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Abstract

The paper concerns the heat transfer models of liquid fuel bed burning on water sublayer. The main efforts are stressed on the
assessment of models available and their adequacy as well as on the prediction of the boilover onset. The analysis employed v
obtained by different research groups. The evaluation of the suitable functional relationships predicting the pre-boilover time was d
on dimensionless groups derived from two types of models published in the literature: Surface Absorption Models and In-Depth A
Models.
 2003 Elsevier SAS. All rights reserved.
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1. Introduction

Boilover is generally considered as one of the most d
gerous fire phenomena in large-scale oil-tank fires. Usu
there is a water sublayer consisting of water collected in
lower parts of the tanks due to different reasons- conde
tion effects or fire-fighter actions, for example. When a f
is burning the heat release from the flame heats the unbu
fuel to its boiling point. The heat from the burning surfa
is transferred through the unburned fuel toward the un
lying waterbed. When water sublayer accumulates a ce
quantity of heat energy it starts to vaporize. The burning
expel occurs in three main forms [1]: (i)Slop over occurs
as a discontinuous frothing release of fuel from the tank
one side of its wall. (ii)Froth over is a continuous low in-
tensity fuel release (frothing) from the tank over its wa
similar to the “rolling effect” occurring during the tank fil
ing [1]. (iii) Boilover is a violent ejection of the fuel that re
sults in an enormous fire enlargement and formation of
balls and a frothing over the entire tank content. The burn
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fuel spillage implies an enormous danger for surrounding
equipment and humans.

The boilover phenomenon is interesting from a fun
mental point of view, especially its mechanism and the t
oretical prediction of the critical condition of its onset. B
nov and Khudyakov in their early book [2] have reporte
hot zone formation in the fuel layer (crude oil and kerosen
during the burning process considering a distillation proc
of the fuel components. The boilover phenomenon is q
complicated and at present is under intensive research [
Originally, the term was referred to tank fires, but recen
it was applied asthin-layer boilover to the burning of thin
slicks of oils in order to limit the spill spread after an ac
dental release [6,8–10].

2. Scope of the problem

The major efforts of the investigators have been stres
on the parameters of the fire subsystem: the size of
layer/water sublayer [5–7] as conditions predefining
boiler appearance and its intensity. Several major fac
have been concerned: (i) Burning rate; (ii) Time to s
the boilover; (iii) Boilover intensity; (iv) Liquid temperatur
history effect on the fuel boiling point; (v) Developing of th
“hot zone” through the fuel layer. Moreover, the geometr
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Nomenclature

BSA = q ′′
s y0/λF (Ts − T∞) dimensionless number

Bu = µy0 Bouguer number
Cp specific heat of air (Eq. (1)) . . . . . . . J·kg−1·K−1

D diameter of the pool . . . . . . . . . . . . . . . . . . . . . . m
F radiation shape factor
Fo = y0t/aF Fourier number
Foe = y0tb0/aF Fourier number at the boilover onset
I = εF radiation configuration emissivity factor
HV the latent heat of vaporization . . . . . . . . kJ·kg−1

Hp = q̇ ′′/ṁ′′HV dimensionless number
L0 length scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
N0 = q ′′

s y0/λF (Ts − T∞) dimensionless group
ṁ′′ mass burning rate pool . . . . . . . . . . . kg·m−2·s−1

NDHS = y0r(t)/aF dimensionless group
Q̇ heat release rate from the burning liquid

layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
q̇s heat feedback to the fuel surface . . . . . . W·m−2

q̇r radiative heat flux . . . . . . . . . . . . . . . . . . . W·m−2

RAV average surface regression rate . . . . . . . mm·s−1

r(t) surface regression rate . . . . . . . . . . . . . . . mm·s−1

Ste = Cp(TS − T∞)/HV Stefan number
tb time for burning . . . . . . . . . . . . . . . . . . . . . . . time
tB0 pre-boilover time. . . . . . . . . . . . . . . . . . . . . . . time
t0 time scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . time
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
T∞ the ambient temperature . . . . . . . . . . . . . . . . . . . K
Tf average flame temperature (typically

Tf ≈ 1100 K, Cox [15]) . . . . . . . . . . . . . . . . . . . K
Ti initial fuel temperature . . . . . . . . . . . . . . . . . . . . K
Tbf boiling temperature of the fuel . . . . . . . . . . . . . K
Tbw boiling point of the water . . . . . . . . . . . . . . . . . . K
Ts vaporization temperature of the fuel . . . . . . . . K
Tss surface temperature of the body . . . . . . . . . . . . K
y vertical co-ordinate . . . . . . . . . . . . . . . . . . . . . . . m
y0 initial fuel layer thickness . . . . . . . . . . . . . . . . . m
ys(t) the location of the fuel surface at a specific

time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Z0 length scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek letters

! fuel layer thickness burnt before the boilover
onset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

ε radiative emissivity
µ effective average radiation absorption (or

extinction) coefficient . . . . . . . . . . . . . . . . . . m−1

λ thermal conductivity . . . . . . . . . . . . W·m−1·K−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

σ Stefan–Boltzman radiation constant
τ2 = L2

0/aF time scale . . . . . . . . . . . . . . . . . . . . . . . s
τ3 = 1/µ2aF time scale . . . . . . . . . . . . . . . . . . . . . . s

Superscript

f flame

Subscripts

a air
c conductivity
EQ equivalent
f flame
F fuel
s surface
v vapour
w water
∞ ambient conditions

Special symbols

Hereafter, the following symbols mean:

∝ proportional to
≡ order of magnitude
� about equal
a ∼ b a scale to b as well as
⇒ it follows that
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of both the pool and the fuel layer have a great impact on
burning rate and the pre-boilover time [9,10]. The proble
have been investigated mainly via experiments and sim
heat conduction models have been developed. The fu
analysis employs two major group of results published:

(i) Experimental data concerning the pre-boilover time;
(ii) Models developed for the temperature distribution ac

the fuel layer.

2.1. Models developed—a brief summary and a
classification

Twardus and Brzustowski [11] did the first attempt
a development of simple one-dimensional model with h
r

losses towards the water sublayer. Later the model
developed to incorporate the radiative absorption in
fuel [12]. Alramadhan et al. [13] have developed a more r
istic model incorporating the radiative feedback of the fla
and the turbulent buoyant motion. Garo at al. [6] repor
recently one-dimensional both single and double layer m
els. The efforts have been focused on the fuel layer/wate
parameters [3–7] predefining the “boilover” appearance
its intensity. Both the physical situation and the comm
used model scheme are sketched on Fig. 1. The model
veloped are summarized in Table 1. All of them are o
dimensional models and could be classified into two m
groups:
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Table 1
1-D Single-layer models developed and solutions available

Model Solution Ref.

