View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by NASA Technical Reports Server

g RM E52A08

+ ——y
W

NACA RM E52A08

RESEARCH MEMORANDUM

VARIATION OF PRESSURE LIMITS OF FLAME PROPAGATION WITH

TUBE DIAMETER FOR VARIOUS ISOOCTANE-OXYGEN-NITROGEN

T o™y

MIXTURES
By Adolph E. Spakowski and Frank E. Belles

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

FOR Tiui SRENCE

A
;Ol‘ronumfm"mm

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
March 38, 1952

18 ‘Yanememul



https://core.ac.uk/display/42799197?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

1v

£9v2

AT “M. llﬂ

31176014349

NACA RM E52A08

NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCE MEMORANDUM

VARIATION OF FRESSURE LIMITS OF FLAME PROPAGATION WITH TUBE
DIAMETER FOR VARIOUS ISOOCTANE-OXYGEN-NITROGEN MIXTURES

By Adolph E. Spskowski and Frank E. Belles

SUMMARY.

The change in the pressure limits of fleme propagetion with tube
dlameter for various isooctene-oxygen-nitrogen mixtures was studied;
the effects of oxygen concentration upon the pressure limits and con-
centration limits of flasme propegation were also investigated.

Low-pressure propagation limits were meassured for quiescent
1sooctane-oxygen-nitrogen mixtures in cylindrical glass tubes with inside
diameters of 16, 22, 28, and 38 millimeters. Oxygen-nitrogen stmospheres
containing 15.0 to 49.6 percent by volume oxygen were used.

The data showed that, under the conditions of the experiments, no
fleme propagation 1s possible for iscoctane in oxygen-nitrogen mixtures
containing less than 11 to 12 percent oxygen.

The experiments gave quenching distances 1n terms of critical
dlemeter for f£lame propagation. For approximately stoichiometric
isooctane-air mixtures, critical diemeter was found to be proportional
to the pressure raised to the -0.91 pdwer. The critical tube dlameters
were on the average 1.25 times as large as guenching distances cobtained
in connection with ignition-energy experliments.

For experiments in veriocus oxygen-nitrogen atmospheres, the loga-
rithms of the meximim flame speeds for isococtane were proportional to
the critical dismeters.

INTRODUCTION

The study of combustion processes and their relations to aircraft
engines can be approached in two general ways: (a) the study of com-
bustion in the engine itself; and (b) the study of combustion processes
in idealized systems. A part of the progrsm in the second category is
being carried out at the NACA lLewls laboratory and is considered herein.
The eventual alm of all such studies is understanding of the camplex
combustion process as it occurs in practical applications.
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The effects of various proportions of oxygen and inert gaeses on the
combustion properties of hydrocerbon fuels have been studied by a number
of investigators. However, most of these studies have involved gaseous
fuels. Por exemple, Blanc, Guest, ILewis, and von Elbe studied the effect
of oxygen concentration on flammsbility limits, minimum ignition energies,
and quenching dlstances of miethane, ethene, and propane (reference 1}.
Badin, Stuart, and Pease studied the effect on flame speeds of butadlene
(reference 2). In the case of liquid hydrocarbon fuels, a recent investi-
gation of the minimum ignition emergies of Isvoctane-oxygen-nitrogen
mixtures has been made by Experiment, Inc., commerclal laboratory, under

NACA contract.

A research program on the combustion properties of isooctane-oxygen-
nitrogen mixtures, including flame-speed measurements, (unpublished), is
also 1In progress st the NACA lLewis lgboratory. The effects of the oxygen

O .
2

Gz + N
floammebility limits of these mixtures 1s considered herein. Pressure-
flammability limit curves were determined in four glass flame tubes of

16 to 38 millimeters inside diameter with six oxygen-nitrogen atmospheres
contalning 15.0 to 49.6 percent oOXygen by volume, From these data,
quenching distances were cobtalined in terms of the critical tube diameters
for flame propagation.

fraction on the pressure-flammsbility limits and concentration-

EXPERIMENTAL DETAILS

Apparatus. - In this investigation, the tube method of determining
pressure-flammability limits was used (references 3 and 4). Special
modifications of the basic appsratus were made to permit the study of
liquid fuels. The equipment is illustrated in figure 1.

