

form and on the dimension of the stabillzer:

1 Cra6uanaarop 2Cpc:umumuacron
N 1 (2h-=35 s, $:230°) 460
Ne 2 (2h=35 mar, B =060°) 310
Ne 3 (20 =270 ar.v, $==30°) 240

1) Stabilizer; 2) average fre-
quency, cps.

It is interesting to note that the values of the average and char-
acteristic frequencies are quite close. Inasmuch as the average fre-
quency characterizes the average turbulence scale, we can state that
an increase in the aperture angle of the stabllizer by a factor of two
increases the average turbulence scale by approiimately one and a half
times, and an increase in the dimension of the stablllizer by a factor
of two leads to an increase in the scale by approximately a factor of
two. An investigation of the influence of the velocity of the incoming
stream on the value of the average‘frequency, carried out behind sta-
bilizer No. 1 in the velocity range 35-70 m/sec (Fig. 26) shows that
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Fig. 26. Dependence of the average
frequency on the stream velocity.
A) 1/sec; B) m/sec.
the average pulsation frequency increases 1n proportion to the stream
velocity, from which it follows that the ratio wsr/'wsr is constant.
It was indicated earlier that the following expression 1s valid
for the turbulence scale:
@ep

l":':.'K-——"'o

.t'

The constancy of the ratio wM,/wsr as the stream velocity changes
allows us to conclude that the turbulence scale behind the stabilizer
1s independent pf the stream velocity. But from this it follows that
the width of the flame front 6t ~ ;/e should not change with variation
of the stream velocity, inasmuch as 1 and e are constants for a glven
stabilizer. This conclusion is confirmed by the results of the inves-
tigation of the combustion process.

Figures 9 and 11 show that at different stream velocities the tem-
- perature curves coincide in ail sections of the chamber, thus indicat-
ing that the width of the flame front is independent of the stream vel-
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ocity.
Influence of Initial Turbulence on the Combustion Process

The turbulence of the stream ahead of the stabilizer was varied
by installing turbulizing grids (see Fig. 4).

Figure 27 shows the temperature fields taken behind stabilizer
No. 1 without a turbulizing grid in front of it and with a turbulent
grid of 10 mm diameter installed at a distance 350 mm away from the
stabilizer. With the initlal turbulence increased, the rise in tempera-
ture in all the sections of the chamber begins earlier. The flame
front spreads out and the combustion occurs in a larger volume, which

leads to a more intense heat release along the chamber (Fig. 28).

" 400 4001200 1600 400 800 1200 1600 400 800 1200 1600 00 400 1200 1600 400 400 1200 1600¢°C

77 77 7

90 77 K
Fig. 27. Temperature fields. 1) Stabilizer No. 1, w = 50 m/sec, a = 1.5.

0) chromel-alumel thermocouple
¢) platinum-platinum-.rhodium thermocouple
4A) chromel-alumel thermocouple
A) platinum-platinum-rhodium thermocouple

} without turbullizing grid;
} with turbulizing grid.
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Flg. 28. Heat release along the chamber.
Stabllizer No. 1, w = %0 m/sec, a = 1.5.
x) Without turbulizing grid; 0} turbullz-
ing grid ¢ 10 mm at a digtance 350 mm
from the stabilizer; A) ~abs.
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Fig. 30. Heat release along the chamber.
Stabilizer No. 2, w = 50 gsec, a = 1.5.
x) Without turbulizing grid; O) turbuliz-
ing grids # 15 mm at a distance 350 mm
from stabilizer; A)%abs.
in the investigation carried out behind stabilizer No. 2, a grid
15 mm in dlameter was installed ahead of 1t at distances 350 and 550
mm from the stabllizers. The results of these lnvestigations are shown
in Fig. 29. In both cases, in all sections of the chamber, the instal-
lation of the turbulizing grid leads to a spreading of the flame front,
as can be seen from the start of the temperature change. Inasmuch as
the intenslity of the turbulence decreases with increasing distance
from the turbulizing grid, it is natural that bringing the grid closer
to the stabilizer will lead to a more noticeable spreading of the
front. From the data shown in Fig. 30, it 1is seen that behind stabil-
izer No. 2 the heat release 1s also more intense when a turbulizing
grid is installed ahead of it.
On the basis of these data we can conclude that for a better util-
ization of the volume of the combustion chamber it is convenient to

increase the turbulence of the incoming stream.

Influence of the Form and Dimension of the Stabilizer on the Combuse
tIon Process

Figure 31 shows the variation of the intensity of the turbulence
over the sections of the chamber behind the stabilizers No. 1, 2, 3,
and 4. Behind stabilizer No. 2 with an aperture angle f = 60°, the
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values of the turbulence intensity in the initial sections of the cham-
ber are somewhat higher than behind a stabilizer having the same dimen-
sion (No. 1) but a smaller aperture angle (B = 30°). This difference
decreases with increasing distance from the stabilizer and is prac-
tically missing in the section at a distance of 660 mm from the sta-
bilizer. An increase in the dimension of the stabilizer (No. 3) leads
to an appreciable increase in the maximum value of the turbuience in-
tensity. Thus, in the section at a distance of 100 mm behind the sta-

bilizer No. 3, we have e, . = 38%. Large values of ¢ are maintained

ma
also in the other 1nygstigated sections of the chamber.