SAM (M1) Analytical: S1 [2,5,6,9,16]
∂T
∂t

= aF
∂2T
∂y2

T−T∞
Ts−T∞ = exp

[− r
aF
(y − ys (t))

]
IC: t = 0, T = T∞ Assumptions: aF = const., r(t) const,aF ≈ aw

BC: y = ys (t), T = Ts
y → ∞, T = T∞

Analytical: S2

[(T − Ti)/(TbF − Ti)] = exp{−[(y2
0/aF tb0)/(y/y0)]} [2,16]

at tB0 � tb ,Θbw = (Tbw − Ti)/(TbF − Ti)

at small(y2
0/aF tb)≡ O(1)

Θbw = 1− exp(τ2
b0)erfc(τB0)

τB0 = [(λF /λw)(atB0)
1/2]/[y0(1− tB0/tb)]

DAM (M2) No analytical solutions are available
∂T
∂t = aF

∂2T
∂y2 + ∂q̇′′

r
∂y Numerical solution 1

Assumptions: No hot zone formation [6]

q̇ ′′
r = q̇ ′′

s exp(−µy)
IC: t = 0, T = T∞ Numerical solution 2
BC: y = ys (t)T = Ts Assumptions: (1) The thermal properties of the

liquid are constant and equal to those at 298 K.
(2) Heat diffuses faster than the regression rate

[16]

Fig. 1. Burning fuel layer on waterbed—schematically: (a) Physical situation; (b) A scheme employed by the 1-D models discussed.
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• SurfaceAbsorptionModels (SAM) without a volumet-
ric source term.

• In-DepthAbsorptionModels (DAM) concerning a vol-
umetric heat source depending on the vertical
ordinate and relevant to the radiation flux to the fuel s
face.

Both groups of models do not concern the formation o
hot zone. Broekmann and Schecker [1] proposed the
model that concerns it. It was excluded from the pres
analysis for the clarity of explanation and more unifo
data arrangement. A separate study will concern it furt
Moreover, these models and the further analysis do
consider the effects of the “lips” (tank walls above t
burning surface) bounding the flame.

2.2. Physical conditions at the boundaries of the burning
layer

The heat release rate from a pool fire can be expre
as [12,14,15]:

Q̇= ρ∞Cp
[
T
f∞g

(
Tf − T

f∞
)]1/2

D5/2 (1)

Therefore, the net heat feedback from the flame (per
area) reaching the surface of the burning liquid is a frac
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of the total heat releasedχ (independent of the poo
diameter) [16,17]:

q̇ ′′
s =

(
4χ

π

)
ρ∞Cp

√
T
f∞g

(
Tf − T

f∞
)√
D (2)

The basic assumptions of the models are:

(i) A heat conduction mechanism is assumed, i.e.,
convection inside the fuel layer occurs.

(ii) The radiation is fully absorbed at the surfacey = ys(t),
where the energy balance is:

q̇ ′′
s =HV ρF r(t)+ q̇ ′′

c (3)

while the boundary condition at the burning surfa
(fuel side) is defined by

q̇ ′′
c = −λF ∂T

∂y

∣∣∣
y=ys(t)

(4)

The surface regression rate [16,17]) is:

r(t)= ∂ys(t)

∂t
= ṁ′′

ρF
(5)

The contact line between the fuel and the water subla
assumes

q̇ ′′
c = −λF ∂T

∂y

∣∣∣
fuel

= −λw ∂T
∂y

∣∣∣
water

(6)

Despite these formulations, all the models consi
Dirichlet boundary condition (T = Ts at y = y(t)) due the
phase transition (the fuel vaporization) at the burning
terface. The energy balances at the interface (3) and
condition (4) have not been considered. The only attemp
employ (3) was performed by Garo et al. [6,9], but for p
dicting the surface regression rate,not as a problem bound-
ary condition.

2.3. Study aim, problems and tactics of the scale analysis

The models discussed here consider only the top l
conditions, i.e. single layer models will be discussed. T
simplification allows to recover more information at this in
tial step of systematization of the information and permit
provide more clear information from the dimensional ana
sis applied. Generally, the solutions look for the time,tB0,
corresponding to the caseTy=0 = boiling temperature of the
water as a boilover onset criterion. The solutions (analyti
or numerical) have been performed ina dimensional form
strongly related to the size of the experimental set-up u
It seems strange, butthere are no solutions (or analysis) of
the models (see Ref. [6,9] for example)performed in dimen-
sionless forms. Recently, an attempt for systematization
data dispersed in various sources was done [18] and a
ple dimensional analysis of the models was performed.
analysis developed here follows several steps:

(1) A study of the existing modelsvia dimensionless vari
ables well known from the transient heat transfer pr
lems of semi-infinite solids and the adequacy of
-

boundary conditions employed. Evaluation of new
mensionless groups being specific for the heat tran
process.

(2) Evaluation of the true scales (time and length)via model
analysis and assumptions of a dominating heat tran
mechanism.

(3) Similitude tests of published data.

These steps form the skeleton of the analysis and ten
present the physics of the problem, but not only mathem
cal manipulations of the models.

3. Dimensionless groups development

3.1. Assumptions and dimensionless variables

The scale analysis assumes some simplifications o
problem: (1) The model considers the fuel layer only a
no effects of the heat transfer with the water sublayer
accounted; (2) The fuel layer is assumed with a cons
thickness. These assumptions try to focus the efforts
models accompanied by adequate and reliable experim
data. The latter needs some explanations. The su
regression rate,r(t), is a complex function of the fue
properties and the vessel geometry [5–7,17].

Generally, the models created aremoving-boundary prob-
lems. The further analysis considers them as fixed bou
aries problems inorder to evaluate the main dimensionless
groups controlling the process. This approximation tends t
establishgradually:

(1) the complex nature of the heat transfer due to burn
surface of the fuels, and;

(2) to identify the dimensionless group predicted by
scaling of the terms of the equations.

As a first step, the following scales and dimensionl
variables were selected:

Length: The initial fuel layer depthy0, so y∗ = y/y0;
Temperature: Θ = (T − T∞)/(Ts − T∞); Time: a specific
time t0, t∗ = t/t0 (the specification oft0 will be done further
through the analysis).

The scales are defined in a manner that is classica
the unsteady heat conduction problems and availabl
every textbook on heat transfer (in this caset0 = y2

0/aF , for
example).

