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INFLUENCE OF TURBULENCE PARAMETERS ON

THE VELOCITY OF FLAME PROPAGATION

Candidate of Technical Sciences G.M. Gorbunov

.The development of air-breathing jet 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 majority 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 is made to explain the mechanism whereby the flame propaga-

tion velocity increases in a turbulent stream, we can merely note that

based on the premises used by the authors of the various theories in

the analysis of the turbulent flame, all the theoretical investigations

can be broken up into three main groups.

In the theoretical investigations of the first 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 ut is exerted by the mean square pulsating component of

the velocity w', and to a lesser degree by the excess-air coefficient

a. The latter quantity influences ut not directly, but via the normal

combustion velocity un. 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

..=A (w)') (u.)m.

where A is a constant factor greater than unity while n and m are con-

stant ooefficients, with n >> m and (m + n) - I.

The magnitude of the turbulence scale 1 does not exert any influ-

ence on ut, 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

used to determine the principal quantities. It is 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 decisive influence is exerted not by the

batches whose velocity is 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 high-

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 ut with increasing turbulence is

attributed to a growth in the turbulent exchange coefficient Dt = 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 number by the geometrical similarity criterion (the Strou-

hal number Sh - H/I) and by the kinematic similarity criterion (inten-

sity of turbulence a - w'/w), we obtain
Re-sh le= Lcoast/w'.

-T2
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Thus, according to these theories, the turbulent combustion vel-

ocity u t should depend both on the pulsating velocity component w' and

on the turbulence scale 1.

Finally, the third group includes theories whose authors believe

that the principal factor accelerating the transport of the flame is

autoturbulization in the flame itself.

In various experimental investigations, set up for the purpose of

verifying theories, and also to obtain experimental values of ut as

functions of the mixture composition and the characteristics of the

turbulence, different procedures were employed.

In most studies of the flame characteristics in 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 in 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 ionization current.

Experimental investigations of the dependence of ut; on the turbu-

lence parameters are usually carried out within the core of a free

turbulent jet in direct or inverted cones (see Fig. 1). Measurements

of the turbulence intensity show* that the values of e increase both

from the axis toward the boundaries of the core of the Jet, and along

the core of the jet. Therefore in determining ut by the use of the re-

lation of V.A. Mikhel'son (ut = w cos qP) or the ratio of the areas

ut = wFIFkon, it is necessary to refer the value of ut to that value

of w', which actually prevailed in the region where the flame front

was situated.

If, for example, we confine ourselves to the measurement of tur-

bulence on the axis of the jet behind the nozzle (see Fig. la), and
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a)

b

Fig. 1. Illustrating the determination
of ut 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 ut determined from the direct cone

is referred to w' 0 = cow, then, other conditions being equal, the

value of the constant coefficient A0 in the experimental formula for

the determination of ut will be larger than the true value A. Let us

consider this by means of an example.

Let the determination of ut be carried out at two velocities at

the exit from the nozzle. For these velocities, wI and w2 , we determine

Utl and ut 2 , respectively: w'Ol = eow1 and w' 0 2 = eOw2 . The data ob-

tained are plotted (Fig. 2a) on a logarithmic scale and we obtain A0

and
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The theoretical formula will have the form

"u,o - A4

But in fact the flame front is located in regions where e > co. Let us

assume that n = 1; then as the velocity is 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 e at

any point of the core of the jet is independent of the stream velocity

w. Then at the point where the flame front exists the condition w' =

= kw' will always be satisfied, where k > 1. Were the same velocities

Utl and ut 2 to be referred to the true values of the pulsating veloci-

ties w' 1 and w' 2 , we would obtain the true value of the coefficient A,

which is less than AO:

ut = A(wl)'.

Inasmuch as Uto = ut, we get Ao(wt)o = A(w') and

W, ku,, k

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

In this case when the velocity increases from wI to w2 , the flame

front occupies the position indicated dotted in Fig. la, and goes over

to those portions of the core, where the values of e and w' are greater

than in the first position.

After determining from the Mikhel'son relation or from the ratio

of the areas the values of the turbulent velocities for two stream

velocities, (utl)n and (ut2)n, as well as the true values of the pul-

sating components w'1 and w' 2 , and again using logarithmic coordinates,

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

Were the obtained values of the flame velocities (Utl)n and (ut 2 )n to

be referred to the pulsating velocities on the jet axis, w'0 1 and w0



we would obtain values A0 and no = tan a. different from the real ones

(see Fig. 2b).

The foregoing examples show that to obtain correct data it is nec-

essary to refer the combustion velocity to the values of the pulsation

veloclties at the points where ut is determined, as was indeed done in

the present work.

A comparison of the results of the measurement of ut by different

authors, other conditions being equal, indicates that there are con-

siderable discrepancies in the values of ut, 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 ut, 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 ut. In particular, the task was to check whether the

character of the spectrum of the turbulent stream influences the value

of ut. 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 identical value of the average pulsating velocity 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 is 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 un will be the same in either

case.

The principal diagram of the setup on which the experiments were

carried out is shown in Fig. 3. The flow of air delivered to the ex-
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Fig. 2. The dependence ut = 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, so

that the pressure of the fuel ahead of' the nozzles warn not less than
10 atm. The mixture was then fed through a 15-meter tube, where the

fuel drops were completely evaporated, something monitored many times

by means of special apparatus (the 0MK instrument). The fuel consump-
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tion was measured by a volu metlou.

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 profiled in accordance with the recommenda-

tions of Ye. Vitoshinskiy 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 mm away from the rake of the nozzle, opposite

its 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 in the core of the

jets for different nozzles and for different turbulizing grids (see

the first article of the present collection).

All the main investigations were carried out in the core of the

jet, and the measurements were made in a horizontal plane coinciding

with the axis of the jet. To install the instruments, a special coor-

dinate unit was constructed, which made it possible to place the sen-

sitive elements of the instruments at any point of the investigated

plane with accuracy +0.5 mm. The coordinates of the position of the

sensitive element were measured against special scales of the coor-

dinate unit. In addition, the coordinate unit was provided with a de-

vice (electrical path marker), which made it possible to record on a

loop oscillograph the longitudinal displacement of the instrument. The

coordinate unit was rigidly connected to the nozzle during the time of

the experiment.

In carrying out the basic experiments, the following measurement

apparatus was used:
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Fig. 3. Schematic diagram of the setup. 1) Air 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) stabilizer. A) Air.

1) instrument for measuring the ionization of the gas, consisting

of a transducer, amplifier, path marker, and recorder (MPO-2 loop os-

cillograph). 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

receiver tube had a diameter of about 1.5 mm;

3) platinum-rhodium/platinum thermocouple with U-shaped open junc-

tion. The diameter of the electrodes was 0.3 mam. The place of the elec-

trode junction was stripped to the initial diameter 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-air mixture as the latter is burned up. The cool-
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ing gas sampler had an inlet aperture 3 mm in diameter;

5) standard "Kiev" camera for flame photography. The photography

was with a neutral filter, using an exposure of 2 seconds. Along with

the flame, ruled scales were photographed so as to determine the dimen-

sions of the photographed torch of the flame.

When working with so-called "inverted cones," in view of the heat

released in the combustion zone, the initial current lines along which

it is necessary to investigate the variation of the different gas

parameters become curved. To determine the mutual placement of the

current lines for a given combustion mode of the flame, the following

procedure was used.

In five sections (Fig. 4), at a specified operating condition,

measurements were made of the temperature field, the total pressure

heads, and the static pressures. The currents were measured every 10

or 5 mm, in the zone of the greater gradient of the measured quantity.

The velocity fields were plotted from these data. The specific gravi-

ties of the gas T. at the measurement points were calculated.

Every 5 mm from the axis of the torch, in the direction of the

radius, calculations were made of the current density

dG/dF =wy.

The values of the flovf per unit length of the segment were calculated

dO dO

d. 2%r.

where r is the distance from the axis to the limit of the segment.

The following quantity was determined

S( dO)(dOj
dO dr 2 4(d',Xc 2

where k is the serial number of the flow division boundary; the flow

rate of gas on the chosen segment
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and the flow of gas in the entire section

Q"=AO'+AOa2+... + •O.

where n is the number of elementary segments.

A Iromoannapam' . T
• -'----- 00

-- Y

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.

Curves of G = f(r) were plotted for each of the sections in which

the measurements were made, and were then combined on a single graph

(Fig. 5).

By drawing a horizontal line through the flow curves, it is easy

to determine from the points of intersection the radii of the points

in sections I, II, etc., through which the lines of equal flow, i.e.,

the current lines will pass.

The coordinates of the current lines determined in this manner

for various preselected operating modes have shcwn that the current

lines within the core of the jet are quite close to straight lines,

which make for each mode a separate small angle with the jet axis.

This circumstance has made it possible to use for the investigation of

the parameters of the flow along the current lines tho samo coordinate
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unit, but in this case tte entire panel with the coordinate-unit plate

was inclined at an appropriate angle relative to the initial position

so that the receiving element of the instrument followed the current

line exactly as the coordinate unit was displaced longitudinally.

r IT --
IT/

/Y I

,0 1
-n - - -

0 10 20 30 4i J0 MOrxx

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 collection) made it possible to choose for the

study turbulent 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 O6•CKT

2 napateTp 5C-C BC-2 SC-8

4% -5 6,53 6,5
1 .M.I -125 -1,7 -1,6

6CPC 1 -100 -625 -680
wS' A--(.) 4 4Pir. 6 4'Hr. 7 Piv. 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 it is assumed that the variation of the velocity 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 maximum pulsating velocity component.

Figure 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



on an oscillograph and the torch was photographed with long exposure

(1.5-2 see).

The front of the flame can be assumed to be the geometric locus

of the points on the longitudinal section of the torch, at which one

of the measured quantities (i.e., T*, Ap*, etc.) begins to ohange 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, do not agree with

one another.

Let 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 it there will be observed anIrM

increase in 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 begin in this particle,

as can be determined by photography; at the

same place one observes the first bursts in

the ionization current and finally by the

-JiL.. start of the decrease in the oxygen (based on

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-
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Fig. 7. Spectrum of pulsa- Fig. 8. Spectrum of pulsa-
tion velocities behind tion velocities behind
grid "2." 1) sec. grid "5." 1) sec.

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 it

is assumed that the velocity along the current line remains constant,

then the value of ut determined by the Mikhel'son law will 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 is quite obvious

that the largest value of ut 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 is based on the flame front as determined

by the variation of the oxygen ooncentration. It is necessary to bear

in mind here that the intensity of the turbulence along the current

lines does not remain constant.

Figure 10 shows, in accordance with the data obtained in Fig. 9,

- 15 -
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the values of ut 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 is quite understandable that from two or three points it is impos-

sible to determine correctly the slope of the crve ut - f(w') on the

given section. At the same time, the data of Fig. 10, as well as log-

ical reasoning, lead to the conclusion that the experimental values of

ut are the smaller, the closer to the axis the conditional flame sur-

face is determined. Thus, for example, in the present case the values

of ut, determined in accordance with the front constructed on the

basis of the variation of the oxygen content, are considerably smaller

than the values of ut determined from the front constructed on the

basis of the drop in total pressure head, photography, or temperature

fields.

Taken by itself, 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) is transported is the same as the mechanism of heat transfer, is

little likely, 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 100-3000, 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
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a point corresponding to the sensitivity threshold of the instrument.

When the instruments TI and OMK were used, the point where the change

in 02 (a) began corresponded to a temperature rise by 100-300°.

ii I
UTM~A_

' / •VceIC

Fig. 10. Dependence ut = f(w'), de-

termined from measurements of dif-
ferent parameters. 0) Determined
from start of rise in temperature;
X) from visible boundary of torch
on the photograph; o) from start
of drop in total pressure; A) from
start of decrease in oxygen con-
tent. A) m/sec.