—— ——— . w— - —

700 650 E50MM
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T T
o} ]
p
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" 200 J09 b 450 1 yapw "W 660an
- 0 200 400 Yeew 2

Fig. 32. Variation of the average frequency
over the sections of the chamber (stabilizer
No. 4, slotted, w = 50 m/sec). a) With stabil-
izing grid 25 mm in diameter at 550 mm from
the stabilizer; b) without turbulizing grid.
1) Scale of; 23 sec.

Behind a slotted stabilizer, the maximun value of ¢ also notice-
ably exceeds the maximum value of £ behind stabilizers No. 1 and 2.
At a distance 200 mm from the slotted stabilizer No. 4, €max = 33%,

while behind stabilizer No. 2 Emax = 20%. In the section located 100 mm
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33. Temperature fields. w
x) stabilizer No. 2; O) stabilize
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away from the stabllizer, the maximum
value of the turbulence intensity is at-
tained at a distance 30 mm from the cham-
berlaxia. Greater values of ¢ compared
with stabilizers No. 1 and 2 are retained
in all the investigated sections of the
chamber.

We note also that the presence of 10-
mm bent plates in the slotted stabillizer
leads to a noticeable increase in the av-
erage frequency in the initial sections of
the chamber (Fig. 32).

At a distance of 100 mm from the sta-

bilizer one observes a considerable uneven-

ness in wsr

even at a distance of 200 mm from the sta-

over the cross section, but

bilizer this unevenness drops out almost
completely, and at 300 mm the average fre-
quency becomes constant over the section
of the chamber.

The influence of the form of the sta-
bllizer on the combustion process was in-
vestlgated by plotting the temperature
fields behind stabilizers No. 1, 2, and 4.
The results of the experiments are shown
in Fig. 33.

From a comparison of the temperature
flelds, obtained behind stabilizers 1 and
2 with different aperture angles (B = 30°
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and B = 60°) we see that the start of the rise of the temperatures be-
hind the stabilizer with the larger aperture angle begins in all sec-
tions somewhat earlier. This result agrees with the data on the inves-
tigation of the turbulence intensity. The increase in the angle of the
aperture of the stabilizer leads also to a certain increase in the tem-
perature along the chamber axis.

Behind the slotted stablilizer one observes a small temperature
gradient over the sections of the chamber. An analogous picture took
place in the examination of the variation of the tﬁrbulence intensity
behind this stabillizer. The maximum temperature on the chamber axis is
reached behind a slotted stabilizer, in practice, at a distance of 200
mm away from 1t. In the 660-mm section the temperature on the axis was
higher than in the 200-mm sections by merely 20°.

Furthermore, in the 200-mm sectlon the temperature had a value
which was not attained behind stabilizers No. 1 and 2 even at a dis-
tance of 660 mm.

All this indicates that the bent plates strongly intensify the
burn-out process in the front. The intensification of the combustion
process occurs both as a result of the increase in the intensity and
as a result of the decrease 1in the turbulence scale at the initial
sections. One must note, however, a smaller inclination of the front
behind this stabilizer compared with the unslotted stabilizers, some-
thing which may be of importance 1n determining the neceasary length
of the combustion chamber.

Concluding the analysis of the data obtained, it 1s advisable to
note the following main results of the 1nv§at1gation.

' 1) The direction of the velocity vectors, the intensity, and the
turbulence scale are independent of the velocity of the incoming stream.

2) The position of the flame front and the width of the combustion
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zone of a homogeneous mixture are independent of the velocity of the
incoming stréam in the investigated range of velocity (from 35 to 70
m/sec).

3) The rate of propagation.or the turbulent flame front is 4i-
rectly proportional to the first power of the pulsational ocomponent of
the velocity, is independent of the average frequency of the turbulent
pulsations, and‘conseqnently also of the turbulence scale. The coeffi-
cient of proportionality in the formula for the rate of propagation of
the flame front is the same for different stabilizers and, with the
exception of the region close to the stabilizer, remains constant
along the chamber.

4) The average frequency of the turbulent pulsations retains a
constant value over the sectlons of the chamber on the investigated
length at 660 mm from the stabilizer.

An increase in the aperture angle and in the stabllizer dimension
lead to a decrease in the average frequency of turbulent pulsations
and consequently to an increase 1n the turbulence scale. The average
frequency is directly proportional to the veloclity of the incoming
strean.

