Fire Technology

© 2021 The Author(s), under exclusive licence to Springer Science + Business Media, LLC, part of Springer Nature m
Manufactured in The United States Check for
https://doi.org/10.1007/s10694-021-01159-1 updates

Effects of Fuel Depth and Pan Wall
Material for Unsteady Pool Fires
with Different Fuels

A. Shiva Kumar*, H. S. Mukunda and C. S. Bhaskar Dixit, Fire and
Combustion Research Centre, Jain ( Deemed to be) University, Kanakapura
Road, Bangalore, India

Received: 16 March 2021/Accepted: 16 July 2021

Abstract. With the aim of providing a generalized dimensionless correlation for pan
fuel burn fluxes, this work treats all the earlier work in this area and the data on
specific experiments on a small pool fire performed in this study with fuels namely,
kerosene, diesel, methanol and ethanol. The experiments were performed in stainless
steel and mild steel pans of 0.2 m diameter and 40 mm depth with fuel depths up to
20 mm without water in an indoor fire laboratory. Data on temporal evolution of
mass burn, pan wall temperatures, fuel temperatures and gas phase temperatures at
specific height from the fuel surface have been obtained from the experiments and the
behavior of the burn process has been delineated. The dimensionless correlation of
the pool burn flux as a function of the geometric and thermodynamic properties of
the pan and thermo-chemical properties of the fuels developed for n-heptane by the
present authors recently has been examined for its validity for other fuels and shown
to be good to with in £ 5% for the range of fuels, pan diameters and fuel depths.
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List of Symbols

Al, GL Aluminum alloy and glass

Apan Pan diameter (m)

Bpans i Pan height, fuel depth (m)

Ry, Free board and water depth (m)

Ry conv Gas phase convective heat transfer coefficient (kW /m? K)
Lg, Latent heat of vaporization of the fuel (kJ/kg)

ky Thermal conductivity of pan material (kW/m K)

my, Mean mass flux (g/m?’s)

M, Dimensionless pan burn number

MS, SS Mild steel, stainless steel

P, P, Py Dimensionless parameters as in Eqgs. 1-3

Ty, Ty, Ty, Flame and fuel surface temperatures and fuel boiling point (K)
Pr Fuel density (kg/m?)
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Pool fire has been a subject of study for six decades from the time [12] published
a review of the Russian work. The research conducted can be broadly classified
into steady and unsteady modes. In the unsteady mode, the pan is filled with a
fixed amount of fuel and as burn proceeds the depth drops. Wall conduction
brings in heat to the fuel and the fuel temperature continues to increase till the
entire fuel reaches boiling stage. This last stage is called bulk boiling. The transi-
tion to bulk boiling involves distinct stages that have been experimentally delin-
eated by Chen and colleagues [6, 7]. These authors have also presented the results
for burn flux dependence on the initial temperature of n-heptane. The burn flux
achieved during the bulk boiling stage is very high. In contrast, in steady state
experiments [1, 4, 9, 17] a constant fuel level will be maintained throughout the
experiments by continuously replenishing the fuel at a rate equal to the mass burn
rate of the pool. In this method the pool has a certain depth towards the bottom
of which, the fuel is maintained at a constant initial temperature. Because of this
feature, the fuel is not allowed to reach the bulk boiling stage. The presence of a
temperature profile limits the burn flux even if the fuel depth is increased by using
a pan of larger depth.

The data from nineteen investigations on the burn flux as a function of pan
diameter and fuel depth covering five fuels for both steady and unsteady modes of
operation have been presented in Table 1. One important inference from this
table is that the burn flux is always on the higher side in the unsteady mode of
operation at comparable pan diameter and fuel depth. Fuel depth has effect on
the burn flux for both steady and unsteady cases. For methanol and ethanol, burn
flux seems capped at low values for all diameters with ethanol showing about
30% higher burn flux. In the case of other fuels, burn flux increases to large val-
ues with the pan diameter and fuel depth.