However, hot batches of gas are ejected from this zone to the

periphery of the torch, where they can be detected by an ionization

transducer. Their luminosity is sufficiently high to be recorded on

photographic film with long exposure. But the relative mass of the hot

batches is small here, and the instruments employed do not detect

changes in the concentration.

At a certain distance from the torch axis, 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

ionization 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 physical point of view, the most correct way to deter-

mine the forward boundary of the combustion zone would be to measure

the ionization current, but methodological diffioulties arise here,

too, for it is not known which of the bursts are accidental and which

are reliable.

For an 6pen 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

(if one takes the average position of the individual bursts, see Fig.

9).

In the later experiments ut was determined either from the "tem-

perature" flame front, or from the front obtained on the photograph.

It must be noted that, independently of the method used to deter-

mine the flame front, the method wherein ut is 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 geodetic protractor is used a large spread in

the values of ut is obtained.

The experimental data presented show that the choice of the method

for determining the flame front predetermines also the values obtained

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

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 ut.

The procedure outlined above (with allowance for the deviations

of the current lines) was used to determine the values of ut at con-
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stant valac of the excess-air coefficient (a = 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.

TABLE 2

2 flapameTp 6C-C SC.2

3
W,' .x/emE 2.3 3.12 2.86
U. ,JleeC 5,76 8.5 11.4

I M.M 125 1.7 1.6
w'_=f() 4oir. 6 *Mr. 7 Ou.r. 8

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

The data presented show that ut is 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

ut is 34% 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 frequencies than the frequency spectrum for BS-2.

This probably explains the larger value of ut for BS-5 compared

with its value for BS-2. It can be assumed that in the BS-5 Jet there

is 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 ut. In the

case of BS-S the larger values of the pulsating velocity components

are concentrated in the low-frequency part of the spectrum and ut has

a smaller value than for BS-2 and BS-5.
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Fig. 11. Dependence u, -ý f(w') be-
hind grids with different frequency
spectra. A) Grid "5"; 0) grid " 2."
A) rn/sec.

The turbulence scale apparently does not influence u V. The scale

in the case of BS-S is approximately 75 times larger than for BS-5,

but u t for BS-S is almost half that of BS-5 for nearly equal values of

w'. The main influence on the value of Ut (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 t 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 u t -behind grid "5,"

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 Ut., other conditions 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 formiula em-
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ployed in many papers for the turbulent velocity, namely

is not sufficiently universal.

Manu-
script [Footnote]
Page

No.

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 = sr = 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-air coefficients. The range of variation of these parameters is

determined by the type and purpose of the engine.

Stable combustion in ramjet chambers is guaranteed by installing

in them various poorly streamlined bodies, behind which a backflow

zone is 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 active stream, and

their response to various parameters.

The insufficiency of the experimental data from which to Judge

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, ionization, 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 stabilizers.

An experimental study of the stream behind a stabilizer was car-

ried out starting from the following notions. The backflow zone is the

result of turbulent exchange between the gas located in the feed re-

gion of the body and the active stream. Instruments placed in the back-

flow zone indicate a positive velocity head in some definite direction.

The latter indicates that there exists in the backflow zone a definite

stream direction, 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, so 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

this diagram. Behind the stabilizer is formed a circulation zone, which

encompasses both the backflow zone and that part of the forward stream

which is 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-second 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 initial portion of a 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 characteris-

ties of the lean flameout behind the stabilizers employed. In the in-

vestigation of the flow, the excess-air coefficient was always set

equal to ca O.9asr.

Wherever possible, a comparison was made of the values of the in-

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 fields 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 agreement of the results was found to be quite satisfactory.

1. EXPERDNTAL 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 obtain in the jet 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 stabilizers employed is shown in Fig. 2.

The spread angle of the stabilizers was chosen to be 600, 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 aptually 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.

' '

di

b6b

ih h 2 h 4h Ah Ah 7h / ShA Vh

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 characteris-

tics in the backflow zone behind the stabilizers were located at dis-

tances lh, 2h, 3h, etc. Thus, independently of the dimensions of the

stabilizers, the number of investigated sections in the backflow zone

remained approximately the same.

The apparatus used for the measurement of pressures, temperatures,

fuel concentrations, ionization current, and also the procedure for

processing the experimental data were the same as in [1].

2. RESUIIES OF THE EXPERIMENTS

Figure 3 shows the flameout characteristics with lean mixture

plotted behind different stabilizers with the velocity of the incident

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; c) 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-

irg dimensions of the stabilizers.

Figure 4 shows the dependence of a r on the initial stream turbu-

lence. With increasing initial turbulence, asar decreases.
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Fig. 3. Flameout characteristics of stabilizers
of different dimensions. 1) Stabilizer with
2h = 60 mm; 2) stabilizer with 2h = 30 mm; 3)
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. 14. Variation of flameout characteristics
of stabilizer with 2h = 30 mm as a functi'on of
the initial stream turbulence. 1) In free jet
at the rake of the stabilizer e • 2.5%; 2) be-
hind grid No. 5, at the rake of the stabilizer
at s 10%; 3) behind grid No. 2, at the rake
Of the stabilizer c m 15%. A) Stream parameters
after extinction of flame; B) stream parameters
dutring combustion close to flameout mode; C)
rn/sec.
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Fig. 5. Variation in the length of the back-
flow zone behind a stabilizer with 2h = 30 Mm
as a function of the velocity of the incoming
stream in a free jet at near-flameout mode
(c = 0.9csr). A) rn/sec.

The measurement of the dimensions of the backflow zone was made

by means of a fitting, the construction of which is 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 is 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, i.e., a distance equal to half the stabil-

izer height. In each section two points were fixed, 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 function of the velocity of
the incoming stream. (Stabilizer with 2hm0
am, a= 0.9sr, in free jet.) 1) w = 170 sec,
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 2 J h 4h,

Fig. 7. Dimension of backflow zone as a func-
tion of the velocity of the incoming stream in
the absence of combustion. (Stabilizer with
2h - 30 rmm, a CO, in free Jet.) 1) w = 184
m/soo; 2) w - 3•4.5 m/see.

It was shown above that the characteristics of lean flameout

varied monotonically relative to the velocity, the initial turbulence

of the stream, and the stabilizer 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 fuuction of the velocity of the incoming stream;

then, at a constant velocity and at a constant stabilizer dimension,

we investigated the variation of the bao.clow zone with changing Ini-

tial turbulence of the stream, and finally, at constant velocity and

constant initial stream turbulence we investigated the variation of

the backflow zone as a function of the stabilizer dimensions.

Figure 6 shows the dimensions of the backflow zone for different

incoming-stream velocities. With increasing incoming-stream velocity

in combustion, the length and width of the backflow zone increase con-

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 velocity in the backflow zone increased with increasing

stream velocity (Fig. 8): in the absence of combustion the increase

was proportional to the velocity of the incoming stream (ux - w); in

the case of combustion the increase was less intense (ug - w0  ).

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 in

proportion to the height of the stabilizer. 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 sams

for all tested stabilizers, the dimensionless maximum width fluctuated
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between 2.lh 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 initial turbulence and excess-air coefficient and at constant

stream velocity. No appreciable difference was observed in the dimen-

sions of the backflow zone in the indicated ranges of variation of the

initial turbulence and the excess-air coefficient.

Thus, it follows from the foregoing that the laws governing the

variation of the dimensions of the backflow zones behind a V-shaped

stabilizer are different in combustion than in a cold stream.

S AA-

J0aO 100 1A0 w m/ce• "

Fig. 8. Variation of axial velocity u in the
backflow zone on the velocity of the-incoming
stream. (Stabilizer with 2h = 30 mm in the
free jet.) 1) a = 0; 2) a = 0. 9 asr. 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-

ial velocity, and the ionization current in the circulation zone be-

hind the stabilizer during combustion.

The velocity and temperature fields 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 fields and the fuel-con-

centration fields (see Figs. 13 and 14) it follows that the tempera-

ture deep in the backflow zone is constant at near-flameout modes,

and the fuel concentration i1 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, a - 1.74,
w = 50 m/eec; b) stabilizer with 2h = 30 mm,
a = 1.69, w - 50.9 m/see; c) stabilizer with
2h m, 10 mmu, a= 1.48, w-- 48.3 m/see; d) sta-
bilizer with 2h - 20 mm, a 1.53, w -9.7
M/sec.

Fig. 10. Dimensions of backflow zone
in dimensionless coordinates. 1) Sta-bilizer with 2h , 60 mm, a - 1.74, W M

6 50 m/sec; 2) stabilizer with 2h - 30
run, a - 1.69, w = 50.9 m/sec; 3) stabil-
izer with 2h = 20 mm, a = 1.53, w -=49.7 m/sec; 4) s~tabilizer with 2h
- 1iom, a - 1. 8; w - 48.3 m/sec- b)
current width of backflow zone; hS halfthe height of the stabilizer; L) our-
rent length of backcflow zone.

backflow zone there is no combustion. On the other hand, the presence

of ionization current in that region (see Yig. 16) can be attributed
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Fig. 11. Dimensions of backflow zone as a func-
tion of the initial turbulence of the stream
at the rake of the stabilizer (stabilizer with
k - 30 mm). 1) E - 2.5%, a = 1.69, w = 50.9
m/sec; 2) e 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 in the fuel concentration and a decrease in

the temperature, while the magnitude of the ionization-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 intensity of exchange with the active stream.

The variation in the fuel-concentration fields 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 variation of the gas temperature
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Fig. 12. Dimensions of backflow zone as a func-
tion of the c;cess-air coefficient a in the
free jet (stabilizer with 2h = 30 mm). 1) a -

= 1.6', w = 50.7 m/sec; 2) a = 1.05, w 49.5
m/sec.
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Fig. 13. Temperature fields in the circulation zone behind the stabil-
izer with 2h = 60 nun at near-flameout mode, w = 50 m/sec, a = 1.74.
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 lOh; 9) for section 2h as obtained by gas analysis. 0,
I-IV) current lines. A) Temperature scale; B) absolute.

and the fuel concentration along the lines that delineate equal flows.

Inside the backflow zone the gas temperature is constant over the vol-

ume, and the fuel concentration is close to zero. The situation is en-
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tirely different in the direct stream of the circulation zone. Figure

18 shows the variation of the gas temperature along the current lines

in the direct stream of the circulation zone. From the stabilizer rake

to section 3h the gas becomes cooler in 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 is tangent to the section lh).

It is characteristic that the active-stream gas layer adjacent to

the circulation zone (line 0-0 on Fig. 18) is heated up to section 5h

by merely 1000 and its temperature remains practically constant in

the section 2h-4h, which can be attributed to the constant removal of

heat into the active 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 combustion 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 ionization 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 quantiAes occurs beyond the section 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 ionization current (see Fig. 16), the rise of

which along the current line 0-0 is determined over the interval be-

tween sections 5h and 6h. Consequently, 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.

- 37 -



/Ai 2A 3h *A 5h 6h A* sh $4 OA1A

<A Avcuima maww-o~fpawWnmwd B

if? 1"Onl

Fig. 14. Fuel concentration 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 ýh; 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

stabilizer with 2h = 60 mm at near-flameout mode, w - 50 m/sec, a =

= 1.74. 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

9h; 8) for section 10h. A) Scale of w; B) m/see.

The start of the mixture combustion in the active stream was reg-

istered by three methods in one and the same place, so that it can
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Fig. 16. Ionization-current fields in the zone of circulation behind
the stabilizer with 2h = 60 mm at near-flameout mode, w = 50 m/sec,
a = 1.74. 0, 1-Iv) Current lines.

g, •\ '
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Fig. 17. Lines of equal flows in the circulation zone behind the sta-
bilizer with 2h = 60 mm at near-flameout mode, w = 50 m/sec, a = 1.74.
x) Boundary of backflow zone, calculated from the velocity fields; o)
boundary of backflow zone obtained by measuring with a special 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 in any one quantity, say the temperature.

