Unsteady Burning Rates of Small Pool Fires
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ABSTRACT

This paper experimentally and theoretically shows why experiment on small pool fires yield
different burning rates. Small pool fire tests were carried out to examine the effect of fuel
temperature and tank temperature on the burning rate during unsteady combustion. In these
experiments, the fuel level in the tank was not controlled. It was found that : 1.) there are three
processes associated with the fuel temperature change ; 2.) the three processes are called
preheating, transition and boiling ; 3.) the burning rates of heptane and kerosene depend on the
fuel temperature and they increase their burning rates about 60% and 30% respectively as the
three processes are traversed ; 4.) methanol did not change its burning rate. Finally, the reason
for various burning rate changes of small pool fires are clearly explained by the calculation of
fuel evaporation using measured burning rates and fuel temperatures.
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INTRODUCTION

For many years, fire researchers [1] ~ [13] have been studying the burning rate, flame height
and radiated heat from flames of pool fires. The burning rate is one of the most important
characteristics of pool fires. But burning rates, measured using the same fuel and tank diameter,
often differ from one another [6] . The reason for this observed difference in burning rate is
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not clear at present.

In this paper, burning rates measured during unsteady combustion of small pool fires using
three different fuels are discussed. Unsteady combustion is obtained by a batch test in which the
fuel level in the tank decreases after ignition. The burning rates, the fuel temperature, and the
tank temperature were measured for three different fuels. From the results, three processes in the
unsteady combustion of pool fires were defined using the fuel temperature curves. The three
processes are called preheating, transition and boiling. The heptane and kerosene flames increased
their burning rates about 60% and 30% respectively when burning rates during preheating and
boiling are compared. On the other hand, the methanol flame showed a constant burning rate.
One reason for this different trend in burning rate is explained by using the fuel temperature, the
tank temperature and the heat of evaporation of each fuel.

EXPERIMENT
Ventilation
The experimental setup is shown in Fig. 1. A (very slow
ventilation)

small stainless steel tank of 50.5 mm inside [Personal Flame
diameter, depth 11 mm and wall thickness 0.6 Computer Thermo /\ Tank

mm was used for the pool fire tests. A slate zera7p
plate with thickness 6.2 mm was inserted

between the tank and an electric balance. Flectronic

Heptane, kerosene, and methanol were used as | Thermometer
P ’ ’ Electrobalance ~ Slate Plate

test fuels. Important fuel properties [14] for

the three fuels are listed in Table 1. Fig.1 Schematic Experimental Arrengement
At the start of an experiment, fuel was fed . for Small Pool Flames

into the tank so as to make the burner freeboard

height almost zero. After ignition, the methanol

fire produced a blue flame and the other fires Table 1 Fuel Properties [6] , [14]

had yellow flames as commonly observed. The Heptane | Methanol | Kerosene
ming rate (ma te) was measured b Heat of
burning rate  (mass loss rate) UIeEDY  Combustion | 41.3 205 411
the electric balance. Tank temperature was MJ/kg)
measured by a chromel-alumel thermocouple (ll)(egr;;:?; 675 796 820
made of 0.1 mm wire diameter that was divided  Boiling Point a
. . X) 372 338 523
into two lines and welded separately at two Hoatof
cat O
points near the top edge of the tank. The distance ~ Evaporation 316 1100 1992
kJ/k
between the chromel and alumel to tank P ¢ £ &)
pecific Heat 213 3.46 285

junctions was almost the same as the tank (kI/kg/K)

diameter. Thus we could measure the tank a: Estimated value
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temperature. Fuel temperature was measured by a chromel-alumel thermocouple covered by a
stainless steel pipe of 1.5 mm diameter. This thermocouple was inserted through the side of the
tank into its center with the thermocouple at a height of about 1 mm from the tank bottom.

EXPERIMENTAL RESULTS

300 T —0.025
Results for Heptane Heptane(Scm Tank)
250 ¢ '
i Burning Rate 1 0.020 «
Heptane fuel and tank ©,,, ' I g
temperatures histories after : : 10.015 2
ignition are shown in Fig.2. £150F / oo Tank Temp. __. ] 2
= : Preheating _ ¢ P : 4 C‘é
The fuel temperature curve g ! Process uel Temp, -0.010 &
s . £ 100 sl | - =
shows three distinct regions e i =
where the temperature 4 : i Ho.00s
R i 50] {_ Transion __}  Boiling |
gradient is different, if the = Process T Process
regions just after ignition and Obn i s b bl Ldg
0 50 100 150 200 250 300 350 400

just before the end of Time s

combustion are omitted. The Fig.2 Experimental Results of Heptane

first one starts about 30

seconds after ignition and ends at about 120 seconds. In this region the temperature gradient is
almost constant (linear temperature rise) . The second region starts at about 120 seconds and
ends at about 250 seconds where the temperature gradient gradually becomes small and finally
reaches zero. The third region starts at about 250 seconds and ends when the fuel in the tank
burns out. In this region the temperature gradient is zero and the measured temperature is almost
equal to the boiling point of the fuel used (99 C) . These three regions can be called preheating,
transition and boiling processes respectively as shown in Fig.2.