The fuel metering, mixing, and storing spparatus consisted of =
45-1iter galvanized steel storage tank with sealed stirrer A, fuel
capsule B, air inlet I, and precision manometer C. These components were
mounted withln a glass-walled tank of ethylene glycol, which served as a
constant-temperature bath. The bath temperature was thermostatically
controlled to a preset temperature of 58 10.5° C.

The test section congisted of a series of interchangesble glass
flame tubes. The four flame tubes used in this investigation were 4 feet
long and had inside dlameters of 38, 28, 22, and 16 millimeters. ZEach
tube was sealed to an ignition gection 90 milTimeters in diameter and
25 centimeters long. The flame tubes were connected to a 47-liter plenum
chamber through & sphericel glass Jjolnt and a 25-millimeter-bore stopcock.
In order to prevent condensation of liguid fuel from the combustible
mixtures, the flame tube and the ignition sectlon were enclosed by a

29%2
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cylindrical resistance-wound furnace. Three separate windings were cali-
brated to give a uniform temperature of 58° ¢ throughout the length of
the flame tube. The furnace was provided with a longitudinal slit

1/2 inch wide for visual observation of the flames.

The isooctane-oxygen-nitrogen mixtures were lgnited by passing a
rapid cgpacitance spark discharge across pointed steinless-steel elec-
trodes. The maximum voltage across the gap was 30,000 volts.

Preparstion of isooctane-oxygen-nitrogen mixtures. - The oxygen-
nitrogen atmospheres used were obtained commercislly in cylinders at
2200 pounds per squere inch gage except in the case of air. The artifi-
cial mixtures contained 15.0, 25.0, 29 4, 34.7, and 49,6 percent oxygen
by volume to within 0.1 percent

The isooctane used was commercially availsbhle knock-rating reference
fuel with a purity of ©9.6 mole percent. When s combustible mixture was
prepared, the fuel mixture and the storage tank were first evacuated.
Isooctane vapor was then expanded into the tank from the fuel cgpsule
(see fig. 1). The partial pressure of the isooctane was read on the
precision manometer by means of a cathetometer accuraste to 10.05 milli-
meter. The desired oxygen-nitrogen atmosphere was passed through
Anhydrone to remove water and Ascerite to remove carbon dioxide, and then
admitted to the tank to form the desired lsooctane-oxygen-nitrogen
mixture as celculeted on the basis of the idesl gas law. In order to
insure homogenelty, the mixture was stlrred by a vane-type stirrer sealed
into the tank. Once a combustible mixture had been prepared as outlined,
Jeaner mixtures could be made from it by successive dilutions with the
oxygen-nitrogen mixture. .

PROCEDURE

The method of determining pressure-flammability limits was basically
the same as that reported in reference 4. -

For s given combustible mixture, the pressure was found at which &
flame, propegeting upward in the ignition section, was Just extinguished
at the mouth of the narrower fleme tube. In many of the experiments,
extinction of the flame was cobserved visually. However, for some of the

combustible mixtures with high O_Oi_m'z- ratios, the fleme moved so
2

regpidly thet it was impossible to determine visually whether it propagsted
the length of the flame tube or was extinguished at the mouth. In these
cases, a thermocouple was used to detect the passage of the fleme. The
thermocouple leads were admitted through the top of the flame tube and
the hot junction was positioned sbout 1/2 inch sbove the point where the
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flame tube widened intc the ignition section. The thermoccuple was
40-gage chromel-glumel wire, connected by 36-gage ceramic-coated copper
leads to & rapid-response recording potentiometer.

The operation of this fleme detector was checked with flames on
which visual observations could be made, and good agreement was obtained
between the two types of observation. The location chosen for the
thermocouple Junction proved to be such that the potentliameter did not
register a temperature increase if the flame was extinguished at the
mouth of the flame tube. If the flame progressed farther, a temperature
increase was recorded by the potentiometer. It was found in this investl-
getion, as 1n the work reported by reference 4, that these slower flames
on which visual observations could he masde either propagated the entire
length of the tube or were extinguilshed at the mouth of the tube. The
pressure difference between propsgetion and extinction was very smell,
only 1 or 2 millimeters of mercury. If the flame propagated, it, of
course, ceused the potentiometer to register a tempersture increase as
it passed the thermocouple position. Consequently, the pressure limit
could be established in terms of potentiometer scale deflection Jjust as
easily and precisely as by vilisual observation. In addition, it was found
that the presence of the thermocouple and leads inside the flame tube
had no effect on the pressure limit.