5) The increase in the aperture angle of the stabilizer leads to
an increase in the intensity of the turbulence and to a spreading of
the flame front. The presence of bent plates in the slotted stabil-
izers leads to an ‘increase in the intensity and to a decrease in the
turbulence scale, something that intensifies noticeably the burn-out
process in the front. A

An increase of the initial turbulence of the stream contributes
to a spreading of the flame front, to a more intense heat release
along the chamber, and consequently to é better utilization of the
chamber volume.
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No. )
53 T = t = turbulentnyy = turbulent

58 CP = 8r = av = average

63 T.n = t.p = toplivo, primes' fuel, additive

85 M = m = maksimal'nyy = maximum
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COMBUSTION OF GASOLINE-AIR MIXTURE
BEHIND STABILIZER SYSTEMS

Candidates of Technlcal Sciences V.P. Solntsev and V.A. Golubev

To effect stable combustion, poorly streamlined bodies or stabil-
izers are installed in combustion chambers.

The stabllizers are staggered in the chambers, and a considerable
part of the fuel burns up upon interaction between the turbulent trails
formed behind the poorly streamlined bodies. At the same time, it
still is unclear what results from the interaction between the turbu-
lent tralls forming behind stabilizers of like and unlike forms and
dimensions, and how the combustion process develops under these condi-
tions.

1. PROBLEMS AND PROCEDURE OF THE INVESTIGATION

The present work 1s devoted to an experimental investigation of
the combustion of fuel under conditions of interaction between turbu-
lent trails that have both like and unlike turbulence parameters. In
order to make the lnvestigations approximate real conditions, the ex-
reriments were carrled out in a closed stream. To exclude the influ-
ence of the physical and chemical properties of the fuel and the mix-
ture~production factor, the development of the combustion process was
investigated in a homogeneous gasoline-alir mixture with an excess-air
coefficlent a = 1.5. The velocity w and the temperature t at the inlet
to the chamber were, respectively, w = 50 m/sec and t = 120°C.

The experiments were carried out with the setup shown in Fig. 3

of the second article of the present collection.
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The combustion chamber (Fig. 1) was installed dbehind the transi-
tion cone and represented a tube of rectangular oross section 300 x
X 175 mm, 1000 mm long.

Observation of the 1gn1tioﬁ and the combustion process was through
quarts windows 1, installed in the lower part of the chamber. The cham-
ber walls were water cooled. The measurement instruments were inserted
into the chambers through connecting pipes 2, located distances 50 and
150 mm from one an;ther. Either a single stabilizer or a system con-
sisting of three stabilizers could be installed in the chamber. The .
construction of the chamber made it possible to displace the outside
stabllizers at distances 150 and 300 mm relative to the central one.
The stabilizers were made in the form of angles of different widths 2h
(Pig. 2). The slotted stabilizer (see Fig. 2c) was made in the form of
an angle the sides of which were slotted at intervals of 10 mm to a

depth of 20 mm and bent perpendicular to the stream at the slots.

%

. .__é
b

. d

170

A

a)

Fig. 2. Stabilizers and their arrangement. a)
2h = 70 mm, B=30°; b) 2h = 35 mm, B=30°;
c) slotted stabilizer; d) stabilizers ar-
ranged together.

Measurements

The temperatures were measured in the flame front by means of

‘ platinum —-platinum-rhodium thermocouples with open junctions, the use of

which is subject to measurement errors resulting from heat conduction
and radiation. The errors due to heat conduction increase with increas-

AR}



ing flame temperatur;.gradient.

In a flat chamber and using flat stabilizera,_the errors due to
heat conduction can be reduced to a minimum by suitably locating the
thermocouple,

If the stabilizers are vertically arranged and the temperature
measured with a "horizontally placed" thermocouple, the latter is in a
field with a considerable temperature gradient (Fig. 3a). The junction
and the body of the thermocouple may be located at points in the stream
whose temperatures differ by hundreds of degrees. Consequently, when
measuring the temperature at point 1 (see Fig. 3a) the value obtained
for it may be smaller than the real value, as a.result of the heat di-
verted from the Junctlon to the housing, while at points 2 and 3 the
measured temperature may be higher than the real one. Behind different
stabilizers, the temperature gradient in the transverse section of the
torch may not be the same, and consequently the error due to the pres-
ence of heat conduction will vary.

In the present investigation the temperature fields represented
the main data from which the analysis of the combustion process was
made. The temperature flelds were the basis for conclusions concerning
the'influence of the form and dimension of the stabilizer, and also
concerning the presence or absence of mutual influence between the
turbulent tralls produced behind the stabllizers on the combustion
process. In this connection, it was necessary to obtain the most reli-
able data when measuring the temperatures. To reduce the error AQue to
the presence of heat conduction, it 1s desirable to install behind a
flat stabilizer a thermocouple in vertical position (see Fig. 3b), for
in this case the housling and the junction of the thermocoupie are un-
dér ildentical temperature conditions. The construction of the "verti.
cally placed" thermocouple employed is shown in Fig. 4,
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Thermocouple 1 is hinged to an internal
cooled housing 3, which is located in an outer
cooled housing 2. The outer housing has a lon-
gitudinal slot and can move relative to the in-
ner one.