The non-dimensionalization of the equations yields:
• Surface absorption models (SAM) (see M1 in Table 1)

∂Θ

∂t∗
=

(
aF t0

y2
0

)
∂2Θ

∂y∗2
(7)

The only possible dimensionless group is the Fourier n
berFo = aF t0/y

2
0. The conditionT = Ts (at the moving sur-

face) does not generate a specific dimensionless group
it participates the reference temperatureTs − T∞.
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• In-depth absorption models (DAM) (see M2 in Table 1)

∂Θ

∂t∗
=

(
aF t0

y2
0

)(
∂2Θ

∂y∗2

)

+ µq̇ ′′
s t0

ρFCp(Ts − T∞)
· exp

[−(µy0)y
∗] (8)

and contains two dimensionless groups only:

Fo = aF t0

y2
0

and NVA = (µq̇ ′′
s )t0

ρFCp(Ts − T∞)
(9)

as well as the dimensionlessabsorption attenuation product
(µy0)= Bu—Bouguer number. In a more general form,NVA

is as ageneration number (Qg) [19] (the subscript VA used
here means Volumetric Absorption).
4. Analysis of the dimensionless groups and their
adequacy

4.1. SAM equations

In fact, all the processes expressed through the mo
consider a period of timet � tB0. Thus, it is reasonable t
introduce the pre-boilover timetB0 in the Fourier number a

Foe = aF tB0

y2
0

(10)

in order to evaluate the order of magnitude of that gro
at the boilover onset. The experimental results [5,8] s
marized (see Tables 2–4) indicate thatFoe is always lower
than unity. Thus, the solution is that developed by Blin
and Khudyakov [2] and Arai et al. [21] (see Table 1)

Θ ≡ erfc
(
y/2

√
at

) ≡ 1/
√

Fo (y/y0) (11)
e

Table 2
Data summarized from various experiments and new results derived from them

Ref. D y0
c tB0

a UT × 103a Foea RAV × 102 (
!
y0

)b NDHS NVA × 103

[m] [mm] [sec] [mm·s−1] [mm·s−1]

[6,9] 0.15 19 945 20.1 0.22 0.01b 0.46 1.9 7.02
Heating oil 17 830 20.48 0.24 0.45 1.7 5.75
(aF = 0.877× 10−7 m2·s−1)c 13 625 20.8 0.31 0.43 1.5 3.31

9 450 20.0 0.47 0.43 1.3 1.58
7 340 20.58 0.59 0.41 0.7 0.99
4 165 24.42 0.88 0.39 0.4 0.33

Ste = 1.373 2 90 22.22 1.94 0.18 0.2 0.007

0.23 17 710 23.94 0.21 0.011b 0.45 1.7 7.01
15 620 24.19 0.23 0.44 1.5 4.71
13 530 24.52 0.27 0.43 1.3 4.1
9 340 26.47 0.36 0.38 0.9 2.02
4 125 32.0 0.66 0.28 0.4 0.39
3 75 40 0.71 0.205 0.3 0.21
2 30 66.66 0.64 0.093 0.2 0.009

0.5 15 345 43.47 0.13 0.017b 0.37 1.5 6.95
13 265 49.05 0.13 0.32 1.3 6.04
11 190 57.89 0.13 0.27 1.1 4.33
7 90 77.77 0.15 0.18 0.7 2.89
5 70 71.42 0.24 0.2 0.5 0.85
3 15 200 0.24 0.05 0.3 0.329

[20] 0.3 3.5 612 57.18 0.003 no data no data

Arabian light crude oil 0.6 20 492 40.65 0.083 2.33 0.574 6.87 6.87
(aF = 0.679× 10−7 m2·s−1)c 69 942 73.25 0.013 3.33 0.455 33.87 33.87

Ste = 1.703 1 20 681 42.73 0.079 2.91 0.682 8.59 8.59
40 978 40.89 0.041 3.66 0.896 21.6 21.6
60 1310 45.87 0.024 4.0 0.872 35.34 35.34

100 1926 51.92 0.013 3.66 0.706 54 54.0

2 20 411 48.66 0.069 3.08 0.633 9.08 9.08

(3.5)d 27 402 67.16 0.037 3.83 0.570 15.24 15.24

a Calculated in [18];
b Present work data recovered from various papers of Garo et al.;
c From [6];
d The diameter of the circular pan with the same area, while the real square pan is 2.7× 2.7 m pan;UT andRAV data of Koseki experiments are from th

original work [20], but recalculated here in [mm·s−1].
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Table 3
Pre-boilover time of fuel burning for various fuels. Data summarized fr
the experiments of Garo et al. [6,9]. For all the experiments,D = 0.15 m;
y0 = 13 mm. Present authors calculations

Fuel aF × 107 tB0 Foe = atB0
y2

0
[m2·s−1] [sec]

Crude oil 0.679 669 0.269
Heating oil 0.877 670 0.348
Hexadecane 0.724 924 0.397
n-Decane 0.768 1095 0.498
Xylene 1.096 730 0.474
n-Octane 0.841 912 0.454
Toluene 0.951 582 0.327

Table 4
Treatment of the data of Arai et al. [21] concerning the boilover on
D = 0.048 m;y0 = 10 mm

Fuel aF × 107a Ti Tb
a 〈r(t)〉 × 105a Foeb Ste NDHS

[m2·s] [K] [K] [m 2·s]

Toluene 293 0.43 0.462
318 0.29 0.332
323 0.42 0.305 1.35

1.03 325 383 1.35 0.45 0.295
341 0.74 0.214
355 1.01 0.143

Ethyl Benzene 293 0.45 0.558
323 409 1.5 0.24 0.432 1.69

0.88 330 0.18 0.398
345 0.08 0.322

n-Decane 293 0.34 1.149
323 433 1.19 0.22 0.892

0.753 348 0.11 0.694
355 0.10 0.636
362 0.07 0.581

a The paper of Garo et al. [6] was used as a source for some av
values of the fuel properties due to deficiencies in the original paper [2

b From [18].

i.e., the well-knownlumped capacitance solution [19] with
a boundary conditionTbF = T [ys(t)] at the moving fuel
surface. The approach requires aknowledge of r(t) in
order to calculate ys(t) explicitly. Garo et al. [6,9] showed
that it works well with an average valueRAV = 〈r(t)〉
(See the corresponding column of Table 2) calcula
through the initial parameters of the process (that practic
simplifies the moving boundary problem). The substitut
of T |fuel/water−Twb in Θ transforms this dependent variab
into a parameter. This allows to predict the pre-boilover ti
through the value ofFo �⇒ tB0 = (y2

0/aF )Foe.

4.1.1. Contributions of the initial fuel layer conditions to
the pre-boilover time

The SAM equations have a deficiency and do not prov
information about some important initial parameters pre
termining the pre-boilover time. This concerns the effects
(1) The geometry (the size) of the fuel layer, and (2) The
tial fuel layer temperature.
The experimental data indicate that the values ofFoe in-
crease as the fuel thickness decreases and the pan d
ters are increased (see Table 2 for example, more dat
collected in [18]). More precisely,Foe is strongly affected
by the pool diameter through the ratioy0/D. Physically,
Foe = f (y0/D) follows from the fact that for small-siz
pool fires the burning rate depends on the pool diamete
was demonstrated that the correlation of the ratio(ṁ′′/B)=
f (D) (Fig. 12 of [22]) for burning hydrocarbons exhibits a
asymptotic value atD > 2.5 m, while forD < 1 m the slope
of the line is very sharp (e.g.,r(t)) depends on the pool d
ameters [6,9,17–22]). HereB is known as Spalding’s “dif-
fusive transfer number” [22,23] and it is independent of
mass vaporization rate (i.e. the surface regression rate
depends mainly on the intrinsic properties of the fuels [2
In other words, the fraction of the heat reflux the fuel s
face [22]

χ = HV

HC
= 1

B
(12)

is a value independent of the pool diameter (see the s
ment aboutχ concerning Eq. (2)). Some data are availa
in Table 4 (see further).