In the case of the very rgpid flames with which the thermocouple
system was designed to be used, the demercation (in terms of pressure)
between propegation and extinction of the flame was not so sharp ss it
was for slower flames. It was found that, as flames were cbserved at
successively lower pressures, the potentiometer at first experienced g
full-scale deflection with.the passage of each flame. Finglly, a test
pressure was reached for which a full-scale deflection was not obtained,
and subsequent tests at lower and lower test pressures showed smaller
and smeller potentlometer deflections. Becesuse of this behavior, the
pressure limlt for propagation of a fast flame was determined by making
a plot of scale deflection against test pressure, and extrapolating the
resulting. straight line to zero scale deflection. The pressure corre-
sponding to zero deflection was reported as the pressure limit snd was
checked by making an additional test &t a pressure 1 millimeter of
mercury lower. Zero scale deflection was invariably obtained. The
precision of this pressure limit was 32 millimeters of mercury.

The pressure at which the first potentliometer deflection less than
full-scale occurred was 5 to 10 millimeters of mercury greater than the
reported pressure 1imit, Thus the pressure range of uncertaln flame
propagation was much greaster than the 1- or Z2-millimeter of mercury
difference in the pressures of propegation and extinction for slow flames.
However, 1t is believed that use of the procedure described herein led
to pressure limits for the rgpid flames thaet were consistent with those
obtained visually for slower flames.
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A given pressuré-limit curve cobtained by measuring the limits for =«
series of mixtures could be reproduced on subsequent days with fresh
mixtures. The results of check runs gre shown as tailed points in
figures 2(c) to 2(e).

RESULTS AND DISCUSSION

Curves of pressure limit sgalngt percent stolchlometric isococtane
for mixtures of lsooctane in an atmosphere of 15 percent oxygen and
85 percent nitrogen in tubes of 38, 28, 22, and 16 millimeters inside
diemeter are presented in figure 2(a). Figures 2(b) to 2(f) show similar
date for isooctane in oxygen-nitrogen atmospheres containling 20.9, 25,
29.4, 34.7; and 49,6 volume percent oxygen. For a given oxygen concen-
tration, the genersl effect of decreasing tube digmeter was to raise the
minimum pressure for flame propagation and to nerrow the concentration-
range of flammability, as has been reported previously (references 4
and 5). In getieral, the curveés show lrregular lobes and cross-overs on
the rich side of stoichiometric (except in the case of the curves for
the 15 percent oxygen and 85 percent nitrogen atmosphere), while on the
lesn side of stoichiometric they are regular. This behavior has been
noted in other cases (referenées 3 to 6). The lobes thaet appesr on the
rich side of stoichlometricemay be indicative of the presence of cool
flames as described in reference 3. In the present investigation, how-
ever, cgpacitanhce sparks were used, which according to reference 3 are
incgpable of igniting cool flames.

For 80 to 200 percent stoichiometric isooctane in oxygen-nitrogen
atmospheres containing more than 25 percent oxygen and in the flame tubes
of 16 and 22 millimeters diameter, the flames propagated so rapidly that
it was lmpossible to decide visually how far they traveled. It was
therefore necessary to determihe the pressure limit by the thermocouple
technique described previously. In seversl instances with the atmosphere
containing 49.6 percent oxygen and 50.4 percent nitrogen, shattering
detongtions occurred at pressurés as low as 25 millimeters of mercury.

It is believed that the high fleme speeds and detonstions, with the con-
sequent effects upon the pressure-limit data, were due in part to the
nagture of the apparatus; particularly the relatively constricted stopcock
(25-mn bore) that connected the test section and the plenum chamber.