It is important to bring out that [9] have presented experimental results on a
number of fuels and their mixtures using a steady approach and presented an
empirical correlation. This correlation does not include fuel depth effect and does
not account for all the fuel properties (like boiling point, for instance). Recently,
[22] have conducted experiments on n-heptane for a range of pan diameters, and
in the case of smaller pans (0.2 m), using different materials of the pan, namely,
glass, stainless steel, mild steel and aluminum chosen for the increasing order of
their thermal conductivity and with different fuel depths. One important finding is
that the burn flux is very large at larger fuel depths essentially because of bulk
boiling that occurs due to conductive heat transfer. This study also examined the
relative role of conductive and convective modes of heat transfer dominant in
small pans along the lines of [6, 7] and obtained a dimensionless correlation for
predicting the burn flux as a function of the geometric and thermodynamic
parameters of the pan and thermo-chemical parameters for n-heptane. The present
paper extends the study to other fuels to examine the validity of the approach for
other fuels such as methanol, ethanol, kerosene and diesel.
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Table 1
Mass Burn Rate Comparison of Steady and Unsteady State Pool Fires

Fuel Type Size (shape) (m) Fuel depth (mm) Burn flux (g/m?’s) References
Methanol Ste 0.1-0.6,C 63.0-147.0 14-15 [a, b, c, f, g, & p]
Ste 1.0, C 63.5 19 [p]
Ste 2.0,C 63.5 21 [m]
Uns 1.2-2.4,C 76.0 20-21 [d]
Ethanol Ste 0.25-1.0, C 63.5 13-24 [p]
Uns 0.24-0.33, S 30.0 20-22 [o]
Ste 0.3, C 145.0 16 [e]
Ste 0.5-2.0, C - 18-27 [h]
Ste 2.0, C 63.5 27 [m]
Diesel Ste 0.15-2.6, C - 10-50 [a]
Ste 0.5-1.0,C - 28-40 M
Uns 1.54.0, C 5.5-8.1 32-56 [i]
Kerosene Ste 0.15-22.9, C - 12-50 [a]
Uns 30.0-50.0, C - 65 [e]
Heptane Uns 0.1-0.3, C 13.0 19-37 [j,n]
Ste 0.2-0.25, S 26.0 16-21 [q]
Uns 0.17-0.33, S 30.0 45-66 [o]
Uns 0.2-2, C 5.0-30.0 10-75 [r]
Ste 0.25-2.0, C 63.5 27-64 [m, p]
Uns 0.27-0.33, S 10.0 23-24 [k]
Ste 0.3,C 137.0 36 [f]
Ste 0.6-1.0, C 87.0 57-66 [f]
Ste 0.5-2.0, C - 39-60 [h]
Uns 1.2-1.7, C 76.0 68-73 [d]
Uns 2.7-10.0, S,C 30.0 81-98 [e]
Ste = Steady, Uns = Unsteady, C = circular, S = Square, a = [2], b = [3], ¢ = [I],d = [15], e = [16], f = [17],
g=[13,h=[8,i=1[5,j =[18,k =[19],1 =[21],m = [4],n =[6,7],0 = [I1],p = [9],q = [14] & r = [22]

2. Experimental Arrangement

The experimental arrangement is the same as in the earlier work [22] and consists
of the pan mounted on a balance with a ceramic blanket in-between to ensure
safety of the balance and has thermocouples fixed to select points on the wall and
inside the liquid pool. Measurements consist of mass, wall temperatures, tempera-
tures within the condensed phase and center line gas temperatures with time. The
balance is of 5 kg capacity with an accuracy of 100 mg is used to measure the
mass loss. K type thermocouples of bead size 0.4 mm are used to obtain the
required temperatures. The pans of 200 mm internal diameter with 3 mm wall
thickness, 40 mm depth made of mild steel and stainless steel are used to conduct
the experiments for fuel thicknesses up to 20 mm. Diesel, kerosene, methanol and
ethanol fuels are used in these experiments.
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3. Thermal Properties of Wall Material and Fuel

While several thermal properties of the pan were obtained from data sheets, ther-
mal conductivity which is a more sensitive property of the composition was exper-
imentally obtained by measuring a one-dimensional temperature profile and
extracting thermal conductivity from the data. The data matched with information
from published sources. In specific cases, transient technique was adopted to mea-
sure the thermal conductivity of the sample pieces. Table 2 presents the data on
the pan wall materials considered. If we make a simple estimate of the transient
conduction times using Z.puq ~ hfm /8, we get the values set out in the last col-
umn. The transient conduction times are small compared to the burn time. This
implies that steady conduction process along the wall will be a good approxima-
tion.