To check temperature distribution in the fuel, one additional thermocouple of 1.5 mm diameter
was inserted at the location of Smm from the tank wall and 1 mm from the tank bottom. It was
found that fuel temperature near the wall was higher than that of the center. Maximum temperature
difference was 10 ‘C and distinct temperature difference appeared only in the preheating process.
Significant temperature difference was not observed in the transition and boiling processes.
This means that measured fuel temperature near the center and bottom of the tank was the
lowest temperature in the tank fuel.

To check temperature distribution at the fuel tank, two additional thermocouples of 0.1 mm
diameter were welded at the middle and bottom of the side wall of the tank. It was found that the
top of the tank always shows the maximum temperature, and there is significant temperature
difference between the top and bottom of the tank. Mean temperature difference was 30 ‘C. This
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means that the measured tank temperature near the tank top was the highest temperature of the
tank.

In this paper, the boundaries of each region are obtained by drawing two straight lines on the
fuel temperature curve, one for the preheating and one for the boiling process because the
temperature gradients for these two processes are almost constant. The first boundary, between
preheating and transition, is located where the fuel temperature curve departs from the straight
line of the preheating process. The second boundary, between transition and boiling, is located
where the fuel temperature curve reaches the straight line for the boiling process, or the boiling
point of the fuel.

The high fuel temperature recorded after 350 seconds in Fig.2 is due to the effect of flame
approaching the thermocouples. Similar results are obtained for other fuels. Fuel temperature
data higher than the boiling point of the fuel are omitted in the following calculations.

Burning (mass loss) rate history is also shown in Fig.2. The burning rate increases rapidly just
after ignition and becomes constant at 0.014kg/s/m? during the preheating process - from 30 to
120 seconds after ignition. The burning rate in the transition process increases gradually and
reaches a final constant value. The burning rate during the boiling process keeps a constant value
of about 0.023kg/s/m? The burning rate in the boiling process is about 1.64 times that of the
preheating process.

Results for Methanol

Methanol fuel and tank temperature changes after ignition are shown in Fig.3. Using the above
mentioned technique, three distinct regions similar to the heptane results can be defined. The
preheating process starts at about 30 seconds after ignition and ends at about 120 seconds. Here
the temperature gradient is almost

linear. The transition process starts > CF yohano] (5cm Tank) T T 0020
at about 120 seconds and ends at 250F | i {  BumingRate
1 N
about 220 seconds where the 00158
. £200 E]
temperature gradient gradually -
becomes small and finally reaches £ 150F| {preheating | Transiion | : 0.010 i;
. g _Process | process | :
zero. The boiling process (b.p. 65 g SR ah
q £100 E
C) starts from about 220 seconds 2 ) 5 0.005 5
and ends at about 500 seconds. 50 Bolling 1
Burning rate changes are also N b b Proees 4 0
shown in Fig.3. The burning rate 0 100 200 Tinigo 4800 500 600

increases rapidly just after ignition

Fig.3 Experimental Results of Methanol
to a constant value of about
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0.015kg/s/m? for each of the three
processes. The distinct burning rate

changes observed for heptane do not 0.015E
appear in the results for methanol. e
0.010 §

[

g

Results for Kerosene £
0.0052

i Transition

Kerosene fuel and tank temperature | Piheati®® | process | DollingProcess
. . e S PP FerOU PPV O P PP O PO PO PV PP 0

changes after ignition are shown in 0 100 200 300 400 500 600 700

Fig.4. There is no distinct boiling Time s

process in Fig.4. This is because Fig.4 Experimental Results of of Kerosene

kerosene is a compound fuel and light

substances with low boiling temperature tend to vaporize early. As a result of the successive
boil-off of the lighter fractions, the residual kerosene in the tank has a higher boiling temperature
than that of fresh kerosene. Fortunately, a straight line can be drawn in the region corresponding
to the boiling process in Fig.4. Thus the three regions could be defined. The preheating process
starts about 50 seconds after ignition and ends at about 180 seconds. The transition process
starts at about 180 seconds and ends at about 340 seconds. The boiling process starts at about
340 seconds and ends at about 650 seconds. The temperature gradients of all three processes are
almost linear. The temperature gradient for preheating is the largest and the one for the boiling
process is the smallest. Burning rate changes are also shown in Fig.4. The burning rate increases
rapidly just after ignition, like the other fuels, and becomes a constant value of 0.011kg/s/m?
during the preheating process. The burning rate in the transition process increases gradually and
reaches a final, constant value. The burning rate in the boiling process has a value of about
0.014kg/s/m?. The burning rate in the boiling process is about 1.27 times that of the preheating
process. This increase is not marked, compared with that of heptane shown in Fig.2.

