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THE ELIMINATION OF FIRE HAZARD DUE TO BACK FIRES

By THEODORm kODORSBN andIEAM. I?SEDMAN

suMMAl?Y

A cM.c-d study was madeof theopemti.on of a type of
back-jimarrestorwed to reduze thejire hazardin airerajt
en@l.es.

AjZanu awestor ixm.%$ingof apaek orplug of al.tennuie
jl.ai and conwgated plaim of thin metal w imtali?edin
tha intuke pipe of a gmoli~ angine; an auxiliary spark
plug inwrted in the finiake manifold permiited the pro-
duction of artw backjires ai wi.il.

It wasfcnmd pomibb to &@n a plug which premnied
al-lbackjk from reaching the ea.rburetor.

An4dy8i8of the heat-tran+ferphenomena in tlw arrestor
8hOW8 tlld(a) t?wlength-diameterraiio of the inG?iOiduul
pa88age3isoffist importance in determiningthe e~ective-
nes8 of t?wo?et?ke,(b) that the plug need not be heuzy, and
(C) thut the th-errnd duct+ of the ?naieria=? of which
ii is made h onLyof 8econduryiq%unce.

Measurements of the pressure drop across tlu adopted
?nOd4?l8hOW thai & increase of tm.gine-pumpi~ loss
cauaed by the preatmceof the arrestor is quite negligible;
tha reduction in volumetric q@ienq amounz%to a few
per cent.

INTRODUCTION

The reduction of tire hazard in aircraft is one.of the
most importaat problems in aeronautics to-day. As
long as the carburetor engine, emploti” highly
inflammable fuels, continues to be the source of power
for aircraft, considerable risk of fire with possible
attendant destruction of property and 10SSof life will
exist. Indeed, the fire danger is held to be one of the
chief obstacles cofionting the development of avia-

‘ tiono @eference 1.)
One of the most frequent causes of fire’in aircraft is

back-firing from the engine through the Make system.
This back-- may ocour while the airplane is in
fight or as a result of a crash. The chief oausea of
back fires during flight are (a) intak-valve failure-.
the valve breaks or fails k seat properly, ~d (b)
change of quality of the fuel m+dure-this may result
from a defect of the carburetq: or from a sudden ohange
of engine speed caused by mec@ical failure or other
mishaps. (Reference 2.) B~at (reference 3), basing,,

his statement on a study of French aeronautical acci-
dent statistics, points out that 28 per cent of the fires
occurring in flight are definitely attributable to back-
&ing to the carburetor.

It is probable, too, that many of the &es resulting
born crashea are started by flames emerging from the
carburetor air intake, the back-firing being the result
of the sudden stopping of the engine. In a violent
crash the fuel tanks are likely to burst, throwing their
contents over the engine compartment.

There is muoh reason to believe that the two prin-
cipal sources of aircraft fires me (a) flame9 from the “
carburetor, and (b) the hot gases or metal parts of the
exhaust system. Any device, then, which succeeds in
eliminating the carburetor flame will accomplish much
toward solving the general problem of the reduction of
iire hazard in aircraft.

Several methods for preventing or confining intake
back fires have been proposed. One scheme involves
the production of an over-rich mixture at the carburetor
with the admission of enough air at a point farther
along the intake pipe to give a normal mixture. IX
a flame were to strike back from the intake valve, it
would meet the rioh mixture, which would burn dOW1y. “

Another suggestion embodies a nonreturn valve in
the intake pipe. Neither of these methods have been
found to be practicable. (Reference 4.)

A third method employs multiple wire gauze sheets
in the carburetor sir intake. The action of these
screens, based on the prinoiple of the Davy safety
lamp, is to remove heat tim the flame striking horn
within the carburetor. A flame originating in the
intake manifold is thus restricted to the intake sys-
tem. Teds of such devices installed on marine en-
gines (reference 6) have demonstrated the possibility
of coniining W but a very small percentage of back
fires by this means.