The data obtained by Arai et al. [21] indicate that t
pre-boilover time depends on the initial fuel temperat
(Table 4). This is the unique report concerning the ini
fuel temperature effect. According to the results of Ara
al. [21], the higher initial temperature, shorter pre-boilo
time. No-data correlations or model has been establis
previously. The fact implicitly indicates that the shorter p
boilover times correspond to the water layers with hig
initial temperatures. The heating of the fuel layer before
fire onset, in the experiments of Arai et al. [21], impli
heating of the water sublayer due to the heat transfer thro
the interface. These comments do not exist in the orig
study of Arai et al. [21], but follows from the analysis of th
experimental situation described.

4.1.2. Simple scaling of the effects of initial fuel layer
conditions [18]

The model deficiency could be avoided through sim
scaling of experimental data (recovered from [6–10,2
The recent attempts [18] yield (data from Tables 2 and
for example):

Foef (y0/D)→ Foe ∼ (y0/D)
−0.5 (13)

The effect of the initial fuel temperature onFoe was
scaled through the introduction of a dimensionless param
!ΘB = (TbF − Ti)/(TbF − Tbw), whereTi is the initial fuel
temperature. The!Θb was introduced intuitively,ad hoc,
in a form similar to dimensionless temperature,Θ. The
main reasons for that are: (i) The temperature at the bur
surface practically equals the temperature of fuel satura
i.e., the fuel boiling temperature; (ii) The water subla
“explodes” when it reaches its boiling point; (iii) Therefor
higher initial temperature of the fuel, shorter pre-boilo
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period; (iv) On the other hand, smaller difference betw
the boiling points of the water and the fuel, shorter p
boilover period in accordance withthe assumptions of the
models considered. This scaling will be used further for th
regression analysis of the data.

The arrangement ofthe only available data of Arai et al.
[21] yield [18] (see Table 4):

Foe ∼ (!Θb)
≈2 �⇒ Foe

(!Θb)2
∼ C

1√
y0/D

where the factorC ∼D−3/2. (14)

Thus, in an explicit form we have

tB0 ∼ (
!Θ2

b /aF
)
(y0/D)

√
y0 or

tB0 ∼ (
!Θ2

b /aF
)(
y

3/2
0 /D

)
(15)

Despite the semi-empirical approach, the forms of (1
(14) and (15) incorporate several physical facts: (i) T
increase of the fuel layer thicknessy0 increases the pre
boilover time [5–9]. (ii) The increase of!Θb leads to
increase oftB0, i.e., higher fuel boiling points and lowe
fuel initial temperatures delay the boilover onsets. Moreo
lower thermal diffusivity of the fuelaF , longer pre-boilover
period. (iii) The increase of the pan diameter (see Eq. (
reduces the pre-boilover timetB0, since higher pan size
higher burning rate and increased heat reflux to the
surface (see the comments of Hamins et al. [22] and
experiments of Garo et al. [6,9]).

4.2. DAM equations

4.2.1. Source term normalization
The normalization of the volumetric source term yie

the numberNVA :

NVA =
[

µq̇ ′′
s t0

ρFCp(Ts − T∞)

]
=

(
µ

y0
aF t0

)[
q̇ ′′
s y0

λF (Ts − T∞)

]

= heat generated inside the layer

heat flux through the fuel layer
(16)

The assumption thatt0 = y2
0/aF is the time scale yield

NVA = (µy0)N0, where

N0 =
[

q̇ ′′
s y0

λF (Ts − T∞)

]
(17)

The new dimensional transfer numberN0 has no a spe
cific name in fire studies (see Thomas [24]). It is known a
as aradiation-to-conduction parameter (see Appendix A).
The expression ofN0 (Eq. (17)) incorporates the specifici
of the pool fires that the heat reflux to the fluid surface iscon-
trolled by radiation-dominated mechanism [14]. The use of
t0 = y2

0/aF leads in a more informative dimensionless fo
of Eq. (8)

∂Θ

∗ = ∂2Θ

∗2 +N0(µy0)exp
[−(µy0)y

∗] (18)

∂t ∂y
The numberN0 expressed through the pool fire paramet
(see the scaling Eq. (2)) is:

N0 =Ω0
1√
y0/D

y1.5
0 ,

Ω0 = 4

π
χ
ρ∞Cp[T∞g(Tf − T∞)]1/2

λF (Ts − T∞)
(19)

The value ofΩ0 can be assumed as a constant since the fl
temperature is approximately constant about 1100 K
hydrocarbon pool fires (see, for example, Ref. [15] as w
as [25–27]), whileµ(m−1) andχ are specific characteristic
of the fuel [21,22]. At thet = tB0 the variableΘ becomes a
constantΘb0 = (Tbw −T∞)/(Ts −T∞) and the pre-boilove
time follows via the Fourier number.

Foe =Φ−1[ΘB0]p(µy0)
n(N0)

m

≈ (ΘB0)
p

(
Ω

1√
y0/D

)m
(µy0)

n (20)

wherep, m andn and the functionΦ (andΦ−1, respec-
tively) could be determined by a data fitting procedure.

4.2.2. Preliminary estimates of the order of magnitude of
the source term of Eq. (18)

The dimensionless groups developed allow an analys
the sources term of DAM equation. The attenuation fac
(µy0)exp�−(µy0)y

∗� may be evaluates as follows [18
(i) the Bouguer number(µy0) calculated for some fuels (da
of [6,7,17,22,28–30] are treated) varies approximately fr
0.5 to 5; (ii) the term exp�−(µy0)y

∗� → 1 at the fuel surface
(see Table 5). Therefore,(µy0)exp�−(µy0)y

∗� ≡ O(1), so
the main effect comes from the magnitude ofN0.

Eq. (19) gives thatN0 = Ω0y0
√
D. The analysis of

the order of magnitude ofΩ0 based on the data of Ga
et al. [5–7,9,10], and Koseki [8,20] indicates thatΩ0 ≡
O(102). For such small laboratory fires (D < 1 m), and
y0 � 10 mm) [6,9] the order of magnitude ofN0 is
aboutN0 ≡ O(102)O(10−3)O(

√
D) ≡ O(10−2), while for

relatively thicker beds, but withD < 1 m [20], we should
haveN0 ≡ O(102)O(10−2)O(10−1)≡ O(10−1).

Therefore, in the case of small-scale laboratory ves
and thin fuel layers the source termcould be accepted as
negligible with respect of the other terms of the equat
having O(1) that transforms DAM model into SAM one.