DISCUSSION

Heat Flows in the Fuel Layers

It is important to clarify the heat flows near the fuel surface because burning velocity of a pool
fire strongly depends on these heat flows. Major heat flows near the fuel surface are shown in
Fig.5. There is a so called "vaporizing layer" at the top of fuel layer. Vaporizing layer is usually

considered as very thin layer and fuel temperature is equal to the boiling point. In Fig.5, a
certain thickness is given to represent the vaporizing layer. In Fig.5, flame front, recirculation
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zone for the combustion gas side, vortexes

/ Ceq\er
formed by natural convection of fuel and vertical Flane Line

temperature profile are also illustrated to

understand pool fire phenomena by referring and Q
cond rer
considering the results of a few researchers = §g {
. . Vaporizi
[9,11,13] . Under the vaporizing layer, there is apof?y‘g
a preheating layer where fuel temperature varies P 'ehia;;';gr

=~ (O
1
Y
Convection
| . cvf

exponentially. Under these two layers, there is Q éfi
0ss
a "bottom" fuel layer where fuel temperature Q'
) ] T condd  Tr A
usually dose not vary in the vertical direction, L —4
.. \Fuel Tank Fuel Temperature
namely it is almost constant. Distribution

Heat balances for these layers must be  Fig.5 Major Heat Flows near Fuel Surface
considered in turn. The heat balance for the
vaporizing and preheating layer is expressed by equation (1) [9,11,13] .

de+Qconv+Qcond=quel+Qrer+Qnef+chf ( 1 )

Major heat gain terms in equation (1) are radiation from the flame, Q ., convection due to

rad’

and conduction from the tank wall, Q

cond”

combustion gas, Q Major heat loss terms in equation

conv’
(1) are the total heat needed for fuel vaporization, Q, , radiation from the fuel surface to the
surroundings, Q_, reflection of a portion of Q_ @ Q,.,» and fuel convection that carries heat to the
bottom fuel layer, Q_.

The total heat needed for fuel vaporization, Q, , is expressed by equation (2) [9,11,13] .
quel=Q1+Q2=Wfopm (T, Ty +w, A H, @)

where Q =w.C
temperature, T,; (K) , to the boiling point, T, (K) , w, is the mass burning (mass loss) rate

o (T,-T,) is the heat needed to increase the fuel temperature from its initial
(kg/s) , and Cfpm is the mean specific heat of the fuel between T, and T,. Q, (=w, A H,) is the
heat needed to vaporize the fuel, and A H_ is the heat of evaporation of the fuel (kJ/kg) .
The heat balance for the bottom fuel layer is expressed by equation (3) .

mflepm (Tfl -Ti) =Qpr+chf+Q'cond (3)
where m, is residual mass of fuel in the bottom fuel layer, Cfpm is the mean specific heat of the
fuel. T, and T, are fuel temperature. Heat input terms in equation (3) and shown in Fig. 8 are

flame radiation that passes the vaporizing and preheating layer, Q,, fuel convection, Q_  and
conduction from the bottom tank wall, Q' . Since there is no major heat loss term, the bottom
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fuel layer will be warmed up by the three heat input terms. We should also notice that the bottom
fuel layer exchanges heat with the vaporizing and preheating layer through only Q_ . This means
that if there is no distinct fuel convection, there is no direct heat exchange between the bottom
fuel layer and the vaporizing and preheating layer.

Consideration in the Heat Balance Equation

To find out reasons for unsteady burning rates, a few assumptions must be made and all
experimental data must be used for this purpose.

From tank temperature curves in Figs. 2, 3 and 4, it is found that rates of tank temperature
increase at the preheating, transition and boiling processes are almost constant. Namely, the
mean rate of increase for heptane is about 0.31°C/s, that for methanol is about 0.16°C/s and that
for kerosene is about 0.29°C/s. These increase rates of the tank temperature are also depends on

heat gain terms Q_,, Q_and Qcond for the vaporizing and preheating layer in equation (1) .

conv

From these experimental results, it can be considered that equation (1) is nearly constant, namely
Qi *Qu*Quni= * ° * = const..