The work desoribed in this report is an investigation
of the feasibility of arresting “theflame in the intake
pipe befor8 it reaohw the carburetor. It must be
borne in mind that the above-mentioned arrestor on “
the ah inlet will not prevent the ignition of the fuel
txmthined in the carburetor.
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EXPERIMENTAL METHOD AND RESULTS

To study the performance of flame arrestors,
special intake pipe was constructed. @g. 1.) TI
pipe was a 10-inchsection, 3 inches in diameti
fitted with a spark plug for firing the mixture in t
manifold at will. The flamtwrresting detices to
tested were mounted in the pipe between two sig
holes. The spark-plug end of the pipe was connect
to a single-cylinder test en=tie; the otlmr end was co
netted to the carburetor. A special timer mounted ~
the engine camshaft energized the spark plug duri
every alternate intake stroke. A thermocouple cc
netted to an indicating pyrometer was inserted in t
device to be tested.

Tests on wire ganzb.-Tests on the effect of gau
screens on the propagation of flames in pipes we
conducted by the National Board of Fire TJnderwriti

Fmum L—EmMmentellrhkePipe

@teference 6.) It was found that flames propagate
in combustible vapors could be stopped by doub.
cone-shaped arrestors of 40-mesh wire gauze. F{
pipes under 4 inches in diameter flat screens were foum
adequate.

A double-walled cone of !20-mesh iron-wire gauz
as well as a triple flat screen of the same material, W[
tried. In both casea the flame succeeded in passir
the screens ahnost immediately, and a flame could 1
made to flash out from the air intake onenirw of tl
carburetor.

A number of such tests led to the conclusion that
few layers of wire gauze would, in general, be inadt
quate as intake manifold flame arrestors in engine
The reason is probably that, because of its very shoI
path through the metal screen, the violent pulse f
flame succeeds in driving through the screen befo]
the wires are able to conduct away sufficient heat t
bring the charge below its ignition point. (Referen(
7.) The use of iiner mesh screens, as in the uncle
writers’ teats, or the i.nstdation of a greater number (

layers of gauze, woidd involve an increased flow loss
in the intake system.

The plate-type flame arrestor,-11 the flat screens
are replaced by thin plates extending parallel to the
axis of the pipe, the cooling of the flame by contact
with metal will. be increased, because the path of
tiavel of the flame in the arrestor will be lengthened.
Moreover, the flow characteristic of this type of
arrestor are to be preferred to those of screens, for the
resistance of a channel of constant cross section must
obviously be smaller than that of any other arrange-
ment. P1ate-@pe arrestors have been described
(reference 8), but no teat results either as to effective-
ness in conlining back fires or to influence on engine
eiliciency have been reported.

r...s.s L—LUW PUW-WIJU umuo emd.or

Accordingly, a plate-type flame arrestor waa con- ,
;tructed. A plug of alternate corrugated and flat
3t0el platea was built up in a metal sleeve. @ig, 24)
& dimensioned section of this plug is showmin Figure
1 (a). The weight of the device, when made of steel,
s about 3.1 pounds (1.4 kg). This type of construc-
tion is simple and insures passages of uniform section
ihrcughout.

The plug was insertad inta the special intake pipe
kw.ribed above and tested repeatedly at engine speeds
mrying from 760 r. p. m. to 1,800 r. p. m. The mix-
hre betweau the arrestor and the intake valve could
)e made to explode at an average rata of about two to
ib.ree times per second, and the explosions could be
ietected by a flame emerging &m the sight hole ~
ocated on the engine side of the plug. The back-firing
ma allowed to continue for 20 to 30 minutes. During
ihe first 5 to 10 minutes the temperature of the plug,
neasured’ at the end nearer the carburetor, attained a
i.nal equilibrium vahe of 2000 F. (90° C.). A @ne

1
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could un@r no circunwkmwtxbe made to pemztratethe
plug.

