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Modelling of unsteady pool Þres Ð fuel depth and pan wall effects
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This paper presents physics-inspired mathematical model to predict the time varying
burn rate of unsteady pool Þres. The model beneÞts from the observations on the ther-
mal behaviour and select data from systematically and carefully designed experiments
on small and large pool Þres of n-heptane and small pool Þres of diesel, kerosene and
ethanol fuels. All modelling features are based on dimensionless quantities. Amongst
the three controlling heat transfer mechanisms, convection is dealt with simply. How-
ever, conduction and radiant heat transfer models have needed new considerations. A
combination of steady and unsteady conduction along the pan wall affected by the
thermal properties of the wall material and liquid phase conduction are modelled and
validated against speciÞc experiments. Radiant heat transfer modelling differs from the
conventional approach to account for fuel depth-dependent enhancement in burn ßux in
small pans to values comparable to large pool Þres. The radiation view factor invokes
mass ßux based Reynolds number to account for fuel depth-related effects. Several
constants are modelled in terms of dimensionless parameters constructed from a large
number of physical variables of the pan and the fuel and used in the model such that
they allow the best Þts between the simulation and a part of the experimental data. All
the sub-models combined into a surface heat ßux balance provide the temporal varia-
tion of the mass depletion as also the relative magnitudes of the ßuxes in a MATLAB
code. Comparisons of the predictions on the dependence of the burn behaviour on fuel
depth, free board, pan diameter and wall material with the experimental data of the
present authors and from literature on n-heptane are set out. Comparisons between the
predictions and experimental data on diesel, kerosene and ethanol are also set out to
show the ability of the model to track the mass loss history based on fundamental prop-
erties of the fuel and the pan. The outstanding-to-good quality of predictions in most
cases is attributed to the necessary physics taken into account in the model.

Keywords: pan Þre; pool Þre modelling; unsteady pan Þre model

List of Symbols

English Symbols

A1 Cross-sectional area (m)
cpw, cpfu SpeciÞc heat of wall material and fuel (kJ/kg K)
cTp CoefÞcient used in Pan tip temperature calculation (Equation (25))
C21,C22 Constants used in determining types I/II (Equations (33) and (34))
C3 Constant used in determining types I/II (Equation (36))
dpan Pan diameter (m)
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evf Product of constant part of emissivity and view factor
ff Correction factor of pan size effects on radiation (Equation (13))
hpan, hfu, hfb Pan and fuel depths and Freeboard (m)
hg,conv Gas phase convective heat transfer coefÞcient (kW/m2 K)
hgcv0 Initial gas phase convective heat transfer coefÞcient (kW/m2 K)
hg,ft Gas phase heat transfer coefÞcient near wall tip (kW/m2 K)
hgŠw,fu Heat transfer coefÞcient from the wall to the liquid (kW/m2 K)
Lfu Latent heat of vapourisation of the fuel (kJ/kg)
kw Thermal Conductivity of pan wall material (kW/m K)
kfu Thermal Conductivity of fuel (kW/m K)
�̄m

��
fu Mean burn ßux (kg/m2 s)

Mpc Dimensionless pan burn number (Equation (5))
Mpc1 Dimensionless number to distinguish types I and II (Equation (27))
p Pressure in atm
�q�� Heat ßux (kW/m2)
�r Fuel regression rate (m/s)
S Stoichiometric Ratio
T Temperature (K)
T0 Initial temperature of the liquid fuel (K)
Tbot Bottom temperature in the liquid pool (K)
W Dimensionless number to capture behaviour ofTp (Equation (23))
W1 Dimensionless number to calculateC3 (Equation (36))

Greek Symbols

� fu Thermal diffusivity of fuel (m2/s)
� Emissivity
� ex Extinction coefÞcient (1/m )
� fu Dimensionless distance-into-fuel coordinate (Equation (37))
� fu Density of fuel (kg/m3)
� StefanÐBoltzmann constant (W/m2 K4)

Subscripts

conv, cond Convection, Conduction
rad, tot Radiation, Total
p, pm Pan tip, Steady pan tip
s, f Surface, Flame
wb, wbc Pan bottom outer wall, pan bottom central zone

1. Introduction

The modelling of pool Þre gained importance with the publication of a review of Russian
work on pan Þre by Hottel [1]. Prediction of the burn rate invokes the surface heat balance
[2, 3] as in Equation (1)

� fu�rHs = �q��
g,conv + �q��

g,rad + �q��
wall cond (1)
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Where the left-hand side is the ßux demanded for vapourisation with heat of phase trans-
formation beingHs, the three terms on the right-hand side refer to heat ßuxes received
from the gas phase via convection, radiation and wall conduction. While the steady-state
models can justiÞably ignore wall conduction, the Þxed fuel pan based burn process has
to include it. Spinti et al. [2] have brought out the known heat balance basis of models
described earlier by Hamins et al. [3], but no predictions from the models are presented.
Several investigators [4Ð7] have presented models for predicting the burn ßux from pan
Þres.

Ndubizu et al. [4] consider a pan with liquid Þlled to the top. Wall heat transfer and
fuel depth are not considered in the treatment. The temperature of the Þre is related to
the amount of air entrained into the Þre due to buoyancy and a complex set of relations
involving the air-to-fuel ratio are solved. The solution turns out to be very sensitive to
the air-to-fuel ratio. The unknown in terms of ßame temperature is transferred to air-
to-fuel ratio and it is not clear if this can be determined accurately either. The radiation
model treats extinction coefÞcient as set out in Equation (2) which has become a standard
approach described in Babrauskas [8]. In fact, most published work in the area of Þres uses
Equation (2).