On the other hand, Q,, is the largest heat term among heat loss terms in heat balance equation
(1) and greater than 10W. Other terms Q_ and Q. are not so large because the emissivity of fuel
liquid surface is usually grater than 0.9 and fuel surface temperature is equal to the boiling point.
Q. and Q_, are a few W at the largest. Q __and Q_, can be neglected because they are small
compared with Q, , and they are considered as almost constant values. Last term Q_ depends
on a scale of fuel convection. If a scale of fuel convection is large, Q_ reduce a burning rate
remarkably. Fortunately, Q_, can be neglected because there was no remarkable reduction of the
burning rate in this experiment.

Finally, equation to be considered is obtained from equation (1) and (2) . Thatis to say,

Qu.=¥C, . (T,-Ty) +w A H, = const. 4)

f~fpm
In equation (4) , experimental data for w, and T,, shown in the Figs. from 2 to 4, were used in
the following calculations. Other fuel properties were mainly extracted from Table 1.
Evaporation Heat Change of Heptane
The calculated total heat for evaporation, Q. and of preheating heat, Q, are shown in Fig.6.

From Fig.6, Q, , stays at an almost constant value of around 13W. On the other hand, Q, has a
peak at between 10 and 30 seconds after ignition and gradually decreases because T, starts to
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rise toward the boiling point, T,. In the

40
preheating process, between 30 and 70 g
seconds after the ignition, the maximum 2
Q, is 30% of Q.. This percentage
gradually decreases to 0 because T,

20

becomes equal to T, at the onset of
boiling. Extra fuel can be vaporized
because of the decreasing preheating 10

requirement, Q,, and because Q,, is

Heat for Preheating & Evaporation

almost constant. This is one reason for 0
the increased burning rate of heptane

during the boiling process. The ordinate

in Fig.6 has the same scale as Figs.7 and

8 for easy comparison.

w

Evaporation Heat Change of
Methanol

Q,,, 2nd Q, are shown in Fig.7. As with
heptane, the total heat for evaporation is
almost constant across the three processes.

Heat for Preheating & Evaporation

A big difference is seen in the magnitude of
quel‘ The Q,, of methanol is around 34W,
2.6 times bigger than that of heptane. In the
preheating process, the maximum Q, is only
10% of Q, . As a result, Q. is not greatly
different with or without Q, subtracted. This is
one reason the burning rate of methanol did not
show a distinct change.

Evaporation Heat Change of Kerosene

As mentioned above, kerosene changes it's
properties such as T,, A H, and so on, because
kerosene is a compound fuel. Q, , and Q, for
kerosene, obtained by using fixed kerosene

T J
Heptane (S5cm Tank

T T T T L

Total Heat for Evapor%ltion E
Qfuel

0 100 200 300
Time s
Fig.6 Evaporation Heat of Heptane
40 1 1 Ll 1,
i Total Heat for Evaporation 1
o Qfyel E
30 F ' j 3
204 | : o
+ Heat for Evaporation :
E Q@ i 3
| E
Methanol 1
r“‘, (5cm Tank)
0 b . : /AT P T PN |
0 100 200 300 400 500 600

Time N

Fig.7 Evaporation Heat of Methanol

N
(=]

A\

; K:erosene (S5cm Tank):

Heat for Preheating & Evaporation

¥ Heat for Preheating' |

AR i b i il b i ik ki i i e b |

Total Heat for Evaporation

/ Qfuel

Q P

l; ¢Q1| .:l I} 1 EI 1 1 [

ol : huud
0 100 200 300 400 500 600 700

Time s

Fig.8 Evaporation Heat of Kerosene
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properties, are in Table 1 and shown in Fig.8. The following discussion, of necessity, contains a

lot of estimation. From Fig.8, Q, ,

and transition processes. Q, has a peak value of around 12W at around 50 seconds after ignition

shows an almost constant value of around 14W in the preheating

and gradually decreases, as the other fuels do, because T, starts to rise toward T,. Q, is a larger
percentage of Q, , than for the other fuels. The large value for Q, is due to the high mean boiling
point (T,=523K) compared to the other fuels. Thus, we can imagine that, in a kerosene fire,
almost all the heat is consumed in preheating fuel. If we could use more correct properties for
kerosene, such as T, and A H, for the boiling process, the curve of total heat for evaporation
might become more flat throughout the boiling process as that of heptane is.

Heat for preheating in Fig.8 gradually decrease and becomes O in the middle of boiling process
where T, reaches T,. Thus extra fuel can be vaporized according to the decreased heat of Q, if
Q,,., 1s almost constant with a value around 14W. This may be one reason for the increased
burning rate of kerosene just like heptane.

