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A general investiyation info diffusion flames burning from o liguid susface at low pressure has been
rigirle, ar this type of problem ts relevant to the question of the persistence of fires tn aircrafi flying a¢ )
high altitudes.  The fuels used were isododecane and aviation kerosine, Temperatures vn the corbon- !
Jree parts of the flame und in the fuel were measured in variows sizes of burner.  The rate of consump-
tion of fuel was mensured and the effects of air velocity around ths flame and of air visiation were noted.
Kutdence was found of reciroulation within the vapour space of the flame. The minimum air velocitics
required to extinguish flames from the fuel surface ot low pressures were determsned in o I6 in.
dinmeter variable density wind tunnel.  The effect on the extinotion velocities of the fuel temperabure,
the presence of flameholders, and the presence of o metal plale above the flame wns investigaied, It
i concluded that the probulility of the persistence of fire in an aircrafi remains high up to 40 000 Je,
i piuch lesx al 50000 ft, ond may be negligible al 40000 ft. The probability of its persistence at
the higher altitudes may be greoter in a damaged aircraft.

Introduction

ExperiEncE has shown that fires can be initiated
and can persist in aircraft flying at aititudes up
to at least 20000 ft. Above this height flight
information is meagre and it is not known to
what extent the hazard diminishes at greater
altitudes. This investigation was made to obtain
some information on the persistence of fires at
high altitudes, and was in fact concerned with
the bchaviour of liquid surface diffusion flames
at low pressures.

Fires occur much more frequently in the
engine naceclle than in any other part of an
aircraft. This is due mainly to the proximity
of a pressurized fuel system to highly stressed
mechanical parts and’both thermal and electrical
ignition sources. On military aircraft, fires may
also result from incendiary attacks on the fuel
tanks.

Three modes of combustion can exist in an
engine fire, each supported by the cooling air
.that passes through the nacelle: a ‘spray’ fire,
supported by fuel escaping from a fractured
~pipeline; a ‘wick’ fire, burning from fuel
‘streaming over a hot metal surface; and a
»‘puddle’ fire established above the surface of a
‘pool of fuel. Flameholding in the airstream can
soccur in the wake of any of the obstructions

and protrusions that are incvitably present
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within a nacelle. In a damaged tank bay, the
spray fire that may exist momentarily following
a strike must pass over to a puddle fire burning
from the spilled fuel (unless the tank is destroyed
by a vapour-air explosion).

The experiments reported here are concerned
only with puddle fires, which were expected to
be the most difficult to extinguish on an aircraft.
It was assumed that a liquid surface diffusion
flame burning in the wake of a bluff body
represents the most stable mode of combustion
in this environment, but further testing is needed
to establish this point fully. An investigation of
combustion in spray fires and wick fires will be
reported later,

A considerable amount of work has been
reported on the effect of reduced pressure on
premixed flames and, more recently, on gaseous
diffusion flames, but there is little information
about diffusion flames burning from a liquid
surface under these conditions. G. N.
KHuupiskov' has reported an investigation into
liquid surface diffusion flames in which he
recorded flame temperatures, temperature pro-
files within the liquid, and gas composition
inside the flame, but the effect of reduced
pressure was not discussed. Measurements of
the fuel temperature and its rate of consumption
in large burners have been made by J. H.
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BurcoyNE and L. L. Karan?, and by D. J.
Raspasn, Z. W. Rocowskr and G. W, V.
Starx?. In the work reported here, measure-
ments were made of temperatures in the carbon-
free part of the flame, temperature profiles in
the liquid, the rate of consumption of fuel, and
flame dimensions, with respect to such variables
as pressure, burner diameter, air flow around
the burner, and vitiation index. In a second
series of experiments, measurements were made
of the minimum air velocity required to sweep
the flame from the fuel surface at low pressures,
The experiment was then repeated in the
presence of simple flameholders, and of a metal
plate above the fuel surface. The results
indicate some of the critical ambient conditions
for the persistence of flames at reduced pressures.