The thermocouple 1s placed in the combus-
tion chamber (see Fig. 1) through a pipe fit-
ting 4 in the upper part of the chamber, in a
position indicated in Pig. 4¢c. When the outer
housing 2 1s moved relative to the inner hous-
ing 3 (Fig. 4b) and when the supporting pin 5

Fig. 3. Illustrat-

ing the measure- is moved out, the thermocouple 1 drops out of
ment of the tem-
peratures. the outer housing under the influence of its

own weight. Then the internal housing is moved forward and the thermo-
couple assumes the position indicated in Fig. 4a. The cold junction of
the thermocouple is located inside the outer cooled housing. The wires
to the measuring instrument are led out through the internal housing.
In order for the hot combustion products not to enter the inner part
of the outer housing, cold air 1s fed to the latter through tube 4 at
a pressure somewhat in excess of the pressure in the combustion cham-
ber.

Pins placed in flanges 6 prevented rotation of the internal hous-
ing relative to the external one, and also limited the longitudinal
displacement of the internal housing. The thermocouple was prevented
from rotating by lugs on the outer housing. These lugs slid freely in
slots of a fork secured to the combustion chamber. Total pressures .
were measured in sections located 500-850 mm away from the stabilizer.
In choosing the method for measuring the total pressures, velocity |
fields were plotted with the aid of a three-component fitting; an
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analysis of these fislds has shown that in the above-mentioned sec-
tions the deviation of the velocity vectors from axial direction is
insignificant. In addition, a camparison of the total pressures, mess-
ured with L-shaped and three-component fittings, has shown that they
practically agree. Therefore the total pressures were subsequently
measured in sll experiments with the aid of an L-shaped fitting..

~ Measurement of the turbulence intensity and of the average fre-
quency of the turbulent pulsations is described in the first article
of the present collection.

2. RESULTS OF THE EXPERIMENTS

Single Stabilizers

The change in the turbulence intensity over the sections and
along the chamber was analogous to that observed behind similar sta-
bilizers in a chamber of smaller dimensions and described in the fourth
article of the present collection. In our case, too, the turbulence
' intensity depends appreciably on the form and dimension of the stabll-
izer. The average values of the turbulent-pulsation frequencies were
obtained behind all the above-mentioned stabilizers. An analysis of
the data shows that Wop depends both on the form and on the dimension
of the stablilizer. An increase in the stabilizer dimension leads to a
decrease in the average turbulent-pulsation frequency and consequently
to an increase in the average turbulence scale. '

The bent plates of the slotted stgb:ll:lzer result in the appear-
ance of high values of w,, behind such stabilizers, but the induced
high frequencies attenuate rapidly.

Figure 5 showi temperature fields obtained behind the stabilizer
with 2h = 70 mm (mode II). It is seen from the presented temperature
fields that the temperature gradient in the flame front is particu-
larly large in sections close to the stabilizer, and consequently in

- 99 o

AR}



these ‘sections the error obtained when the temperature is measured
with 2 "horizontal" thermocouple can be a maximum. Measurements with a
"horizontal" and "vertical" thermocouple, made at distances 250 mm
ﬁuay from the stabilizer, have shown that the start of the temperature
rise énd the temperature on the chamber axis, as registered by both
ﬁhermocouples, practically coincide. But the process of temperature
rise from minimum to maximum value is found to be different when meas-
ured ﬁith a "horizontal" and "vertical" thermocouple. The temperature
gradient obtained with a "horizontal" thermocouple turns out to be
smaller than the gradient obtained with a "vertical" thermocouple.
This is most probably due to the error resulting from the presence of
heat conduction, which occurs when the measurements are with a "hori-
zontal" thermocouple which is subjected to a larger temperature gradi-
ent.

From the position of the forward boundary of the flame front, de-
termined from the start of the temperature rise, 1t is seen that as
the distance from the stabllizer increases the flame torch broadens,
and that the aperture angle of the front decreases with increasing
distance from the stabllizer. The reduction in the aperture angle of
the flame front can be attributed both to the influence of the chamber
walls and to the decrease in the turbulence intensity with increasing
distance from the stabilizer. An analysis of the values of the tem-
peratures 1n sections close to the stabllizer shows that even along
the chamber axls the temperature does not reach its maximum value cor-
responding to complete combustion of the fuel. With increasing dis-
tance from the stabilizer a gradual rise in temperature takes place
aloﬁg the chamber axis. Furthermore, the temperature increase differs
for different stabillizers (Fig. 6);

The observed drop in temperature in sections close to the stabil-
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Fig. 5. Temperature fields. x) "Horizontal" thermocouple; 0) "vertical”
thermocouple. 1) Scale of; 2) chamber axis; 3) forward boundary of
flame front; 4) chamber wall.
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Fig. 6. Temperature variation along the cham-
ber axis. 0) Mode I; A) mode II; X) mode III.