Tests with modified plate-type arrestors.-Before
invcatigating the effect of this appliance on the per-
formance of the engine to which it was attached two
new plugs were.ccnstructid to determine to what extent
the openings could be enlarged, or how much the axial
length could be dimhished, without reduoing the
effectiveness cf the device. The first made was of the
same cross section sa the 3-inch plug mentioned above
(see fig. 3 (a)), but had a length along the axis of only 1
inch. Back-fire teds were conducted as in the previ-
ous csae, with the following results:

The j.ame succeeded in paining thr~h the device
after abozd60 to 100 mplosimw, starting with the plug
cold. The temperature of the plates, measured at the
endnearerthe carburetor, attained a value of about 360°
l?. (175° C.), when the charge on the carburetor side
was exploded. This temperature at which the l-inch
flame arreater became ineffective was rather critical,
and could be reproduced to within about 40° 1?.

a145”~

ta] (b]
~amm 3.-Cr0ss ecdfone ehowing cmstmoMOn of ffeme arrAcnn

After once firing through the plug, the flame would
penetrate at the rate of about once for every 20 explo-
sions on the engine side.

The second modification had a depth of 3 inches, but
was provided with openings of hydraulic radius about
70 per cent greater than that of the previous models.
(Fig. 3(b).) In the back-fire tests the flame penetrated
the plug ahnost immediately. This model was there-
fore abandoned.

Effect of flame arrestor on engine performance.—
In view of the sucoeasfuloperation of the original 3-inch
plug, its direct effect on the engine performance waa
determined. It was evident that the plug must increase
the pumping loss of the engine by virtue of its resist-
ance to air flow in the intake pipe, in consequence of
which there will be also a decrease in volumetic
eiliciency, It remains to determine whether thase
losses are of such magnitude as to make the installation
of the flame arrestor objectionable. The plug should
be designed to give d minimum air resistance so far as
this can be attained without sacrificing ita flare+
quenching propertied.

The pressuredrop across the plug waa determined for
a large range of veIocitiea, using an experimental
arrangement shown schematically in Figure 4. The

arrestor was fitted into place in the long pipe, with
water manometers connected near each end of the plug
to measure the pressure drop aoross it, and a sharp-
eilged oriiice was employed to measure the air ‘flow.
(Reference 9.) Air was drawn through the assembly
by a vane-type supercharger connected to the other
end of the pipe. Resuh of themeasurementsaresho~
graphically in Figure 5. #

Calculations based on the fact that the pumping
loss occasioned by the presence of the plug is equal to
that expended in forcing the air through the resistance
show that this loss is of the order of only one-tenth of
1 per ‘cent of the engine power. Fuel-consumption
tests, run with and without the plug, showed no meas-
urable difference.

When the test engine was operatad with the plug
installed, there was a decrease in brake horsepower
amounting to about 5 per cent of the total power at
the middle of the speed range of 1,000 to 1,800 r. p. m.
As the specific fuel consumption did not change, the
entire 10SSis to be ascribed to a decrease h volumetric
efficiency.

FIowmA—hrengomont fer datemdnfng the ~e drop em the Jlame

ar’rcsulr

It is to be remembered that a single-oylinder engine
was used in these tests. A multicylinder engine would
have smoother air flow, and the reduction in volu-
metric efficiency would be considerably less.

The test engine operatad at about 35 horsepower; as
the arrestma were about 3 inches in diameter, this
corresponds to a cross section of about 0.2 square inoh
per brake homepower. To reduce the power loss, a
plug of greater cross section, insertad into an enlarge-
ment of the intake pipe, may be used.

Nature of the flow through the flame arrestor,-It
remains to examine the nature of the air flow through
the plug. The form of the experimental curve of
Figure 5 suggests that the resistanea inoreases with
some power of the velocity slightly greater than. one.
Formulas for viscous fluid flow through tubes of arbi-
tiary oross section have not been developed, but a fair
idea of the flow may be obtained by assuming each
passage to be replaced by a circular tube of radius
comparable to the hydraulic radius of the actual open-
ng. In the present instance this radius was taken to
be 0.0225 inch (0.572 rum). The Reynolds Number
at the highest velooity me”asuredis then about 1,000,
which is below the critical value, and hence the flow
through the channels may be expected to be laminar.
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The other factor contributing to the resistance of
the plug iE the eilect of the sudden reduction and
enkmgement of the tie area at the entrance and exit
of each passage. The actual flow condition is probably
somewhat asshown in Figure 6; the rectangular shaded
areas represent sections of the plates bounding a
single channel.