The thermodynamic and transport properties of the fuels tested are set out in
Table 3. Thermal diffusivity of the liquid fuels are in the order of magnitude
lower than the pan material and hence the heat transfer process through the liquid
has to account for unsteady process. The value of 7, set out in Table 3 is the
maximum centerline flame temperature at a height of 0.4 d,,, obtained from the
experiments. The flame temperature plays an important role in the radiative flux
received by the fuel surface and is used in a more detailed model of the prediction
of mass versus time of various fuels. The measurement procedure is discussed in
[22] in some detail and what has been followed here is to use heated thermocouple
probe of 0.4 mm bead diameter in the flame. Very specifically, issues of sooting
have been overcome through this procedure. Figure 1 shows the measured flame
temperature for n-heptane, ethanol, kerosene and diesel fuels. The difference in
the measured flame temperatures without and with heating is shown in the case of
n-heptane. The presently measured mean values of 7y measured for diesel, metha-
nol and ethanol are also set out in Table 3 and as can be seen are also in close
agreement with the values reported in the literature and are correct to within +
50°C.

4. Resvlis

The comparison of the mass loss versus time of stainless steel pan and mild steel
pan experiments with diesel and kerosene at fuel depths of 10 mm and 20 mm are
set out in Fig. 2. In the case of diesel, the burn flux is nearly constant at a low
level of 8 to 9 g/m?s for the entire duration. This means that the heat received
from conduction has little influence. Convection alone dominates the heat transfer
process because radiation makes very little contribution at this pan size. The rea-
son for this behavior is that for diesel, the boiling range is large and the liquid
phase absorbs a lot of sensible heat over time and the boiling range is also so
large that the liquid phase slowly gets reduced to lead to maintaining a low burn
flux. For kerosene, however, the behavior is different. The initial mass loss is
about 10 g/m’s for both SS and MS pans and at later times, the higher wall heat
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Table 2
Properties of Pan (., ~ h127an /4o,/2)

dpan ty Pw Cpw (kJ/kg ke (W/m Oy hpan Teond
Material ~ (mm) (mm)  (kg/m?) K) K) (mm?/s) (mm) (s)
MS 200 3 7800 0.46 32 8.9 40 22
SS 200 3 7800 0.46 16 4.5 40 44

Table 3
Properties of the Fuel

pfll beu Cpfu (kJ/kg Lﬁ, (kJ/ kfu (W/m Olfu ,Llﬁ‘ (mN S/ T/‘

Fuel (kg/m*)  (K) K) kg) K) (mm?/s) m?) (K)
n-heptane 680 369 2.1 322 0.14 0.09 0.41 1200
Kerosene 810 490 2.01 320 0.15 0.089 1.64 1150
Diesel 850 660 1.9 300 0.15 0.098 3.35 1100
Diesel [21] - - - - - - - 1100
Ethanol 785 351 2.57 846 0.16 0.082 0.98 1350
Ethanol - - - - - - - 1310

[10]
Methanol 791 338 2.57 1100 0.20 0.093 0.51 1450
Methanol - - - - - - - 1434

[23]

transfer in the case of MS pan leads to higher burn flux compared to SS pan. The
reason for the difference in behavior between diesel and kerosene is that diesel has
components with much higher boiling range compared to kerosene and the heat
transferred by conduction is unable to raise the temperature to levels allowing for
higher vaporization rates. The behavior of kerosene is similar to that of n-heptane
[22].

Figure 3 shows the mass loss with the time of 0.2 m diameter MS pan with 5,
10, and 20 mm depth for methanol and ethanol. The results are nearly identical
and fuel depth has little effect. The initial mass burn rate at fuel depths is 11
g/m’s and the higher flux of 17 g/m?’s is reached much earlier (as a fraction of
total burn time) than in the case of kerosene and n-heptane [22] indicating that
convection appears enhanced to larger values and conduction plays a very minor
role (because the slope does not change during most of the time).