�q��
g,rad = vF�� T4

f [1 Š exp(� exdpan)] (2)

wherevF is the view factor,� is the emissivity,� is the Boltzmann constant,Tf , the ßame
temperature,� ex is the extinction coefÞcient anddpan is the pan diameter. The data on the
estimate of the extinction coefÞcient is set out in a table in Babrauskas [8]. While the
values of the extinction coefÞcient for fuels like methanol and ethanol are much lower
than for hydrocarbons, the values for various hydrocarbons, either are not available or
where available, very difÞcult to rationalise. This is understandable since it depends on the
composition of the very fuel-rich reaction zone above the fuel surface and the processes of
pyrolysis and reaction under rich conditions are very complex, particularly in the buoyant
turbulent ßow. In more recent experimental study, Chatris et al. [9] and Munoz et al. [10]
evaluate the extinction coefÞcients for diesel and gasoline Þre tests that they have presented
and come up with values that differ from earlier literature by orders of magnitude. For
instance, Babrauskas [8] has deduced values of� of 1.6Ð3.6 for petroleum fuels, Chatris
et al. [9] provide a table with values by various authors, their own value for� is 0.57 for
diesel and 1.35 for gasoline. This range of values implies that Þts are dependent on speciÞc
data and rationalisation calls for inclusion of all dependent parameters.

While de Ris and Orloff [5] presented in an early study a correlation for the burn ßux in
terms of transfer number,B with limited value, subsequently, Orloff and de Ris [6] have
presented a model for estimating the burn ßux of moderate pool Þres (0.1 Ð0.7 m dia) using
a procedure that invokes approximations to ßame structure and estimation of radiation ßux
with an extinction coefÞcient based on a curve Þt that is expected to be very accurate (in
fact, the coefÞcients have Þve to six signiÞcant digits). However, they choose a Þxed value
of 1200K as the ßame temperature,Tf . If we recognise thatTf appears in terms of fourth
power, any small errors in the choice can result in gross errors in the prediction of the heat
ßuxes and so, burn ßux as well.

Ditch et al. [7] have pursued producing an empirical correlation over a large number of
fuels Ð many of them synthetic to create a range of fuels with different properties control-
ling the steady burn rate. Equation (2) is still the basis of their correlation. The extinction
coefÞcient is related to the volume of heat release, the radiant fraction and combustion



4 H. S. Mukundaet al.

efÞciency and the modiÞcations made to the heat ßux reads as

�m��Hs = 12.5+ 68.3Y0.25
s

�
1 Š exp [Š(4/3)H sdpan

3/2 ]
�

(3)

whereHs = [Lfu + cp,fu(Ts Š T0)], Hs is the heat of gasiÞcation,Lfu is the latent heat of
vapourisation,Ys is the smoke point of the fuel. The key parameters in the model are the
heat of gasiÞcation and smoke point of the fuel. The correlation is shown to work well
for many fuels. In the above equation, the value 12.5 on the right-hand side refers to the
convective ßux from the gas phase and when added to 68.3Y0.25

s the large pan size burn
ßux close to 80 kW/m2 will result. While the aim of obtaining the equation has been to
eliminate the lack of a procedure to determine the extinction coefÞcient, the fact that only
dimensional quantities are used in the exponential term of the above equation indicates to
the fact that the physics has not been captured completely. They [7] also quote the results
of Li et al. [11] and Fang et al. [12] and appear concerned by the large differences between
the results in unsteady burn ßux in these two experimental studies. Both these studies
[11, 12] have pointed out that the differences in their results are because convective and
radiative ßuxes are dependent on pressure and they have rationalised their results based on
the pressure effect that has been studied earlier by de Ris et al. [13] and invoked by Weiser
et al. [14] and Alpert [15]. In their paper, de Ris et al. [13] present scaling arguments that
show that both convective ßux and radiation ßux scale asp2/3 , wherep is the pressure in
atm.

Even with a reasonable broad understanding of the relative roles of convection and radi-
ation on pan Þres, there are many unresolved aspects that need examination. Apart from
conduction that needs careful modelling to rationalise the results with different pan mate-
rials and pan sizes from small to large, expressions for radiation ßux merit reconsideration
since (a) the expression for radiation ßux as modiÞed by Ditch et al. [7] perhaps is not
even rightly scaled because it is not dimensionless and (b) the results on pressure effect in
Refs. [11, 12] brought out in [7] still remain unaddressed.

In the background of several points made above, a systematic experimental study was
conducted by the present authors on pans of different materials with n-heptane fuel (glass,
stainless steel, mild steel and aluminum) for small pansŠ 0.2 m diameter, pans of mild
steel with different sizes (0.2, 0.3, 0.4, 0.5, 1 and 2 m diameter) in Shiva kumar et al. [16]
and experiments with diesel, kerosene and ethanol fuels were conducted in 0.2 m diam-
eter pans in Shiva kumar et al. [17]. Data on mass burn, wall temperatures and in-depth
liquid temperatures as a function of time were obtained and the data were correlated for
the mean burn ßuxes as a function of dimensionless parameters to account for geometric,
thermodynamic and thermo-chemical variables.

The expression for the steady burn ßux is

�̄m
��
fu(g/m2s) = Mpc

hg,conv(Tf Š Tbfu)
4Lfu

(4)

WhereMpc is set out as

Mpc = P1P3[1.5+ 8.5P2] with (5)

P1 =
�

kw

hpanhg,conv

hfu

hfb

� 1/4

(6)

P2 =
�
1 Š exp(Š0.25(dpan/0.21)1.5/P 1)

� �
1 + 0.1(hwr/h pan)2.3� (7)
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P3 =
�

(Tbfu Š T0)
(Tbfu Š 300)

300
Tbfu

� Š0.35

(8)

The parameterP1 accounts for conductive ßux in addition to fuel depth and associated
freeboard effects,P2 accounts for the effect of pan diameter and water on the mass burn
rate andP3 for initial temperature effects. The above correlation has been found to be
correct to less than a mean of 5% for both unsteady and steady experiments over a wide
range of parameters [16,17].

The present effort is to progress on this work to predict the mass burn as a function of
time through modelling of convection, conduction and radiation.

2. Elements of the new model

It has been known that the heat ßux balance is the basis of burn rate prediction as in
Equation (1). In the Þrst term is given byHs is given by [Lfu + cp,fu(Ts Š Tbot)] whereTs

andTbot are the surface and the bottom layer temperature of the fuel. Fuel surface temper-
ature can be set as ambient temperature or of heated fuel as in the case of Chen et al. [18].
The bottom layer temperature is also the initial set temperature, but changes with time
because of heat transfer from the surface. The second, third and fourth terms are explained
below. The in-depth radiant heat absorption by the fuel and the loss due to re-radiation
from the pool surface are small compared to the heat ßux received at the surface by radia-
tion. They act in opposite directions and are together neglected. This is consistent with the
approach chosen in Ditch et al. [7].