The effects of varistion in the oxygen concentretiorn of oxygen-
nitrogen atmospheres are shown more graphlcally in figures 3 and 4. For
a given tube dlameter, decreasing the oxygen cohcentration raised the
minimum pressure for flanme propagetion and narrowed the concentrastion
range of flammability (figs. 3 end 4). It will be noted from figure 2
that both the lean and the rich sidés of the limit curves become
substantially vértical at a pressure of epproximastely 250 millimeters of
mercury. Flgure 3 shows & plot of flammgbility range at this pressure
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against the volume percent of oxygen in the oxygen-nitrogen stmosphere
for tubes of 16, 22, 28, and 38-millimeter inside dismeter. The flamma-
bility range is defined as the rich limi} for propagetion (in percent
stoichiometric) minus the lean limit (in percent stoichiometric). For
the range of tube diameters considered, figure 3 indicates that the
flammebility range for lsooctane becomes zero (no flame propagation
possible) in oxygen-nitrogen atmospheres containing 11 to 12 percent
oxygen by volume. This conclusion is supported by the fact that no
propagation could be obtained in 28- ard 38-millimeter diameter tubes

in a mixture of 9.4 percent oxygen end 90.6 percent nitrogen. It should

be emphasized that this limiting oxygen concentration applies only to

the conditions of this experiment. In particular, a marked change in B
the temperature of the experiment would be expected to change this result.
It is of interest to note that zero flame speed has been predicted for
isococtane in an oxygen-nitrogen atmosphere containing less than 12 per-
cent oxygen (wmpublished NACA date).

-$9%g

The effect of oxygen concentration in the oxygen-nitrogen atmosphere
on the minimum pressure for propagation of flsme in lsooctane-oxygen-
nitrogen mixtures is shown in flgure 4 for tubes of 16, 22, 28, and
38-millimeter diemeter. .

Previous work at this lgboratory on the pressure-flammebility limilts
of propene-air mixtures (reference 4) sghowed that data such as those of
figure 2 yield a critical diameter for flsme propagation. This criticsl
diameter was shown to be a quenching dlstance, just as the minimum slit
width for flashback of a Bunsen flame was shown to be a guenching
distance by Friedman and Johnston (reference 7). Figure 5 compares the
presgure dependencies of critical diameter, obtained from the present
work, and of minimum quenching distance of iscoctane-alr mixtures. The
minimum guenching distances were obtalned in connection with ignition-
energy meagurements made by Experiment, Inc., comercial laboratory, on
NACA contract. The critical diemeters are seen to depend upon pressure -
raised to the -0.91 pdvwer determined by calculating the slope of the
line; the quenching distances slso depend upon pressure raised to the
-0. 91 power. The ratio of critical dlameter to quenching distance
is 1.25. This value may be compared with previcusly reported ratios of T
1.35 (reference 7) and 1.43 (reference 4) for propane-air mixtures.

Figure 5 includes some of the data of references 1 and 7 on propane-gir

mixtures, for comparative purposes.

As a result of previous work, a simple lnverse relation has been
found between flame speed snd critical diesmeter or quenching distance i
for propane-sir mixtures (reference 4). The relation held for varying :
propane concentration (constant pressure and mixture temperature) and -
for varylng mixture temperature (constant pressure and propane concen-
tration). It was found possible to Justify the inverse relation on s .
theoretical basis (reference 8). The present work provides an opportu-
nity to test the relatlon between fleme speed and critical dismeter at
various concentrations of oxygen in the oxygen-nitrogen mixture.
Figure 6 shows the logarithm of the meximum flame speed for lsooctane in
a glven oxygen-nitrogen atmosphere plotted egainst the critlcal diameter
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under the same conditions. The oxygen concentration in the oxygen-
nitrogen atmosphere of the mixture is noted beslde each point. Pressure
in 81} cases was 1 atmosphere, mixture temperature was 58° C, and :
isooctane concentrstion wess 105 percent stoichiometric. The flame speeds
are from unpublished data; the criticsl diameters are from the present
work, extrapolated toc 1 atmosphere pressure. The good degree of corre-
lation shown by figure 6 indicates that, for the conditions under which
the date are plotted, fleme speed is related to critical dismeter in the
manner shown by the following expression:

ko @ ecdy : (1)

where

Kp flame speed

c constant
dy critical dismeter

instead of being related to the slimple reciprocal of the critical
diameter. The reasons for the changed relstion between flame speed and
critical diemeter mey lie in the varistion with oxygen-nitrogen ratio of
some of the factors involved. The theory of reference 8 may prove
capsble of predicting relation (1) as it predicted the reciprocal rela-
tlon between flame speed and criticgl diesmeter in previocus cases. A
test cannot be made until sultable celculations of adigbatic flame
temperatures and equilibrium concentrations of free radicals, for
isooctane in various oxygen-nitrogen stmospheres, are used to evaluate
the theoretical expressions.