Figure 19 shows also a plot of the variation of the temperature
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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 a 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 i/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 obtained for direct hot

streams.

Figure 20 shows plots of the distribution of the turbulence in-

tensity e behind a stabilizer 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 stabilizer without

grids it also shows the limit of the constant-velocity core of the

direct 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 is practically independent

of the value of the initial stream turbulence (more accurately, it
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even decreases somewhat• w~th Increasing initial stream turbulence);

2) in the direct st,.east, on the boundary with the backflow zone,

a region is produced where the turbulence is larger than in the back-

flow zone, and the higherý the initial turbulence of the stream the

broader this region, starting with the section 2h.

K-AK 2h A 4h $h

I -

o 10 V so I# too

b

Fig. 20. Intensity of turbulence in the case of flow of a cold stream
around a stabilizer with 2L h- 60 mm. a) w - 50 m/sec grid "5"; b) w -
= 50 m/sec, prid "2"; c) w = 50 m/sec in free Jet; x1 boundary of back-
flow zone; 0) boundary of constant velocities. A) Scale.

Figure 21 shows plots of the distribution of the average frequen-

cies wsr and the Euler turbulence scales L calculated with their aid.

In the backflow-zone points the turbulence scales are considerably

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 coefficient

D - lw',

where 1 is the reduced mixing path and w' is the pulsation velocity.
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In A. Prandtl's "Mechanics of Viscous Liquids" (see [2)) it is

shown that a proportional relationship exists between the turbulence

scale and the mixing path, and a formula obtained during the investiga-

tion of a free jet is presented.

Assuming that the mixing path is proportional to the turbulence

scale in our case, too, we can calculate the ratio of the turbulent-

exchange coefficients on the axis of the backflow zone to the coeffi-

cients at other points of the stream, Di/Dz.o.sk.

The distribution of this ratio behind the stabilizer with 2h = 60

mm is shown in Fig. 22. In the region of increased turbulence, the

ratio of the turbulent-exchange coefficients reaches 20, whereas in

the direct stream with natural turbulence it has approximately the

same magnitude as in the backflow zone.

The boundary of the direct stream with natural turbulence is lo-

cated farther away from the stabilizer axis (see Figs. 20 and 21) than

the boundary of the constant-velocity 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 circulation 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 width of the region of increased turbulence decreases

with decreasing stabilizer 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 NaCl vapor. The results of

the measurement have shown that inside the backflow zone the turbulence

intensity during combustion is approximately 40%, i.e., it has approx-

imately the same magnitude as in the case of a cold blast.
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bilizer with 2h = 60 mm. a) Average frequen-
cies wsr; b) turbulence scales L; 1) limit of

backflow zone. A) Scale of wsr; 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 the region

of the direct stream adjacent to the backflow zone also in the case of
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combustion.

The agreement between the values of the turbulence intensities

inside the 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 prob-

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 stabilization of flames behind

poorly streamlined bodies.

When a stabilizer is installed 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 into the direct stream

of the circulation zone, which is located in a region with higher tur-

bulent-exchange coefficients. The region with higher values of the

turbulent-exchange coefficient D encompasses also the direct active

stream. From the direct stream of the circulation zone there is an in-

tense removal of heat into the active stream. The temperature of the

gases emerging from the backflow zone decreases here appreciably.

Owing to the turbulent exchange, the individual batches of fresh

mixture enter into layers of the direct stream of the circulation zone,

where they are gradually ignited. Their ignition occurs after a suffi-

cient degree of heating. Therefore in segments olose to the stabilizer

no release of heat in the direct stream of the circulation zone is ob-

served (or else the intensity of heat supply is much lower than that

of heat removal).

- 47 -



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 adjacent layers of the active 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 combustion processes in the

fresh-mixture batches occur much more rapidly. 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 in 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 reduction in the fuel suppiy, the batches that

enter into the circulation zone did not have time to ignite and burn.

A cascade 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

stabilized 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 di-

mensions upon variation of velocity and initial turbulence of the

stream.

Let us consider the influence of the stabilizer dimensions on the

flame stabilization. From the flame stabilization scheme described

above it 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 velocity a certain distance is also necessary. The question

arises why a small poorly streamlined body is capable of stabilizing

the flame. The answer to this question 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 with increased turbulence intensity. Consequently,

in order to heat up the active stream to the ignition temperature less

heat is necessary, which can be supplied over a shorter segment of path.

As was already shown, the dimensions of the backflow zone change

during combustion not in rroportion to the dimensions of the stabil-

izer (see Fig. 10). In the case of a large stabilizer the dimensions

of the zone are relatively larger, and consequently the conditions for

the flame stabilization 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

stabilization conditions in the following fashion. An increase in the

transverse cross section of the backflow zone causes a similar increase
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in the heat stored in it. An increase in the length and width of the

backflow zone increases the time of exchange between the circulation

zone and the active stream.

The initial turbulence of the stream influences the stabilization

conditions in the following fashion. With increasing natural turbu-

lence of the stream, the turbulence behind the stabilizer becomes prac-

tically constarit. Consequently, an increase in the initial stream tur-

bulence leads only to an increase in the heat removal into the active

stream, i.e., to a deterioration 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 backflow zone.

The influence of the initial stream velocity on the stabilization

conditions is manifest in the following. The dimensions of the back-

flow zone and the gas velocity in it 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 with increasing velocity of the incoming 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 conclusions.

1) The backflow zone behind a trough-like stabilizer increases

during combustion with increasing velocity 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 velocity and are determined only by the stabil-

izer dimensions. A change in the turbulence of the incoming stream (up

to 15.0%) and in the excess-air coefficient (in the range a c 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 is observed where the turbulent-exchange coefficient

is 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 practically independent of the initial 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 is located at a considerable

distance from the stabilizer.

5) The presented model of flame stabilization of a homogeneous

mixture behind a poorly streamlined body is close to the scheme pro-

posed by J. Williams.
Manu-
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INPLUENCE OF THE TURBULENCE PARAMETERS ON THE COMBUSTION OP
A HOMOGENEOUS GASOLINE-AIR MIXTURE BEHIND

A STABILIZER UNDER CONDITIONS OF A CLOSED STREAM

Candidate of Technical Sciences V.P. Solntsev

The requirements imposed on Jet-engine chambers (short length,

high combustion completeness, small hydraulic resistance) are contra-

dictory and to satisfy them most completely it is necessary to maI a

thorough study of the factors that influence the combustion process.

For a purposeful selection of some particular type of stabilizer

it is necessary to know the influence of the form and dimension of the

poorly streamlined body on the fuel combustion process.

In addition, inasmuch as several stabilizers are installed in the

chamber, it is necessary to study the laws governing the burning of

the fuel under conditions where turbulent trails of neighboring sta-

bilizers interact.

Recently several theoretical and experimental papers were pub-

lished, in which the distribution of fuel concentration over the sec-

tions of the chamber and problems in the gasdynamic structure of the

stream are considered [1], [4].

So far no work has been done on the study of the turbulence

parameters and their influence on the combustion under combustion-

chamber conditions, 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

combustion zone.
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The task of the present work is to investigate the turbulence

parameters behind a poorly streamlined body, the influence of the forf

and dimensions of the stabilizer on these parameters, and also the in-

fluence of the parameters themselves on the combustion of a homogeneous

gasoline-air mixture under the conditions of a closed flow behind the

stabilizer.

1. INVESTIGATION PROCEDJRE

Determination of the Flame Front Propagation Velocity

The flame front propagation velocity ut was assumed numerically

equal to the normal component (relative to the front) of the velocity

vector of the incoming stream.

Fig. 1. Showing the dependence of ut on w'.

With such a definition, the flame front propagation velocity can

be calculated from the formula
ut = w sin a

where w is the stream velocity at the point under consideration and a
is the angle between the velocity vector and the tangent to the flame-

front surface at the poi:•t under consideration.
In Fig. 1 the line OB1 denotes the position of the flame front at

a stream velocity Wl, to which the segment AIB1 corresponds in the
figure; AIC1 is the normal component of the velocity vector, numerically
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equal to the flame front propagation velocity Ut). 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 velocity vector.

Thb line OB2 on Fig. 1 corresponds to the new position of the

front, and the segment A0 2 corresponds to the new increased value of

the velocity w2 .

A2 C2 I 0B2 and A2 C2 = ut 2 .

The symbol * denotes the change in the slope of the front, while q de-

notes the change in the angle of the velocity vector.

It follows from the triangle A1 BlC1 that
U1 1 =w, sin a,.

On the basis of several theoretical and experimental papers (3, 5, 6],

the dependence of u t on w' can be expressed in the form

" ,11 = B •i '

Analogously, for the case of an increasing velocity we have:

U,, 2 7Z,2 S I " 2 .1 2=; (1o2)=.

Dividing the expressions utl by the corresponding expressions for Ut 2 ,

we obtain

UT2 W2  "'i11 s 2 11,. 2 W

Equating the right halves of the equations

W2 / W2 sifl 63

we determine the exponent a

Ig---- + Ig g_a = - - sl 3 1

but
W• 1 • 10

W 1  _-; W 2 =5 -
6i 1
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and
am ! " $|n a, L

ig + fi

Let us express c2 in terms of aI, q•, and *:

Z OEB,= A / AEB, == L A,DI), 180" --(Y+6r ,);

= 180o--(/LOEB,+1);2

and the final expression for a assumes the form

, sin a, 
,)

"" - .-_ I ) I Ig

Let us analyze the expression obtained.

We put ,(sl_}, I.

Ig W

In our analysis we start from the following considerations:

1) w2 > w1 and w' 2 > w'l, consequently,

Ig ()f <.
2) When = 0 we have e 2 = F1 and log (se/Il) = 0, which in valid

when c is independent of the velocity.

3) When * > 0 we have c2 > El and log (e / 1l) > 0.

The case * < 0 is not real when w2 > wI.

The statement that when * > 0 we have e2 > El is valid for the

case when we investigate combustion behind a stabilizer. In the case

of investigations in the core of a free jet with a point-like ignition
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source we get e2 < EI when * > 0.

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

9 and *:

1) -= o0.

In this case

Ig(Z2)-O. Ig{ sin a, 0-

and a = I.

2) q=* 0.
Igi Sin ai 0 ,

A < 0 and a < 1.

3) q9 < , = 0.
Ig(-•ý-) o, "g( ' Si>0,91 (,/ sin, + (qF--l)

A < 0 and a < 1.

4) < .

SI s in .,

A < 0 and a < 1.

5) > -=.

,g et) , g (Sin 121 + (.P--÷l <O

A > 0 and a > 1.

6) 9 > ,.
{sit' [ ,it+ ( )]

The case q > * when p 4 0 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

Ig a)1 Ig sin asell I sin 56 , +,
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a<t.

fo I 03 g 1 (19 )1=.1g On Siif 1

a=1.

a> 1.

Consequently, if the front position and the direction of the vel-

ocity vector do not change when the velocity of the incoming stream

increases, then

u t - w'.

If the angle by which the velocity vector changes is equal to the

angle of inclination of the flame front or is smaller than this angle,

then u t - (WI)a, where

a < 1.

If the position of the flame front does not change with increas-

ing velocity of the incoming stream, and the angle of the velocity

vector changes (with 9 > 0), then

ut _ (WI)a, where a > 1.

If the angle through which the velocity vector has changed is

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

value of a depends on the ratio of the absolute values

Ig (-and tg [ sin a'sin [a, + (•-÷1,p

This is the only case when it is impossible to determine directly the

value of a from data on the change in the position of the front and on

the change in the direction of the velocity vector with increasing

velocity of the incoming stream, and it becomes necessary to carry out

an additional analysis.

It follows from the foregoing analysis that the investigation of
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the dependence of ut 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;

2) an investigation of the influence of the velocity of the in-

coming stream on the position of the flame front;

3) an investigation of the influence of the velocity of the stream

on the direction of the velocity 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 (51 under the assumption that turbulent pulsations par-

ticipate in the combustion of each batch:

I

where 1 is the turbulence scale and w' is the pulsating velocity 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 chamber:

where Wsr is the average velocity along the current line and Tsr is

the average combustion time along the current line.