The experiments of Blinov and Khudyakov [2], Arai
al. [21] and Imamura et al. [25] exhibit violent fuel ejectio
from the pan. In these cases O(

√
D) ≡ O(10−1) and

O(y0) ≡ O(10−3) yield N0 ≡ O(10−2), that immediately
leads to SAM equations. On the other hand, for relativ
thicker fuel beds [8,20] (y0 ≈ (15−30 mm)≡ O(10−2)) and
O(

√
D)≡ O(1) we haveN0 ≡ O(1) like the other terms o

DAM equation.
The large pool diameters within the range of 1–10 m (

experiments of Chatris at al. [31] and more that 100 m,
in the case of oil spills) are usually related to thin fuel lay
that yieldy0 ≡ O(10−2). This leads to a source term of (1
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Table 5
Fractions of the heat reflux and the absorption coefficients of some fuels discussed here

Fuel Heat reflux data Heat absorption data Bu =µy0
b

Ref. µ Ref. min max
χ × 103 source [m−1] source

Heating oil 2.4 [6] – – – –
Heating oil 262 [7] 0.524 4.978

y0 = 2 mm y0 = 19 mm
Weathered oil 1.8 [6] – – – –
(20% water)
Crude oil – – 369 [7] – –
Alberta sweet oil – – 445b 0.89 6.675

[28] y0 = 2 mm y0 ∼ 15 mm
Toluene 13 [22] 140 Garo et al. [6,9] 1.82b

y0 = 13 mm
Toluene – – 145b [28] 0.29 2.175

y0 = 2 mm y0 ∼ 15 mm
n-Decane 160 [7] 1.88

y0 = 13 mm
Hexane 412 [29]

a At 298 K;
b Calculated here.
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of order of O(1). Therefore, it could suggest that DAM
adequate for thicker laboratory beds and large fuel spills

The real thank fires need a special concern, since
are real fire-fighter “nightmares”. Their large dimensio
(D = 20–100 m), as well as the fact that the ratioy0/D ≡
O(1) result inΩ ≡ O(102), y0 ≡ O(10) and

√
D ≡ O(10).

Thus, the resulting source term becomes of order magn
of O(104). However, the estimations are tentative and
experimental confirmations exist.

The above analysis allows to estimate a relations
between the type of the boilover and the order of magnit
of N0. The violent fuel ejections [2,21] correspond
N0 ≡ O(10−2−10−1). The increase of the pan diamet
“shifts” the value of N0 towards N0 ≡ O(1) and the
smoother boilover behaviour. These estimations follow fr
the existing published data. They should be accepted u
the restrictions of the present analysis, which does
concern either the water layer heating or the heat tran
through the walls. The exact values ofNVA (calculated
through Eq. (19)) are summarized in Table 2.

5. Critical comments on the results developed

The fact thatFo< 1 att = tB0 may be interpreted as [18
as

Foe = aF

y2
0/tB0

= thermal diffusivity of the fuel layer

diffusivity of the hot zone
� 1

�⇒ tB0< t0 (21)

The term “diffusivity of the hot zone” [18] is a qualita-
tive interpretation. It tries to explain the heat transfer mec
nisms in the burning layer like the term “velocity of the ther-
mal wave” UT = y0/tB0 (see Tables 2 and 4) employed
the previous studies [6,8,9,20].
The use ofy0 in Foe should overestimatetB0, since the
layer diminishes continuously. In this consequence, the
of the mean values of the regression rateRAV allows to
calculate the fuel layer unburned att = tB0 expressed a
(!/y0), where! = RAV tB0. The data in Table 2 clearl
indicate that att = tB0 almost 50–60% of the initial fue
layer is burnt. Therefore, the definition of the velocityUT =
y0/tB0 employed in all previous studies on boilover and
hot wave diffusivity are idealizations not strictly relevant
the problem.

The very thin fuel layers (< 3–5 mm) [6,9] (see Table 2
allow to apply the fixed boundary approach due to a sm
fraction of the liquid burnt att < tB0. These cases, wit
relatively low regression rates [6,9] are relevant to the S
equations with O(N0)� 1.

Both groups of models lead to practically similar resu
However, the DAM formulation is more adequate, sin
Eq. (19) incorporates a term(

√
y0/D )

−1 following auto-
matically via normalization of the equations, while in t
case of SAM (Eqs. (14), (15)) it was introduced throu
semi-empirical scaling. However, both models have an
portant deficiency, since they do not consider the trans
phenomena at the burning interface. This deficiency
comes stronger whenNVA � 1. Moreover, theneglecting
of the heat flux coming from the flame to the surface by t
use of Dirichlet condition indicates thatwe neglect the physi-
cal phenomena at the flaming interface. Therefore, the main
question is,does the boundary condition at the fuels sur-
face employed by both types of models is adequate? The next
step is to formulate adequate dimensionless group throu
correct formulation of the boundary condition at the flam
liquid interface.
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6. More adequate condition at the burning surface

6.1. Normalization of the energy balance at y = y(t)

Starting intuitively, because of the knowledge of physi
phenomena controlling the process, themore adequate
boundary condition considered here isthe energy balance
(Eq. (3)) at the interface. Concerning Eq. (4) and
dimensionless variables defined, the energy balance a
burning surface (3) (Stefan boundary condition—SBC) is

q ′′
s y0

λF (Ts − T∞)︸ ︷︷ ︸
BSA

=
[

HV

CP (TS − T∞)

]
︸ ︷︷ ︸

Ste−1

x

[
y0r(t)

aF

]
︸ ︷︷ ︸
NDHS

− ∂Θ
∂y∗ (22a)

or

BSA = NDHS

Ste
− ∂Θ

∂y∗ �⇒ 1 = NDHS

BSASte
− 1

BSA

∂Θ

∂y∗ (22b)

The left side of (22) isBSA = q ′′
s y0

λF (Ts−T∞) analogous to the
Biot number (see Appendix A). The right-hand side of (2
contains two groups

Ste = Latent heat

Sensible heat
and

NDHS = Diffusivity of moving HeatSource

Thermal diffusivity
(23)

The former is theStefan number [32,33], while the group
NDHS has no specific name and can be defined asDiffusivity
of the Heat Source. In the specific situation here,Moving
Heat Source is theburning fuel surface (more precisely,Line
Heat Source [33] for the present 1-D problem formulation
The groupNDHS resembles thePeclet number, Pe = (ul/a)

in the case of a convection and a moving heat sou
(Ref. [33, p. 387]) and needs a knowledge of the m
regression rate that is specific for the fuel [34,35]. Thus,
more adequate formulation of (20) is:

Fo =Φ{ΘB0,Bu,N0,Ste,NDHS} (24)

The variations ofFoe and the two new groupsSte and
NDHS are summarized in Tables 2 and 4 for some fu
investigated by different research groups.

7. Scaling to published experimental data

7.1. Correlations with negligible heat absorption effects

The first step before the regression analysis is to de
which groups will be involved. The solution depends
the orders of magnitudes. For laboratory pans and
fuel layers [6,9], we haveBSA = N0 ≡ O(10−2), so both
groups should drop from the equations. Therefore, u
such conditions the temperature profile across the fue
Θ = f (Fo,NDHS,Ste).