izers (for modes I and IX up to 1 = 150 mm) is in all probability due
to the presence of a backflow zone, in the center of which the teme
perature has a maximum value. With increasing distance from the cen-
tral part of the backflow zone the tempersature decreases, reaches a
minimum value at the end of this zone, and then starts to increase as
the combustion process develops in the active stream. The increase in
temperature along the chamber axis.behind the st;bilizer with 2h =« 35
mn (mode I) continues up to a section located 850 mm away from the
stabilizer. The increase in temperature on the axis behind the stabil-
- 101 -
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{zer with 2h = 70 mm (mode II) practically terminates at a distance of
700 mm from the stabilizer, while behind the slotted stabilizer (mode
III) it reaches a maximum value at a distance of 550 mm from the sta-
bilizer. Furthermore, in all sections (starting with the section at

150 mm) the temperature on the chamber axis is higher behind the slot-
ted stabilizer than behind all other stabilizers. Such an intensive
combustion behind the slotted stabilizer can be attributed to the larg-
est turbulence intensity ¢ (compared with other stabilizers) and to

the smaller values of the turbulence scale 1 in the initial sections.

Stabilizer Systems

In analyzing the combustion process behind systems of stabilizers,
it 1s advantageous to compare the turbulence parameters and the devel-
opment of the combustion process behind each stabilizer in the system
and behind the same stabllizer taken alone. Consequently, many figures
show simultaneously with the results of the investigation obtained be-
hind stabilizer systems also the data obtained in flow past single
stabiligers.

The temperature fields plotted for stabllizer systems from data
obtailned behind single stabilizers were based on the assumption that
there is no mutual influence of the turbulent trails formed by the
stabilizers on the development of the combustion process. The devia-
tion of the real flelds from the temperature fields obtained in such a

waylindicates that such a mutual influence exists. The arrangement of

the stabilizers in the various investigation modes 1s shown in Fig. 24,

while their data are presented in Table 1.

The values of the turbulence intensity, obvtained behind a system
of stabilizers with 2h = 35 mm, arranged in a single plane (mode IV),
are shown 1in Fig. 7. In this case fhe turbulent trails, which had iden-
tical values of intensity and turbulence scale, interacted with one
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another in the sections at 100 and 250 mm, the intensity of the tufbu-
lence behind the stabilizer system is somewhat higher than € behind an
identical stabilizer used alone (mode I).
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Figure 8 shows the temperature fields measured behind the same
stabllizer system. The dashed lines show the temperature flelds from
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data obtailned in flow around single sta-
bilizers. It is seen from these data that
the flame torch behind either the central
or the outer stabilizeré is narrower than
the flame torch behind a single stabil-
izer. Over a length of 250 mm, the tem-
perature pattern corresponding to that of
the cold mixture 1s maintained, indicat-
ing that the combustién process occurs
not over the entire section of the cham-
ber, whereas superposition of the tem-
perature fields of the single stabilizers
does not yield such a pattern.

It must be noted at the same time
that 1inside the flame torches produced
behind stabilizers that are part of a
system, the combustion process 1s some-
what more intense and terminates 200 mm
earlier along the chamber axis than be-
hind a single stabilizer.

An analysis of the experimental data
shows that the lnteractlon between the
turbulent trails with like turbulence
parameters leads to a certaln increase in ‘
the intensity and to a decrease in the
turbulence scale, which in turn results
in an‘insignificant intensification of
the combustion process. Analogous invesa
tigations were carried out with a central
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Fig. 10. Variation of turbulence inten-
sity along the stabilizer axis. O) Mode
I; x) mode X (behind outer stabilizer).
slotted stabilizer (mode X) and with a stabilizer having 2h = 7O (mode
VII).

In investigations with a central slotted stabilizer (mode X), the
turbulent trails which had different values of intensity and turbu-
lence scale interacted. Furthermore, in the first sections the turbu-
lent trall of the central stabilizer had higher values of intensity
and lower values of the turbulence scale, compared with the traii of
the outer stabilizer.

Figure 9 shows for comparison the values of the turbulence inten-
sity obtained behind stabilizer systems installed in a single plane
and having centfal stabilizers of different forms (modes IV and X).

The turdbulence intensity behind a central slotted stabilizer was higher

in all sections than behind a central unslotted stabiligzer. Behind the .

outer stabilizers, up to a section 100 mm, the values of e were prac.
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tically the same in both systems. In this section one can still see a
weak action exerted by the turbulent trail of the central stabilizer
on the trail of the outer stabllizer. But already at 250 mm and beyond
the influence of the trail of the central stabilizer manifests itself
in full measure and the intensity of the turbulence behindlthe outer
stabillizers, installed in conjunction with a central slotted stabiligzer,
noticeably exceeds the values of ¢ behind the lateral stabllizers of
mode IV. ‘

The varlation of the turbulence intensity along the axis of the
outer stabilizer (mode X) is shown in Fig. 10. The increase in inten-
- 8ity of turbulence without an accompanying increase, in this case, in
the turbulence scale noticeably intensified the combustion process,
which terminated on the axis of the outer stabilizer 500 mm away from
the stabilizer, i.e., 300 mm earlier than behind a single stabilizer
(Fig. 11).
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Fig. 11. Variation of temperature along
the stabilizer axis. 0) Mode I; ) mode
X (behind outer stabilizer).
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Pig. 12. Turbulence intensity. x) Mode I; O) mode III; A) mode