This study was primarily concerned with the
behaviour of flames at high altitudes, and many
of the resulis are therefore expressed in terms
of altitude. The pressures at which tests were
made, and the corresponding altitudes, are
indicated in Table . Graphs in the figures have
been scaled in both pressure and altitude.

Tabls 1. Pressures al which tests were made

Approximate pressure Altitude

aim it

050 18000
0-30 30000
0-19 40000
011 50000
07 80000
¢-04 70000

Effect of Reduced Pressure on Liquid Surface
Diffusion Flames

Apparatus and technique

The experiments were made in a cylindrical
decompression chamber of 200 ft* capacity
which could be pumped out to a low pressure
limit of about 0-04 atm, corresponding to an
altitude of 70000 ft. A window was fitted at
one end of the chamber and along its centre
axis, through which the flame could be seen
directly. A cathetomneter was placed in line
with this window to facilitate the accurate
alignment of the burncr. The burners used
were 28, 41, 66 and 96 mm in diameter, about
50 mm in depth and with a wall thickness of

Vol. &

1 mm. The burner was supplied with a laminar
airflow from a 16 em diameter tube, the air
being metered through a rotameter. The
arrangement of the burner and air supply is
iltustrated in Figure 1.
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Figure 1. Diagram of burner

During the course of an experiment it was
necessary to keep the fuel level with the rim of
the burner, and this was done by running io
mercury at the same rate as the fuel was con-
sumed, from a burctte located outside the
chamber., Mercury was used instead of fuel as
expericnce showed that bubbles formed in the
supply tubc when it contained fuel, which
caused troublesome splashing in the burner.

Temperature measurements were made with
a platinum/platinam-rhodium thermocouple,
which could be moved to any positton within
the flame or liquid by operating three handles
fixed outside the chamber, a complete turn of
any one handle resulting in a movement of 1 mm
along a cartesian coordinate.

Since kerosine is a mixture of hydrocarbons,
it seemed probable that fractionation of the fucl
would occur at low pressures, with a consequent
change in properties. For this reason most ol
the experiments were made with ssododecane
as the test fuel. Sufficient tests were made with
kerosine (DERD/2482) to show that differences
between the two fuels were only slight.

Effect of air flow on burning rale
The effect of air flow on the rate of consumption
of isododecane was studied using the 28, 41
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and 66 mm humncrs at the pressures shown in
Table 1. The maximum air flow uscd was
1001. fmin,  Considerable turbulence of the
flame occurred in this flow, which corresponded
to a lincar velocity of 80 cm/sec at 0-1 atm.
OCn the other hand, for very small air flows (e.g.
1to 51./min with the 66 mym burner) insufficient
oxygen was being supplied to maintain com-
bustion, and pgenerat vitiation of the chamber
atmosphcre then played a part in extinguishing
the flamc aftcr a certain time of burning.

In general it wos found that the rate of con-
sumption of fiel was independent of air flow
above a certain lower flow limit.  Flow rates
well above this limit were used in all subsequent
experiments.,

Temperature measurements in the flame

The procedure was to traverse a diameter of
the flame with the thermocouple from a position
10 or 20 mm outside the burner edge to a
corresponding position at the other side of the
burner.  Measurements  were  started at a
distancc of 1 mm above the hurner rim, and
the proccdure repeated at increasing distances
above the burner until the carbon zone was
reached. Measurements were then discontinued
becausc deposition of solid carbon particles on
the thermocouple made the temperature rcad-
ings inaccurate. In this way the temperature
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ficld in the carbon-free zone of the flame was
obtained using kerosine and isododecane in the
28 mm burncr at atmospheric pressure and at
all the pressures listed in Table 1.

Isothermals at 200°C intervals were then
drawn and superimposed on outline drawings of
the visible region of the flame that had been
copicd from photographs. The results obtained
from the two fuels were almost identical.
Measurements made in isododecane flames at
four pressures are shown in Figure 2.

During these experiments the mass air flow
was s0 adjusted that the linear flow around the
flame was roughly the same at the different
pressures.