In order to explore the behavior of the fuels within the liquid phase, the tem-
peratures of the liquid at 1 mm from the bottom are plotted against time in
Fig. 4. For, n-heptane, ethanol and methanol which are pure fuels, the tempera-
ture reaches their respective boiling points and stays at that temperature till com-
plete burnout occurs. This period of burn when the temperature has reached the
boiling point is the bulk boiling condition discussed earlier. This duration is much
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Figure 1. Centerline flame temperature at a height of 0.4 d, ., versus
time for n-heptane, diesel, kerosene and ethanol fuels in 0.2 m diam-
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pans, 40 mm deep with 10 and 20 mm diesel (left) at 27+ 2°C and
kerosene (right) at 24+ 2°C initial temperature.

large for methanol and ethanol because their boiling points are lower than of n-
heptane and their high latent heat of vaporization reduces the burn flux. In the
case of kerosene and diesel, the temperature keeps on increasing with time till the
end of the experiment, since they are fuels composed of various petroleum frac-
tions. In the case of diesel, the temperatures go beyond 650 K indicating to evap-
oration of some heavy fragments in the fuel.

The data from various experiments conducted here are set out in Table 4. The
mean flux () shown in this table is obtained as the ratio of the fuel mass divi-
ded by the burn time and pan cross sectional arca. Also shown is the peak flux
obtained from the increased burn rate after a couple of hundred seconds during
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Figure 3. Mass loss versus time of ethanol (left) and methanol (right)
in 0.2 m dia MS pan, 40 mm deep with 5, 10 and 20 mm fuel depths
at 28 + 2°C initial temperature.
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Figure 4. Centerline fuel temperature at 1Tmm from hotiom of pan
versus time for n-heptane, kerosene, diesel, ethanol and methanol
fuel in 0.2 m dia MS pan, 40 mm deep with 10 mm fuel depth.

which the liquid heats up towards boiling with heat flux from the gas phase as
well as wall conduction. What is clear from the table is that both the mean and
peak flux increase with the depth with a tendency to reach asymptotic values for
n-heptane. For kerosene, the mass flux increases with fuel depth but for diesel,
ethanol, and methanol the increase of flux is not significant even though the depth
of fuel is increased. Also, the material of the pan - MS or SS here matters signifi-
cantly in terms of the burn behavior only for n-heptane and kerosene fuel.

5. The Correlation

The correlation that was evolved [22] using the fact that the burn flux (a) increa-
ses with the diameter of the pan (d,,) reaching an asymptotic value, a feature
that is embedded in classical expressions for extinction coefficient arising out of
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Table 4
Mean and Peak Burn Fluxes (g/m’s) for 0.2 m Dia Pan; Data Accurate
to + 5%

Flux for g, (mm)= 5 10 20 30
SS, n-heptane, mean 16.2 17.8 25 28.9
SS, n-heptane, peak 20.1 25.7 34.4 41
MS, n-heptane, mean 22.3 26.6 29.8 34
MS, n-heptane, peak 33.0 42.5 58.1 67.2
SS, kerosene, mean - 11.8 13.6 -
SS, kerosene, peak - 16.0 22.0 -
MS, kerosene, mean - 15.6 19.4 -
MS, kerosene, peak - 27.0 50.0 -
SS, diesel, mean - 8.5 9.0 -
SS, diesel, peak - 8.1 9.1 -
MS, diesel, mean - 8.7 8.9 -
MS, diesel, peak - 8.0 9.5 -
MS, ethanol, mean 12.0 15.2 15.0 -
MS, ethanol, peak 14.5 17.2 17.0 -
MS, methanol, mean 14.6 15.6 15.3 -
MS, methanol, peak 16.0 17.0 17 -

radiation domination at large sizes, (b) increases with the fuel depth (/p), a fea-
ture that was noted as important to be included for the dependence of burn flux
as also the associated free board (hp = Ay — hy), () depends on the latent heat
(Lsi) and boiling point (7} 4,) of the fuel to account for heat absorption into the
liquid, (d) increases on the fuel temperature in relationship to its boiling point and
(e) depends on the pan wall material thermal conductivity, (k).