The preliminary scaling of data (data of Garo et al.
9] (those included in Table 2 and more not presented h
(a)

(b)

Fig. 2. Scaling estimates ofMo ∼ NDHS for data of Garo et al. [5–7
9,10] in two potential estimates upon the restrictions imposed by
SAM equations and the Stefan boundary condition: (a) Log–Log sca
procedure; (b) Semi-log scaling.

yields Fo ∼ (Ste)−2 (see also data of [21] summarized
Table 3). The contribution of the term(ΘB0) was assumed
as(ΘB0)

Z ≡ (ΘB0)
2 based on the experimental data scal

(see Eqs. (14), (15)). Therefore, the desired functional f
is

Fo ∼ (NDHS)
n

(
ΘB0

Ste

)
(25a)

The data of Garo et al. [6,9] (Table 2) (0.95 confiden
interval) yield (Fig. 2(a)):

M0 =
[

Fo

(
Ste

ΘB0

)2]
∼ (NDHS)

−0.735 (25b)

On the other, hand the semi-logarithmic(log10) presentation
(Fig. 2(b)) gives a linear relationship

logM0 = 0.88− 0.398NDHS (25c)
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For the experiments of Garo et al. [6,9], the calcula
temperature ratio is aboutΘbw = 0.335 (initial fuel con-
ditions at≈ 20◦C andTbw = 373 K), whileNDHS varies
within the range 0.2<NDHS< 1.9. The fit covers data ove
the range 5× 106 < NVA < 10−2. Please bear in mind tha
the preliminary estimation performed in 4.2.2 is O(NVA )≡
O(10−2).

Fig. 3. Scaling estimatesMo ∼ NDHS for the data of Koseki et al. [20] in
the case of SAM equation and Stefan boundary condition.
The data of Koseki et al. [20] (atΘbw = 0.432—at am-
bient initial fuel temperature) confirm the linear relations
Fo ∼ 1/(NDHS)

n � (NDHS)
−0.86 (the solid line in Fig. 3) ob-

tained with the data of Garo et al. [6,9]. Moreover, they
low two linear approximations with negative slopes (dot
lines in Fig. 3) corresponding to different order of mag
tudes ofNDHS. The latter fact indicates a more complex d
behavior, sinceBSA ≡ O(1) andNDHS ≡ O(1)−O(10) (see
the comments below).

The scaling of experimental data, just commented
the case of neglected generation number demonstrate
importance of the processes at the burning surface
especially of thepseudo Peclet number NDHS.

7.2. Correlations with the NVA group

Neglecting the heat absorption effects throughNVA and
BSA groups, we obtained satisfactory data correlations o
for the data of Garo et al. [6,9]. On the other hand, Gar
al. [6,9] did not ignore the source term of the equation t
yielded satisfactory numerical simulations indimensional
forms. Therefore, a question could be formulated. Is
possible to ignore the preliminary analysis and to inclu
the source term into the correlations? Following the b
rules of the dimensional analysis performed by inspectio
you have three-term equation (DAM, for example) the n
dimensialization provides two dimensionless groups—Fo
et
the fra
(a) (b)

Fig. 4. Data fitting through the generation numberNVA over a large range of variations ofNDHS: (a) Data of Garo et al. [5–7,9,10]; (b) Data of Koseki
al. [20]. The above correlation was performed upon average flame temperature of about 1100 K, attenuation coefficients summarized in Table 5 andction
of heat release was accepted asχ = 2.4× 10−3 (following Garo et al. [6,9], see Table 5 too).
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andNVA . The groups derived from the boundary condit
will only affect the coefficients of the power-law relationsh
Fo = f (NVA ) Simple experiments yield (see Fig. 4(a))

M =
[

FoNDHS

(
Ste

ΘB0

)2]
= 1.01− 0.016N ′

VA (26)

whereN ′
VA = NVA × 103. The correlation spans a rang

of variations ofNDHS larger than that corresponding
previous scaling estimates.

The data of Koseki et al. [20] (Fig. 4(b)) confirm th
linear relationshipM ∼NVA obtained with the data of Gar
et al. [6,9] on Fig. 4(a). Moreover, they demonstrate
effect of theNDHS number on the functional relationsh
M = f (NVA ). The upper group of points on Fig. 4(
corresponds to the ticker fuel beds burnt in a 1 m diam
pan (see Table 2), while the points at lower left corner
the graph represents the thinner fuel layers. Both group
points correspond to the linear approximations in Fig. 3 (
dashed lines). The insufficient data points allow estimati
of scaling exponents only, but not of reliable correlatio
The correlation withNVA practically yields the same resu
like in the absence of source term analyzed in the prev
point. The “trick” is thatNVA from the governing equatio
and BSA from the boundary condition are interrelated
NVA = (µy0)BSA = Bu ·BSA (see Appendix A).

7.3. More comprehensive presentation through the
dimensionless groups

The above analysis allows to evaluate the particular c
tribution of each group on the variation of the boilov
Fourier numberFoe . However, these groups exhibit co
current effects and the influences of those representing
heat absorption effects are more complex. Following
best rules of the dimensionless analysis, combinations o
groups could minimize the number of dimensionless v
ables. The main idea follows from Eq. (24), so we have

Hp = BSA Ste

NDHS
= g′′

s

ρf r(t)HV
= q̇ ′′

s

ṁ′′HV
(27)

In other words, thepseudo Biot number (Eq. (22b)) is
BSA = HpNDHS

1
Ste .

Thenew group Hp and the fact thatNVA = BuBSA permit
to express the boilover Fourier number in a more comp
form Fo = Φ−1�(ΘB0)

p(Hp)mBun�. However, the function
Φ is not defined that requires some additional sca
estimates. The scaling of the boilover Fourier num
with the groupHp was performed in a form (without
contribution of the Bouguer numberBu)

M1 = Fo

(ΘB0)2
= f

(
Hpm

)
(28)

In fact, the plot on Fig. 5(a) repeats qualitatively theM =
f (NVA ) graph on Fig. 4(a), sinceHp ∼ BSA(Ste/NDHS) ∼
BSA(µy0)(Ste/NDHS) ∼ NVA · Const. Moreover, it repeats
also the scaling plotsM0 ∼NDHS (see Fig. 2(a), (b)), wher
theNVA is omitted from the family of dimensionless grou
(SAM equations with Stefan boundary condition). With t
latter situation the only dimensionless groups generate
the boundary condition (Eq. (3)) areNDHS andSte.

It was found out, that data of Koseki et al. [20] (Fig. 5(b
fit well to the reciprocal value 1/Hp, that is a behaviou
just opposite to that on Fig. 4(b), but with two well defin
areas of the effects ofNDHS. The latter should be accepte
as a tentative estimate due to insufficient data for relia
correlations.

Thenew Hp number employs only macroscopic data th
are available preliminary (before the experiments or a
dents). Moreover, the numberHp implicitly incorporates the
effect of the pool diameter through the scaling equation
However,Hp � 1 (see Fig. 5(a)) because of the higher v
ues ofHV ≡ O(106) J·kg−1, i.e. due to the low values o
BSA ≡ O(10−2). Generally,Hp group minimizes the num
ber of quantities involved in predicting of the pre-boilov
(a) (b)

Fig. 5. Scaling estimates ofFo ∼ Hp: (a) Data of Garo et al. [6,9]; (b) Data of Koseki et al. [20].
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time and theFo ∼ Hp relationship is easy transformable in
charts for particular fuels (see Section 7.5).