Temperature measurements in the liguid
Temperatures below the liquid surface were
mcasured at 1 mm intervals in isododecane in
the four burners and over the pressure range
previcusly mentioned. 1t was found in practice
that the liquid quickly attained thermal equili-
brium, and also that the temperature gradient
at the edge was the same as in the centre.
Readings were taken in the centre down to the
depth where the temperature was constant,
which was uvsually at between 10 and 20 mm.
The results for thc 41 mm burner are typical
and are shown in Figure 3.
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Figure 3. Temperature profiles in isododacane, 41 mm

burncer

Rate of fuel consumption

This was measured by observing the volume of
mercury let in from the burette to replace the
fuel consumed in a given time, usually 5 or 10
minutes. Values were obtained from the four
burners at pressures down to 0-04 atm (70000
ft).
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Figure 4. Rate of consumplion of isododecanec

The results are plotted in Figure 4 on a log-
log scale. They show that the relationship
between the rate of consumption and the

pressure was approximately the same for each
burner, and can be expressed by Coc g,
where € denoctes consumption and $ the
pressure.

When the relationship between the rate of
copsumption and the radius of the burner, r,
was examined, it was found that af each pres-
sure the result was approximately the same:
the rate of consumption was proportional to »'*,

Effect of vitiation on burming rale

Vitiation experiments were made by measuring
the rate of consumption of fuel when the
incoming air was mixed with nitrogen iu
increasing proportions, the total gas flow being
kept constant. The fuel consumption Was found
to fall off rapidly with an increasing admixture
of nitrogen, until a point was reached wherc
the flame was extinguished. Using the 28 mm
burner, the limiting oxygen concentrations werc
found to vary between 125 per cent at (-5 atm
and I8 per ceat at 0-07 atm. For the largest
burner the corresponding values were 15 and 18
per cent. These results may be compared with
R. F. Simmons and H. G. WOLFHARD'S values
for liquid surfacc diffusion flames at atmos-
pheric pressure’. Their flames were burning
beneath an inverted sintered metal hemisphere.
The limiting oxygen concentrations for x-
hexane, n-octane and n-decane were all about
13-4 per cent.

Flame dimensions

The flame height was measured by means of a
scale fixed by the side of the flame. Results
for both fuels in the 25 mm burner arc shown
in Figure 5.

The height of the vapour space between the
top of the burner and the lowest visible part of
the flame was also measured. The resuvlts werc
the same for both fuels: the height varied
inverscly as the pressure, from 0-50 mm at
0-5 atm to 55 mm at 0-04 atm,

General character of the flame

A diffusion flarne burning from a liquid surface
is sirnilar in appearance to that of a gaseous fuel
burning from the top of a circular pipe, and
can be divided into threc distinct regions:

-1
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“{5) A vapour space directly above the liquid
f surface which includes a pyrolysis zone
) A blue reaction zone forming a sheath
around the flame at the base and extend-

ing well up its side

A carbon zone starting some way up and
inside the reaction zone and extending to
the top of the flame, this zone being
characterized by the emission of yellow or
orange light.
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Figure 5. Flame height, 28 wmm burney

In addition there is a thin sheath of weak blue
diation surrounding most of the flame. This
3s difficult to distinguish except near the base
s%ﬁéf the flame where it merges with the reaction
The flame is hollow, and may be either
#pen at the top, with the production of grey
foot particles, or closed, depending on the nature
wof the fuel and the size of the burner. In this
vestigation all the flames were open at the top
t pressures down to about 0-12 atm (see
Figure 5), In general, the effect of decrcasing
pressure was as follows:

a) The depth of the vapour space was
extended, i.e. the flame moved away from
the surface

The diameter of the reaction zone increased
until it was outside the edge of the burner
At pressures down to 0-1 atm the height of
the reaction zone increased and the lumin-
osity of the carbon zone was also extended.

Liquid surface diffusion flames azg

Below this pressure the top closed and the

flame height decreased rapidly at the
expense of the carbon zone.