XI. A) Scale of.
Figure 12 shows the varilation of the turbulence intensity over
the sections of the chamber, following a shift of the outer stabilizers
by 150 mm relative to the central slotted stabilizer (mode XI). In

this case the action of the trail of the central stabilizer leads to !
an appreciable increase in the value of € behind the outer stabilizer
even at a distance of 100 mm from the latter. As regards the inten-
sification of the combustion process behind the outer stabilizers, the
pattern observed in this case is analogous to that observed when the
stabilizers were arranged in a single plane (mode X). An increase in
the turbulence intensity behind the outer stabilizers is obtalned also
when a central stabilizer with 2h = 70 mm 1s used (Fig. 13a; mode VIII).
But in the case of mode VIII one observes behind the outer stabllizers
a reduction in the average frequency of the turbulent pulsations (see
Fig. 13b) and consequently an increase in the average turbulence scale.
The intensification of the combustion process due to the increase in ¢
is hindered by the increase in the turbulence scale, and phis in turn,
starting with the section at 400 mm, leads to a practical equality of
the temperatures behind the extreme stabillizers and the single afabil-
izers (see Fig. 13c).

Figures 14, 15 and 16 show the effect of ataggered side stabili-
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Flg. 13. Variation in the tur-
bulence intenslty &, in the
average turbulent pulsation
frequency Wyps and in the tem-

perature along the stabilizer
axis. O) Mode I; x) mode VIII
(behind the extreme stabilizer).

Fig. 14. Temperature fields. x) Mode I; 0) mode III; A) mode VIII.
A) Forward boundaries of flame fronts; B) scale of.

zers on combustion behind central stabilizef. ' (
Figure 14 shows the temperature fields plotted behind a system of
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Fig. 15. Variation of turbulence inten-

sity along the chamber axis. O) Mode

III; x) mode VIII.
stabilizers, consisting of a central stabilizer with 2h = 70 mm and
outer stabilizers with 2h = 35 mm, shifted by 150 mm (mode VIII). The
temperature f'ields obtained behind this system and the temperature
fields obtained behind single stabilizers were used to plot two corres-
ponding flame fronts. The dashed line indicates the forward boundary
of the flame front behind the single stabilizer. It is seen from this
construction that the flame front behind the central stabilizer be-
comes noticeably narrower as a result of the tapering of the stream by
the outer stabilizers. Thus, at a distance of 170 mm away from the
stabilizer, the flame torch becomes narrower than at a distance of 70
mm. At the sections 200 and 250 mm, the area near the chamber axis
where the temperatures are maximal at the given sections is practically

- 109 -

MR




missing. The shift of the outer stabllizers gives rise to a certain
dip in the temperature field even at a distance or‘850 mm away from
the central stabilizer, indicating that the combustion process is in-
eompiet? in this section.

Behind the central stabllizer one observes a decrease in the tur-
bulence intensity (Fig. 15), which 1s most probably due to the forma-
tion of confusor flow gehind the outer stabilizers. The reduction in ¢
leads to a slowing down in the development of the combustion process
(Fig. 16). A noticeable decrease in temperature occurs already in the
backflow zone. At a distance of 200 mm away from the stabllizer, the
measured temperature turns out to be 140° lower .than behind a single
stabilizer. However, starting with this cross section, an intense in
crease in temperature along the chamber axis sets in, showing a rapid

development of the combustion process.
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Fig. 16. Variation of temperature along

the chamber axis. 0) Mode III; x) mode
VIII.

One can advance the hypothesis that the reduction in the tempera-
ture at the initial sections is both the result of a decrease in the
- 110 -~
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turdbulence intensity and the result of a more intensified feeding of
‘rresh mixture to the torch of the flame, owing to the tapering of the
stream by the extreme stabllizers. The resultant rapid development of
the combustion process is apparéntly due to the fact that batches of
fresh mixture, penetrating deeper into the flame front, enter the zone
with high temperature and with increased concentration of active cen-
ters.

Under these conditions the fresh mixtwre burns quite rapidly even
under somewhat lower values of the turbulence intensity, and this
leads to a more abrupt increase in the temperature as compared with
the single stabilizer. This in turn causes the temperature along the
chamber axis, behind the central stabilizer, which 1s apprecilabdbly
lower in the 200-mm section, to turn out to be equal to the tempera-
ture behind a single stabilizer even at a distance of 650-700 mm. One
must note the fact that the temperature drops in the backflow zone,

and this can lead to a deterioration in the flameout characteristics

of the central stabilizer.