2.1. Convection term

The second term with respect to heat ßux from gas phase has two components Ð convection
and radiation. The convective ßux, is given by

�q��
conv = hg,conv(Tf Š Ts) (9)

With regard to the gas phase heat transfer coefÞcient,hg,conv, it was determined from the
experimental data across all diameters and wall materials, that there is an initial phase
of mass loss vs. time that can be predicted well with a value of 0.0045 kW/m2K. This
inference was obtained by examining the experimental data of n-heptane over all the cases
in 0.2 m diameter cases (and in the case of other fuels like kerosene and diesel ). This was
found satisfactory for all experiments at ambient pressure of about 1 atm. Experiments by
Li et al. [11] and Fang et al. [12] at very different altitudes showed a pressure dependence of
the pan Þres and has been a subject of studies [13Ð15] as brought out earlier. The pressure
dependence drawn from Ref. [13] is taken to give

hg,conv = 0.0045p2/3 (10)

2.2. Gas phase radiation

The radiation model deployed here is different in its elements compared to those used in
literature and is a consequence of the results of the experiments that have shown that the
mass ßux from smaller diameter pans (� 0.2 m) can become as large as larger pans when
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larger depths of fuel are involved [16]. The fact that the ßux can increase signiÞcantly due
to fuel vapourisation processes controlled by wall conduction (discussed below) has to be
accounted for to explain much higher burn rates in smaller diameter pans. The increase
in the burn ßux is so large with values comparable to large pool Þres that conduction
alone was found inadequate to explain the results. Also, when the pan diameter increases
from about 0.2 m considered small, through larger values up to 2 m and at different fuel
thicknesses, it was found imperative to invoke a dependence due to enhanced burn ßux
at small diameters. To introduce dimensionless approach, a Reynolds number based on
fuel mass ßux and pan diameter is invoked. The diameter dependence is also brought into
account for ßame emissivity coupled with changes in view factor. Further, accounting for
pressure dependence is performed based on [13]. Therefore, radiation ßux is expressed as

�q��
rad = p2/3 evf� T4

f with (11)

evf = 0.2
�
1 Š eŠ0.00045ff

�̄m��
fudpan
µg

�
and (12)

ff = 1 Š e[Š0.4(dpan/0.21)3] (13)

where ÔevfÕ is the product of the constant part of emissivity and view factor andff is a
further correction to pan size effects on radiation, determined after comparing with radia-
tion effects at Þxed fuel thickness over a range of pan diameters. In the expression forevf,
the increase in radiant ßux expected due to enhanced ßame height because of the need to
account for larger fuel depths. The value of 0.2 in the expression forevf is a constant that
has been determined to get good comparison of the mass vs. time for 0.2 and 2 m diameter
pans and remains unchanged. Inff, dpan can be understood to be rendered dimensionless
by 0.21 m instead of [� 2

g/g ]1/3 which is close to this value depending on the choice of the
temperature for evaluating the kinematic viscosity. The above correlation was shown to
give a mean error less than 5% over a wide range of parameters.

2.3. Wall conduction to fuel

The third term related to wall conduction is modelled using the heat ßux balance at the pan
edge. This model is elaborate and has several models were attempted before arriving at the
following approach. It is conceived that the top region (constituting a region of the order of
the thickness of the pan) has a temperature,Tp and the heat transfer occurs from the ßame
with temperatureTf that moves down the pan wall by conduction. The difference in the
heat ßow will raiseTp over a time. The heat balance equation is

mwcpwtw
dTp

dt
= hg,ft(Tf Š Tp)A1 Š hm(Tp Š T0)A1 (14)

wheremw, cpw, tw andA1 refer to mass, speciÞc heat, wall thickness and the cross section Ð
	 dpantw, hg,ft is the gas phase heat transfer coefÞcient near the wall tip andhm, the wall heat
transfer coefÞcient. It is deÞned by the ratio ofkw/(h fb + fuel regression). Fuel regression,
reg is obtained as

� t
0 �rdt with �r being the linear regression rate of the fuel. We can recast

Equation (14) as

dTp

dt
=

hg,ft

� wtwcp,w

�
(Tf Š Tp) Š

hm

hg,ft
(Tp Š T0)

�
(15)
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At t = 0, sinceTp = T0, we get

dTp

dt
]t=0 =

hg,ft

� wtwcp,w
(Tf Š T0) (16)

From the experimental data onTp vs. time [16] shows that dTp/dt ]t=0 is around 2.8 K/s
independent of the material of the pan. We denote dTp/dt ]t=0 by G (= 2.8 K/s). We express
hm by kw/(h fb + reg) and write

dTp

dt
= G

�
Tf Š Tp

Tf Š T0
Š

km

hpanhg,ft

hpan

hfb + reg
Tp Š T0

Tf Š T0

�
(17)

The quantitykm/(h panhg,ft) is denoted bycTp and is a constant whose parametric depen-
dence of various quantities must be determined yet. Thus the Þnal form of the equation for
Tp is

dTp

dt
= G

�
Tf Š Tp

Tf Š T0
Š cTp

hpan

hfb + reg
Tp Š T0

Tf Š T0

�
(18)

The distribution of the wall temperature from the tip to the bottom wall centre needs to be
described. The temperature distribution along the radius of the circular pan bottom still be a
constant value if it is steady (because the steady solution in a cylindrical geometry leads to
this result). However, experimental data involving a thermocouple mounted at the bottom
wall centre shows an increase in temperature [16], in fact close to the liquid temperature
next to the wall. In view of this Þnding, it is taken that the linear heat transfer drop to the
central region deÞned as a circular part of radius= dpan/4 will heat up this region with
time. This assumption leads to

� wcpw	( dpan/4) 2tw
Twbc

dt
=

kw

(hpan+ dpan/4)
(Tp Š Twbc)	 dpantw (19)

whereTwbc is the temperature in the bottom central zone of a diameter= dpan/2. This
equation can be recast as

Twbc

dt
=

kw

(hpan+ dpan/4)
16

� wcpwdpan
(Tp Š Twbc) (20)

This equation is solved numerically along with other equations sinceTp is also a function
of time. The heat transferred to the liquid is computed using two temperatures,Tw1 and
Twb, the values at the position of the liquid layer and at the bottom of the edge of the pan,
essentially to obtain a better estimate of the heat transfer.

