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INVESTIGATION OF EXCHANGE BETWEEN RECIRCULATION ZONE BEHIND

STABILIZER ARDABXfBRIIL FLOW AND SOME PROBLENS OF FLAME STABILIZATION

T« A. Bovina

INTRODUCTION

We know that combustion stability when a flame is stabilized by
seans of poorly streamlined bodies is achieved by continuous ignition
of the fuel mixture of combustion products from the recirculation
zone formed behind the body. However, the specific mechanism of this
ignition and the phenomena of flameout have not yet been thoroughly
studied. Some researchers (see, for example [1], and [2]) believe

that combustion stability behind the stabilizer is determined solely

|
!
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by the thermal state of the zone of reverse curreants. It is also
believed that the relationship betveen the time that the mixture
remains in the zone behind the stabilizer and its combustion time
determines the stability of the cosbustion process. These theories do
not, hovever, address the problem of the place of ignition of the
fresh mixture behind the stabilizer and are not confirmed by
experimental temperature measurements in the zone. Evidently it would
be better to study the phencmenon of stabilization not from the
standpoint of balance in the zone, but from the standpoint of the
heat balance which is external with respect to the zone, since the
amount of heat carried into the external flow determines the course
of development in it of the chemical reaction which occurs under

certain conditions prior to ignition.

Thus, from our standpoint, the stability of the process depends
not only on the ignition source, but also on external conditions,
i.e., on the amount of heat received by the fresh aixture and, in
this ccnnection, the manner in which the chemical processes develop

in it<

Thus, it is best to begin our study of the stabilizer with the
patterns of heat exchange between the recirculation zone and the

external flov.
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STUDY OF MASS EXCHANGE BEHIND THE STABILIZER

Based on the peculiarities of the flow behindva poorly
streamlined body, wve assume that the exchange between the zone and

the flowvw occurs primarily as a result of turbulent diffusion.

We also assume that the relationship between the diffusion
coefficient of the zone D, and the diffusion coefficient of the
oncoming flow Dn' flow velocity v,, and the dimension of the
stabilizer dcT is achieved in the form of a simple dependence

D D
(M ek e,

vhich satisfies the boundary conditionms.
Here k; and k, are the coefficients of proportionality.
This dependence was later verified experimentally.
Por the recirculation zone ve found no method of directly

deteraining the coefficient of turbulent exchange. However, it can be

indirectly deterained by the magnitude of the average time that the

.

e
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gas remains in the zone behind the stabilizer.

*n
The average time (average time of exchnlgnhhir determined as the

ratio of the volume of the zone to the volume flow of gas through it.

In the case of diffusive exchange

@ =3

vhere v, 8§, and7s, —represent thg volume, surface, and average radius

of the zone, respectively.

If ve know the average time and the dimensions of the zone, then
from this formula we can calculate the average coefficient of

diffusion*.

[ POOTNOTE: The value D, was assumed to be average for the entire
zone. The corresponding coefficient of proportionality in equality

(2) vas included inm the value gcp. END POOTNOTE)

petermination of the average time wvas a problea of independent

and sore general intereste. .




DOC = 0621 PAGE S

[FOOTNOTE: Recently ve became avare of study [3], in which the
exchange behind a stabilizer is also studied and a method is proposed
for determining the time that the cold currents remain, which does
not differ basically from the method described here. Only one value
for this time is given, namely, for a conical stabilizer 64 mm in
diameter at a flow speed of 3.8 m/s. The shape of the stabilizer and

its flow conditions do differ from ours. END FOOTNOTE)]

The method of experimentally detersinimg v, was as follows. A
secondary mixture, easily carried along by the turbulent movements of
the medium and vhose presence could be established in some way, was
introduced into the zone behind the stabilizer. After tha stationary
process between the entry and removal of the asixture was established,
the supply of it was cut off abruptly and the time change in its
concentration from equilibrium to zero observed. In this case theé

change in concentration should be subject to the follov¥ing law:

¢
e

(3) CmCp ™,

where C, is the concentraticn of the aixture at the initial moment in
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time, i.ea, at the moment that its supply to the zone ceases;