- ——
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PFig. 17. Temperature fields. =---) Mode III; 0) mode IX. A) Forward
boundaries of flame front; B) scale of.
The temperature flelds and the position of the flame front when
~ the outer stabilizers are shifted by 300 mm are shown in Fig. 17. The
start of the narrowing down of the flame front behind the central sta-
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Fig. 18. Variation of op*, and ¥ as

functions of the stabilizer shift.
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A) Millimeters of water.

bilizer is observed in this case at a distance of approximately 150 mm
from the stabilizer. The temperature fields at the 850-mm sections
have an even larger dip than when the outer stabilizers are shifted. by
150 mm. However, in the case of a 300-mm shift the temperature 4arop in
the backflow zone is smaller than in the case of 150-mm shift. This
may inprove the flameout characteristics of the central stabilizer.
Qualitatively analogous data were obtained in investigations of the
combustion process behind a central stabilizer under conditions of
modes V, VI, XI, and XII.

Figure 18 shows the variation of the quantity op*,, which is pro-
portional to the heat released ln the chamber, and of the hydraulic
resistance caused by installation of different stabilizer systems, as
functions of the shift of the outer stabilizers relative to the cen-
tral one. The total-pressure loss was calculated in fractions of the
veloclty head at the inlet to the chamber

pm 25

pwl
2
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where v is the coefficient of hydraulic resistance,

ap*y, = P¥*, = P¥s
while p*n and p*k are the total pressure at the chamber inlet and out-
let, respectively. . ‘

The quantity Ap'kh takes into account both the losses in the sta-
biligzer region and losses due to the friction between the air and the
walls of the chamber. Experiment has shown, however, that the friction
losses do not amount to more than 2% of the total losses. '

In investigations of the combustion process in the chamber, val--
ues Ap*8 = p*n.g - p*'k.g were obtained. The quantity Ap*s takes into
account both the hydraulic and the thermal losses occurring during
combustion. Assuming arbitrarily that the losses caused by the stabil-
izer region during the combus‘ion process in the chamber are equal to
the same losses without combustion, we calculated the total pressure
head losses due to the heat release:

Ap*t = Ap*g - Ap*kh'

The resultant value of Ap*t was assumed to be proportional to the
heat release in the chamber.

From the data shown in Fig. 18 it follows that a sharp decr;ase
in resistance 1s observed only at the start of the shift of the outer
stabilizers. A shift larger than 150 mm does not lead in practice to a
reduction in thg chamber resistance.

It must be noted that for a more accurate plotting of the func-
tion ¥ = £(1) in the interval from O to 150 mm it is necessary to have

additional experimental data. When the stabilizers are arranged in one -

plane the maximum heat release (Ap*t = 342 millimeters water) is ob-
tained using a central stabilizer with 2h = 70 mm and B = 30°. A some-

- what smaller heat release is obtained with a system having a central

slotted stabillizer (Ap*t = 295 millimeters water), and even less heat
- 113 -
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is produced with a central stabilizer having 2h = 35 mm (Ap*t = 260
millimeter water).

A shift of the outer stabilizers by 150 mm, while causing an ap-
preciable reduction in the hydraulic resistance, leads at the same
time to a noticeable increase in the heat release in the chamber.

In the case of a system using a central stabilizer with 2h = 70

mm, the value of A.p*t decreases from 342 to 230 millimeters water.
Such an apprecilable reduction in the heat release can be attributed to
the already indicated noticeable influence of the outer stabilizers on
the central one (manifest in the narrowing down of the flame torch)
- and to the influence of the central stablllzer on the outer ones, be-
hind which the combustion at the end of the chamber has not sufficilent
time to be completed even along the stabilizer axils, owing to the in-
crease 1n the turbulence scale.

A noticeably smaller drop in the heat release 1s obtained in a
system using a central slotted stabilizer. In this case Ap*t decreases
from a value Ap* = 295 to Ap*, = 262 mm H,0. Consequently, when the
outer stabilizers are shifted by 150 mm, the heat release behind a sys-
tem with a central slotted stabilizer becomes larger than when using a
central stabilizer with 2h = 70 mm. This 1s explained by the fact that
in a system with a slotted stabilizer the combustion process behind
the outer stabllizers develops quite intensely, and along the stabll-
l1zer axis, in spite of the shift, the combustion has time to terminate
at the ends of the experimental chamber. At the same time, the influ-
ence of the outer stabllizers on the central one turns out to be some-
wvhat smaller than in a system using a stabilizer witq 2h = 70 mm,

Thus, in order to reduce the hydraulic resistance of the chamber
it 1s advantageous to shift the outer stabllizers, but this leads to
an increase in the necessary length of the combustion chamber. In ad-
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dition, it must be borne in mind that in the case of a small shift a
temperature decrease is obtained in the backflow zone of the central
stabilizer, and this may deteriorate the breakaway characteristics of
the latter. It must be noted thit to obtain a more complete picture of
the dependence v = £(1) additional experimental material is necessary
for different radial distances between stabilizers.

An analysis of the obtained experimental material shows that the
combustion behind a single stabilizer differs from the combustion proc-
ess behind a stabilizer which is part of a system. The interaction be.
tween the two turbulent tralls, one of which has larger turbulence
scale and intensity, leads to an increase in these parameters also in
the second trall. Consequently, to Intensify the combustion process
behind'a stabilizer it is édvantageoua to a¢t on the turbulent trail
produced behind the stabilizer, using a stream with larger values of

intensity and smaller values of turbulence scale,

Manu-

script [List of Transliterated Symbols]
Page

No.