Using linear temperature drop along the wall as found to be approximately true from the
experiments [16], we can set

Tw1 = Tp Š (Tp Š Twbc)
hfb + reg

hpan+ dpan/4
(21)

Twb = Tp Š (Tp Š Twbc)
hpan

hpan+ dpan/4
(22)

We need to device a method to determinecTp to complete the predictive scheme. For this
purpose, it is intended to seek the connection between the steady maximum tip tempera-
ture value ofTp, identiÞed asTpm and various parameters for which experiments have been
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Figure 1. Variation of steady maximum wall tip temperature,Tpm with a dimensionless parameter,
W (0.2MS0.04-0.06H, implies 0.2m diameter mild steel pans of 0.04–0.06m depth with n-heptane
fuel).

conducted. The values ofTpm are the lowest for aluminum (just above the boiling point
of n-heptane) and very high for glass and moderate for small pan diameters and very high
for large diameters [16], essentially because of the thermal conductivity (as also the ther-
mal diffusivity) of the materials. A new dimensional numberW is constructed to obtain a
monotonic behaviourof steady pan tip temperature with the various parameters considered
in the experiments and is deÞned as

W =
�

dpanhgcv0

kw

� 0.5

d0.25
pan

�
hfuhfb

h2
pan

� 0.1 �
Tbfu

T0

� 0.5

(23)

The choice of the various terms needs description. The Þrst term on the right-hand side of
the equation accounts for conductive and convective ßux usingdpan as the characteristic
dimension instead ofhpan as is the case withMpc, the last term accounts for fuel initial
temperature effects as in the case ofMpc. The third term with a small exponent was intro-
duced to take into account the effect of free board in conjunction with fuel depth and the
parameterdpan in d0.25

pan should be understood to be rendered dimensionless by a constant
[� 2

g/g ](1/3 ). Since this is not introduced into the equation, expressingdpan in SI units would
be appropriate. It must be understood that the development of the parameterW took place
in stages after determining the strongest inßuences Þrst and moving towards smaller inßu-
ences trying to preserve the monotonicity of the behaviour as set out in Figure1. Though
several points at smallW showed deviations, these did not reßect in the overall behaviour
of the mass loss vs. time predictions. The expression forTpm vs.W becomes

Tpm = 320+ 410W (24)

Having calculatedTpm, we can getcTp from

cTp =
Tf Š Tpm

Tpm Š T0
(25)
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Figure 2. Burn mass vs. time for a 200 mm pan with 3 mm wall thickness with different pan
materials.

The conductive heat transferred to the liquid is taken as

�q��
cond = hgŠw,fu

�
(Twb Š Tbot) + 4

(hfu Š reg)
dpan

[(Tw1 + Twb)/2 Š (Ts + Tbot)/2]
�

(26)

wherehgŠw,fu is the heat transfer coefÞcient from the wall to the liquid,Tbot is the liquid
bottom temperature andTs is the liquid surface temperature, both treated uniform over
the diameter and are determined from conduction analysis to be discussed below. In the
above equation, the Þrst term in the parenthesis corresponds to heat transfer from the pan
bottom to the liquid and the second term to the heat transfer from the sides to the liquid.
For the latter term, an average of temperatures is taken even though there may be other
equivalent ways of accounting for heat transfer. It is necessary to describe the approach
to determine the pan wall heat transfer coefÞcienthgŠw,fu. At this stage, it is important to
examine the effect of different pan materials on the burn behaviour in small diameter pans.
Figure2 shows the mass vs. time for different materials for a 200 mm diameter pan. It can
be noted that aluminum and mild steel pans exhibit a sharp change in slope (identiÞed as
type II) unlike stainless steel and glass that show a smooth behaviour (identiÞed as type
I). Experiments at fuel temperature close the boiling point also exhibited such a behaviour
while all other experiments showed smooth variation (type I), even in the large diameter
MS pans. The reason for such different behaviour in AL and MS pans is due to increased
conduction heat transfer rate in small pans. To account this behaviour and obtain predictive
procedure over a wide range of geometric and thermo-chemical parameters, it was thought
necessary to classify them using dimensionless quantities. After a detailed examination,
it was found that it would be necessary to invoke a non-dimensional numberMpc1 as
follows.

Mpc1=
�

kw

hpanhgcv0

� �
4tw
dpan

� �
hfu

hpan

Lfu

cpfu(Tbfu Š T0)

� 0.25�
1 Š 0.3(hpan/d pan)0.125� (27)

The Þrst term on the right-hand side of the equation accounts for the conductive ßux scaled
with the convective ßux, again as in the case ofMpc, second and fourth terms account for
the pan wall thickness and pan depth effects and the third term accounts for the fuel depth
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and fuel properties effect. With this parameter, the wall heat transfer coefÞcient is set out as

hgŠw,fu = hg,conv, for Mpc1< 1 (28)

hgŠw,fu = Sl , for Mpc1> 6.5 & mfu/m0 < C2 (29)

hgŠw,fu = hg,conv

�
1 + C3

reg
hfu

�
, for Mpc1> 1 & Mpc1 � 6.5 (30)

The constantsC2 andSl are chosen for best Þts to a few cases of the simulation and seeking
good comparison with experimental data. For cases with sharp variation in mass vs. time
behaviour (type II),

Sl = 0.1Mpc1Š 0.26Š 0.0017(Mpc1)2 for 6.5< Mpc1< 10 (31)

Sl0.45 forMpc1> 10 (32)

The speciÞc values in the above expressions were determined after testing the code with
changes in the values noted above to get a good Þt for the variation with time on a few
cases. The value of constantC2 is obtained as

C2 = 0.6+ 0.0575(Mpc1Š 6) for 6.5< Mpc1< 10 (33)

= 0.83Š 0.3(Mpc10.25 Š 1.78)/Mpc10.25 for Mpc1 > 10 (34)

In order to determineC3, calculations were made on several cases using the pan burn code
(to be described below) to determine the value ofC3 that gives the best Þt of mass loss
vs. time data for speciÞc cases. The variation ofC3 with different parameters and possible
dimensionless quantities that could be conceived from these parameters to seek a consistent
and smooth behaviour was attempted. These needed the evolution of a new parameter,W1

deÞned below.