W " the constant coefficient for the exponent - time during
vhich the concentration of the mixture decreases e tinmes. Numerically
this quantity is equal to the average time that the gas remains in
the recirculation zone during the stationary process. If we determine

it from eguation (3), then ve get the value for the average time,

In practice the value Ty vas found as follows. In working with
cold currents, tobacco smoke was introduced into the zone behind the
stabilizer. Portions of this smoke were capable of reflecting the
light incident on them. During combustion an aqueous solution of
ccamon salt wvas injected into the zome. In the hot zone the water
evaporated, and the sodium vapor vhich wvas formed radiated the

lighte,

[ POOTNOTE: It vas experimentally confirmed that the amount of
in jected vater and its time of evaporatiom have no substantial effect
on the thermal regime of the zone or the radiation of the sodium

vapors. END FOOTNOTE])

The 1ight reflected or radiated by the particles was captured by
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a photomultiplier, and the developed current was amplified and
transmitted to an oscillograph for notation. The work was conducted
in the region proportional to the dependence of radiation on the
concentration of particles. The dependence of the current strength
(voltage) on time, according to our estimation, should be exponential
vhen the glowving particles enter the zcne - curve ab, and when they
are carried out - curve bc (Fig. %a). Yet, since we used an ac
anplifier*, at the amplifier output, i.e., at the oscillograph input,
the change in the strength of the current in timse should be as

follows:

vhere U, is the voltage corresponding to current I,; R - resistance

of circuit and shunts: 0 - time constant of circuit.

[FOOTNOTE: Selection of the ac amplifier is explained by a number of
its advantages as compared to the dc asplifier, both with respect to
the simplicity of the circuit and work stability and greater accuracy

in determining v, with the aid of oscillograms. END FOOTNOTE ]

i e e e e e

e
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The oscillograms took a form similar to the curves shown in Fig.

1b.

Por convenience in determining "y from these curves we obtain
the relationship between the time correspgonding to the maximal point
on curve v .. (points b and e in Fig. 1b), the time constant of the

circuit, and the time spent [in the zone]

DEPORAGNCE ¢, = f(tyy;) YhOR Tc=const plotted im the form of a curve,

vhich vas used in determining T,

The calculated values of the change in the strength (voltage) of
the current in time were compared with experimental values taken from
the oscillograms (Pig. 2). There is an amazing coincidence between
the experiment and the calculation, leading to the deduction that, as
assumed, the change in the concentration of glowing particles in the
zone does follow the law of (3) and that the obtained formula (5) is

suitable for deteraining Ty

e e Sadr
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The accuracy of determining =

Ly by the given method was #7-80/,.

The vork was conducted in a chamber of rectangular section of 90
x 180 mm. Stabilizers (V-shaped), from 20 to 60 mm in dimension with
an apex angle of 30°, were installed at a distance of 250 mm from the
edge of the chamber (see the scheme in Fig. 3). The speed of the flow
varied from 10 to 70 m/s for cold injections and from 60 to 160 m/s

during combustion.

The turbulence intensity of the flow varied from 5 to 200/,. The

excess air ratio a - frcm 0.8 to 1.45.
Homogeneous gas-air mixtures were used.

In each regime 10-15 photos were taken. After these were

processed, the average of T, vas found.

Prom general concepts of diffusion exchange we might expect the
folloving dependences of Y, on the dimension of the stabilizer and
the speed in turbulence of the oncomimg flow. Wwith a change in the

stabilizer dimemnsion r and ratio ;& ia equation (2) change in

<p

]
The shoul ortiomal to 5.....,_&..

proportion to dcr'
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vhere K,* and K," are constant.
Oor, if K* can be ignored, then Ty can change in proportion to
er’

We know that in technical tubes the value %? remains constant
vhen the speed of the flow changes (self-similar theory). Then, as

follows from (1), quantity é% should also reasain constant

D, oVt :
s o Te'tn E

Since we knov that the dimensions of the zone remain virtually

unchanged with velocity, then ™ should change in reverse proportion

to the velocity of the flow.