Using the proportional relationship for T indicated above, we ob-

tain

II

Recognizing that

- 58 -



where war is the average frequency of the turbulent pulsations, we ex-

press 6t in terms of wsr:

6t a -wssr.

To check the obtained dependences of the flame front width on the

turbulence parameters it was necessary to investigate 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 velocity on the flame front width.

2. EXPERIMENTAL SETUP

A diagram of the experimental setup is shown in Fig. 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 piece, on the

end of which was installed the combustion chamber, which comprised a

tube of rectangular cross section measuring 200 x 175 mm (Fig. 2).

Through quartz windows 1 installed 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 unit was installed in the lower part

of the chamber.

The measurements were made with a measuring baffle 4 having 17 aper-

tures spaced 25 nmn apart.

The stabilizers 2 were secured 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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Fig. 3. Stabilizers.

Fig. 4. Turbulizing grids.

l) Grid number; 2) diameter.
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chamber were water cooled.

Figure 3 shows different stabilizers, behind which the combustion

process was investIgated. The heights of the stabilizers were equal to

the height of the combustion chamber. All the stabilizers were made

closed on top and bottom and differed in their aperture angle f and in

their width 2h.

Stabilizer No. 4 differed from stabilizer No. 1 in the fact that

its side walls were 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 stabilizers, installed on the chamber axis. The static

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 1250 C.

The investigations were carried out with a homogeneous gasoline-

air mixture at three stream velocities: w = 35, 50, and 70 m/sec. The

excess-air coefficient in all the modes was a = 1.5, except for one in

which a = 1.

The measurement cross sections, in which the temperature, veloci-

ties, concentrations, ionization, 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 quantities 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 ionization 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 coeffi-

cient determined from the fuel and the combustible additives (see [4]).

In all the sections of the chamber, the start of intense ioniza-

tion lagged somewhat the start of the change in .temperature. In many

cases the start of intense ionization was preceded by individual bursts

of ionization current, which appeared at approximately the location

where the temperature begins to change.

Figure 6 shows data on the investigation of the ionization 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 ionization 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 ionization current, obtained

in the investigation of the combustion process behird stabilizer No. 1.

The first two photographs were made in a section located 50 mm away

from the stabilizer. 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 show the individual bursts of

ionization 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 ionization 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.

The photographs obtained behind stabilizer No. 2 are shown in

Fig. 6b. The first and second photograplh 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 ionization begins only 8 mm away

from it. On the fourth photograph, which pertains to the 600-mm sec-

tion, the individual ionization-current burst is located 13 Mn away

from the start of the intense ionization.



b) p = 6oO.
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In all the sections of the chamber, there is 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 is in satisfactory agreement with the start of the intense

ionization. The difference between the start in the change in tempera-



ture and tLhe lr Wot U; ' ;i;r ,¶ concentration or of the intense

ionization cant.-,1 -, br uted io the error in the temperature meas-

urement due to 1,'iiu< lon.

Calculation of the possible increase in the thermocouple 'tempera-

ture, due to vadiation of the flame, shows that in the oase of a

chromel-copel thermocouple the maximum error under the experimental

conditions could reach 220. The maximum error in measurements with a

platinum-platinum-rhodium thermocouple was 20.

In fixing the forward boundary of the flame front, an tmportant

factor is 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 this error reaches only 2.70.

With the mechanism whereby burnout occurs in the turbulent flame

front still unexplained, it is difficult to choose with any Justifica-

tion a correct method for determining the leading boundary of the

front. In the foalowing 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 ionization, 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

position has on the dependence of ut and 6t on the turbulence param-

eters.

Influence of Turbulence Parameters on the Flame Front PropagationVelocity

Figure 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 Rim 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 intensity decreases somewhat and begins to increase

noticeably upon penetrating into the turbulent trail behind the sta-

bilizer, reaching a value e = 21% on the chamber axis. The attainment

of the maximum value of e on the chamber axis can be attributed to the

small dimensions of the stabilizer, as the result of which the turbu-

lent "whiskers" merge already at a distance of 100 mm away from the

stabilizer. With increasing distance from the stabilizer, the uneven-

ness in the turbulence intensity over the cross section decreases.

This equalization is the result of both the decrease in the maximum

value of E on the chamber axis, and the increase in the minimum 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 initial turbulence.

310 U520 S 1.91/520 510 15 5101 5 10 L.

Fig. 7. Variation of turbulence intensity over the sections of the
chamber.

An investigation of the influence of the velocity of the incoming

stream on the turbulence intensity was made behind stabilizers I and 2.

The results of the investigation, shown in Fig. 8, lead to the conclu-

sion that behind the stabilizers, under conditions of a closed stream,

the turbulence intensity does not depend on the stream velocity. A cer-

tain scatter in the experimental points is obviously due to the inac-

curacy of the experiment. This can be seen from an examination of the
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variation of the turbulence intensity along the chamber axis behind

stabilizer No. 1.

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

e is obtained at a velocity w 50 m/sec. In the 200-mm section, the

maximum value of s is attained already at a velooty 70 M/see, and the

values of e at w = 35 m/sec and w = 50 m/sec coincide. When the dis-

tance from the stabilizer is 300 mm, the maximum value of s corres-

ponds already to w = 35 m/sec. In the sections located 450 and 660 mm

away from the stabilizer, the values of the turbulence intensity are

practically the same for all three velocities.

In investigations of the influence of the turbulence parameters

on the combustion process, the pulsating component of the velocity w'

was varied by changing 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 carried out behind stabilizer No. 1. From

the data shown in Fig. 9 it is seen that the start of the temperature

rise coincides fairly well at all stream velocities.

The variation of the increment in the excess-air coefficient Act.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 Fig. 10. In all sections of the chamber, the start of the

change in Aat.p and in the concentration of the oxygen also coincides

for all stream velocities.

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 coefficient a = 1 are shown in 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. lib, it is seen

that the points of all three modes in each section of the chamber fit-

ted satisfactorily a single curve.

On the basis of the experimental data obtained we can conclude

that the flame front position, independently of how it is determined,

whether it be from the start of the change in temperature or from the

start in the change of the excess-air coefficient, which coincides

with the start of the ionization 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 velocity vectors was carried out behind stabilizer

No. 1. The results of the investigations are shown in Fig. 12.

In the overwhelming majority 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

axis) are apparently the results of inaccuracy in the experiment.

The results obtained show that the velocity of the incoming stream

does not influence the direction of the velocity vectors behind the

stabilizer.

From the formula for the exponent of w'

ig{ sin, +ag
a I• Mnt{o, + (4,-0,1 ,

a--1 +,

it is seen that inasmuch as * = 0 and q = 0, we have

i;,,- -S 1-0o.
si 1 .31 -0
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Fig. 9. Temperature fields. *) w =37 /sec, a 1.58; 0) w ,50 r/se,
a= 1.5; x) w 70 m/sec, a 1.5. A) Scale of.
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Fig. 10. Change in the increment of the excess-air coefficient Aat.p
and in the concentration of the oxygen 02 over the sections of the
chamber.

x-, 137 &0=50. AWNa 4sO.C# =1,5; -O a-70 *:.*na 4=1".SB B B

A) Scale of; B) m/sec.

From the invariance of the turbulence intensity and of the front posi-

tion under variations in the stream velocity it follows that el = E2,

which leads to the vanishing of the second logarithm:

g(_L2/.

The entire fraction vanishes and we obtain from the formula:

a=1.
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Consequently, the rate of propagation of the turbulent flame front is

directly proportional to the rirst power of the pulsation velocity. It

is interesting to note that this conclusion is valid independently of

how the front position is determined, whether it be from the start of

the change in temperature or from the start in the intense ionization.

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

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

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

of Ut and w' was carried out in sections located 200, 300, 1450, and

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

determined from the start of intense ionization.

It is 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

Ut = Bw'

is found to be 1.21.
.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 stabilizers 1

and 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-

ficient, a few remarks are in 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.

Fig. 12. Velocity fields. Stabilizer No. 1, a 1.5; -w 35 r/se;
w 50 m/sec; -. ~w = 75 /sec. 1) Scale of.

In carrying out experiments in a stream with isotropic turbulence,

measurement of the longitudinal pulsational velocity is equivalent to

measurement of the transverse pulmational velocity and consequently

the value of B calculated from the measured longitudinal pulsation

velocity is the true value.

In investigations behind the stabilizer i¶n n e'ost, I
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Fig. 13. Dependence of ut on w' for

different stabilizers. 0) Stabil-
izer No. 1, w = 35, 50, and 70
m/sec;
O) stabilizer No. 21 50 l/seC.

x stabilizer No. 3 w
A) m/sec.

Fig . * 14 I D o u t on 4 for* I it

l •, • ! //Cf i (

Fig. 14. Dependence of ut on w' for

different stabilizers. *) Stabil-
izer No. 1; x) stabilizer No. 2.
A) m/sec.

turbulence cannot be assumed isotropic, and the most probable is a

larger value of longitudinal component as compared with the transverse

one, so that the obtained value of the coefficient B is smaller than

the true one. This uncertainty in the numerical value of the propor-
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Fig. 15. Variation of ut and B

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

front determined from temperature;

0 front determined from ionization.

A) m/sec.
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Fig. 16. Variation of ut and B

along the ohamber. Stabilizer No.
2, w - 50 m/sec, a - 1.5.
x ) front determined from temperature;

@0 front determined from ionization.

A) m/sec.
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tionality coefficient may be significant in the development of a theory

of turbulent flame front propagation. For praotical purposes, for ex-

ample for a determination of u in the chamber, it is more convenient

to use a formula in which the coefficient B Is determined from the

longitudinal component, since it in simpler to measure than the trans-

verse component.

To design the combustion chamber it is necessary to know 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 ut and B

were determined both from the temperature front and from the ioniza-

tion front. In both cases the value of ut corresponds to the velocity

of flame propagation at the points of the leading front boundary. It

is seen from the plot that the proportionality coefficient, starting

with a distance of 200 mm from the stabilizer, remains constant along

the chamber and is independent of which front was used to determine it.

The character of variation of ut along the chamber is the same whether

ut is determined from the ionization or from the temperature fronts.

In both cases the flame front propagation velocity decreases notice-

ably at the distance from 100 to 200 mm from the stabilizer, and with

increasing distance from the stabilizer it changes quite insignifi-

cantly. The constancy of the coefficient B in the interval 200-660 ma

from the stabilizer indicates that a small decrease in ut occurs in

this interval because of the decrease in the pulsating velocity. The

value of ut determined from the ionization front, is somewhat higher

than the value of ut determined from the temperature front, owing 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 propagation 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.

Mbe average frequency of turbulent pulsations, which is propor-

tlonml to the average turbulence scale, was changed by changing the

form and dimension of the stabilizer.

A

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

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

Figure 17 shows the change in the proportionality coefficient B

and in the average frequency of turbulent pulsations along the chamber.

While the average frequency changes by a factor of two, the propor-

tionality coefficient B remains practically constant. In addition, it

was shown earlier that in plotting the dependence ut = f(w') the ex-.

perimental points, obtained from the results of investigations made

behind different stabilizers, fit satisfactorily one common straight

line.

On the basis 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 flam, 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 turbulizing
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grid in a combustion chamber (Fig. 18),
it is impossible to separate a definite

frequency characterizing the given stream.

The situation is different in the case

of frequency spectra taken behind a sta-

bilizer.

S_ A Figure 19 shows the frequency spec-
S..... '-• ••wA 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 0 10 is 450 each stabilizer corresponds its own char-
mm, distance from the
chamber wall is 50 mm). acteristic pulsation frequency for a
A) sec.

given stream velocity. Behind stabilizer

No. 1, the presence of a characteristic frequency is less clear com-

pared with the other stabilizers. 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 disagreement between these frequencies and

the frequencies to which the filters are tuned. From an examination of

the spectra it is seen that an increase in the aperture angle of the

stabilizer 0 and in the dimension 2h leads to a decrease in the char-

acteristic frequency.