W1 =
1

222

�
kw

hfbhgcv0

� 0.5 �
hpan

dpan

� 0.5 �
Tbfu

T0
Š 1

� 0.25

(35)

Here again, the choice of the variables in the terms within the brackets followed the same
procedure forW andMpc1. With this parameter,C3 is obtained from

C3 = 2200(W1 Š 0.026) (36)

Thus the conduction modelling that is very important for small and medium sized pans
(< 1 m diameter) and the constants needed to get good comparisons with experimental
data areTpm, C2, Sl andC3. These are related to dimensionless quantitiesW,Mpc1 andW1.
The choice of the properties of fuel and pan wall materials, and conditions of operation
(like the fuel temperature) control these parameters. There areno adjustable constantsin
the model.

2.4. Liquid phase conduction

The heat transfer process inside the liquid is taken to be conduction only. This inference
is arrived at by Þrst noting that since the liquid in-depth is always at a lower temperature,
there will be no upward natural convection and then the results of the experiments by
Ditch et al. [7] where it was shown that the presence or the absence of glass beads below
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the surface has little inßuence on the burn rate of steady combustion process. Further,
Chen et al. [19] have performed their unsteady analysis taking only conduction process as
relevant.

There are two aspects to the liquid phase conduction process. The increase of surface
temperature with time and the conduction process through the fuel or fuel-on water. We
consider the conduction process Þrst. Transient conduction process is governed by the
dimensionless quantityy/

�
� fut where � fu = kfu/(� fucp,fu) is the thermal diffusivity of

the fuel. Since the fuel is regressing,y distance into the liquid is replaced byy Š
�

�rdt.
The temperature at any location inside the fuel is given by(T Š Tbot)/(T s Š Tbot) being a
function of a dimensionless coordinate(y Š

�
�rdt)/

�
� fut. It has been taken as

T Š Tbot

Ts Š Tbot
= exp[ŠC4� m

fu] where � fu =
(y Š

�
�rdt)

�
� fut

(37)

Temperatures measured inside n-heptane fuel in the experiments of Chen et al. [18] and
one experiment from this laboratory were chosen for exploring the validity of the above
expression. Amongst various choices, it turned out thatm = 0.66 gave a Þt with a linear
behaviour up to a point when the temperature reached near-boiling point. Data on liquid
temperatures at various depths from Chen et al. [18, 19] and fuelÐwater interface tempera-
ture from an experiment on 500 mm pan with 30 mm heptane and 20 mm water is shown in
Figure3. In the plot� fu, the thermal diffusivity of heptane is taken as 0.09 mm2/s. As can
be noted all of the data collapse on a single line for the chosen coordinate. The temperature
proÞle can therefore be summarised as

(T Š Tbot) = 3(Ts Š Tbot) exp[Š� 0.66
fu ] for 0 < � fu < 0.33 (38)

Beyond a value of� fu > 0.33, boiling point is reached. The result for 30 mm heptane and
20 mm water departs from the linear behaviour in Figure3 due to the role of water close to
the boiling point. We need to consider the variation of the surface temperature to reach the
boiling point. Surface temperature increases because the difference between the heat ßux
from the gas phase and the heat ßux due to conduction into the liquid raising the tempera-
ture of the liquid layer. While classically, this is treated using ClausiusÐClapeyron equation
(see [20]) assumingequilibrium at the surface, in the current approach, it is treated asa
rate processin which the enthalpy rise rate of the surface layer of thickness,
 l equals the
differences in the ßuxes between the gas phase and liquid phase. The ßux into the liquid
�q��

l = kfudTs/dy at (y Š
�

�rdt) = 
 l is obtained as
�
kfu

dTs

dy

�


 l

= �q��
l = 3kfu(Ts Š Tbot)Gl (39)

Gl =
0.66 exp[Š� 0.66

l ]


 0.34
l (

�
� fut)0.66

(40)

The gradient is taken at a depth of
 l into the surface to avoid singularity. Here� l =

 l /

�
� fut. The heat balance at the surface becomes

� fucp,fu
 l
dTs

dt
= �q��

tot Š �q��
l (41)

The value of
 l is chosen so as to replicate the surface temperature rise in one experiment.
The data of Chen et al. [18] are used for this purpose.
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Figure 3. Centreline temperatures inside the liquid for heptane pool Þre in 200 mm dia pan [16] and
the heptaneÐwater interface temperature for 30 mm heptane and 20 mm water [18] on dimensionless
coordinates.

Table 1. Properties of pan (tcond � h2
pan/4� w/2) [16].

dpan tw � w cpw kw � w hpan
Material mm mm kg/m3 kJ/kg K W/m K mm2/s mm

Al 200 3 2730 0.91 60 24.1 40
MS 200 3 7800 0.46 32 8.9 40Ð60
SS 200 3 7800 0.46 16 4.45 40Ð60
SS [19] 200 3 7830 0.48 21 5.6 40
Glass 190 3 2230 0.75 1.14 0.68 40

3. Data on properties

In carrying out the calculations, one would need the thermal properties of the pan materi-
als. These are set out in Table1. The fuel properties are set out in Table2. The properties
are drawn from standard data sources and two fuels, namely, kerosene and diesel need dis-
cussion. Since both kerosene and diesel constitute a mix of several fractions of compounds
that are soluble with each other with different boiling points, the issue of the choice of
the boiling point (Tbfu) and latent heat of vaporisation (Lfu) were critically examined in the
light of the studies reported by Spinti et al. [2]. To the extent that the simulation should
predict the mass loss-time data, the choice of these parameters was made such that they
would predict the mass loss data as well as possible. The choice of these values for the
boiling point were found to be in the boiling range of these fuels. With regard to the
ßame temperature measurements were made using K-type thermocouple of bead size of
0.4 mm. The detailed procedure adopted to measure the ßame temperature is discussed in
reference [16]. In order to measure the temperature, beads were made red hot in a blue
LPG-air ßame and then immediately introduced into the ßame to ensure that soot deposits
do not affect the measured data. The ßame temperatures are shown in Figure4. Table2
also shows data on ßame temperatures measured by other investigators [21, 22] in case of
diesel and ethanol. The measured values are in close agreement with the values reported
in the literature. The gas phase-speciÞc heat and viscosity are taken ascp,g = 1.0 kJ/kg K,
µ g = 1.8× 10Š5 kg/m s.
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Figure 4. Centreline ßame temperature at a height of 0.4 dpan vs. time for n-heptane, diesel,
kerosene and ethanol fuels in 0.2 m diameter pool Þre.

