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EFFECT OF DIFFUSION FACTORS ON FLAME STABILITY

V. N. Iyevlev and S. A. Gol'denberg

This article considers the causes for the devia-
tion from the universal relationship of experimental
values of critical veloclitlies of flame blow-off from
small stabilizers [1, 2]. The experimental investi-
.gatlion was carried out with a gasoline-alir mixture
using conical and cylindrical stabllizers.

Certaln anomalous phenomena were detected when carrylng out cer-
taln experimental 1nvestigations into flame stabllization with poorly
streamlined bodles and when elucidating the dependence of the flame
blow-off velocity from stabilizers on the fuel mixture composition.:

For example, as early as in William's study [3], a disconformity
of the positlion of curves of flame blow-off velocity and the curve of
normal flame velocity was established (as a function of the fuel mix-
ture composition or excess alr ratio), which was especlally evident in
the region of maximum values of these velocitles. The data derived in

et

these studies were not governed by the universal relationship

2Lk (HE). )

This type of unconformity, which was observed in the studies men-

tioned, could not be explained by the experimental errors.
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Therefore, the task of this experimental investigation was to
elaborate the described phenomenon on small stabilizers, conical and
| cylindrical rods.

The experiments were carried out with a gasoline-air mixture.

The stabilizers were installed along the flow axis of the fuel mixture
at a distance of 5 mm from the nozzie of the burner, a tube 32 mm in
diameter. We used cylindrical (rod & = 4 mm) and conical (d = 5 mm)
stabilizers. As a result of the experiments we obtained values for
~the flame blow-off velocity as a function of the fuel-mixture composi-
tion (excess air ratio a).

It was revealed from the experiments that the blow-off veloclty
w, as compared with the curve of normal flame propagation velocity u,,
shifts toward the side of rich mixtures: the peak of the blow-off
curve lies at a = 0.7, and the peak of the curve ., at a = 0.9. When
using other fuels, the.peak can shift toward lean mixtures. The lat-
ter was observed in experiments with methane-air mixtures [6]: the
peak of the blow-off curve was at a = 1.1, and the peak of the normal
flame velocity at a ~ 0.95.

The shift of the peak of the blow-off curves [3, 4] has been ex-
plained by the difference in the numerical values of the diffusion co-
efficient of fuel D and the coefficient of thermal diffusivity of the
mixture a. The latter coefficient for air mixtures of hydrocarﬁons is
for all practical purposes determined by the fhermal diffusivity of'
alr, where for gasoline D £ a, and for methane D > a. .

The most direct method of elucldating the role of molecular dif—
fusion in the flame stabilization process 1s, evidently, a study of the
compositton of combustion products and their temperature in the circu-
lation zone behind the stabilizer.
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Corresponding experiments were carried out on a conical stabilizer
(d‘ =T mm) and a longitudinally streamlined rod (d = % um).

The combustion products were gathered from the core of the circu-
lation zone close to the end of the stabllizer by means of a.thin med-
ical needle with an outside diameter qf 1 mm. The needle was soldered

into the air-cooling tube. The temperature in the circulation zone

' was determined by the sodium-line reversal method.

TABLE 1

Excess Air Ratlo (Initial Mixture and Beyond
the Stabilizer) and Composition of Combustion
Products in Circulation Zone

. of o Composition of combustion produsts, $ Type of
mital | oo, | co | o, ) H N stabll~ .
s 2 H a anade
nixture yais | dzer
0,60 12,5 3.2 0,5 3,2 0,2 80,4 0,91 red
. . " ‘—_"“
0,70 12,2 2,0 0,6 2,2 0,3 82,7 1,00 »
0,80 11,8 1,6 0,3 3.4 0,1 82,9 1,10 »
0,90 1,2 0,7 0,1 4.7 0.0 83.3 1,23 »
0,65 7.9 10,8 1 42 0.3 0.4 76,4 0,65 | weme
. ‘='5&l
0,70 9.0 8,7 2,6 0,2 0,5 79.0- 0,7 »
0.80 1.0 6.0 1.8 0.3 0.2 807 | 0P »
1,00 12,4 1.5 0,3 2.0 0.1 83.7 1.02 »