At about 0-05 atm the flame changes its

general shape to become more of a hemisphere

than a cone, the carbon zone then being quite

Figure 6(a). isododscane
fame at 05 aim showing
condensate

Figure 6(b). isododecane
flame at @11 atm

Figure 6(c). isododecanc
flamo at ¢-04 atm

Figure 6(d). isododecane

flame at 011 aém in air

containing 162 per cent
oxyEen
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small. At the lowest pressures the carbon zone
contracted to a yellow patch within the reaction
zone,

The size of the flame was found to decrease
with increasing vitiation, the whole flame con-
tracting towards the centre of the burner, with
an increase in the depth of the vapour space,
The general shape of the flame remained the
same, but there was considerable diminution in
brightness with increasing vitiation, As the
limiting conditions for a low pressure vitiated
flamme were approached, the flame became a
small faintly-luminous cusp that tilted slowly
from side te side at some distance above the
burner.

Three photographs of flames burning at
different pressures, and one showing the effect
of vitiation, are shown in Figure 6. Outline
drawings of the flames can be seen in Figure 2,

Gas flow within the flame

The accidental use of a sample of ‘leaded’
isododecane in these experiments provided
interesting evidence of the gas flow within the
flarne. A white condensate, apparently solid,
was observed inside the vapour space of the
flame at pressures between 1-0 and 0-1 atm.
This can be seen in Figure 6{a), and is sketched
in Figure 7. The condensate formed a toroidal

Reaction
P Zonhe

Figure 7, Condensate flote pattern
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vortex which rolled slowly (as shown in
Figure 7) at about one revolution a second.
Small flocculent particles continuously formed
and attached themselves to the main stream,
made two or three revolutions, and finally
escaped up into the carbon zone of the flamne.
The condensation was most marked at about
0'4 atm, and then decreased with decreasing
pressure, though traces were sometimes seen af
0-07 atm. A small amount of the condensate
was collected on a probe for analysis. It was
found to contain a high proportion of lead.

Limiting Air Velocities for Liquid Surface
Diffusion Flames at Low Pressures

Apparatus and technique
The effect of airflow on low-pressure liquid-
surface diffusion flames was studied in a small
variable-density wind tunnel. This was con-
nected to the vacuum main of a very large
high-aititude test facility. The incoming air
passed through an orifice plate flowmeter and a
gatc valve into a cylindrical scttling tank.
From this it passed through a converging bell-
mouth section into a 16 in. diameter pipc. A
second gate valve controlled the flow into the
vacuum main. By suitable adjustment of the
two valves a wide range of airflows could be
obtained at pressures down to about 0:07 atm.

The 16 in. pipe formed the working scction
and was fitted with ohservation windows. An
aerofoil-scction model containing a tray of fuel

.
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‘was mounted at the axis of this pipe: this is
sshown in section in Iigure 8. The fuel tray was
8 in.x5 in. x 0-8 in. decp {12-7 cm x 127 cm

2:2 cm) and was surrounded by a cooling

cket. The model was supported in the tunnel
by two vertical tubes passing through the under-
gide. These legs were threaded and permitted
adjustment to be made to the height of the model.
gThcy also acted as conduits, for tubes supplying
‘fuel and coolant, and for the leads of a thermo-
scouple located } in. below the surface of the
fuel.

.« The velocity profile within the working section
W%waq examined by Pitot traverses and found to
: .ﬁibe very uniform. Checks with cotton tufts
@i showed that the airflow was substantially
laminar and free from any major turbulence.
Both kerosine (DERI)/2482) and isododecane
were tried as fucls, but no diffcrences in
behaviour could be detected.  There was little
evidence of fractionation of the kerosine and it
was therefore used for most of the experiments.

The fuel was drawn into the tray by reducing
he pressure in the tunnel. The surface was
then ignited in a small airflow with the aid of a
hydrogen pilot flame, which was then tumed off.
‘The pressurce in the tunnel was adjusted to the
desired valuc and the airflow gradually increased
at constant pressure until the flame was extin-
guished. The fuel temperature, working pressure,

" and flowmeter manometer were read at the time
- of Dblowout, and the test then repeated at
i/ different pressure levels. In cach test care was