This end tdlect maybe approximately calculated by
semiempirical formulas. (Reference 10.) The effect
of viscous drag is calculated by ~eans of the PoiseuiJle
formula. The two contributions are plottad in Figure
5 and the total is given by the dotted line, which agrees
well with the experimental curve. The fact that the
experimental points lie on a curve which departs but

COMMITTEE FOR AERONAUTICS

Before turning to a detailed consideration of the
heat-tiansfer phenomena @ the plug, the change in
temperature of the metal may be calculated approxi-
mately by assuming that all the heat contained in the
gasea as a result of the explosions is delivered to the
metal pack. TIM result indicates a temperate rise
of the plug of the order of but 0.6° C. per e.splosion;
that is, the plug possessesa heat capacity which is large
compared with that of a charge of gas.

The cooling of the gas by contaot with the metal
will now be considered. Represent by—

*heat transfer coefficient of the metal-gas bound-
ary, in k-cal m-* h-l ‘C-l.

Z’@-temperature of the wall at any point, in ‘C.

‘ntttntt
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(ml-ewe Wvered b’s exmimwltal Writ% h= CIJ aPPmx.)

slightly fiwm the linear shows that the flow must be of
a nonturbulent nature throughout the range investi-
gated. The end eilect is much smaller than the viscous
resistance, so that the total resistance of any plug of
moderate length is approximately proportional to
iik length.

ANALYSIS

Heat transfer in the flame arrestor.-A quantitative
treatment of the flame-quenching action of a plug of
the kind considered is a matter of some diHiculty.
Nevertheless, it is possible to obtain some lmowledge
of the principal factors by considering the heat trans-
fer occurring in the pack. The hot gases (products of
the explosion) me forced through the plug with great
velocity, giving up heat to the metal as they pass
through the chazmels. If these gasea are sufficiently
cooled before emerging tim the plug, the mixture
the carburetor side will not be ignited. Starting wio~
the plug cold, an equilibrium temperature is ultimately
attained at which the rate of heat absorbed from the
hot gases b equal to that removed by the passage of
fresh charges of cold air horn the carburetor.

T-temperature of the ga.abefore enter-
ing the plug, in ‘C.

T—temperature of the gas in OO. at a
distance z cm horn the point
where it enters the passage.

A-cross section mea of one passage in
ma.

P—perimeter of the cross section of one
pasaage in m.

D-diameter of equivrdent circular tube
in m.

‘V-velocity of explosive @ae in plug
in m h-l.

CP-speciiic heat of gas at conatmt
pressure in k-ccl kg-* ‘C-l.

X—mean thermal conductivity coeffi-
cient of the gaa in k-cal m-l h-l
Oc-1.

p-density of the gas in kg m-’.
Consider a transveme section, tb.ick-

nesa AX,of the cylindrical passage. As
the gaa inthis section moves down the ‘tibe ~t loses
heat to the walls, and its temperature drops. Equating
the heat absorbed by the walls to that removed from
the hot gas,

CYPAX(T–TJdt = –idAzO=dT
or

and the distance advanced in order to reduce the gas
temperature by dT ti

dz=Vdt=–lVV+- (1)
w

where

Nusselt (Hiitte, 10C.tit. I. S. 402) has developed an
expression for the heat transfer in metal tubes

The use of this formula, which holds for turbulent
flow, is justilied here, since the probable high velocity

,

\
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and the internal disturbance of the back-iire gases
assure a condition of turbulence.

Then, using (2),

‘“g’ow%r’ “ ‘3)
The velocity V of the hot gasea through the plug

must be expected to vary greatly throughout the dura-
tion of one explosion. It is neceasmy to apply equa-
tion (3) to the peak value of this velocity. The
duration of each explosion is of no particukw signi&
cance, because, as already noted, the temperature
rise per explosion is negligible. The peak velocity
is evidently a function of the combustion veloci~
of the mixture or rather of the volume of the mixture
burning per unit of time. The pressure builds up
until the volume discharged through the plug equals
the volume-expansion due to the combustion.