When a turbulizing grid is placed in the flow, the diffusion
coefficient of the flow increases. With an increase in the distance
from the grid the intensity of the turbulence falls, while scale

l; increases. Yet, since in this case the decrease in intensity is

more abrupt than the increase in scale, the value %E-lk should
decline as the distance from the grid increases. We might expect that
5?-111 iy this case decrease linearly, wvhile v, will increase in the
same ratio.

Presented in FPig, 4 for the case of a cold flov when dcr = 50 mm

A R A A
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are the experimental dependences of v, on the stabilizer dimension 1

a
and the speed and turbulence intensity of the oncoming flow, along

with the change in v, along the zone.

As ve see from these curves, the obtaimed results do agree with

. § 4
the theoretical premises. Zrv v (~ #)
i Wﬂx— Adoeallewesrl iy
//% :.as'l‘-::' s.
Froa the experimental values of LA at different 2.:-, and at i

D

constant <= and different stabilizer dimepsions the values of the !
. 4

average diffusion coefficient (Dg) in the recirculation zone were

calculated.

The experimental data are approximated by equation (1) at values

of comstants Kq = 1 and K; = 0.004 (see Fig. S).

Prom equation (1) wve see that vhen de—0 %-.& ‘

The value of -D.-:- for the smallest stabilizer dcr= 20 mm was
equal to 0.13 mm, vhile the value of -..;.!, deteramined by the

Optical-diffusion method, wvas equal to 0.12 aas,

[POOTNOTE: Optical-diffusion method described in more detail in [4)]. ]

END POOTHOTE]) 1
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Such close values seem to indicate the correctness of determining Dg
and v,. Evidence of this can also be found in the fact that the
values of D; wvhich are indirectly determined through r, were close to
the values of the diffusion coefficient in the mixing zone, which

vere deterained by means of the optical-diffusion methodx.

[FOOTNOTE: The thin tube through vhich the smoke was admitted was
placed on the edge of the stabilizer. With the aid of photography and
subSeguent processing (assuming that the values of the pulsations
were the same in the direction of both axes), the value of the
diffusion coefficient in the mixing zone was determined. END

4 ' FOOTNOTE )

= 50 mm) are presented in Table 1.

These values (dc7'

The results of the experiments conducted during combustion are
shovn in Pig. 6. We learn that during combustion in a flowv with

tubular turbulence v, cas be expressed by the dependence

\am%o ., ’
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The time that the turbulent flowv remains [in the zone] during
combustion is 3.7 times greater than in the case of the cold flow.
This is apparently explaimed by a decrease in the total level of
turbulence in the combustion zone, indirectly indicated by decrease
in the gradient of average velocities behind the stabilizer. Just as
in the case of cold flowus, ] decreases as the turbulence of the
oncomning flow increases (Pig. 6b). In a range of change in a of from
0.8 to 1.45 (Pig. 6c) the time [that it remainms in the zone] remains
virtually constant, apparently explained by the very slight change in

the diffusion coefficient in the given range of a.

INVESTIGATION OF STABILIZATION MECHANISH

As indicated, the change in the corncentration of glowing
particles ia the Z2ome occurs according to the law of (3), i.e..,
equationa %--—-:Tl is correct for the speed of change in the
concentration. It is obvious that by analogy to the processes of mass
and heat exchange, the following eguation will be correct for the

speed of heat exchange

& = =L 6T —2aTd,

ke
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vhere v, qp, T represent specific weight, heat capacity, and
temperature Oof the gaseS in the zone, respectively; TYwCyps To—

represent the values of the same parameters in the oncoaing flow.

To determine the amount of heat which is removed from the zone
to the external flov temperature, measurements were taken in the zone
in steady regimes, regimes close to flamseout, and at the moment of
flameout. The measurements vere taken by cheamical amalysis and with

the aid of a thermocouple*.

[FPOOTNOTE: All temperature measurements were taken in the region
bounded by the surface of the zero horizomtal velocities in the so
called zone of "reverse currents." The boundaries of this zone,
unlike the recirculation zone, are easily determined experimentally.