7.4. Brief asymptotic analysis employing NVA and Hp
numbers

From a fundamental point of view and as well as
the safety engineering purposes two limiting situations
interested: (1)Fo → ∞, i.e. no boilover occur practically
and (2)Fo → 0, that implies an immediate boilover. Th
plots on Figs. 3 and 4 will be used to develop the analys

The caseFo → ∞ means thatNDHS → 0 (see Eq. (28b
and Figs. 2(a), (b) and 3) (or 1/Hp → ∞) that could occur
if: r(t) → 0 (difficult to burn fuel) ory0 → 0 (extremely
thin fuel layer), oraF → ∞ (that is impossible, sinceaF is
a transport property of the medium).

The caseFo → 0 impliesy0 ≈ 0 (no fuel layer exist, tha
is non-sense) or aF → ∞ which is unrealistic as commente
above.

The intermediate situations could be analyzed through
plots on Figs. 3 and 4(a). AtNVA → 0 (i.e., no absorption
effects exist or the fuel does not burn,y0 ≈ 0, or extremely
narrow vessel,D ≈ 0), the value ofM → 1 (really≈ 0.88)
(see Fig. 4(a)). This means that,

M ≈ 1 → Fo ≡
(
ΘB0

Ste

)2
NVA

NDHS
� 1/NDHS

→ 1�⇒NDHS ≈ 1 (29)

This confirm the plot on Fig. 3 where the common a
of both linear approximation (the convex of the main cur
corresponds toMo ≡ O(1) andNDHS ≡ O(1). Thus, from
(25a), we have

Mo ≡ O(1)→ Fo ≡
(
Θbw

Ste

)2

︸ ︷︷ ︸
O(1)

NDHS ≈ 1 (30)

Therefore, atFo → 1, e.g.,NDHS ∼ O(1), the thermal
time scalet0 = (y2/aF ) defines the pre-boilover time th
corresponds to the assumption of Arai et al. [21] (
Table 1). AsFo � 1, i.e., for largeHp numbers (or extremel
high values ofNDHS) the idea expressed by Eq. (21) (t
diffusivity of a hot zone) should fail since it means tha
hot zone propagates faster that the temperature field,
is unrealistic. For example, the conditionFo � 1 (i.e.,
tB0 � t0) [2,21] allows close form analytical solutions (s
Table 1). However, at large values ofHp (large pool fires
on deep beds) no pure heat conductivity transfer shoul
considered in the fuel bed.

7.5. Suggestions about the power law function [36]

The exponents of the functionFo = Φ−1�(ΘB0)
p ×

(Hp)mBun� can be defined through a regression analysi
experimental data. The pre-boilover experimental time
10,12,18] is proportional to the initial fuel thicknessy0, so
we could expect that
tB0 ∝ �⇒ (tB0/t0)︸ ︷︷ ︸
Fo

∝ (y0/t0)�⇒ Fo ∝ y0/
(
y2

0/aF
)

�⇒ Fo ∝ 1/y0 �⇒ Fo ∼ 1/Bu (31)

The data (of Garo et al. [6,9]) scaled to theHp yield
Eq. (28) (see Fig. 5(a)). Moreover,Foe ∼ 1/NDHS, so taking
into account the budget of theHp we could expect a
relationship in the formFo ∼ Hpm. This suggestion permit
to develop a dimensionless relationship in the form

Fo ∼
(
Θ2
B0

Bu

)
· Hpm (32)

Physically, the pre-factor(Θ2
B0/Bu) depends only on

the initial fuel thickness through the Bouguer numberµy0,
while the main phenomena controlling the process are at
the flaming surface and represented by theHp number.
The functional relationship (32) should be considered
instructive for fitting experimental data.

8. Alternative scaling

The main feature of the above scaling is the use of
initial fuel layer depthy0 as a length scale as the only-know
dimension of the fuel layer. However, we have a mov
boundary problem, so the correct analysis requires both
length and the time scales to be independent ofy0. The brief
examples performed below consider the DAM equation w
a Stefan boundary condition (SBC).

Furthermore, we will try to define the truelength and
time scales of the process depending on the heat tran
mechanism assumed.

8.1. The true scales of the process and asymptotic
situations

However, the question about the true length scale of
process depending on the dominating transport phenom
is open. Let assume that the unknown length scale is den
by SL, while the time scale isSt

Assuming

Θ = (T − T∞)
(Ts − T∞)

, t∗ = t

St
and y∗ = y

SL

after the non-dimensialization we have:

ρFCp(Ts − T∞)
St

∂Θ

∂t∗

= λF (Ts − T∞)
S2
L

(
∂2Θ

∂y∗2

)
︸ ︷︷ ︸

Heat conduction

−µq ′′
s

[−(µSL)y∗]︸ ︷︷ ︸
Heat absorption

(33)

Two asymptotic physical situations could be sugges
depending on the contributions of heat transfer mechan
suggested as a dominating one (see the terms of Eq. (3
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• Heat conduction dominating (HCD) mechanism, tha
corresponds to SAM equations.

• Heat absorption mechanism (HAD), that implies a
dominating role of the source them of the model.

The first suggestion leads to a dimensionless equatio

HCD:

(
S2
L

aF St

)
∂Θ

∂t∗

= 1

(
∂2Θ

∂y∗2

)
− µq̇ ′′

s S
2
L

λF (Ts − T∞)
Ex0 (34a)

while the second one yields

HAD:
ρFCp(Ts − T∞)

µq ′′
s Ex0

(
1

St

)
∂Θ

∂t∗

= λF (Ts − T∞)
µq ′′

s Ex0

(
∂2Θ

∂y∗2

)
− 1 (34b)

where Ex0 = exp�−µSLy∗�. The termEx0 � 1, where 1
corresponds to the burning surface.

Head conduction mechanism
Setting all the coefficients of the dimensionless equat

(34a) equal to 1 we have:

SL = L0 = λF (Ts − T∞)
q ′′
s

and St = τ2 = S2
L

aF
(35)

The scalesL0 andτ2 are the so-calledalternative “ablation”
scale employed in the ablation problems [37]. The comm
concerns the physical analogy with ablation process [38
a moving boundary process as well as with a phase trans
at the moving surface. These scales allow to express sim
the Stefan boundary condition as

1 = 1

Hp
− ∂Θ

∂y∗ (36)

The “boilover” Fourier number definedvia the new
scales isF̃oe = aF tB0/L

2
0. It is easy related to the ol

Foe through F̃oe2 = aF tB0/L
2
0 = Foe(y0/L0)

2. Moreover,
the source term defines newgeneration number expressed
ÑVA = B̃uN0(L0/y0). Taking into account the definitio
of L0 we have thatB̃u = Bu(L0/y0), N0 = y0/L0 and
ÑVA = Bu(L0/y0).