We can advance the hypothesis that vortices are produced behind

the stabilizer, and that their dimension is determined by the dimen-

sion and form of the stabilizer. These vortices have the maximum en-

ergy compared with the vortex formations of other dimensions.

The variation of the frequency spectrum along the chamber section

is shown in Fig. 20. The spectra were obtained in a section located

200 mm away from s.tabilizer 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 increase in the amplitude of the 320-cpa pulsatiorn:

continues with increasing distance from the walls and reaches a max-

1mum 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 from

the stabilizer, at all points on the chamber cross section, one can

separate 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 is 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 stabilizer, the spectrum is practical3y 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 stabilizer No. 2, but in this case the character-

istic frequency is quite clearly seen at a distance 660 mu from the

stabilizer.

The variation or the average frequencies over the cross sections

of the chamber, obtained by processing the frequency spectra behind

stabilizer No. 1, is shown in Fig. 25. From an examination of the val-

ues of the average frequencies it follows that the average frequency
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Fig. 21. Frequency spectra. Stabilizer No. 2, w = 50 m/sec, section
100 nmn. A) From wall; B) sec.
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Fig. 22. Frequency spectra. Stabilizer No. 2, w = 50 m/sec. A) Section;B) sec.
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Fig. 23. Frequency spectra. Stabilizer No. 3, w = 50 m/sec, section
100 mm. A) From wall; B) sec.
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Fig. 24. Frequency spectra. Stabilizer No. 3, w 50 m/sec. A) Section;

B) sec.
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Fig. 25. Variation of the average frequency
over the sections of the chamber. Stabilizer
No. 1, w = 50 m/sec. A) Scale of; B) sec.

of the pulsations is practically constant both over the cross sections

and along the chamber. Analogous results were obtained behind stabil-

izers No. 2 and 3 for the same stream velocity. A comparison of the

values of the average frequencies shows that they depend both on the

form and on the dimension of the stabilizer:

1 (:T;.1It.MI:"TO[) 2CPC. 'i acToTa

X?' I (2h--35 x . =,303) 4GO

M 2 (2&=35 m. 0 =600 ) 310
.,t 3 (

2
h -70 .tt.v. f = 30*) 210

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 stabilizer by a factor of two

increases the average turbulence scale by approximately one and a half

times, and an increase in the dimension of the stabilizer 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) I/sec; B) m/sec.

the average pulsation frequency increases in proportion to the stream

velocity, from which it follows that the ratio wso/wsr is constant.

It was indicated earlier that the following expression is valid

for the turbulence scale:

4oP K 'cP•
ace

The constancy of the ratio WsIwsr as the stream velocity changes

allows us to conclude that the turbulence scale behind the stabilizer

is independent of the stream velocity. But from this it follows that

the width of the flame front 6t - IE should not change with variation

of the stream velocity, inasmuch as 1 and E are constants for a given

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 all 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.

Intluenoe 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 initial 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 M00 10 1So0 400 00 1200 1600 4M 00 120 /0 450 0M0 0•67 1600 400 6ov 12M5oot.C

IV.4Fi. 2 . [i'71K
Fig. 27. Temperature fields. 1) Stabilizer No. 1, w = 50 m/sec, a- 1.5.
01 chromel-alumel thermocouple without turbulizing grid;

platinum-platinum-rhodium thermocouple
chromel-alumel thermocouple turbulzng rd.
platinum-platinum-rhodium thermocouple with

: ~I T_ '•0 i •" --- 1....

Fig. 28. Heat release along the chamber.
Stabilizer No. 1, w = 50 m/sec, a = 1.5.
x) Without turbulizing grid; O) turbuliz-
ing grid g 10 mm at a distance 350 mm
from the stabilizer; A) abs.
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Fig. 30. Heat release alon• the chamber.
S tabilizer No. 2, w = 50 nm/sece a = 1.5.
x) Without t~urbulizing grid; 01 turbuliz-
ing grids 0 15 mm at a distance 350 mm
from stabilizer; A)°abs.

In the investigation carried out behind stabilizer No. 2, a grid

15 mmn in diameter was installed ahead of it at distanices 350 and 550

mm from the stabilizers. The results of these investigations 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 intensity 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 is seen that behind stabil-

izer No. 2 the heat release is also more intense when a turbulizirg

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 Combus-
tilon 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 a = 600, 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 (P = 300). 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 turbulence in-

tensity. Thus, in the section at a distance of 100 mm behind the sta-

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

also in the other investigated sections of the chamber.

4 I 7

' 200 4" ,00M

1b

o = a t/w 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; 25 sec.

Behind a slotted stabilizer, the maximum value of a also notice-

ably exceeds the maximum value of E behind stabilizers No. 1 and 2.

At a distance 200 mm from the slotted stabilizer No. 4, emax = 33%,

while behind stabilizer No. 2 emax = 20%. In the section located 100 mm
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away from the stabilizer, the maximum

value of the turbulence intensity is at-

tained at a distance 30 mm from the cham-

ber axis. Greater values of e compared

with stabilizers No. I and 2 are retained

in all the investigated sections of the

4) chamber.

S14 •We note also that the presence of 10-

O mm bent plates in the slotted stabilizer

* •leads to a noticeable increase in the av-

.U erage frequency in the initial sections of

| the chamber (Fig. 32).

~ dAt a distance of 100 mmn from the sta-

J* bilizer one observes a considerable uneven-

ness in wsr over the cross section, but

even at a distance of 200 mm from the sta-

- II 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-

bilizer on the combustion process was in-
t4 •vestigated by plotting the temperature

•\ }, fields behind stabilizers No. 1, 2, and 4.

The results of the experiments are shown
4 X in Fig. 33.

From a comparison of the temperature

fields, obtained behind stabilizers 1 and

2 with different aperture angles (0 - 30
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and f = 600) 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 stabilizer 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 turbulence intensity

behind this stabilizer. The maximum temperature on the chamber axis is

reached behind a slotted stabilizer, in practice, at a distance of 200

mm away from it. In the 660-mm section the temperature on the axis was

higher than in the 200-mm sections by merely 200.

Furthermore, in the 200-mm section the temperature had a value

which was not attained behind stabilizers No. 1 and 2 even at a dis-

tance of 660 nmn.

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 in 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 in determining the necessary length

of the combustion chamber.

Concluding the analysis of the data obtained, it is advisable to

note the following main results of the investigation.

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 stream in the investigated range of velocity (from 35 to 70

u/sec).

3) The rate of propagation of the turbulent flame front is di-

reotly proportional to the first power of the pulsational component of

the velocity, is independent of the average frequency of the turbulent

pulsations, and consequently 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 sections of the chamber on the investigated

length at 660 mm from the stabilizer.

An increase in the aperture angle and in the stabilizer dimension

lead to a decrease in the average frequency of turbulent pulsations

and consequently to an increase in the turbulence scale. The average

frequency is directly proportional to the velocity of the incoming

stream.

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.

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 a better utilization of the

chamber volume.
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COMBUSTION OF GASOLINE-AIR M.XIU
BEHIND STABILIZER SYSTEMS

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

To effect stable combustion, poorly streamlined bodies or stabil-

izers are installed in combustion chambers.

The stabilizers 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 trails 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 is 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 investigations approximate real conditions, the ex-

periments were carried 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-air mixture with an excess-air

coefficient a = 1.5. The velocity w and the temperature t at the inlet

to the chamber were, respectively, w = 50 m/sec and t - 1200 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 behind the transi-

tion cone and represented a tube of rectangular cross section 300 x

x 175 mm, 1000 mm long.

Observation of the ignition 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 theochambers through connecting pipes 2, located distances 50 and

150 mm from one another. 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

stabilizers at distances 150 and 300 mm relative to the central one.

The stabilizers were made in the form of angles of different widths 2h

(Fig. 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 mu to a

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

a) b 0 d

Fig. 2. Stabilizers and their arrangement. a)
2h - 70 mm, 0 = 300; b) 2h - 35 mm, 0 = 300;
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-
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inr flame temperature gradient.

In a flat chamber and using flat stabilizers, the errors due to

heat conduction can be reduced to a minimum by suitably locating the 4

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 junction 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 fields 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 trails produced behind the stabilizers 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 due to

the presence of heat conduction, it is desirable to install behind a

flat stabilizer a thermocouple in vertical position (see Fig. 3b), for

in this case the housing and the junction of the thermocouple are un-

der identical temperature conditions. The construction of the "verti-

cally placed" thermocouple employed is shown in Pig. 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 Ion-

"gitudinal slot and can move relative to the in-

nior one.

The thermocouple is 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 Fig. 4c. When the outer

b housing 2 is 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 is 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 fields has uhoW that In the boew4.mntioned sec-

tions the deviation of the velocity vectors from axial direction is

insignificant. In addition, a comparlson of the total pMessures, meas-

ured with L-shaped and three-oomponent fittigags has shom that they

Wmets.lly aspe. Therefore the total presswes were sdbsequently

measured in all experiments with the aid of an L-shaped fitting.

leasurement 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. RISUIWS OF T EXPEIRENTS

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 stabil-

izer. The average values of the turbulent-pulsation frequencies were

obtained behind all the above-mentioned stabilizers. An analysis of

the data shows that "sr depends both on the form and on the dimension

of the stabilizer. 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 stabilizer result in the appear-

ance of high values of wsr behind such stabilizers, but the induced

high frequencies attenuate rapidly.

Figure 5 shows temperature fields obtained behind the stabilizer

with 2h - 70 mm (mode I). It is seen from the presented temperature

fields that the temperature gradient in the flame front is particu-

larly lame in sections close to the stabilizer, and consequently in

-99-



these ections the error obtained when the temperature is measured

kith a "horizontal" thermocouple can be a maximum. Measurements with a

"horizontal" and "vertical" thermocouple, made at distances 250 m

pway from the stabilizer, have shown that the start of the temperature

rise and the temperature on the chamber axis, as registered by both

thermocouples, practically coincide. But the process of temperature

rise from minimum to maximum value is found to be different when meas-

ured with 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, it is seen that as

the distance from the stabilizer increases the flame torch broadens,

and that the aperture angle of the front decreases with increasing

distance from the stabilizer. 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 in sections close to the stabilizer shows that even along

the chamber axis 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

along the chamber axis. Furthermore, the temperature increase differs

for different stabilizers (Fig. 6).

The observed drop in temperature in sections close to the stabil-
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M•. 5. Temnperatu. fields. x) "Hlorizontal" t hermocouple; 0) *vertical"
thermocouple. 1) Scale of ; 2) chamber axis; 3)'-forwad boundary offlame front; 4) chamber wall.

M* 8

Fig. 6. T emeae rature visiation alon the cham-
ber axis. OMode 2); cA) mode 1is; x) mode 11 dry.

izers (for modes I and 11 up to 1 - 150 m•) is in all probability due

to the presence of a backflow zone, in the center of which the tem-

peratutre hats a maximum value. With increasing distance from the cen-

tral part of the backflow zone the temperature decreases, reaches a

minimum value at the end of this zone, and then starts to increase an

the combustion process develops In the active stream. The increase In
temperature along the chamber axis behind the stabilizer with 2h . 35

mm (mode 1) continues up to a section located 850 mm away from the

stabilizer. The increase in temperature on the axis behind the stabil-
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izer with 2h - 70 mm (mode IT) practically terminates at a distance of

700 u from the stabilizer, while behind the slotted stabilizer (mode

I11) it reaches a maximum value at a distance of 550 mm from the sta- 4
bilizer. Furthermore, in all sections (starting with the section at

150 M,) 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 e (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 is advantageous to compare the turbulence parameters and the devel-

opment of the combustion process behind each stabilizer in the system

and behind the same stabilizer 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

stabilizers.