=

# taken to. maintain the fuel surface level with
% the surface of the model,

- General naiure of the flame

¥ At low values of airflow the flame had the
¢ structure illustrated in Figure 9. It began near
the leading edge of the fucl tray and lay ncarly
. parallel to the surface of the model. It was
very luminous over most of its surface, except
for a blue rcaction zone near the edge of the
tray. A gap or vapour space cxisted between
this blue zone and the cdge, and the length of
the gap increased as the ambicnt pressure

" decreased, in the same manner as the corres-
pending zone described in relation to KFigure 5.
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Figure 9. Flame structure in a low airflow at 0-1 aim

As the air velocity was raised the front of
the flame became ragged; it then broke away
suddenly from the edge of the tray and was
extingnished. When obstructions to the airflow
were placed at the front of the fuel tray the
character of the flame was changed, particularly
at the higher air wvelocities required for
extinction. Recirculation over the fuel surface
occurred, and conditions were established
similar to those behind the flameholders of jet
and ramjet engines. The flame was then no
longer of the simple diffusion type, and the air
and fuel vapour were to some extent premixed.
The flame becamc more ragged, and less
luminous,

Effect of model nose length

Since the stability of a diffusion flame depends
very much on the conditions at its base (i.e. the
blue zone and vapour space at the leading edge
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of the laminar flame in Figure 9), it was thought
that the boundary layer thickoess might be
important. To test this poiat, the elliptical-
section nose of the model was made in three
different lengths, measuring 6, 12 and 26 in.
respectively from the leading edge to the front
of the fuel tray. The observed extinction
velocities for each nose at different pressures
are plotted in Figure 10, and it is evident that
within the experimental range studied the
boundary layer thickness is not an important
factor.
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The effect of plates at the frant of the fuel
tank (herosine)

At the low Reynolds number of the flow used
in this part of the investigation the boundary
layer would normally be laminar. An attempt
was made to find the effect of a turbulent
boundary layer by creating turbulence with a
20 s.w.g. wire stretched across the nose of the
model. The results indicated that a small
reduction in extinction velocity was produoced
in this way.

Figure 11,

Effect of obstructions
In the experiments reported above, measure-

R. Hirst and D. Sutton
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menfs were made of the air velocities needed
to sweep the flame off the liquid surface at
various pressures. 1he tests were now repeated
with simple obstructions located at the upstream
edge of the fuel tray. Metal plates, each the
full width of the tray, were arranged to project
% 4 #and 2in. (3-2, 6-4, 16 and 51 mm) above
the surface of the fuel. Limiting airflows were
determined at pressures downa to about 0-1 atm.
Figure 11 shows that the extinction velocities
increased with increasing height of projection
up to an optirrum size of plate, and then
decreased. This is understandable as the flame
was seen to burn from the top edge of the plate
down to the fuel surface, and obviously the heat
transfer becarne an important factor with the
taller platés, where part of the flame was a
considerable distance from the fuel surface.

The effect of obstructions in the form of
plates and rods in the centre of the fuel snrface
was also tried. It was found that the flame
burned in the wake of the obstructions after it
had been extinguished from the rest of the fuel
surface, With increased width of obstruction
the flame had higher wvalues of extinction
velocity for any given pressure.

Effect of metal plate above the fuel surface
The effect on the extinction wvelocities was
examined of bringing a horizontal metal plate
down above the fuel surface. The plate
measured 9 in. x 12 in. {22 cm x 31 cm) and was
placed at distances of §, §. 1, 1} and 2 in.
(1-3, 1-9, 2'5, 3-9 and 5-1 cm) above the model.
This had surprisingly little effect even when the
plate was only & in. from the fuel surface,
although in this case the nature of the flame
was radically changed: the flame bumed only
near the front of the fuel iray where the air
entered and was used up, and again bebind the
back of the plate where fresh air could be
obtained.

No other obstruction was present in these
tests, and when the experimental results were
plotted it was found that the curve drawn in
Figure 10 could be fitted to them, although the
scatter was slightly greater than that in the
figure.