On thb basis of an assumed rate of combustion and
with the flow resistance of the plug known, the velocity
through the plug may be estimated with some accuracy.
Fortunately, however, a precise determination of this
velocity is not of much con~rm It will be noticed
from equation (3) that the quanti~ iVV, which de-

1%~~ 6.-~OW with endden tie Of u@3 tiOn

termines the rate of the temperature drop through the
plug, depends very slightly on the velocity, the value
of NV being proportional to VOo~l~.Thus, the velocity
Vmay be changed by several hundred per cent without
altering the temperature in the plug to any appreci-
able extent.

The following calculations have been made @ a
set of arbitrarily chosen numerical values in order to
gain some insight into the actual conditions. It is
assumed that no combustion occurs after the gases
enter the plug. This assumption is, of course, far
from being representative of actual conditions. The
quantity iVV is not given correctly by equation (3),
but is in all probability considerably greatar because of
combustion in the plug proper. It must consequently
be borne in mind when employing equation (3) that the
result is too favorable.

Uniform wall temperature.-The rate at which
the temperature of the gas decreasesasit pasm through
the pack may be calculated from (l). It is, however,
flrat necessary to assume a certain variation of T=,
the temperature of the wall at any point, with the
distammz from the front of the pack. Consider fit
the case where the axial temperature gradient in the
plug proper i9 zero. This condition implies the use of
a material of iniink conductivi~.’ Here Tu is con-

149900-3%15

stant, and the integration of (1) gives, after imposing
the condition T= Ti when z= O,

T= Tw+ (Ti– TJe-’/W (4)

Taking the initial gas temperature T,= 600° C. and
the equilibrium wall temperature Tti= 165° C., and
using a value of NV=4 cm (4) bec%mes

T= 165 +4351s*”m (5)

The result is shown graphically a-scurve a in Figure 7.
The gas experiences a rapid decrease in temperature
as it passes through the arrestor after traveling a
distance of about 4.75 cm its temperature is reduced
from 600° C. to 300° C. and the exit temperature
(2=7.5 cm).is about 230° C.

For the coanser 3-inch plug, the value of .iW turns
out to be about 7.5 cm, and this gives, by equation
(4), an exit gas temperature of about 325° C. This

“I--ink
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FIowm 7.-oa9 t9111peiabe903rmsp0rlaiogto Varlom foi-mY of tomperatlm

gradient in the wan

value is considerably higher than that for the final
3-inch model and may indicate why the pack with
larger passages failed to operate properly.

The measured value of the end temperature of the
l-inch plug at equilibrium was about 175° C. (Seep.
213.) The exit gas temperature for the l-inch plug may
be taken from curve a at x=2.5 cm. This value is
about 400° C. In view of the performance of the
l-inch pack, it may be inferred that the temperature
at which the mixture in the intake system can be
ignited is in the vicinity of 400° C., while the results
with the tial 3-inch model show that an exit gas
temperature of about 250° C. is certainly quite safe.

Retorning now to the original 3-inch plug, the condi-
tion of uniform wall temperature is realized only during
the tit few back fires.,when the plug is at room temper-
ature throughout. The cooling effect is then, of course,
considerably greater than for the case T== 165° C.
For comparison, the gaa temperatures corresponding
to Tu.-20° C. are given by curve b in Figure 7.

.
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Wall temperature a fraction of gas temperatureo—
For a plug of finite conductive@-, there will be in
general a temperature gradient in the direction of the
axis of tha plug when equilibrium is attained; the
magnitude of this gradient will depend on the con-
ductivity of the pack material. A pmticuhly simple
assumption for the wall temperature T., and one which
is likely to represent actual conditions satiactcrily,
is that its value at any point is a given fraction of the
excess of gas temperature over room temperature,
L e.—

Tm=n (T-TJ where l>n>O.