The temperature fields plotted for stabilizer systems from data

obtained 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 fields from the temperature fields obtained in such a

way indicates that such a mutual influence exists. The arrangement of

the stabilizers in the various investigation modes is shown in Fig. 2d,

while their data are presented in Table 1.

The values of the turbulence intensity, obtained behind a system

of stabilizers with 2h = 35 umm, arranged in a single plane (mode IV),

are shown in Fig. 7. In this case the turbulent trails, which had iden-

tical values of intensity and turbulence scale, interacted with one
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TABLE 1

1 C n i'u 1.,.:aOp M 3 Cnlciema U3 tpcX CTAPNUaOPOG

II I V I VI VI Vi I IxI x-

2h 
---. -

--

XLX2 I-- 4 M •% I -V 1 °701 7o I70 4 1

1) Modes; 2) single stabilizers; 3) system of
three stabilizers; 4) slotted.

another in the sections at 100 and 250 mm, the intensity of the turbu-

lence behind the stabilizer system is somewhat higher than s behind an

identical stabilizer used alone (mode I).

A I W a. IS%

250 '40 550 • IM

Fig. 7. Intensity of turbulence. O) Mode I; x) mode IV. A) Scale of.

A /

W AIM
, ' .. w .1

Fig. 8. Temperature fields. --- ) Mode I; 0) mode IV. A) Scale of.

Figure 8 shows the temperature fields measured behind the same

stabilizer system. The dashed lines show the temperature fields from
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data obtained in flow around single sta-

bilizers. It is seen from these data that

the flame torch behind either the central

or the outer stabilizers is narrower than

the flame torch behind a single stabil-

izer. Over a length of 250 mn, the tem-
L_ 0 perature pattern corresponding to that of
4)

0 the cold mixture is maintained, indicat-

" - ing that the combustion process occurs

not over the entire section of the cham-VI -_ o • ber, whereas superposition of the tem-

SZ perature fields of the single stabilizers

R does not yield such a pattern.Ib It must be noted at the same time

o that inside the flame torches produced

behind stabilizers that are part of a

system, the combusijion process is some-

* what more intense and terminates 200 mm

earlier along the chamber axis than be-

§" hind a single stabilizer.

0 An analysis of the experimental data

Sshows that the interaction between the
0

0) turbulent trails with like turbulence

'9 parameters leads to a certain increase in

C the intensity and to a decrease in the

'I ' J" turbulence scale, which in turn results

_in an insignificant intensification of

the combustion process. Analogous inves-

tigations were carried out with a central
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Fig. 10. Variation of turbulence inten-
sity along the stabilizer axis. 0) Mode
I; x) mode X (behind outer stabilizer).

slotted stabilizer (mode X) and with a stabilizer having 2h = 70 (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 trail of the central stabilizer had higher values of intensity

and lower values of the turbulence scale, compared with the trail 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 central stabilizers of different forms (modes IV and X).

The turbulence intensity behind a central slotted stabilizer was higher

in all sections than behind a central unslotted stabilizer. 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 stabilizer. But already at 250 mm and beyond

the influence of the trail of the central stabilizer manifests itse Xf

in full measure and the intensity of the turbulence behind the outer

stabilizers, installed in conjunction with a central slotted stabilizer,

noticeably exceeds the values of e behind the lateral stabilizers of

mode IV.

The variation of the turbulence intensity along the axis of the

outer stabilizer (mode X) is shown in Fig. 10. The increase in inten-

sity 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 =un away from

the stabilizer, i.e., 300 nun earlier than behind a single stabilizer

(Pig. 11).

. A

Fig. 11. Variation of temperature along
the stabilizer axis. O) Mode I; ) mode
X (behind outer stabilizer).
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Fig. 12. Turbulence intensity. x) Mode 1; 0) mode III; A) mode
XI. A) Scale of.

Figure 12 shows the variation 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 e behind the outer stabilizer

even at a distance of 100 nmn 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 obtained also

when a central stabilizer with 2h = 70 nm is used (Fig. 13a; mode VIII).

But in the case of mode VIII one observes behind the outer stabilizers

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 a

is hindered by the increase in the turbulence scale, and this in turn,

starting with the section at 400 mm, leads to a practical equality of

the temperatures behind the extreme stabilizers and the single stabil-

Isere (see Fig. 13c).

Figures 14, 15 and 16 show the effect of staggered side s.tabill-
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IX

2'00

a)

20% x3 43 0-80 ..

C

Fig. 13. Variation in the tur-
bulence intensity e, in the
average turbulent pulsation
frequency w sr' and in the tem-
perature along the stabilizer
axis. 0) Mode I; x) mode VIII
(behind the extreme stabilizer).

Va

Filg. 14. Temperature fields. x) Mode 1; 0) mode 111; 6) mode VIII.
A) Forward boundaries of flame fronts; B) scale of.

zero on combustion behind central stabilizer.

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. 0) 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 fields 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 zmm, the area near the chamber axis

where the temperatures are maximal at the given sections is practioally
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missing. The shift of the outer stabilizers gives rise to a certain

dip in the temperature field even at a distance of 850 mm away froa

the central stabilizer, indicating that the combustion process is in- 4
complete in this section.

Behind the central stabilizer one observes a decrease in the tur-

bulence intensity (Fig. 15), which is most probably due to the forma-

tion of confusor flow behind the outer stabilizers. The reduction in e

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 stabilizer, the

measured temperature turns out to be 1400 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.

.+' +. , , -.] I 'I t' I i 1 ,. -I .
+• " -+ ,-.- -• - + + t

tt

0i Ii P P II i

0 10 200 300 40 SO 50 000 700 800 LXK

Fig. 16. Variation of temperature along
the chamber axis. 0) Mode 111; x) mode
Vill.

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
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turbulence intensity and the result of a more intensified feeding of

fresh mixture to the torch of the flame, owing to the tapering of the

stream by the extreme stabilizers. The resultant rapid development of

the combustion process is apparently 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 mixture 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 is appreciably

lower in the 200-nu section, to turn out to be equal to the tempera-

ture behind a single stabilizer even at a distance of 650-700 amm. One

must note the fact that the temperature drops in the backflow zone,

and this can lead toea deterioration in the flameout characteristics

of the central stabilizer.

Fig. 17. Temperature fields.)-;-) Mode I1; 0) mode IX. A) Forward
boundaries of flame front; B) scale of.

The temperature fields and the position of the flame front when

the outer stabilizers are shifted by 300 nmn 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 Ap*t and * as
functions of the stabilizer shift.

- Mode IV-V-VI; .... mode VII-
VIII-IX; ---- mode X-XI-XII.
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 drop in

the backcflow zone is smaller than in the case of 150-mn shift. This

may mimprove 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 6p*t, which is pro-

portional to the heat released in 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 fraotions of the

velocity head at the inlet to the chamber
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where # is the coefficient of hydraulic resistance,

6p*kh = P*n - P*IVI

while p* and p*k are the total pressure at the chamber inlet and out-

let, respectively.

The quantity 6Vpkh takens into account both the losses in the sta-

bilizer 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*g - P*n.g - p*k.g were obtained. The quantity Ap*g 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 louses due to the heat release:

Ap*t Ap 9- A5p* 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 decrease

in resistance is 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 the chamber resistance.

It must be noted that for a more accurate plotting of the func-

tion * - f(_) in the interval from 0 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 0 - 300. A some-

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

slotted stabilizer (Ap*t = 295 millimeters water), and even less heat
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is produced with a central stabilizer having 2h = 35 mm (Apet = 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 Ap*t decreases from 342 to 230 millimeters water.

Such an appreciable 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 stabilizer on the outer ones, be-

hind which the combustion at the end of the chamber has not sufficient

time to be completed even along the stabilizer axis, owing to the in-

crease in the turbulence scale.

A noticeably smaller drop in the heat release is obtained in a

system using a central slotted stabilizer. In this case Ap*t decreases

from a value 6p*t = 295 to Ap*t = 262 mm H2 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 is explained by the fact that

in a system with a slotted stabilizer the combustion process behind

the outer stabilizers develops quite intensely, and along the stabil-

izer 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 stabilizers on the central one turns out to be some-

what smaller than in a system using a stabilizer with 2h - 70 ram.

Thus, in order to reduce the hydraulic resistance of the chamber

it is advantageous to shift the outer stabilizers, 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 mall shift a

teaperature 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 that to obtain a more complete picture of

the dependence f - t(l) additional expe•wntal material is neeessear

for different radial distances between stabilizers.

An analysis or 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 trails, one of which has larger turbulence

scale and intensity, leads to an increase in these parameters also in

the second trail. Consequently, to intensify the combustion process

behind a stabilizer it is advantageous to act 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 o sr = Brednyy = 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 x - k -konets end
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ON THE DESIGN OF THE SIMPLEST COMBUSTION CHAMBER
OF THE RAMJET TYPE

Candidate of Technical Sciences K.P. Vlasov

The calculation of the processes that occur in a ramjet combus-

tion chamber is a complicated problem.

Attempts to develop a procedure for such calculations were made

both here ((5, 7]) and abroad ([l, 12, 131).

Usually one determines the position of the flame torch, the pres-

sure drop, and the variation of the completeness of combustion along

the chamber as the flame propagates from a point-like ignition 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 is the case in other papers, us-

ing a whole series of simplifications (homogeneous mixture, point-like

ignition source, constant turbulence parameters acroas and along the

chamber, etc.). The simplifications assumed nevertheless do not make

it possible to overcome the following difficulties:

1) the closure of the basic equations, necessary to obtain the

solution, calls for introducing additional conditions, which are not

always chosen with a sufficient degree of Justification;

2) the exact dependence of the velocity of the turbulent propaga-

tion of the flame on the initial parameters (u', un, etc.) is not known;

3) there is 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 present 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. Tslen, G.I. Taganov, A. 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

zone, separated from the fresh mixture by an infinitesimally thin sur-

face (the flame front), on which instantaneous release of heat is pro-

duced as a result of the combustion reaction; the temperature increases

here abruptly by a factor of several times.

Fig. 1. Diagram of the flame torch in a tube.

Such a simplification is quite far from reality; indeed, the width

of the combustion zone can be appreciable and cannot be neglected (see

[4i, 8]).

For a finite width of the combustion zone, such a problem was

solved by B.P. Skotnikov aid later by A.V. Talantov (7].
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In the design of a combustion chamber, the problem is 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 static pressure is assumed

constant over the transverse section of the chamber (Fig. 1). The laws

governing the variation 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 parameters

in an arbitrary section i. The following quantities are determined:

the velocity of the fresh mixture (w.) and of the combustion products

(w p); the temperature of the fresh mixture (Ts) and of the combustion

product (T p), the pressure (pkh), the ordinate of the initial flame

front (y ) and the end of the combustion zone (y p). The solution is

obtained by using the equations given below.*

The energy equation for the fresh-mixture stream:

c, rO+tA W•4- c,r.+ A wo (1)

where To and w0 are the temperature and velocity of the stream at the

iplet to the combustion chamber; alternately, after transformation:

1k--t u2 2 1•

"2

where
-!ý ,

where M0 is the Mach number at the inlet to the-chamber.

The adiabatic equation

or

(2)
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where

p.

The energy equation for the stream of combustion products:

2t +q-cT3 +A2-,

or

2..x -i (S l (3)

where

The mass conservation equation for the entire stream:

poP*Fo = pvcc (,o - F,) + p.w.*. + pw .dF. (.4)

where Poo ps, and pp are the densities in the initial section, in the

fresh mixture, and the combustion products, respectively; pz and wz

are the density and stream velocity of the mixture in the combustion

zone; FP and Fp are the areas of the transverse section of the chamber

and of the combustion-product stream; F. = F0 - (Fp + Fz is the area

of the entire stream after subtracting the stream of the fresh mixture;

alternately
fe

~z*'CC To (5)

where
PA *;U a . F

IerFo IO WO- T.