SUMMARY OF RESULTS

From the investigation of the variation of the pressure limits of
flame propagation with tube diameter for various isooctane-oxygen-
nitrogen mixtures, the following results were obtained:

1. For a given oxygen-nitrogen stmosphere, decreasing tube diameter
raised the minimum pressure for flame propagation end narrowed the con-
centration-range of flammgbility. For a given tube diameter, decreasing
oxygen concentration in the oxygen-nitrogen atmosphere produced the same
effects.

2. For the range of tube diameters studied, the flammabllity range

for isooctane became zero (no flame propagaetion possible) in oxygen-
nitrogen atmospheres containing 11 to 12 percent oxygen by volume.
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3. The dsta obtained could be interpreted in terms of critical
dlsmeter for flame propsgetion, - The minimum criticel diameter was found
to depend upon the pressure. raised to the -0.91 power. The ratio of
criticael dismeter to quenching distance oOhtgined in comnection with
ignition energy experiments was found to be 1,25,

4. Flame speed of isooctane in various oxygen-nitrogen atmospheres,
for 105 percent stolchiometric iscoctane, 1 atmosphere pressure, and
58° C mixture temperature, was found to be relsted to the negative
exponential critical diameter.

lewis Flight Propulsion Lsaboratory
National Advisory Committee for Aeronautics
Cleveland.,' Ohio ~
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Figure 1. ~ Apparatus for determlnation of flammability limit.

£9%2

.



2463

NACA RM ES2A08

440 T T T I
Insig% i.:)l.u;zeter
40 o 38 -
o 28
< 22
a 16
360 Solid symbols
denote nonprop-
. agation
32 )
2 [ -
i 280
R
R VR
200 \\ \\ / [ I
160 \ x\/! I
\ \\\ 4 l
IR AN- L
120 \ : /
8q ] | ‘32 [
0 50 100 150 200 250 300

Isooctane, percent stoichiametric

(e) Oxygen fraction ——OZ—, 0.15.
. 02 + Nz

Figure 2. - Effect of tube diameter on pressure limit.

11



NACA RM E52A08

440 ] ] i ] T
Inside diameter
of tube
400 (mm) #_T‘T.
O 38
(] 28 =1
< 22
360 A 16 .
Solld symbols
denote nonprop-
agation
320
280
~ 240
; |
2
2]
: |
&, 200 j_
. il [
: /
ey
s X /
= 160
‘!
| LI\ LAY
120 . Mt
\ \ﬂ\\\‘ Aﬁ//
\\ — /;ON\‘\~ ;/
e O
N ! f/’
40 o=
| NACA [
o] 50 100 150 T 200 T 250 300 350
Isooctane, percent stoichlometric
(b) Oxygen fraction _°2  0.21.
02 + N2
Figure 2. - Contlinued. Effect of tube diameter on pressure

limit.

c9v2



2463

NACA RM ES52A08

Mixture pressure, mm Hg

400 T T T 1

Inside dlameter

. of tube
360 (o)
O 38
0 28

. <& 22
320 A 16 5

Talled symbols h

denote check

d run
280
240
200
160 <L>l % II
\
NEEY’ i)
T =Sl
80 \ p '—-\__,a"-“'/ < &ﬁ\ ‘sz
1 2 /OVU;P’
w A% #
\O\_/O’
T

e} 50 100 150 200 250 . 300 350 400
Isococtane, percent stolchiometric

a
(¢c) Oxygen fraction —= ., 0.25.
02 + N2

Figure 2. - Continued. Effect of tube dlameter on pressure limlt.