Introduction of Maximum Burning Rate Ratio

The above discussion, suggests the concept of a maximum burning rate ratio that will serve to
estimate the increased burning rate of various fuels. For any liquid fuel at room temperature,
maximum and minimum burning rates can be obtained from the equation (1) . Namely, if T, is
equal to T, in equation (1) , the maximum burning rate, W, ..» can be obtained. In like manner,
putting room temperature (T =298K) into T,, a minimum burning rate, wfmin, can be obtained.
Assuming the total heat for evaporation (Q,) is constant, the following equation (5) for
maximum burning rate

ratio, MBRR | for short, is 20

introduced "7 Bemb Fe——O0ther Fucls— b
) = ~-——— Alcohol——#=
g 1.8 H CyoHs
MB _ " [ x :Measured Value T
RR =W i ™ i ° x*: Yumoto (1) CoH 12
=Cfpm (T,-T) / A Hxl S 16 1
(5) § CgHio
TN CHia
g 14 /;/ .
MBRR s for various fuels 3 §/ Toluene
. . E 12
are shown in Fig.9. From E 12 Benzene ‘
. . T T
Fig.9, MBRR s for alcohols é Cyclopentane © ;5"’ ngK
. 0=
and other fuels tend to 10 . . | i . ) ) ' .
become large when the 12 3 4 5 6 7 8 9 10 11

Number of Carbon Atoms in Fuel

ber of at in the fuel
number of atoms 1n the fue Fig.9 Maximum Burning Rate Ratio of Various Fuels

increase. Experimental
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results for heptane and methanol are shown by cross marks on Fig.9.

The MBRR| for heptane is 1.56 which is almost equal to the experimental value. The MBRR
for methanol is 1.08 which is also almost equal to the experimental value of 1. The MBRR for
kerosene is 4.22 if we use fuel properties shown in Table 1. Application of the MBRR concept
to compound fuels like kerosene should be reconsidered, depending on the outcome of future
work.

Recently additional experiments for ethanol and benzene were done by the author. The MBRR|
for benzene is 1.26 but, due to its relatively high burning velocity and severe flame radiation, a
stable burning rate during the preheating process could not be defined and observed. Thus, the
experimental result for ethanol only is shown by a cross mark on Fig.9.

The MBRR| for hexane is 1.33. Yumoto [11] did a hexane pool fire experiment by using a
Pyrex glass tank with 3 cm diameter and 6cm depth. He observed two stable burning rates, 0.02
and 0.016 kg/s/m? during the preheating process. He concluded that the smaller burning rate was
affected by convection of the fuel in the tank. The Maximum burning rate during the boiling
process was 0.027 kg/s/m? The measured MBRR without convection effect for hexane is 1.35.
It is plotted by cross with a star (x*) mark in Fig.9.

CONCLUSIONS

Burning rates, fuel temperatures and tank temperatures of small heptane, methanol and kerosene
pool fires were measured during unsteady combustion. Experimental results and the above
discussion allow the following conclusions :

1. Three major processes, so called preheating, transition and boiling processes, were found
from the fuel temperature change curves of small pool fires during unsteady combustion.

2. Burning rates of heptane and kerosene increase when fuel and tank temperatures go up. The
burning rates for heptane during the boiling process is about 1.64 as much as those during the
preheating process. It is 1.3 times as much for kerosene.

3. Preheating, transition and boiling processes were easily found from the fuel temperature change
curves of the methanol pool fire. Nevertheless methanol does not show a distinct increase of
burning rate.

4. The reason for various burning rate changes of small pool fires are clearly explained by the
calculation of fuel evaporation using measured burning rates and fuel temperatures. Heptane
and kerosene fires change their burning rates because both evaporation heats and preheating
heat are not large. The evaporation heat of methanol is the largest and it is about three or five
times bigger than that of heptane and kerosene. This is one of the reasons for the constant burning
rate of methanol.

5. From the above discussion, the concept of maximum burning rate ratio (MBRR,) is introduced
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to explain the burning rate change of various fuels. MBRR becomes larger as the number of
carbon atoms in fuel increases.

Finally, the above mentioned phenomena will happen when the heat supply by convection and
conduction is not small compared with that supplied by radiation. In medium and large size pool
fires, sufficient heat will be supplied from the flame, mainly by radiation, so that the above
mentioned preheating and transition processes may not easily be found. In small pool fires,
burning rates are strongly affected by circumferential conditions such as fuel and tank
temperatures. This may be one reason for various burning rates obtained by experiments using
the same tank size and fuel.
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