Rendering conductive heat transfer coefficient, k, /Ay, dimensionless is per-
formed using the convective heat transfer coefficient, %, ..., that is obtained by
expecting that the burn rate flux is controlled by convection in the early stages in
a small diameter pan, in this case, 0.2 m diameter where radiation flux is minimal.
This gives a value of 0.0045 kW /m?K. Subsequent burn rate simulations using an
unsteady code [20] have confirmed this result. With regard to other dimen-
sions—fuel thickness, free board, pan diameter and pan wall thickness, several
possible dimensionless constructions are possible. The candidate for rendering the
pan diameter dimensionless should arise from free convective length scale,

[vé /g](l/ 3. where Vg = ly/p, is the dynamic viscosity of the hot gases. With u, =

1.8 x107° kg/m s, g = acceleration due to gravity, 9.8 m/s?, this length scale is
0.21 m. After some trials, the following choices were deduced.

/4
P = ["— ’l] (1)
hpanhg,conv hﬂ)
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The parameter P; accounts for conductive flux in addition to fuel depth and asso-
ciated free board effects, P, accounts for the effect of pan diameter and water on
the mass burn rate (though in the present case experiments were performed with-
out water, particularly because alcohols also were studied), and P; for initial tem-
perature effects.

The dimensionless number is set out as

M, = PiP3[1.5 + 8.5Py] (4)
The final expression for the burn flux becomes

(hg,cunv(Tf - beu)
4Ly

i (g/m’s) = Mpye

(5)

where Ay con 18 4.5 W/mzK. Figure 5 shows the comparison of experimental mass
burn rate versus the predicted mass burn rate of diesel, kerosene, n-heptane, gaso-
line, methanol and ethanol fuels for a range of pan diameters, pan material,
steady and unsteady experimental condition and at different fuel depths. These
include the data of 78 experiments from present studies and 41 data set from liter-
ature. The root mean square error of the predictions in comparison to experi-
ments is about 5% over a wide range of parameters of practical importance and
the correlation appears very good. The sensitivity of the predicted burn flux to the
parameters controlling it are set in Table 5. It can be seen that most sensitive
parameter is the initial temperature of the fuel. The least sensitive parameter is the
depth of water. Pan diameter around 2 m has little sensitivity because the most
dominant heat flux—due to radiation does not change around and beyond this
diameter.

6. Conclusions

The present study was initiated to understand the fuel depth and pan material
effects on the burn flux for different fuels kerosene, diesel, ethanol, and methanol.
From the experiments, it is found that the burn rate for kerosene increases with
increasing fuel depth but for diesel, ethanol, and methanol the burn flux depen-
dence on fuel depth is not significant. The burn flux for diesel fuel shows less
dependence on the thermal conductivity of the pan used. The M, based correla-
tion is capable of predicting the mean burn flux of various fuels for the experi-
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Figure 5. Experimental versus predicted burn flux of present studies
and data from literature. (a = MS-$5-0.2D-Diesel present, b = MS-SS-
0.2D-Kerosene present, ¢ = MS-Ethanol present, d = GL-0.338-
0.677D-Gasoline-[24], e = $§5-0.25-2D-Methanol-[9], f = $SS-MS-
0.3-0.6D-[17], g = $5-0.25-2D-Ethanol-[9], h = MS-0.27-0.37 2D-
Ethanol-[11], i = GI-0.11-0.29D-Heptane-[14], | = §5-0.25-2D-
Heptane-[9], k = MS-55-0.3-1D-Heptane-[17], | = MS-0.2-2D-
Heptane- [22], m = $5-0.2D-Heptane-[22], n = AL-0.2D-Heptane-
[22], o = GL-0.2D-Heptane-[22], p = 0.1-0.2D-heptane-[6, 7], q =
0.2-2D-Heptane with water-[22].

Table 5
Sensitivity of Burn Flux, 1}, to Various Parameter Changes Each by
10% '

Parameter Y%
Pan diameter at 0.2 m 4
Pan diameter at 0.5 m 7
Pan diameter at 2.0 m 1
Wall thermal conductivity 2
Fuel depth 2.5
Pan height 3.5
Freeboard 3.5
Fuel initial temperature at 300 K 22.0
Water depth at 10 mm 0.2

ments performed in both steady and unsteady experimental conditions at different
fuel depths taking into account all the geometrical and thermo-chemical properties
of fuels and pans used.
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