Table 2. Properties of the fuel [16].

� fu Tbfu cpfu Lfu kfu � fu µ fu Tf
Fuel kg/m3 K kJ/kg K kJ/kg W/m K mm2/s mN s/m2 K

n-heptane 680 369 2.1 322 0.14 0.090 0.409 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] Ð Ð Ð Ð Ð Ð Ð 1100
Ethanol 785 351 2.57 846 0.16 0.082 0.98 1350
Ethanol [22] Ð Ð Ð Ð Ð Ð Ð 1310

4. The computational procedure

The equations described above are set out in a MATLAB code calledM-pan-burnto obtain
mass loss vs. time result for a given set of parameters. For speciÞc calculations, fuel initial
temperature,T0, the fuel thickness,hfu are required to be set.

The ßame temperature Ð time behaviour that includes the initial ignition transient is the
input for the gas phase ßux as well as wall conduction. The gas phase temperature with
time is simulated through an expression that allows for random ßuctuations. It is taken as

Tf = T0 + (1200Š T0)[1 Š exp(Št /5)] + C4[sin(	 t/30 + tR(t)] (42)

whereC4 is a constant taken here as 15 andR(t) is a random function of value between
0 and 1. Increase inC4 implies larger ßuctuation is gas phase temperature. The gas phase
ßux ßuctuates like-wise, with ßuctuations in radiation ßux being much larger. The c-phase
dynamics controlled by the slow conduction process averages the ßuctuation. After trials
and examination of experimental data it was thought adequate to take the value as indi-
cated. Then,cTp is calculated from Equation (25) and Equation (18) is treated to get dTp/dt .
With a time step taken as 1 s here the calculation ofTp is advanced. Then, Equation (19) is
solved to getTwbc. Following this,Tw1 andTwb are calculated from Equation (21). Using
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the heat transfer coefÞcients,hg,conv = 0.0045 kW/m2K and Equations (28)Ð(30),hgŠw,fu

is obtained. These are used then to calculate convective and conductive ßuxes from (9)
and (26). Radiation ßux is calculated from Equation (13). These are summed up to get the
total ßux,�q��

tot. Both the surface temperature,Ts and the bottom liquid temperature,Tbot are
then calculated using Equation (41). When both surface and in-depth temperatures reach
boiling point they are set at the boiling point. It must be pointed out that even though
the radiation ßux depends on the burn ßux which itself is not known, the calculation is
performed in an explicit mode by providing an arbitrary small value to begin with and
proceeding forward at each time with the previous values. Since the changes that occur are
slow compared to the chosen time step (1 s) and is controlled by convection in the early
part, this approach is considered satisfactory.

These are then used in the heat balance equation to get the fuel mass ßux as

�m��
fu =

�q��
tot

Lfu + cp,fu(Tbfu Š Tbot)
(43)

With the information on the fuel mass ßux, the amount consumed in the time step and
amount remaining are obtained. The process is repeated till burnout Ð the mass remain-
ing goes below a small fraction Ð 1 % in the codeM-pan-burn. The operational code
containing the above discussed model to capture the fuel depth, pan material and pan
diameter effect on the mass burn rate of pan Þres is made available in the web page
https://www.jainuniversity.ac.in/FCRC/research-fcrc as model to predict the mass burn
rate of pool Þres (M-pan-burn).

5. Results and discussion

Predictions over 75 different cases covering the range of materials, fuel depth and pan
diameter have been obtained. We show the results for n-heptane in this section and for
other fuels in the next section.

5.1. n-heptane

Comparisons of predictions are shown for experiments of Refs. [11, 16, 17, 18, 23, 24].
Also the role of various components of ßux as a function of pan diameter and fuel depth
are discussed. In so far predictions are concerned, mean burn ßux (or total burn time), fuel
mass vs. time behaviour and the tip wall temperature are in the order of importance. Since
the data set is large, only illustrative cases are presented here. Detailed comparison shows it
to be outstanding for 35 cases, moderate for 25, poor for about 5. It is not that comparisons
cannot be made better in the small number of cases, but would require speciÞc tuning,
something that is not contemplated here because it would not add value if the code has to
be used in a predictive mode. The code output has a result on�̄m

��
fu from the correlation (see

Shiva kumar et al. [16]), from the unsteady code itself, their mean and the deviation of this
value from experimental result. Since the code has also approximations due to the choice
of the constantscTp andC3 which depend on the dimensionless parameters, there will also
be inaccuracies in the results. The choice of a mean value is intended to average out these
inaccuracies. However, in some cases, the experimental value is closer to that from either
the correlation or the code and has a larger deviation from the mean.

Figure5 shows the comparison of mass vs. time for 0.2 m pans made of Aluminum,
MS, SS and Glass with Þxed fuel depth of 13 mm. The quality of mass vs. time prediction
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Figure 5. Comparison between code predictions and experimental data on mass vs. time for Alu-
minum (Al), Mild steel (MS), Stainless Steel (SS) (all 200 mm dia) and glass (GL), 190 mm dia at a
fuel depth of 13 mm (20040AL3-13 mm implies 200 mm dia, 40 mm depth Aluminum pan of 3 mm
thick with 13 mm n-heptane fuel depth).

seems outstanding for all the cases. As can be noted, MS and AL pans belonging to sharp
transition (type I) and SS and GL show smooth variation (type I) and the comparison
between predictions and experiments is good. In the case of glass the ßux does not deviate
much indicating that conduction and radiation are playing little role in the burn process.