END FPOOTNOTE)

The graphics (FPig. 7) shov the dependence of the completness of
combustion ¢, measured by chemical analysis, on the excess air ratio

for different flovw speeds and stabilizer dimensions.

The measurements shov that cosbustion completeness in the zone

is sufficiently high -~ 'c = 0.96-0.97 - and that it does not change

P

oA 10 S S
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as flameout approaches, either with respect to a or vith respect to
Ve UP to regimes which are rather close to flameout (a = 0.9 “cp)'
This indicates that the temperature in the zone is close to the

theoretical combustion temperature for the given a.

In Pig. 8 Ve see the temperature field over the section of the

zone, measured by the thermocouple.

The upper half of the diagram corresponds to the regime of a =
1.56; 7= 143 a/s (t.p = 1360°C); the lower half corresponds to
approximately the same regime of a = 1.58, although to a velocity
vhich is 1.5 times lower - v, = 90 a/s (tcp = 13559C) . These
measurements, as ve see from the diagram, also indicated that a
change in velocity did not lead to a change in the average

teaperature in the zone.

Temperature measurements at the moment of flameout were taken
vith the aid of a thermocouple, wvhich was placed in the center of the
zone. The readings from the thermocouple and the flameout indicator
vere recorded on film. Deciphering of the film revealed that the
teaperature in the center of the zomne, in the case of a constant
value of a« and an increase in Ve remains constant right up to
flameout, i.e., the beginning of the avalanche-like temperature drop

in the zone. The flame, according to the indicator, is completely
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extinguished within 0.02-0.05 s.

Thus, the obtained results indicate that the zone of reverse
currepts is filled with products of complete combustion, and,
consequently, flameout is not related to the insufficient time that
gases remain in the zone of reverse current, as believed by certain

researchers.

If ve investigate the movement alcng the recirculation zone of
an element of the hot mixture and its exchange with the zone and the
external current, then we might assume that the determining factors
in the stabilization process are the amount of heat arriving per unit
volume of the fresh mixture and the time of movement of the mixture
along the service of the zone. The obtained experimental data on the
exchange and temperature in the zone, along with data on the change
in width of the mixing region, i.e., the region of heat diffusion
behind the stabilizer, made it possible to gualitatively examine the
change in the amount of heat arriving per unit volume of the fresh
mixture as the vorking mode of the stabilizer changed and, in
connection with it, the movement of the point representing the
beginning of combustion of the fresh mixture in relation to the
surface of the zone. It was found that the distance from the edge of
the stabilizer to the beginning of the flame ¢ should be

-~

proportional to the speed of the flov and time required to prepare

Uik i e
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the mixture for combustion, conditionally called induction time ip

(6) l~wgry

This time includes such components as the time required to heat the
cold mixture in the separated volume by mixing Tem? and the time
required to develop the reactions. This last time depends on the
kinetics i.e., the induction time as understood in:'the theory of

cosbuation of homogeneous gas mixtures ’hﬁ'

We can assume that if the time of contact of the combustible
mnixture with the surface of the zone % becomes greater than the
preparation time of the mixture for combustion v, then normal work

of the stabilizer will be impossible.

Actually, if an element of the combustible mixture moving along
the hot surface of the zone, has not managed to ignite, then, as it ]
crosses the limit, it is even less likely to ignite, since its
temperature begins to fall, wvhile v, as a result of this

"
progressively increases. Then the condition for the cessation of ]

flame propagation into the fresh aixture can be represented by
equation (6), while the value of J is equal to the length of the

zone of reverse currents L, , vhich in our case eguals 3.5 d .

o o i B O R P TR bt et it ek inal i
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To check this hypothesis on the movement of the origin of the
flame relative to the zone of reverse currents, measurements of the
positions of the flame boundaries were taken for different working
regimes of the stabilizer. The measurements were taken by an
ionization sensor. It was found that the beginning point of
combustion of the fresh mixture moves away from the edge of the
stabilizer as the amixture is depleted and the velocity of the
onconing flov increases. In regimes which are close to flameout,
combustion begins at a significant distance from the stabilizer, at
the end of the reverse current zone. This can be illustrated by the
folloving diagrams. In Pigs. 9a, b, and c the distance along the tube
radius lies on the Y-axis, the distance along the reverse current
Zone - along the X-axis. Points correspond to the beginning of the

chemical conversions - the flame front boundary.