=
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Effect of fuel temperature

In the normal tests the fucl was cooled by
forcing water through the cooling jacket, the
temperature of the bulk of the fuel being main-
" tained at between 30° and 40°C. The thermo-
© couple, which was § in. below the fuel surface,
was in the region of approximately constant
temperature found in the earlier experiments
(page 321). Tests were conducted at lower
: temperatures by pumping methanol at —70°C
¢ through the cooling jacket, the fuel temperature
; obtained with two different rates of flow of
. methanol being in the ranges ~6° to 0°C and
b 2° to B"C. The tests were made with the } jn.
: obstruction at the front edge of the tank as this
. had Dbeen found to give the most reproducible
: results in the previous experiments.

The cffect on extinction velocity was found to
be negligible except at pressures below about
0-4 atm. At 0-2 atm (30000 ft) the limiting
i velocities were these: fuel temperature 37° to
- 40°C, 12 ft/scc; 2° to 8°C, 8 ft/sec; —8° to
0°C, 4 ft/sec (3-7, 2-4 and 1-2 m/scc respec-
tively). A further experiment conducted with-
. out any cooling, when the final fuel tempera-
: turcs were between 55° and 70°C, again showed
little change in extinction velocities, except at
the lowcest pressures.

Discussion

Simple diffusion flames

The temperature measurements made in the
simple diffusion flames were not corrected for
radiation and’ conduction losscs and should
- therefore be regarded as purely relative, the true
temperature in the hottest part of the flame
-being possibly about 200°C higher than those
given., They correspond closely to similarly
uncorrected measurements in a candle flame
. reported by A. G. Gaypon and H. G. WoLF-
& HARD®, The effect of lowering pressure was to
¢ reduce the temperature gradients, but the maxi-
mum temperature was not greatly affected.
+ The presence of the thermocouple appeared to
. make little difference to the flame except at
Z 0-04 atm, when the whole flame tilted away
¢ from the incoming probe. The flames became
wery unstable at pressures below 004 atm,
hich appeared to be ncar the limiting pressure
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for these flames. Unfortunately the apparatus
was incapable of producing sufficiently low
pressures to prove this point.

Temperature measurements in various liquid
fuels burning at atmospheric pressure have
heen made by G. N. KHyuprakov'. He found an
cxponential fall in temperature with depth
below the surface. Assuming that heat
penetrates the liquid by conduction alome, the
heat conduction equation when thermal equili-
brium has been attained is of the form

&7 BRI
P M

where A, ¢, « and R are the thermal con-
ductivity, hecat capacity, specific gravity and
rate of burning of the liquid respectively, and
T is the temperature at distance x below the
surface. The solution of this equation is of the
form

A 0

(T— T} = (Tee— To) exp (~ B)

where B=coRfA, T,. is the temperature at
the surface, and 7T, is the temperature in the
bulk of the liquid. A graph of In(T-T,)
against x should therefore be a straight line.
Plots of the results in the present investigation
showed that the relationship was indeed linear,
except for a region near the surface of the fuel.
This disparity near the surface was due to a
convection layer in the liquid, which is reflected
in the shape of the temperature profiles in
Figure 3. The movement in this convection
layer could be observed through the window
by watching the schlieren pattern in the liquid.
The layer was most marked in the 28 mm
burner at pressures between 0-5 and 0-1 atm,
heing about 5 mm deep. Very little convection
was scen at other pressures, and at atmospheric
pressure the layer was too thin to have been
detected in Khudiakov’'s experiments. The
layer was thinner in the larger burpers, the
maximum observed depth in the 86 mm burner
being about 2 mm.

The rate of consumption of fuel over the
range of pressures was found to be proportional
to »*. This means that the evaporation of
fuel lies hetween the two extremes of:

(1) cvaporation from the perimeter of the
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burner only, when the rate of consumption
would be proportional to 7, and

(2) evaporation equally from the whole liquid
surface, when the rate of consmmption
would be proportional to 73,

This is a reasonable result and implies that
the rate of evaporation at the edge of the burner,
adjacent to the hot rcaction zone, is higher than
at the centre. There was some indication from
the experimental results that the rate of con-
sumption became more nearly proportional to 7
for the larger burners. V. I. Brmov and
G. N. Kuvpiaxov4, and W. L. TFons’, have
already reported that the burning velocity of a
number of liquid fuels decreases with increasing
burner diameter up to about 5 in. 1t then
increases with increasing diameter up to about
40 in., and finally becomes independent of
diameter in larger bumners.