We see from Table 1 that the excess alr ratio calculated from the
analysis of the combustion products in the circulation zone beyond the
rod (d = 4 mm) differs appreciably from a of the initial mixture. This
difference was not observed 1n the case of the conical stabilizer
(@ =5 mm). '

If the data on the blow-off velocity at the rod (d = ¥ mm) 1s
plotted on a graph in relation to the true values of a in the cireulﬁ-
tion zone (Fig. 1), the blow-off curve 1s shifted to the riéht and
Qiil occupy a posifion (dashed 1line) corresponding to the position of
the curve of normal flame velocity. In this case the peaks of both
curves will be in the region a = 0.9 - 0.93. Similar data for the
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Fig. 1. Dependence of blow-off
velocity w (m/sec) on excess .
alr ratio a of the initial mix-
ture: 1) for rod d = 4 mm;

2) for conical stabilizer d =

= 5 mm; 3) on the excess alr
ratio in the circulation zone
for rod d = 4 mm.
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Fig. 2. Dependence of tempera-
ture in circulation zone t (°C)
on the excess air ratio a: 1)
for rod d = 4 mm (the curve is
plotted in conformity with the
characteristic of the initial
mixture); 2) for conical sta-
bilizer d = 5 mm.




conical stabilizer (d = 5 mm) did not yleld a divergence between a of
fhe initlal mixture and a of the combustion products in the circulation
zone, and there;‘ore shifts of the curves of blow-off velocity are not
revealed. '

In addition to determining the composition of the combustion prod-
ucts in the circulation zone beyond the rod (d = 4 mm) and conical

stabilizer (d = 5 mm), we measured the temperature.

TABLE 2 ¢

Results of Teniperature Measurements in
the Clrculation Zone

1 ot (:qoc_lonurm!ustionm_g. %£]tc byl toc " ny | type
a  janale | gyas.| n — 1~
ﬂ‘mcql © CHy 0| H, N; |eml- ysis lureu Sl B ™ ;::
- sis | ) :
0,9 |11,210,8]0,0/4.8| 0,0 | 83,2 | 1,23 | 1630 | 1580 | 0,084] 0,062} 0,74 rod
0,9 {9,3{57]1,4]2,5] 0,3 | 80,8 | 0,91 { 1800 | 1850 0,%4‘ 0.&7' 1,03
i O

We see from Table 2 that the temperature values in the ciréula-
tion zone calculated by analyzing the combustion products are close
to those directly measured. '

Temperature curves are plotted in Fig. 2 for the rod d = 4 mm and
conical stabllizer & = 5 mm.

From a camparison of Figs. 1 and 2 we see that the position of
the peaks on the temperature curves corresponds to the curves of blow-
off velocity. Evidently, 1f we assume for the basic characteristic the
true composition of the combustion products .a in the circulation zone
of the rod, the. temperature curve for it will be shifted to the rlgl‘;t
and the peak of the curve is at a point corresponding to a =~ .O. 9.

Thus, direct measurements show that in the circulation zone be-
;/ohd the rod d = ¥ mm, the composition of the combustion products
changes, the nitrogen content increases in them, and ow}ng to this the

FTD-TT-62-1804/1+2+} -5-




temperature drops. In this case the composition of the combustion
products after total combustion and their temperature correspond to
the combustioﬁ products obtained on ignition of the initial mixture
a = 1.23.

In Table 2 this 1s 1llustrated by the magnitudes of n; and np
which are the ratio of the number of carbon atoms to the number of
nitrogen atoms in the initial mixture (n;) at a ~ 0.9 and in the cir-
culation zone nz. In the case of the conical stabilizer d = 5 mm,
when no shift of the curves to the right is observed, the ratio
ng : n; =41. In the case of rod d = 4 mm where there is a shift of
the blow-off curves and the compositlion of the combustion product
(aanal = 1.25) in the circulation zone does not correspond to the ini-
tial mixture, the ratio is n> : n; < 1.