Prom these diagrams it is apparent that as the mixture becomes
depleted, the origin of flame expansion moves away from the edge of
the stabilizer. Measuring the distances to the point of the origin of
expansion of the flame showed that Z changes in proportion to the
velocity of the flov and is exponentially dependent on the

teaperature vhich corresponds to the given a value of the mixture,
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We can assume that as a result of the intensive exchange, the

mixing time is small as compared to the kinetic time of induction.

Then, according to (6), iile. Ty~ INIRT
B
l“""f'o
vhere E is activation energy, R - the gas constant, T - reaction

temperature.

Hence it follows that the results of the experiments in
coordinates h-:'.- and gy should lie along a straight line with an

angle of slope whose targent equals E.

When the results of the experiment were processed, it was found
that for all measured values of / , the point at these coordinates
are grouped near a straight line (see Fig. 10) . The éoints
corresponding to f£lameout regimes lie along this straight line, if
the values of -.‘5.- ,Jie along the Y-aXxis, vhere ¥, is the speed of
flaneout (see Pig. 11).

Thus, processing of the results of the experiment showed that
apparently the factors which depend on kinetics have a greater
significance in this process than sixing factors. Hence we might

conclude that to expand stabilization limits ve must select fuels

e et . e e+ e

Bad
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vhich wvith equal heat-producing capacities have lower values ¢, A
preliminary decrease in this time for the fuel should also cause

stability to improve.

CONCLUSION

Developed in the present study is a method for experimentally
determining the time that the gas remains in the recirculation zone

behind the stabilizer for ccld currents and during combustion.

The method is based on the introduction into the zone of glowing
particles and their photoelectric registration. The accuracy of

determining this time is from ¢7 to #890/,.

Quantitative data om this time and onm the coefficient of

diffusion for the recirculation zone were obtained..

The temperatures and completeness of combustion were measured in
the zone behind the stabilizer. The measuresents revealed that the
zone of reverse currents is filled with the products of total
cosbustion (¢ = 0.96-0.97). The completeness of combustion does not

decrease as ve approach flameout, either with respect to the velocity

or the composition of the mixture (in the direction of depletion),

i o S
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i.e., the temperature of the gases in the zcne is close to the

theoretical combustion temperature for the given a. y

It vas experimentally established that with depletion of the
mixture and an increase in the velocity of the cncoaming flow, the ‘
point representing the origin of combustion of the fresh mixture r
moves away from the edge of the stabilizer. This movement in the |
origin of the flame is proportional to the velocity of the flow and ’
is exponentjally depepndent on the temperature which corresponds to

the combustion temperature for the given a of the mixture.

Proposed here is a systeam for explaiming the mechanism of flame
stabilization behind a fpoorly streamlined body, according to which

the determining factor in the stabilization process is the

relationship between the time necessary for preparation for the
mixture for combustion and the time of contact between the fuel
mixture and the surface of the zone. Processing of experimental data
shovs that the factors which affect the kinetics of the process
apparently play the predominant role in the total time of preparation

of the mixture for combustion.
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Fig. 1. Systea of change in current force in time. a - dc amplifier;

b - ac amplifier. KEY: (1) mA, (2) t, s.

.6
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Fig. 2. Comparison of calculating curve V = f(t) wvith experimental

data. KEBY: (1) Vv, (2), t, s.

Fig. 3. Scheme of working chamber and block diagram of equipment. 1 -
loop oscillograph, (2) amplifier of phctoelectric multiplier (OFD),
(3) supply block of photoelectric multiplier, (4 1light, (5)
stabilizer, (6) valve. KEY: (1) Parallel light beam, (2)

Photoelectric multiplier 19.
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Pig. 4. Dependence of r on stabilizer dimension (a), speed of flow

v (b), intensity of turbulence (c), distance to stabilizer (d)

(experiments vith cold flows). KEY: (1) s, (2) m/s, (3) Without grid,

(4) Grid at distance of 250 mm from stabilizer,
of 150 ak.