14

Mixture pressure, mm Hg

440

NACA RM E52A08

400

360

320

280

240

>OO0

Inside diameter
of tube

(mm)

38
28
22
16

Solid symbols
denote nonprop-
agation

Tailed symbols
denote check ..
run

200

160

120

80

40

=

ped

ok

Y

e

50 100

150 200 250
Iscoctane, percent stoichlometric

300

(e}
{(d) Oxygen fraction —2 ., 0.294.

Figure 2. - Continued.

Os + No-

Effect of tube diameter on pressure limlt.

cove



- 2463

»

NACA RM ES5ZA08

Mixture pressure, mm Hg

440
400 0—# 1
Inside diameter
] of tube
(rum)
360
O 38
D 28
202 22
A 18
320 :
Solid symbols
denote nonprop-
agatlion
Talled symbols
28 denote check
P run
240
200
160 T J J
J\ A// L
LS Y
\l\ Lo/
80 \ /
o TP
40 ] v
\ N .~
- rcﬁ /
NS
0 50 100 150 200 250 300 350 400

Isococtane, percent stoichlometric

Q
(e) Oxygen fraction —& —, 0.347.

Pilgure 2. - Contlinued.

O2+N2

Effect of tube dlameter on pressure limit.



16 NACA RM E52A08

400 . ; .. . e
N}
g
o
(¥
360
Inside
diameter
320 I of tube : T
Q (mm)
o} 38
[ 28
280 e
2
E 240 —
= .
B 200 T .
/2]
(]
&
A T - .
g
160
£ /
"
o ™
= BT -
120 // //
/ /’
% /‘jj T
’/g/’AJ,A _—
40 74 =
EL/////*
A NACA, .-~ -
N Dttt
] | }
Q 50 100 150 200 250 300 350 400 450

Isooctane, percent stoichiometric

(f) Oxygen fraction ——02-—, 0.496.
0o + Np

Figure 2, - Concluded. Effect of tube dlameter on pressure limit.



NACA RM ES52A08

) e
T
/Y
v

300

N
=
\

250

T~
S
N

Inside dlameter

200

]
SN

of tube
(mm)

38

28
22
16

>OO0 -

Solid symbols
denote nonprop-

Flammabllity range, percent stolchiometric

150 agation
100 #/
50
w
0 .10 .20 .30 .40 .50 .60
O
Oxygen fraction, —_—
02+N2
Figure 3. - Effect of oxygen on flammabilility range. Pressure,

250 mlllimeters of mercury.

17



18

NACA RM E52A08

&B"

of t;zbe
N (.
a \ g 38
28
A o 22 T

[9}]
v
/4
L~

Inside dliesmeter

'S
1/'//
0z

/;/ -]
—

Mimimum pressure limit, mm Hg
o

: \
1 AN
8 il
.10 .2 3 .4 .6 .8 1.0
Oxygen fraction, "

Figure 4, - Effect of oxygen on minimum pressure

limit,



4v

NACA RM ESZ2A08 19
3
2 AN
2N © Propane (referencé 7)
N O Propane (reference 1)
™ & TIsooctane (Experiment,
Inc., commerciasl
-8 AN leboratory)
N ¢ Isooctane
) AN
5 N
- ‘ \
% ) \N
2 \
t N
2 N
®.1 e
& NS
.0 Q\
.08
NN\
.04 <
.03 X
.02
.0 LN
.01 .02 .05 .04 .06 .08.1 .2 3 .4 .6 .8 1 2 4

Pressure, atm

Figure 5. - Effect of pressure on guenching distance.



NACA RM E52A08

20
200
Oxygen i
fraction,
02
+ &
100 N 0.35
80 N 30
3 AN
] N
g8 60
(3] \0.25
o) \\\\\
8 ~
[=7]
[}
o
0
54
~
Lol o
.21
é 30 \\\\
20 \\\\\ \\\\\\
. |
0 1.0 2.0 3.0 4.0 5.0 6.0

Criticel digmeter, mm

Figure 6. - Correlation of criticel diesmeter with flame speed. Fuel, iso-
octane; pressure, 1l atmosphere; fuel-slr ratlo, 105 percent stoichiometric;

temperature, 58° C.

NACA-Langley - 3-3-52 - 328



g— -

e

1L NP

31176 014349899 -

il

NASA Technical Libr

\
|

RN