This value of To substituted in (1) gives, after integra-
tion and reduction,

or for the numerical values assumed here,

T=20[@+a’-=z-a‘7)
It is found that n = 0.44 gives a plug temperature of

about 90° C. at the exit end, which is approximately
the vahe measured in the prwent experiments h
Figure 7, curve c shows the gas temperature for this
case. The plug temperature curve (n= 0.44) is also
given. The average value of the plug temperature T=
is about 165° C. (330° F.); in fact the reason for
choosing the value T== 165° C. in the fit calculation
above was to make the average temperatures the same
in the two caw.

Linear Wall-temperatme gradient.-Changing the
value of n must alter the value of the average plug
temperature. h order to investigate the eflect of
other valuea of the gradient while pres~ a
reasonable bmis for comparison-the same value of
the average temperature, anothar case is considered,
in which lineur gradients me assumed. This should
also provide a good represautation of actual conditions.
Here we must take

9“ ‘m

where his half the W length of the plug and m is the
numerical value of the temperature gradient in Centi-
grade degrees per centimeter. This value of Tw de-
fined above, -when used in (1) gives after integration
and reduction

T= T=+ (T,– TJ 8—&+m[(NV+h) (1–e% –z] (8)

or, with the numerical values employed here,

T= 165+4358- +m[8(l –I@W–z] (9)

Choosing a value m=35 C.” cm-l make9 the tempera-
ture of the cold end of the plug about 20° C.; hence’

this is the steeped gradient which may be assumed
The corresponding gas temperatures are given by curve
d of Figure 7.

It is n6ted at once that the three gas temperature
curves, corresponding to widely different plug tem-
perature gradients-hence to diflerent values of the
conductivity-lie very close together. There results
the rather interesting conclusion that when equilibrium
has been attained, the.condu.cli~ of the ptie maitwid
ti of 81i@t importana in d&mnining tlw rate oj woling
of thagas.

DISCUSSION

The preceding considerations indicate the principal
conditions which must be satisfied in order to insure
the eflicient and positive action of a flame arrestor of
the type investigated.

Of prime importance is the J/D ratio of the individual
chamele, which must exceed a certain minimum value
in order that the gsses be sufficiently cooled. The exit
temperature of the gas as given, for example, by equa-
tion (4)-using the value of NV horn (3)—may be
written

T,- Tu+(Ti– TJ e
_ ~;

1which shows that ~ should be large if a low value of Td,’

the exit gas temperature, is to be attained. An upper
limit for this ratio is set by conditions of a practical
nature, especially by the necessity of keeping the air
resistance of the plug down to a permissible value, and
also in order to avoid a plug of excessive size and
weight.

As shown by the calculation on page 214, the rise in
temperature of the plug per explosion is very small.
The only effect of the heat capaci~ of the arrestor is to
determine the rate at which the equilibrium tempera-
ture is approached. The use of a plug of large thermal
capacity will therefore delay, but will not in itself
prevent, back-iiring. But the flame arrestor must be
able to withstand an indefinite number of explosions,
so that the magnitude of the thermal capacity of the
plug is of no concern.

The analysis shows that the thermal ccnduotivity
of the material of which the plug is made is also of little
consequence in determining the effectiveness of the
device. The plates should, of course, always be made
of metal, in order h insure adequate heat transfer
from the gss to the channel walls. Some of the cor-
rosion-resisting steel alloys now available would be
well adapted to this use.

CONCLUSIONS

It is concluded that a flame arrestor of the type
described can be made adequate to insure protection
against back iires at the expense of some loss of volu-
metric efficiency. This loss can be made small by
employing plugs of large cress section.
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The factor of first importance in detmnhing the
effectiveness of the arrestor ia the l/D ratio of the indi-
vidual paasages.

The masa of the plug and the thermal conductivity
of the material of which it is made are of secondary
importance.

LANGLEY Mmom.u hEONAmCAL LABORATORY,
NATIONAL ADvrsoRY Comarmm FOEAERONAUTICS,

LANGLEY FIELD,VA., October13,1931.
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