The flames illustrated in Figure 6 arc
markedly similar to those already reported for
gaseous diffusion flames on circular tubes. The
reduction of the carbon zone at reduced pres-
sure, and its final withdrawal to within the
reaction zone has been illustrated for an
acetylene—air flame by A. G. Gaypon and
H. G. WorrHARD®. The flames of Figures 6{a)
and (b) are similar to the ‘laminar diffusion
flames’ described by J. Barr®. Figures 6(c)
and (d) bear a close rescmblance to the illus-
trations of vitiated flames in a paper by B. P.
MurLns’®. Barr's flames show the cffect of
different air and_fuel flow rates, Mulling’s the
cffect of vitiation, and Gaydon and Wolfhard's
the effect of pressure. In the present work both
pressurce and the degree of vitiation were varied,
but the fuel flow rate varied with them (as was
shown by variations in the rate of fucl consump-
tion), A. G. Gaypon and H. G. Worrrarp!?
have already pointed out this similarity that
exists between the effects of pressurc and
vitiation on a diffusion flame.

The observation of an indication of the move-
ment of fuel vapour within the flame has not
been previously reported.  The laminar flow
that has previously been assumed in this zone is
incorrect, at least for flames burning in the
conditions reported here, and the actnal transit
time of the molecnles in this zone may be many
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times greater than has been calculated on this
basis. The toroidal movement is probably a
result of the steeper temperature gradients, and
hence flow velocities, near the edge of the
burner. It is reflected in the displacement
toward the centre of some of the isothermals in
Figure 2. These flow conditions are in confrast
to those existing in a gaseous diffusion flame,
where the highest velocity is at the centre of
the burner. Particle track studies in gaseous
diffusion flames have in fact revealed no
evidence of circuitous movement}? (although
A. LEvy and I'. J. WEINBERG' did observe the
presence of a toroidal vortex, but this was
located outside the edge of a flat flame burner).

Flame in atystreams

The extinction velocities in the absence of any
obstruction were found to be quite small, 15
ft/sec being sufficient to sweep the flame off the
sutface at pressurcs a little below atmospheric.
A higher value was obtained by G, PALMER™
in a full-scale test at atmospheric pressure. He
found that a petrol fire could not persist on the
surface of an aircraft wing in air flows-above
about 25 ft/sec. The difference between these
results is explained hy Palmer’s observation that
some flameholding occurred at the trailing edge
of the wing.

It was found that at lower pressures the flame
was even easier to dislodge, and as the limiting
pressures for these flames were approached,
the extinction velocity diminished rapidly. Thus
at pressures of 0-1 atm or less {corresponding
to altitudes of more than 50 000 {t) the extinction
velocity was less than 2 ft/scc.

The presence of obstructions had a marked
effect on the extinction velocities, a projection
only } in. high being sufficicnt to double the
values previously obtained in its absence. St
greater increases were observed with higher
obstructions. The flamcholding properties of
these simple obstructions were so marked that
it was not considered necessary to make more
vlahorate experiments with many varied shapes,

The cffect of varying the length of the fuel
tray was not examined in thesc experiments,
and this could have influenced the stability of
the flame. Recirculation over the fuel surface
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would create some degree of premixing in the
wake of the flameholder, and the stability of the
flame would be affected by the compasition of
the mixture. The proportion of fuel vapour
would be dependent on the length of travel of
the reversed airflow over the fuel surface.
Hence the length of the fucl tray would affect
the mixture ratio and therefore the persistence
of the flame.

The length of the recirculation zone behing a
simple gutter baffle has been measured by J. P.