Figure6 presents the results of mass vs. time comparisons between code and experi-
ments for MS pan as a function of depth at 10, 13, 20 and 30 mm. The quality of predictions
seems reasonable to very good in terms of burn time. It is useful to bring out that the break
in slope has a relationship with the non-dimensional quantities through relationships (31)
and (32) as well as (33) and (34). Figure7 shows the comparison of mass vs. time for the
experiments performed at different initial temperatures by Chen et al. [18, 19] and Kang
et al. [23] in a 0.2 m diameter pan. The comparison is impressive considering that the data
at 343 K is close to the boiling point (369 K). Differences in the tail-off zone are due to
minor wind effects at the end. Comparisons of pressure effects on burn ßux for the data
from Li et al. [11] shown in Figure8 appears moderately good. As can be noted that the
code is able to capture the effect of pressure on the mass loss rate considering the fact that
Ditch et al. [7] had expressed concerns regarding the experimental data in relationship to
their correlation.

Figure9 shows the comparison of mass vs. time for pan diameters of 0.2, 0.3, 0.5 and
2 m. As can be noted the diameter effect is captured very well particularly at large depths
where the burn ßux attains large values (65 g/m2s) comparable to large diameter pans.

We turn our attention to predictions of pan tip temperature. Figure10shows comparison
of experimental and predicted pan tip temperature by the code for AL, MS, SS and GL pan
with 13 mm fuel depth, as the pan tip temperature is one of the important parameter that
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Figure 6. Comparison between code predictions and experimental data on mass vs. time for MS
pan 0.2 m dia, 40 mm deep for fuel depths of 10, 13, 20 and 30 mm (20040MS3-10 mm implies
200 mm dia, 40 mm depth mild steel pan of 3 mm thick with 10 mm n-heptane fuel depth).

Figure 7. Comparison between code predictions and experimental data on mass vs. time for the
experiments of Chen et al. [18,19] and Kang et al. [23] performed in 0.2 m diameter pan at different
initial temperatures for n-heptane fuel (200-Chen et al-290 K implies 200 mm diameter pan of Chen
et al at initial temperature of 290 K).
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Figure 8. Comparison between code predictions and experimental data on mass vs. time for the
experiments of Li et al. [11] performed in 0.305 and 0.372 m diameter pans at different atmospheric
pressures for n-heptane (305-Li et al-101 kPa implies 305 mm dia pan of Li et al. at 101 kPa pressure).

Figure 9. Comparison between code predictions and experimental data on mass vs. time for MS
pans, 60 mm deep for pans of 0.2, 0.3, 0.5 and 2 m diameter with n-heptane fuel ( 20060MS3-20 mm
implies 200 mm dia 60 mm depth mild steel pan of 3 mm thick with 20 mm fuel).
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Figure 10. Comparison between code predictions and experimental data on pan tip temperature
for AL,MS, SS and GL pan for n-heptane fuel depth of 13 mm.

aids in precise modelling of the wall conductive heat ßux into the fuel. The predictions are
reasonable-to-good for the cases whose data are set out. In the case of glass, the prediction
shows a growing trend and the data shows that it has stabilised at around 530 K much
earlier. This is conjectured to be due to the fact that there will be radiant losses and free
convective losses due to ßow of air around the pan not accounted for in the model.

The magnitude of the ßuxes for different wall materials for several cases are set out
in Figure11. Convective ßux is about 4 kW/m2 for all the cases. Radiative ßux increases
with burn because the mass ßux is increasing and the peak ßux values are close to 65 g/m2s.
Conductive ßux increases through the burn very signiÞcantly for SS, and MS pans. The
peak ßux values for MS and GL are 24 and 5 kW/m2 (for SS it is about 9 kW/m2, not
shown here). It is the conductive ßux contribution that leads to the observed behaviour in
small pans. While the fraction of conductive ßux is more than 35% for metals, its is about
10% for glass. As can be seen the role of radiation gets enhanced with increasing diameter.

5.2. Other fuels – diesel, kerosene and ethanol

Figures12 and13 show the comparison of experimental and the predicted mass burn rate
for the kerosene and diesel fuels in 0.2 m diameter MS and SS pans with the choice of
parameters outlined in Tables1 and2. As can be noted that the results of the code can be
see to capture the burn behaviour of diesel better than kerosene. What appears interesting
is that even though there are numerical differences, some variations are also tracked (see
20040SS-10 mm-Kerosene case). Figure14 shows the comparison of experimental and
code predictions for 0.2 m diameter MS pan with ethanol at fuel depths of 10 and 20 mm
and from the Þgure it is evident that the code is able to capture the burn behaviour of
alcohols as well.
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Figure 11. The variation of convective, radiative and conductive ßuxes for MS and GL pans of
0.2 m diameter and 0.3 m and 2 m diameter pans with n-heptane fuel.

Figure 12. Comparison between code predictions and experimental data on mass burn data of
kerosene fuel for MS and SS pans at fuel depths of 10 and 20 mm.
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Figure 13. Comparison between code predictions and experimental data on mass burn data of
diesel fuel for MS and SS pans at fuel depths of 10 and 20 mm.

Figure 14. Comparison between code predictions and experimental data on mass burn data of
ethanol fuel for MS pan at fuel depths of 10 and 20 mm.

Table 3 presents the results of comparisons between predictions and experiments on
mean mass ßux for over some conditions with three data from references [19, 24]. In
these tables,Pred1 is obtained from the correlation [16] andPred2 is obtained from the
MATLAB code. An average betweenPred1 and Pred2 constitutes the prediction and is
compared with the experimental result. The experimental accuracy is set at± 5%. Where
the prediction and experimental value differ by less than 5%, the difference is considered
negligible. There are cases where the error is much larger. In several of these cases, the
comparative mass vs. time plot shows that the prediction follows the experimental variation
quite accurately till late into the burn and deviates only beyond that stage. It is inferred that



Combustion Theory and Modelling 21

Table 3. �̄m��
fu (g/m2s) for 0.2 m dia pans of different materials with different freeboard val-

ues and initial temperatures; Expt,Pred1, Pred2, Mean, % Error; negble= error is less than
experimental accuracy� 5 %, SS-CK of Chen et al. [19] and Kang et al. [23].

hpan hfu hfb T0 Expt Pred1 Pred2 Mean % Error
Matrl m m m K g/m2s g/m2s g/m2s g/m2s Ð