99 CP = sr = srednyy = average

112 T = t = teplovydeleniye = heat release
113 X = kh = [not identified in original)

113 r = g = goreniye = combustion

113 H = n = nachalo = beginning

113 K = k = konets = end
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ON THE DESIGN OF THE SIMPLEST COMBUSTION CHAMBER
OF THE RAMJET TYPE

Candidate of Technical Scilences K.P. Vlasov

* The calculation of the processes that occur in a ramjet combus-
tlion chamber 1s a complicated problem. )

Attempts to develop a procedure for such calculations were made
both here ([5, 7]) and abroad ({1, 12, 13]). |

Usually one determines the position of the flame torch, the pres-
sure drop, and the variatlon of the completeness of combustion along
the chamber as the flame propagates from a point-like ignitlon source.
In many papers (for example [7]) this problem was solved for a flame
front of finite width.

The most accurate mathematical solution was obtained by A.V.
Talantov, who solved this problem, as 1§ the case in other papers, us-
ing a whole series of simplifications (homogeneous mixture, point-like
ignition source, constant turbulence parameters across and along the
chamber, etc.). The simplifications assumed nevertheless do not make
it possible to overcome the followlng difficulties:

1) the closure of the basic equatlons, necessary to obtain the
solution, calls for introducing additional conditlions, which are not
always chosen with a sufficlent degree of Jjustifilcatilon;

2) the exact dependence of the velocity of the turbulent propaga-
tion of the flame on the lnitial pgrameters (u', U, etc.) 1s not known;‘

3) there 1s no unified point of view with respect to the defini-
tion of the width of the turbulent-flame combustion zone (or the com-
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bustion time). The experimental data on the determination of the width
of the combustion zone are scanty and contradictory.

In this connection, the question arises of how to find a correct
solution of this problem. The pfesent article is devoted to this ques-
tion.

1. SURVEY OF THE LITERATURE

The problem of the propagation of a flame in a cylindrical tube
with ignition from a point source was solved in the papers of Ya.B.
Zel'dovich, H. Tsien, G.I. Taganov, K. Scarlock, J. Fabri et al, and
these authors solved this problem actually for a laminar flame (thick-
ness of the flame front infinitesimally small, flame propagation vel-
ocity small compared with the velocity of the incoming stream). That
is to say, the torch of the flame was regarded as a combustion-product
gone, separated from the fresh mixture by an infinitesimally thin sur-
race (the flame front), on which 1ns§antaneous release of heat 1s pro-
duced as a result of the combustion reaction; the temperature increases

here abruptly by a factor of several times.
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Fig. 1. Diagram of the flame torch in a tube.

Such a simplification is quite far from reality; Jindeed, the width
of the éombuation zone can be appreciable and cannot be neglected (see
(4, 8)).

For a finite width of the combustion zone, such a problem was
solved by B.P. Skotnikov and later by A.V. Talantov [7].
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In the design of a combustion chamber, the problem 1s usually
formulated as follows. The combustion chamber has a constant section.
The mixture is ignited at a point on the stream axis. Before entering
the chamber the stream is homogeneous. The statlc pressure 1s assumed
constant over the transverse section of the chamber (Fig. 1). The laws
governing the variatlon of the temperature and velocity in the combus-
tion zone in a transverse direction are assumed specified. It is re-
quired to determine a method for calculating all the stream pasrameters
in an arbitrary section 1. The following quantities are determined:
the velocity of the fresh mixture (ws) and of the combustion products
(wp); the temperature of the fresh mixture (TS) and of the combustion
product (Tp), the pressure (pkh)’ the ordinate of the initial flame
front (ys) and the end of the combustion zone (yp). The solution is
obtained by uslng the equatlons given below.*

The energy equation for the fresh-mixture stream:
TrAS ora (1)
¢ 0'}' T)E‘"‘cp c+ Ti‘l

where '.['0 and Wy are the temperature and velocity of the stream at the

inlet to the combustlion chamber; alternately, after transformation:
where

where MO 1s the Mach number at the inlet to the-:chamber.
The adiabatic equation

Te o, l!z.)~*
To o
or P
‘!‘,=1‘.‘7‘_

(2)
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where

The energy equation for the stream of combustion products:

v} )
cPT,+A-v§-'°—+q-==c,T,+A—2-‘-—.
or
k—1
=2l Ml —1), (3)
where
=tu. L T ST
<, e u, il A, 1-}-"7'.

The mass conservation equation for the entire stream:

Fe
Po""oFo=f’c'we (Fo - Fe) +p.w,F, +£ Py, dF, ( u)
»

where Pos Pgs and Pp are the densitles in the initial section, in the
fresh mixture, and the combustion products, respectively; Py and W,
are the density and stream velocity of the mixture in the combustion
zone; F, and Fp are the areas of the transverse se