(5) Grid at distance
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Fig. S. Dependence of diffusion coefficient of zonme on flow
paraneters (D, v) and stabilizer dimension (dcy)
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Table 1.
Dy (v D, D,
- Vige Ayoes g e oy Am e
0,42° “ 0,35
0 - 0,38 0.2 +0,3
2 - 0,341
0,28 5.4 - 0,483
28 | oM | 038+404
18 T 0,442 .
0.82_ 35,1 0,827
3 0,652 ] 0,554+06 .
15,7 0,584 .
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KEY: (1) a/s, (2) According to formula (2), (3) By diffusion method.

. cent)
N/
/]
. T
810
N
s —— e
~—1
1'..““(‘\ &) ,00 15 ZUE'&
Q7 J[ 6 S
85 by ’ o

Pig. 6. Dependence of r on ratio of stabilizer dimension to

7

velocity of flow (a), intensity of turbulence (}F), excess air ratio

(c) (experiment during combustion). KEY: (1) s.
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Pig. 7. Dependence of completemess of combustiom ¢ on excess air
ratio a for different velocities of oncoming flow (from data of
chemical analysis). a - stabilizer with d = 50 mm, @ - 83.3, x -
12, o - 152.7, A - 87, O - Vg = 149 a/s; b - stabilizer with 4 =
20 sm, @ - 76, x - 118, ©- 107, o©’- v = 130.4 m/s; c - stabilizer

conical with section of 60 ma; @ - 83, x125, o - vp = 157.5 m/sS.
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Fig. 8. Field of mean tesperatures over section of reverse current
zone, measured by thermocouple. KEY: (1) zone of reverse currents,

(2) Length, nn.
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Pig. 9. Boundaries of flame fromt behind stabilizer,

measured by

ionization sensor a - for values: 1 - a = 0.9, Va = 82.54, m/s; 2 - a=

= 1027, V, = 80.2 n/s* 3 - a = 1.68, V_ = 81.3 u/s;

n
= 78.8 m/s; b - for values a - 1.375, 'n = 80.3 m/s;

a = 1452, 'ﬂ = 61.5n0/8; 2 - a - 1.58, V

7 = 161 ma/s.

4 - a = 1.72. Vn

c) for value 1 -
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Pig. 10. Dependence of disfance'l from edge of stabilizer to place ‘

"

vhere flane expands in different operating modes of stabilizer. E =

35.5 Ccal/mole, r=sai s, ﬁ-ww% . *
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Fig. 11. Flameout characteristics of comical stabilizers o - dcr=

0.03; 4 - 0.08; 0 - 0.051; @ - 0.025; ¢ - 0.08; & - 0.06; O - 0.05;

a-a
3

= 0.07-008 a. -.q:_.-.....,'i-" s.

end 0521




. : DISTRTBUTION LIST

DISTRIBUTION DIRECT TO RECIPIENT

ORGANIZATION MICROFICHE ORGANIZATION MICROFICHE

A205 DMATC 1 E053 AF/INAKA 1

A210 DMAAC 2 E017 AF/ RDXTR-W 1

B34k DIA/RDS-3C 8 E404 AEDC 1

CO43 USAMIIA by E408 AFWL 1

C509 BALLISTIC RES LABS 5§ E410 ADTC 1

C510 AIR MOBILITY R&D 1 E413 ESD 2

LAB/FIO FTD

C513 PICATINNY ARSENAL I CCN 1

€535 AVIATION SYS COMD 3 ASD/FTD/NICD 3
NIA/PHS 1

C591 FSTC 5 NICD 2

C619 MIA REDSTONE 1

D008 NISC 1

H300 USAICE (USAREUR) 1

PO05 ERDA 1

POS55 CIA/CRS/ADD/SD 1

NAVORDSTA (50L) i

NASA/KSI 1

AFIT/LD 1

FTD-ID(RS)T-0621-78