The described phenomena assoclated with the effect of molecular
diffusion under specific conditions of flame stabilization were noted
in works on small stabilizers [6].

A change 1n the composition of combustion products in the circu-
latlion zone beyond the small stabllizer and also a change of thelir
temperature 1n comparison with the initial mixture leads to a change
in the intensity of the chemical source at the interface of the fresh
mixture flow and the circulating heated combustion products. Therefore,
in these cases the use.of the value of u, for calculations is not sub-
stantiated, 1t should be speciall& calculated. However, the method
for such a calculationvhas still not been developed.

Numerous'cdlculations show that a sufficlently good generaliza-k
tion of experimental data on blow-off from small stabilizers can be
obtalned 1if we artificlally combine with respect to a the curves of

bldw-off veloclty with the curves of normal flame velocity or with

blow-off curves obtained on large stabilizers (Fig.‘i).A
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The certain possible error in this case 1is associated with the

fact that the blow-off veloclty curves should be shifted not only with

respect to a but also with respect to temperature. This 1s due to di-

lution of the mixture in the c¢irculatlion zone as a result of.diffusion

of nitrogen (air) from the initial cold mixture.

The authors express thelr sincere thanks to L. N. Khitrin, cor-
responding member of the USSR Academy of Sclences for his very valu-
able help in carrying out the study.

DESIGNATIONS

w is the flow veloclty at which flame blow-off occurs; d 1s a

determining dimensilon; u, is the normal flame velocity; v is the kine-

matic viscosity; a is the coefficlent of thermal diffusivity; K 1s a
constant. '
REFERENCES

1. L. N. Khitrin, S. A. Gol'denberg, DAN SSSR, 103, No. 2, 3,
and 5, 1955; Six Symp. on Comb. 1957.

1955.
3. G. C. Williams, Journ. Aeron. Sc., Nos. 16, 17, 1949,

' 5. G. C. Williams, P. Woo, G. Shipniann, Sixth Synp. on Comb.,
427, 1957.

2. D. Spaulding, W. Toll, Problems of Rocket Engineering, No.~ 4,

}, E. Zukoski, F. Marble, Proc. Aerother moch. Gas Dynamic Symp,

6. L. A. Volldina, V. I. Andreyev, Collection: Investigation of

Burning Processes, 1zd. AN SSSR, 30, 1958.

z
o

FTD-TT-62-1804/1+2+4 T-




HEAT EXCHANGE IN THE HORIZONTAL SURFACES OF
HEAT -INSULATING STRUCTURES SLOTTED
WITH METAL IN DEEP COOLING
SYSTEMS

N. V. Krylov and K. I. Strakhovich

Heat exchange 1n the horilzontal surfaces
of heat insulating structures slotted with
metalllc structures in systems of deep
cooling 1s experimentally investigated. The
values of toefficlent of heat .exchange obtained
are compared with its calculated values derived
by various nieans.

In number of problems of contemporary heat technology and
cryogenlcs 1t is necessary to determine the heat exchange on the
surface of different types of the heat insulating setups slotted
with metal structures. The exlstent formulas for determining the
coefficlient of heat exchange for horlzontal and vertical walls and
cylindrical surfaces under conditions of natural convection give
values for this coefficient which are very different from actuality,‘
especlally at low temperatures [1, 3]. '

This is explained by the fact that a purely statistical

approach to the problem of determining a adopted for the case
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of an insulating structure slotted with metal does not correspond
to the actual picture, since the temperature gradient sharply

" increases above the surface of the metal occupying a relatively
small area in the whole contact surface of the examined insulating
structure with air or cold gas; and this creates a corresponding
temperature pressure in the contiguous air (gas) layer and by that
very fact damages the purely statistical conditioné of heat exch;nge
via the given layer of air (gas).

Hence the necessity arises of investigating the‘distribufion‘
of the air'and cold gas temperatures above the lnsulating surface
and above the surface of the metal in order to obtain more exaet
values for coefflcient of heat exchange a.