The momentum equation is

PC
PoFO +P+W6''Fo=",F +p'.+W (Fo- F') +-i.vF...+,. P'. do-

or, after simple transformations
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I.+ (7)+ 0 f) + ,-!- f+ W 5 d,,

where

FOW hM

2

The mass-conservation equation for the fresh mixture:

P'(-,) (Fe - FU-,)) T.,_,, =P", (Fo- ,) -WeI +P-III, AS. (8)

where Psr is the average density on the portion between the neighbor-

ing sections and AS is the area of the flame front between these sec-

tions, or, in dimensionless form

C:(i--I) 'C I

+ - A ,(9)
where Ut inut/wo and b = AS/FO.

Further, in order to solve this system of equations, it is neces-

sary to introduce supplementary conditions. Different conditions were

used in (7] and [11], so that in final analysis the results obtained

are different.

In the work of A.V. Talantov, the lacking equations are obtained

from the conditions that the "time consumed and available for the ele-

mentary Jet must be equal." The available time on moving along the

current line 00' (see Fig. 1) is

The time required to complete the combustion process can be determined

if one knows the law governing the burning up of the mixture in the

elementary jet in time:

or

-120-
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09P (10)

where Ax is the distance between neighboring sections; war is the av-

erage velocity of motion or the mixture between these sections; tp is

the total time of combustion of the mixture in the elementary jet; and

tz(i-l) is the time that the mixture stays in the zone, starting with

the instant of crossing the initial torch boundary.

In addition, the author uses a supplementary approximate condi-

tion, first introduced by H. Tsien (9]. Equations (1) and (3) are used:

2

or approximately

' (11)

Finally, the fraction of the heat Qv released in some section rel-

ative to the total heat Q possessed by the mixture (burnup) can be

determined from the relation

Q. QZ-.

where Eli and 10 are the total heat contents of the mixture In sections

I and in the initial section, respectively. After transformations we

obtain

ke -11 -. t 0

'C /
+ -- (k. -- 1 e 9 .3 " j';

I. I."S 2.1 (13)

The system is closed if the laws governing the variation of the

parameters in the combustion zone are known and the integrals in Eqs.

(5)a (7), and (13) are evaluated. A.V. Talantov assumes a linear varia-

tion of the velocity and of the temperature in the zone.
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The most doubtful in the calculation method of A.V. Talantov is

the introduction of a characteristic combustion time in the turbulent

stream. This combustion time is taken from the data of the author him-

self (8].

The question of the correctness of the employed measurement pro-

cedure and the results of the measurements of Trg are debatable. This

question will be considered in greater detail below.

B.P. Skotnikov actually considered the same equations (1), (4),

(6), (8).

The supplementary conditions for the solution of these equations

were as follows:

1) a connection was found between us and upo (where upo is the

velocity of the combustion products along the chamber axis) in the

form of the relation

o= / ( -I ),

where r is the degree of heating and

ps/pp = T;

2) a parabolic variation of the velocity profile over the section

of the chamber was specified (and a similar density profile);

3) the dependence of the width of the combustion zone in the

radial direction (6t = no - np) was specified in the form 6t = f(qs),

for which experimental data were used.

Here io is the radius of the initial boundary of the torch and TP

is the radius of the boundary of the combustion products of the torch.

The calculation of B.P. Skotnikov is also not fully correct. It

Is Inoorrect to specify 6t W f(s),, since 6 t depends not on no, but on

x, the distance from the point of ignition of the combustible mixture,

and therefore the author's calculation data are valid only for one par-

ticular case, when w = const, a = const, e = const, 3 = const [the
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variation of w, a, e, and other parameters okwqs also the: dUPein.We

of 6t M f(-)]'

Yu.A. Shcherbina [11] proposed a method of caloulatIng the burnup

behind one or several sources of the Ignition. On the basis of this

caloulation one can plot the temperature fields at a'w distanoe from

the ignition sources. It is assumed that the flame front fluctuates in

random fashion about some average position , with some mean-square

deviation a from this average position. The value of a can be obtained

from Taylor's equations for specified 1s e,, and x.

At the present time ut cannot be determined analytically and

therefore the author obtains an empirical dependence ut W f(UnP w, a).

Knowing uts it is possible to find the value of a - f(x) and conse-

quently calculate the temperature profile and the completeness of com-

bustion in a given section of the combustion chamber. With regard to

(ll], the following remarks can be made.

The author actually does not take into account at all the influ-

ence of the chamber walls on the development of the combustion and

formation of the flame torch. Therefore this calculation is valid only

for several particular cases, for which the dependence a - f(l) has

been obtained.

Satisfactory agreement was obtained between the calculation re-

sults and the experimental data of other authors (to be sure, all these

experiments pertained either to conditions of semiopen combustion cham-

bers or to relatively short chambers when the influence of the walls

Is insignificant). Such an agreement is not surprising, since the

author uses an empirical relation ut - f(un, w, a), which is obtained

from the very same experiments. Actually, the author specified the po-

sition of the torch in the combustion chamber - f(x), i.e., the de-

pendence which has to be determined as a result of the calculations.
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2. PRULDIIAfY MRKIJUS

Before we proceed to describe the proposed method of designing

the combustion chamber, let us dwell in greater detail on some oharac-

teristios without which any chamber design is impossible. We have in

mind two principal characteristics: the rate of propagation of the tur-,,

bulent flame ut, and the width of the combustion zone of the turbulent

flame 6t (or a quantity which is analogous to it in meaning, namely

Sg ; the combustion time).

At the present time it is impossible to calculate theoretically

the value of ut. There are several experimental researches on the de-

termination of ut in an open stream of homogeneous combustible mixtures.

The question of how to determine ut is debatable (see (2, 3, 9, 10]),

but the results of the experimental determination of ut also depend

on this fact, and consequently different authors obtained values which

differed quite strongly from one another. Whereas the dependences ut -

= f(u', Un, p) obtained by various authors are more or less close to

one another (3], the absolute values of ut differ appreciably [thus,

ut m (1-6)u']. On the other hand a change in the absolute value of ut

greatly influences the results of calculation of q and r = f(l). In

addition, no measurements of ut in the combustion chamber were made.

Therefore, in order to solve this problem, we undertook to determine

the values of Ut from results of reduction of experimental data on

burnup in a combustion chamber.

Even more debatable is the question of the determination of 6t or

sg"

A.V. Talantov (8] derived the theoretical relations rsg - f(a, w,

w', un) and compared this relation with the experimental results. The

derivation of these theoretical relations, carried out by the author,

is far from obvious, and the experimental determination of Tsg raises
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many objections.

The author calculates the combustion time in the following manner:

he considers the combustion of an Individual source of fresh mixture,

cut off by turbulent pulsations from the initial flame surface and

surrounded by combustion products. This assumption is not obvious.

Purther, A.V. Talantov proposes that such a source of fresh mixture

burns from the surface at the initial time with velocity

n, =u. + ,.

where iL0 is a coefficient that takes into account the efficiency of

the action of the pulsational velocity (the value of this coefficient

is not determined); wV 0 and 10 are the initial values of the pulsa-

tional velocity and the dimension of the elementary source; and 1 is

the running dimension of the elementary source, which burns with vel-

ocity Um un.

- -"

Fig. 2. Schematic representation of the direct
cone of the flame. 1) Combustion zone.

No account is taken here of the increase in the normal velocity

when the elementary source has small dimensions, i.e., when its sur-

face has large curvature.

Writing the combustion equation in the form

dl = umdr

and Integrating it, the author obtains a final equation in the form
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it In assumed here that '0 -1.

The entire derivation is based on many assumptions which are made

a priori, so that these results cannot be regarded as proved.

To determine rsg. the width of the combustion zone 6tO was meas-

ured along the axis of the direct cone of the flame. In many investiga-

tions (see, for example, [4]) it has been shown that the value of 6tO

depends on the distance I to the ignition source (the latter was not

taken into account at all by A.V. Talantov). Such a result can be ob-

tained from an elementary analysis (see Fig. 2):

by definition we have

we can assume approximately that

-M andAL ±,U~r W 2. c

where x is the distance from the vertex of the flame cone to the base

of the burner; d is the diameter of the burner, and 6t is the width of

the combustion zone along the radius.

Hence

It

As will be shown later, assuming D - const = u'1', we get

a, Aix for small x; (*)
a, -.Al"240x for large x. (**)

Since ut is independent of x, in both cases [(*) and (*)] the

value of •g will depend on the distance to the ignition source. This

factor was not accounted at all by A.V. Talantov, let alone the fact

that generally the characteristic of Tsg is quite arbitrary.

Actually, however, the combustion time in a turbulent flame is
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determined Just as in a laminar one:

-sg = 1/u2 .
-n

According to modern notions concerning turbulent combustion, found

for example in (14, 15] and others, and based on the physical model of

L 1. Shohelcin, the width of the combustion zone of a turbulent flame

is determined by the depth of the bends produced in the flame front

under the influence of turbulent pulsations. These bends, and also the

pulsations of the flame front, are determined by the statistical value

of the mean-square displacement of the flame dimension j/, which as

before leads to the inequality 6t

The quantity (Y)1/2 can be calculated theoretically if we disre-

gard the influence of the normal velocity and autoturbulization (the

normal velocity decreases the value of (Y2)i/2 as a result of the

smoothing effect, which in some cases is Justified):

(Ya)'I=x for x•. (14)

(Y,)",--- 2,-sAfor .x > .()

To determine the value of 6t _ (y2)1/2, it is thus necessary to

reduce statistically a large number of instantaneous positions of the

flame front.

In practice, however, to determine the width of the combustion

zone, one usually resorts to a measurement of the flame temperature

with the aid of thermocouples or other inertial measurement methods.

Of certain interest can be data on the width of the combustion

zone, obtained with the aid of ionization transducers, since this

method of measurement is sufficiently sensitive and makes it possible

to fix individual oscillations of the flame.

In [4] the width of the combustion zone was determined with the

aid of ionization transducers which crossed the flame torch rapidly
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Fig. 3. Determination of the flame bound-
ary with the aid of an ionization trans-
ducer. 1) Homogeneous gasoline-air mix-
ture; 2) source of mixture ignition; 3)
direction of motion of ionization trans-
ducer in crossing the flame torch; 4)
typical patterns of the distribution of
the ionization current; 5) products of
total combustion of the mixture.

(Fig. 3) in an open stream and using a cylindrical combustion chamber.

The rate of crossing such a flame was about 0.5 m/sea, whereas the

velocity of the incoming stream was >50 m/sec. By the same token, what

was actually plotted was not the instantaneous distribution of the

ionization current over the transverse cross section of the flame

torch, but the time-averaged pattern.

As is well known, in the zone of chemical transformations, for

example of a laminar flame, one observes increased ionization, which

makes it possible to separate the region of chemical transformations

from the region of the total-combustion products of the turbulent

flame torch.

The width of the combustion zone 6tu obtained in [4] (along the

radius of the flame torch) should, starting from the probability-theory

relations, amount to (assuming the measurement error to be .1%)
810= 4,6( ), (16)

In order to verify the correctness of this relation, the results

of the experiments of [41 were reduced in the form of a relation
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where lt = 6t /4.6 and I = 2x/d.

On the other hand, Relations (14) and (15) are known.

As can be seen from Fig. 4, the obtained values of 6t/4.6 and

(y)l/2, calculated from Eqs. (14) and (15), practically coinoide. The

velocity of the incoming stream, the composition of the combustible

mixture (meaning also un) did not influence the value of 6t. The value

of 6 likewise was independent of the conditions under which it was

determined - in an open stream or in a cylindrical combustion chamber.

The results obtained are confirmed also by the data of [11].

4... ..- . . .. . . .--

0 .. . .. 10 , 2 2. J.0 J,5 - -- 40 . . 0. . .