: Longwrrr'®, and it was found to be between
& 4 and 5 bafflc heights for both 1 in. and 2} in.

gutters. These results were obtained in a pre-

¢ mixed gas stream, but the length of the recir-
# culation zones in the present experiments might
¢ be expected to show a similar relationship to

the baffle height. Hence a § in. tray should
contain the whole of the recirculation zone
existing behind a 1 in. plate. It has rccently
been shown?®® that this assumption is correct:
liquid surface diffusion flames burning in a
similar wind funnel at atmospheric pressure
were found to have maximum stability behind

. a 1 in. baffle when the tray length was between

4 and 6 in. Thus the choice of tray length in
these experiments was correct for baffles up to
about 1 in. high, but it is possible that a longer

. tray might have resulted in higher extinction

velocitics for the 2 in. plate.
At pressures above about 0-4 atm the tem-
perature of the bulk of the fuel had no

- measurable effect on the extinction velocities,
. but at lower pressures the increased abstraction

of heat from the surface layers of the chilled
fuel was sufficicnt to decrease the extinction
velocitics, presumahly by decreasing the rate of
fuel vaporization. The depth of fuel in these

3 experiments was 0-8 in., well in excess of the

depth of steep temperature gradicnts shown in
Figure 3. The conditions did not therefore

it cover the case of a relatively thin layer of fuel

on a metal surface at low temperature, as might
well occur in an aircraft,

Conclusions

The greatly enhanced stability of flames
anchored to simple obstructions as small as } ip.
high scrves to emphasize the importance of the

Liquid surface diffusion flames

329

cffect of flarneholders on the aircraft fire bazard.,
If it was possible to make an aerodynamically
clean npacelle, the limiting conditions for the
persistence of flight fires would be narrowed,
and the fire protection problem greatly simpli-
fied. (The reduction in the quantity of chemical
extinguishant required in such conditions has
been demonstrated by C. A. HuGEEs in a
number of trials in modified engine nacelles'?.)

This work has shown quite definitely that it
is possible for aircraft fuel to burn at altitudes
up to 70000 ft. The maximum temperatures
in the reaction zone of the flame change very
little with increasing altitude, and the flame
still remains a dangercus source of heat even
at the highest altitudes studied. However, as
the altitude increases, the flame becomes more
susceptible to the effects of vitiation and cooling,
and at 70000 ft it is unstable and readily
cxtinguished. The conditions in an aircraft arc
not as favourable as those in the laboratory and
the persistence of fire at this altitude is thercfore
improbable.

At pressures corresponding to 20 000 ft the
laboratory flames were very stable and persisted
in quite fast airstreams provided that some
obstruction was present to act as a flameholder.
At this altitude too we know from operational
experience that fire can be readily started and
will persist in an aircraft. The reason no doubt
Yes in the wide variation of conditions that a
flame will tolerate at this pressure and in the
fact that an aircraft structure can provide the
necessary obstructions for flameholding.

Between the altitudes of 20000 and 70 000 ft
thercfore, the probability that fire will persist
declines from a bigh value to almost nil, and
an important question is the way in which this
change takes place. The laboratory tests
indicate that the cxinction velocity falls pro-
gressively as the pressure is reduced, but this
is not necessarlly the most important change
affecting the persistence of the flame at low
pressures, Air vitiation by the products of
combustion, and the reduction of fuel volatility
at low temperatures, bave both been shown to
have an enhanced quenching effect at low
pressures. Hence the probability that a fire will
persist in an aircraft must diminish more rapidly
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at higher altitudes than the laboratory results
suggest.

On the basis of this argument, we suggest
that in an aircraft the probability of the persist-
ence of fire remains high up to say 40000 ft
and then begins to decline sharply. Thus it
may be much less at 50 000 ft and negligible at
60 000 ft.

However, it has been pointed out*® that there
are two practical conditions which may favour
the persistence of flames at high altitudes. Ram
air entering a nacelle or a damaged wing may
create local high pressure regions. The same
effect can be produced by air leaking from a jet
engine compressor, or from pressurizing air
ducts. Small localized flames might therefore

persist at altitudes unfavourable to a large fire.

In the absence of any data it is difficult to say to
what extent this should influence the argument
given above, but as the normal flow of cooling
air through a nacelle creates little change in
pressure, the conclusion would appear to be
valid for an undamaged aircraft.
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