The experimental arrangement used in the present work was a
metal Dewar vessel of diameter d = 250 and of height h = 600 mm
(Fig. 1). Into this vessel was put a laboratory specimen of the
insulating structure 1n the shape of a cylinder (Q = 200, h = 200 mm)
which was filled with the insulant intersected with "heat bridges"
(metal) . These heat bridges were made of various materials and
‘were of different construction. A o

Depending on the requirements of the experiment the heat '
bridge of a respected material elther was supported from both the-
hot and cold side on steel disks (diameter d = 200 mm and thickness
5 = 15 mm) imitating heat barriers, or merely cut through the
insulation without heat barriers. ILoose insulation (Mipor,'aerogel,
and slag cotton), was utilized. When the llquid nitrogen poured
into the Dewar vessel reached a certaln level and when the temperatures
throughout the vessel and the insulation surrounding 1t had been

distributed in a constant manner, the experimental specimen was

FTD-TT-62-1804/1+244 - q



fixed in thé vessel supported on stops welded.to the internal walls
of the vessel. The vessel meanwhile was fastened in a hollow steel
cylinder on a light stand and the clearance between its external
surface and the lnner steel cylinder was packed with insulation ”
in order to decrease the heat currents from the surrounding medium

to the liquid nitrogen. .

In 6rder to determine the temperatures in the mass of insulation
along the heat bridge and also the temperatures of the alr bathing
the upper surface of the specimen,and also of the cold gas bathing
the lower surface of the specimen,wg attached copper-constantan
thermocouples with a wire diameter d = 0.2 mm (Fig. 2).

The thermocouples were led out to a multipoint switch connected
with a iabormatory potentiometer for accurate meaaurements of the
emf. The zero polnt was secured by. placing the. warm Junctions 1n
a glass Dewar vessel filled with crushed ice and didtilled water._

The control indices were taken off untiI a statipnary reglme
was reached., Confirmation of this was the constancy of the emr

values 1n the respective points.

From processing the experimental data temperature distributidhs

through the ailr and cold gas above the surfaee-and ihsdiation~and: - , %
the heat bridges were obtalned aé a function of the material from 3
which the heat bridges were made, of theilr construction, and of
the methods of Ilnsulating them from the surrounding medium and |
heat barriers (Fig. 2). The adduced data show that in a definite - : {
area of the air at a height of about 20 to 40 milimeters of the ' |
heat ba-rier (insulation) and 1 to 25 milimeters above the surface _—
of the heat bridges, whether or not projecting on heat barriers, :

there is observed a substantial difference in the temperature

FTD-TT-62-1808/14244 .10




distributionf Above the 1ndicated region the same alr temperature
distribution takes place for all the examined types of insulating
| mechanisms.

Table 1 shows the relative values of heat coefficients a
calculated by various methods for the heat insulating structure
slotted with heat bridges constructed as shown in Fig. 2 and made
of copper and 1Kh18N9T steel. '

For heat insulating structures traversedby the other metals
used 1n the investigation, the values of the coefficlents of heat
exchange lie within the 1limits indicated in Table 1, the change in
a occurring in direct dependence on the heat conductivity of the
metal and insulation.

The difference in the coefficients of heat exchange a from
air to metal calculated by the indicated methods 18 explained
by the fact that because of the slight thickness of the boundary
layer it 1s very difficult to measure tﬁat thickness exactly; the
coefficients of heat exchange_a, however, experimentally obtained
and also obtained by calculating the heat currents along the
thermo elements, differ one from another within limits permissible<
in our calculation. '

The increase in the veloclty of alr movement on the warm side
of the insulation structure caused by a substantial temperature
change evidently explains the nonconformity of the experimental
valﬁes of the coefficients of heat exchange a with their calculated
values obtalned from extent formulas.