Fig. 4. Dependence of the mean-square displace-
ment of the flame on the relative distance to
the ignition source. -- ) Calculated values of
mean-square displacement a; O) experimental
values of 6t, obtained in open-stream installa-
tions (w = 35-50 m/sec; a = 0.5-1.3)* *) val-
ues of "t in cylindrical chamber 0 145 mm

(w = 35-75 m/sec; a = 0.7-1.3).

3. PROPOSED CALCULATION PROCEDURE

The foregoing analysis demonstrates the principal feasibility of

designing the combustion chamber. As in many of the papers considered

above, one can use Eqs. (1), (4), (6), and (8) as a basis. One can

also use, as was done by A.V. Talantov, the condition of H. Tsien [9]

in order to close the system of equations. Finally, the last equation

necessary for the calculation will be the relation

(Y) - f (x)
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0,5 -~~ - - _01x.

X -600

0 so 100 YMN

Fig. 5. Experimental and theoretical dimension-
less temperature profiles behind a single sta-
bilizer (a linear temperature variation -
solid lines - was assumed in the work).

(see Eqs. (14) and (15)].

To calculate the position of the flame boundary and the burnout

bounarzy it is neocesary to know not so much the values of 6t or sg.

as the variation of the velocity and temperature in the transverse

cross section of the flame torch. As shown by a reduction of the ex-

perimental results, the temperature profile along the flame torch is
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rather complicated (Fig. 5). As shown in (11], the temperature profile

can be defined by means of a relation of the type

where 1.12

0(t) is the tabulated Gauss integral.

However, such a law for the temperature variation does not make

it possible to integrate (6) (numerical integration leads to exceed-

ingly complicated expressions).

An analysis of the available experimental material makes it pos-

sible to obtain a simpler solution, namely to represent the tempera-

ture variation by a linear law. All the change in the temperature from

To to Tmax occurs within a zone having a depth

The coefficient "3" is the result of processing numerous experi-

ments (see Fig. 4). (Incidentally, in other works (for example [6]),

the law governing the temperature and velocity variation was assumed

linear, but over a depth -6a.]

We thus put
0 .• -_•_. (•-•)+

TIC -- T1.

The variation of the velocity over the depth 6t of the zone is

also assumed linear:

• ", ='! --ý-'-- "- . - ".) + ,,
Tic - To"1

After all these simplifications, the system of equations for the

determination of = f(l) is written in the form

i,* (18)
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S,,../"•-•- •;(19)

(20)
a8,- 3•-/(x); 3a,.- i- •(21)

'~"'l[(T~~, + (~eav~a~i)'. (22)

. -_-P + , ) (23)
2A 4At A

where

---7-,, , - ,,... ,
A- - T "--a6

Q::!= !--,.- I.

The quantities to be determined are: T., ¶p# uss u 0 7, U. # CX.

The known quantities are: MOO _ "ut W0  Un"

C - -F I• I-- •

o 9 ' 6 8 V t2 Al i i.s X

Fig. 6. Position of the flame boundary
as calculated by A.V. Talantov (1) and
as calculated by the proposed method (2)
[3 - results of calculation by the pro-
posed method if one assumes that ut =
- 2.26 r/sec (curves 2 are obtained for
w - 50 a/seo, ut - 10 r/seo, To - 2880
abs)].

The number of unknowns Is eight and the number of equations is

seven, but one of the unknowns is the argument (for example r. or Al),
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so that there are enough equations to obtain the solution.

These equations enable us to complete the calculation, going from

section to section, by successive approximations.

In order to compare this method of calculation with the calcula-

tion as given by A.V. Talantov, we calculated the example given in [9]

for the following initial conditions: w - 50 m/sec, ut = 10 m/sec, and

To = 2880 abs. It must be noted that the chosen value of ut in this

example is highly exaggerated. Under ordinary conditions with a = 0.05

the values of ut, as will be shown later on, are noticeably smaller

than those specified. The results of such a calculation are shown in

Fig. 6. It can be seen that, as expected, both methods give approxi-

mately the same initial front position, but the final position of the

front differs greatly from that calculated by A.V. Talantov. For a

more correct comparison of both methods, it is necessary to take ac-

count of the fact that the values of ut used by A.V. Talantov differ

greatly from the real values (this is due to determining ut from the

forward boundary of the flame, which is incorrect, see [23). Indeed,

as follows from the calculation bised on our experimental data (which

should yield the true value of ut), we have ut = 2.26 m/sec for e =

= 0.05; a = 1.2. For the same conditions and even for somewhat smaller

values of u n, we obtain from A.V. Talantov's equations [7): ut =

= 5.3(u') 0 " 7 (un) 0 "3 = 7.7 m/sec. If we take ut = 2.26 m/sec, calculate

the position of the flame boundaries in accordance with the proposed

method, and compare with the calculations of A.V. Talantov, we obtain

a considerable disparity in the results (see Fig. 6).

In order to calculate the total length of the combustion chamber,

it is necessary to obtain a method for determining the coordinate

in the sections of the chamber where is = 0.

In this case it is recommended that the following obvious rela-
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tion be used:

wherm L is the width of the combustion zone along the current line,
Z.g

U s the average stream velocity at the center of the combustion

zone Lz., and

"11 P =*" C _+ U'° m at.,w
2 "

Mn many cases it is possible to put approximately Usr - Un, and

then we obtain finally

Lt r 1 3 .~.. ...

In many approximate calculations, when the form of the curve 7s=

- f(_z) can be neglected, the calculation of the position of the flame

boun dary [(n = f(x)] greatly simplifies. Here the total length of the

cold part of the chamber (until the torch touches the chamber walls,

7s -- 1.0) remains practically constant. In this case the entire calcu-

lati-on can be carried out by assuming the flame front to be infinites-

imaL-ly thin, i.e., determine the curve TI = f(x) and then find the

valu.e 6t = 3a for each value of x. The calculation is carried out in

acco-rdance with the following scheme.

The specified quantities are: MO, k, Xp, -rs and we determine: Tp,

ust UP a 7T) rT5*

U" + T" +

(~/ Ih2~~.Mj + k / I~
2 2 0l

In view of the great interest that attaches to data on the abso-

lut• values of ut, it is interesting to calculate the values of ut as

obtained from ordinary results of combustion-chamber tests (for exam-
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ple, from the variation of the static pressure along the combustion

chamber z - f(x)]. Such a calculation scheme can be readily set up on

the basis of the equations given above. The calculation sequence will

be as follows:

.... • .(24)
b--I

47 (25)
(26)

t; (27)

7.- (28)

rc -3,p-I- VIp'Q; (30)

'CC

-C)
.T$

2, - "

-n

Let us proceed now to an examination of the experimental results

of the investigation of7 burnup in a combustion chamber.

In the present work we investigated a combustion chamber of very

simple type, with diameter 150 mm and length of the hot portion L =

- 720 mm. The ignition and stabilization source was a conical stabil-

izer 12 mm. in diameter. The static pressures were sampled along the

chamber (Fig. 7). The following conditions were varied: the velocity

of the incoming stream and the mixture composition a. The experimental

results were obtained in-the form a dependence z = tf() for various

initial conditions.
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I 1 2 13

T1 2 J 5 .Y 6 7 8 3 X

Fig. 7. Schematic representation of the con-
figuration and of the measurement system for a

combustion chamber. 1) Location of turbulizing
grids; 2) flame stabilizer 3) transparent
windows; 4) flame torch; 5) sampling of static
pressure.

U,-

<o,• / -II I i l---l,

Fig. 8. Relative variation of rate of
turbulent combustion as a function of
the normal combustion velocity. 1)
Dependence ut/ut tek = un/un.tek; 2)

dependence ut/Ut tek = Un/un. tek x

x T2 T2tek; 3) results of calculation

from the experimental data for the
conditions w0 = 50 m/sec; a = 1-1.6.

KnoWWlg from experiment the value
Ap -2:;

in a given section of the combustion chamber, it is possible to deter-
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Fig. 9. Relative variation of the
rate of turbulent combustion with in-
creasing stream velocity.

mine the current values of ns, lp' ut, etc. The quantities Ax and a

are known (we assumed in this work 6 = 0.05; for these conditions a is

determined from Fig. 4).

The values of Ut were determined for individual portions Ax of

the combustion chamber, after which the average value of Ut was deter-

mined. The results of the calculation are shown in Figs. 8 and 9.

The order of the obtained values of ut amounts to 0.5-1.5u-',

which is in good agreement with present-day notions concerning turbu-

lent combustion (see (14, 15]). The dependence obtained ut M

S(u')0"5-0.6 and ut : un (in the region a 2 0.9) is in good agreement

with the known experimental results, which yield the dependence ut -

= f(u', un) (see [15]), taking into consideration the errors of the

calculation.

A somewhat stronger influence of u' (via the action of w) and of

un on the value of ut than in Reference [15] can be attributed to the

influence of the ignition source. In the case of small ignition-source

dimensions the completeness of combustion near the source along the

stream axis, as is well known, can be consioerably smaller than the

usual value 0.95-0.98. In this case the start of ignition of the com-

bustible mixture occurs not near the edges of the stabilizer, but fur-
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I
ther downstream, something not taken into account in the present cal-

culation.

It must be noted that inasmuch as the flame front does not touch

the chamber walls in the majority of modes (1 < 1.0), a correction

was introduced in the calculation of ut = f(un) for the expansion of

the combustion products, as was done in the paper by Yu.A. Shcherbina

11].

I I

Fig. 10. Position of boundaries of the flame
torch. 1) Calculated; 2(0)) experimental points
obtained by the ionization-transducer method;
3) boundaries obtained by the method of direct
photography.

Fig.-1. Posiion=• of •• = bounarie of th. lm

S! '

I /~ -- ! I "

I.

Fig. 10. Position of boundaries of the flame

torch. 1) Calculated; 2(0)) experimental points
obtained by the ionization-transducer method.

Thus, we can finally assume in first approximation

9 "l!r /'ll!'it ' jll j,' 7 i Vl•)',,:x,]
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Fig. 12. Position of boundaries of the flame
torch. 1) Calculated; 2(0)) experimental points
obtained by the ionization-transducer method.

where uto = 0.092; w0 = 30 rn/sec; Uno 0  81 cm/sec; TmaxO = 24000 abs;

-0 = 0.05.

In the case when the flame torch touches the walls of the combus-

tion chamber we have
r,,,W,. ý 1.0.

We also compared the flame boundaries in a cylindrical chamber as

determined by the calculation method and as determined by the ioniza-

tion-transducer method [2], and also by photography through the window

of the combustion chamber. As can be seen from Figs. 10-12, good agree-

ment with the calculation data was obtained.

CONCLUSION

A method was proposed for the design calculations of a very sim-

ple ramjet combustion chamber, consisting of closing the fundamental

gasdynamic equations for the flow of a combustible mixture in a cylin-

drical tube with a pointlike ignition source, by introducing a supple-

mentary condition whereby the width of the combustion zone depends on

the distance to the ignition source.

The results of the calculation were compared with some experimen-

tal data. Good agreement between calculation and experiment was demon-
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strated.

Manu-
script [Footnote]
Page

No.

118 We present below all the fundamental equation, without
which any calculation of the combustion chamber is impos-
sible.

Manu-
script [List of Transliterated Symbols]
Page

No.

116 H = n = normal'nyy = normal

117 c = s = smes' = mixture

117 n = p = produkt product

117 r = g = goreniye = combustion

117 3 = z = zona = zone

118 x = kh [not identified]

120 cp = sr = srednyy = average

121 n = p = polnoye = total

121 B = v = vydelivshiysya = released

122 cr = sg = sgoraniye = combustion

124 T = t = turbulentnyy = turbulent

124 m - m = [maksimal'nyy - maximum]

134 3.r = z.g = zona goreniye = combustion zone

134 U.K = p.k = produkty, koricts = products, end

135 r = g = gor:rachiy = hot

136 TeK = tek = tekushchiy current, present
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