MS 0.04 0.010 0.030 300 21.9 20.8 21.0 20.9 negble
MS 0.04 0.013 0.027 300 22.7 22.8 22.7 22.7 negble
MS 0.04 0.020 0.020 300 26.2 26.5 26.0 26.2 negble
MS 0.06 0.010 0.050 297 19.4 18.0 20.6 19.4 negble
MS 0.06 0.030 0.030 300 27.6 24.2 27.4 25.8 negble
MS 0.06 0.040 0.020 300 27.2 24.5 28.6 26.5 negble
SS-CK 0.04 0.012 0.028 288 15.1 17.6 17.2 17.4 + 13
SS-CK 0.04 0.013 0.027 365 46.0 64.6 43.0 53.8 + 17

Figure 15. Comparison between predictions and experiments on pan tip temperatures for 0.2 dia,
MS pan with 10 mm fuel depths of n-heptane, ethanol, kerosene and diesel.

all the effects namely diameter, wall conductivity, and free board are captured reasonably
well.

The study of how the temperature in the liquid phase behaves, the data on the tempera-
tures of the liquid at 1 mm from the bottom have been discussed in [17]. It was shown that
for pure fuels like n-heptane and ethanol, the temperature reaches their respective boiling
points and stays at that temperature till complete burnout occurs. 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 fractions. In the case of diesel, the
temperatures go beyond 650 K indicating to evaporation of some heavy fragments in the
fuel.
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Table 4. �̄m��
fu (g/m2s) for 0.05, 0.1, 0.141 m dia SS (C-K= Chen and Kang [19,23] SS [18] and

GL-Glass pans.

dpan hpan hfu hfb T0 Expt Pred1 Pred2 Mean % Error
m m m m K g/m2s g/m2s g/m2s g/m2s Ð

0.141 0.04 0.013 0.027 278 14.0 14.5 15.3 14.9 negble
C-K 0.04 0.013 0.027 290 15.2 15.2 15.6 15.4 negble

0.04 0.013 0.027 319 18.1 18.0 19.0 18.5 negble
0.10 0.04 0.013 0.027 290 12.4 13.9 15.3 13.4 Š 9
C-K 0.04 0.013 0.027 319 13.4 16.3 15.1 15.5 + 13
0.1 0.04 0.010 0.030 300 15.8 14.2 16.2 15.1 negble
Present 0.04 0.013 0.027 300 15.8 14.1 12.4 13.2 Š 12
0.05 [24] 0.11 0.110 0.000 298 16.9 7.9 16.5 12.2 Š 27

Figure15 shows the plots of pan tip temperatures for various fuels for 0.2 m dia pan
at 10 mm fuel depth. As can be noted, the comparisons for kerosene and diesel can be
considered average due the actual property variation through the burn being not accounted.
While improvements may be possible, they are not considered warranted at this stage.

5.3. Pans of diameter< 0.2 m

Hayasaka [24] and Chen et al. [18, 19] have experimented upon SS pans of 0.05, 0.1
and 0.141 m diameter. Experiments were conducted here for comparison purposes with SS
(ours) and glass for 0.1 m diameter. The predictions made usingM-Pan-burnare set out in
Table4. Here again the predictions seem not unreasonable if we note that the methodology
followed is the same as for larger diameter pans.

6. Concluding remarks

Noting that non availability of mathematical model that captures the time varying
behaviour of pool Þre in the literature, the study was initiated and a mathematical model
to calculate the burn rate in an unsteady pan Þre considering all the controlling geometric,
thermodynamic and transport properties was developed and named asM-Pan-burnusing
MATLAB software.

A MATLAB code that calculates the instantaneous burn rate ßux using the modelled
heat ßux from the various components, convection, conduction and radiation has been set.
The convective heat transfer coefÞcient of 0.0045p2/3 kW/m2 K has been found valid over
all the pan and fuel parameters discussed here. The model for radiation is different from
what has been in the literature as it had to account for enhanced burn ßux due in part due
to radiation something not accounted for in earlier models. This model uses Þre emissivity
and a view factor both of which have diameter dependences. The maximum temperature
at which radiation occurs is based on a measured mean Þre temperature (the mean of the
maximum values measured at the centreline of pool Þre for a certain duration of time) and
it varies between 1100 and 1350 K depending on the fuel. This choice of temperatures is
assumed to account for all the chemistry effects inßuencing the heat release process. Wall
conduction modelling invokes experimental features, namely the initial temperature rise
rate that appears to be independent of pan material and fuel depth, a near-linear tempera-
ture variation along the wall and the fact that all the heat transfer along the wall appears at
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the centre of the pan after it transfers the heat to the liquid. This heat transferred raises the
bottom temperature in time as it cannot achieve steady state. Three dimensionless num-
bersMpc1,W andW1 are set out to evolve a correlation for the three important constants,
C2, cTp andC3 in the model withcTp controlling the peak wall tip temperature,C2, and
C3 controlling the heat transfer by convection into the liquid. The liquid heat transfer is
treated unsteady with dependence on the fuel thermal diffusivity and its parameter of the
dimensionless temperature variation are derived by comparison with experimental data.
These features are integrated into the codeM-Pan-burnthat needs the wall and fuel ther-
mal property data as well as initial fuel depth and temperature as inputs to predict the
burn behaviour. It must be emphasised that there are no free constants in the code to make
predictions. The results of this code show that the predicted burn behaviour follows the
experimental burn proÞle nearly exactly in several cases and provides the magnitude of
various components of heat ßux with time. The conductive ßux varies with time some-
thing that could have been anticipated, but obtained only by using an unsteady code of the
kind described here.

Mean burn ßux values are obtained as an average between that from the correlation and
the code and presented as the Þnal result for the mean burn ßux. The comparison with the
experimental results is excellent-to-good in most cases. Where there is a departure, it turns
out that the predicted burn proÞle matches with that from experiment for the early part
of the burn and the deviation occurs later. One of the important uses of the code would
be to deploy it for incremental parameter inßuences since it will be more accurate than
predictions for a new set of parameters. The code presented here can be used for the open
pool Þres and possible extension of the code to pool Þres in enclosures and wind are being
actively pursued.
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