The value of the coefficlent heat exchange from the metal to
the cold gas is higher 1n.comparison with its value from air to
metal. This is explained by the formatlon or-a vapor resulting

-,’.




from the evaporation of the liquid nitrogen and filled with the
tiniest droplets of liquid whose contact with the warm surface of
the metal leads to vigorous vaporization strengthening the heat
exchange, and consequently also to indreasing tﬁe coefficiént of
heat exchange a from metal to cold gas.

The values of a from air to insulation and from lnsulation to
cold gas, based on experimental data and determining the heat currents
along the elements of the insulating structure, satisfactorily agree,
but'differlgreatly from the values calculated from the extant and
empirical férmulas.

This considerable deviation 1s connected with the fact that
above the insulation we observe air sﬁagnation, eonfirmed by '
approximate calculation of the veloclty of &lr motlon (0.22 to 0.26
m/sec. above the metal surface), but the ratio of the velocity of
alr motion above the.metal u; and above the insulation uz 18 u,;/up =
= 20-30. It 1s obvious that at such small velocities their in-
considerable change leads to a notliceable change 1n cbefficiént as
and 1t 1s necessary to keep this in mind when solving practical ]

problems. : < o
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TABLE 1

Relative values of coefficlientsof heat exchange for
heat 1lnsulating structures traversed with heat bridges.

Coefficient of heat exchance (kcal/u’~deg-i)

Data calou4bBpirical and gemi=empirisal
' latéd from jformulas of various authors
thermal : -

lourrents ]
Metedl Heat~exchange through the '
conditions 5 mel elementy é 3 2 'g g 2
£ lof the insud :E ‘ i S10g (8,
E E lating struwep & -3 Q o
“E fure © - <1 é g; 'a
ig | BE| 5| E|3E3%e
4 =8| 2| 2 -
air to metal
. 112,800; 14,600 7,131 9,30 /10,60 |10,80 }10,3500
Copper  ppetal to cald gas| — 25,200 3,31|8,20; 7,10 6,80| 6,7800

lair to insulation| 0,3220 0,300 |6,05{7,92)]8,15]|9,10}9,0500 -
g::ulatiantoeol: 0,35 0318 |2.71]6.72 5,60 | 6,85 | 0,0875

Steel

air to metad . .|4,3000 5600 |6.24]8.12]8.40]9.20] 9 300
foetal to cold gms| 6,600, 9,850 |2.84|7,05]7.10|6.80) 24600
1KnlsN9? air to ixlg;ulgtjon 0,360 0,380 554|7,4]7.65 8,10 | 8,3200
insulation to cold 0,340 0,370 |2.39|5.92] 4,15 6,00 |0, 4500

FTD-TT-62-1804/14244

Flg. 1. Diagram of experimental setup.

1) Steel cylinder, 2) specimen under in-
vestigation, 3)insulation, 4)metal Dewar
vessel, 5)Dewar vessel for thermocouple warm
Junctions, 6)multipoint switch, 7)mirror
galvanometer, 8)metering device, 9)power
source, 10)battery of galvanic cells,

11) normal Weston cell, 12)potentiometer Weston.
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and cold gas close to horizontal surface
of insulation (Mipor) and of heat bridges:
a)different materials in heat bridges of
the same construction: air side (1-7);
cold gas side (1'-7'); horizontals
(1-7 and 1'-7') are temperatures of pro-

ecting surfaces of heat bridges of copper

1, 1'); aluminum (2, 2'); duraluminum

3-5% Cu] (3, 3'); brass [T Cu, 30¢Zn)]

4, 41); carbon steel [O. 01% c] (? 59
stalnless steel [1Kh18h9T] s 6%)3

extolite, goethinax(7, T° ). ] _
b and ¢ continued on next page). L
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Pig. 2 (continued). b) Different heat bridge
structures of the same material (carbon steel)

on the air side: 1-8) types of heat bridges,

the temperature on the projections of which is

shown by the corresponding numbers on the
horizontals. c¢) Different insulation structures

at the ends of heat bridges all of the same material:
1-5) types of insulating structures, the temperature
on the projections of which is shown by the corres-
ponding numbers on the horizontals.
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