Heat absorption mechanism
The dimensionless coefficients of source tem of (3

definesSL = Z0 = λF (Ts − T∞)/q ′′ Similarly, the dimen-
sionless coefficient of the unsteady term definesSt = τ3 =
1/µ2aF like in the radiation-to-conduction problems (s
Liu and Tan [38], for example). Thus, the length equ
that of HCD, but the absorption coefficientµ determines
the time scale. The latter yields a boilover Fourier nu
ber Foe3 = (µ2aF )tB0 or through the old Fourier number a
Foe3(µ

2aF )tB0 = Foe(y0)(µy0)
2 = FoeBu2. The source term

(the generation number) resembles that defined for theHCD
mechanism:B ′u= Bu(Z0/y0) andN ′ = Bu(Z0/y0).
VA
Table 6
Comparison of the time scales. Summarized results from Section 8.2.2
cross-box of the columns and the rows correspond to the equality o
time scales

t0 τ2 τ3

t0 – When When

– y0 = λF (Ts−T∞)

q′′
s

; N0 = 1 y0 = λF (Ts−T∞)

q′′
s

andÑVA = Bu andN0 · Bu = 1

τ2 When

– L0 = λF (Ts−T∞)
qs

;

andN0 = Bu

Therefore, the determination of the length scales by b
suggested heat transfer mechanisms confirms the le
scaleL0 (orZ0). This length transforms in a unique mann
the SBC in a form expressed by Eq. (36) anddefines the
Hp number. However, formally the time scales of bo
mechanisms are different. It is easy to demonstrate
the definition ofSt given by (35) is transformable asSt =
S2
L/aF = (1/µ2aF )Bu2(SL/y0)

2.
Formally, if the length scale of theHCD mechanism is

chosen asSL = 1/µ (this is an alternative following from th
mechanistic treatment of the source term) the time sca
St = 1/µ2aF , but this is not consistent with the heat trans
conduction mechanism considered.

However, the only measurable length is the initial fu
depthy0. The question arising is: do some conditions ex
upon which t0 = y2

0/aF is the process time scale. Th
definition ofy0 implicitly assumes theHCD mechanism, so
the simple checkt0 = τ2 (see (35)) yieldsy0 = L0. The latter
condition implies 1/N0 = 1 that yields a generation numb
ÑVA = Bu. This condition gives real values of̃NVA in the
range of 10−1–10 (see the values ofBu in Table 4). Similarly,
we could sett0 = τ3 and τ2 = τ3. Table 6 summarizes th
results of that comparison.

8.2. Boundaries of the regimes suggested-tentative
estimates

As a first step, let concern theconduction dominating
mechanism, that corresponds to the SAM equation and
primarily defined scalesy0 andt0. The conditionNVA � 1
applied to the source term (see Eq. (17)) requires:

NVA � 1 �⇒ BuN0 � 1, or N0 � 1

Bu
(37)

Therefore, (see the values ofBu in Table 5), we should hav
N0 ≡ O(10−1−1) or less.

The opposite heat transfer mechanism concerns adomi-
nation of the source term, so for the dimensionless coeffi
cient of the heat diffusion term should satisfy the condit
(see Eq. (34b))

λF (Ts − T∞)
′′

µ = Bu 1 � 1 (38)

qs Ex0 N0 Ex0
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Taking into account that 1/Ex0 > 1, a more weak, but
sufficient, form of the condition (39) could be express
as Bu/N0 � 1, or N0 � Bu. The latter requires values o
N0 > 5–7, so at least we should haveN0 ≡ O(10−102).

Let us take a backward glance over the data comme
in Section 4.2.1 where the order of magnitude ofN0 was
established based on the fuel layer dimensions only.
order of magnitudeN0 ≡ O(10−1−1) or less is typical
for small laboratory fires, for explosive boilover behaviou
and for theConduction Dominated heat transfer mechanis
determined bySAM equations. On the other, handN0 ≡
O(1)–O(102) corresponds tosmoother boilover, Absorption
Dominated heat transfer and consequently to theDAM
equation.

8.3. Asymptotic situations

This attempt stresses the attention on the areas wher
derived dimensionless group could control the process.
conduction-dominated mechanism described by the S
equation has a simple solution (see Table 1) represented
classical manner through dimensionless groups availab
every textbook on heat transfer, so it will not be commen
here.

A very interesting situation providing new results (s
further) occurs if we suggest the domination of the h
absorption only. Omitting the heat diffusion term of t
DAM equation (see (34b)) and employing the intrin
length and time scalesτ3 andL0 we have

∂Θ

∂t∗
= − 1

µL0
exp

(−µL0y
∗) (39)

That gives

Θ = C0t
∗ +C1 (40)

whereC0 = 1
µL0

exp(−µL0y
∗) andC1 = 0, sinceΘ = 0 at

t∗ = 0, andy∗ = ys(t)/L0.
The expression of (40) through dimensionless gro

(taking into account thatt∗ = Fo3) becomes

Θ =
(
N0

Bu

)2[
Fo2

3 − NDHS

N0
Fo3

]
(41)

The expression (41) allows a simplification sin
NDHS/N0 � 1 (the values ofNDHS are available in Table 2)
so we have

Θ ≈
(
N0

Bu

)2[
Fo2

3

] �⇒ Fo3 ≈ √
Θ

Bu

N0
(42)

9. Explicit scaling and similarity tests

The power-law function was commented several tim
through the text. Moreover, some suggestions about its f
were done in Section 7.5 as a result of the prelimin
analysis with the scalesy0 and t0. The following analysis
try to derive scaling relationships for the pre-boilover tim
e

in explicit forms in the three cases discusses above as
as similarity rules.

9.1. Explicit (dimensional) scaling estimates

Case A. Scalesy0 and t0 (no dominating heat transfe
mechanism is assumed andad hoc defined scales): Th
suggestion thatFoe1 ∝ 1/Bu andFoe1 ∝ Hp done earlier (see
Section 7.5), andBu ∝ y0 as well as thatHp ∝ q ′′

s ∝ √
D

(the scaling Eq. (2)) yield an explicit scaling

Foe ∝ tB0

y2
0

≡ 1

Bu
Hp �⇒ tB0 ∝ y0

√
D or

tB0 ∝
(
y0

D

)
1√
D

(43)

Case B. ScalesL0 and τ2 (conduction dominated hea
transfer).

Similarly, with Foe2 ∝ 1/L2
0, and B̃u ∝ L0) it follows

that tB0 ∼ L0
√
D. Further, considering thatN0 = y0/L0 =

BSA ∝ Hp (see the expression (36)) we have

tB0 ∝ y0

N0

√
D = y0√

D

√
D =

(
y0

D

)
D (44)

that is very close to the form expressed by Eq. (15).
Case C. ScalesL0 and τ3 (absorption dominated he

transfer).
The scaling follows from the simplified solution (43) a

the relationshipsFoe3 = FoeBu2, so

Foe3 = (µaF )tB0 = Foe1Bu2 ≈ √
Θ

Bu

N0

�⇒ Foe1 ≈ 1

Bu

1

No
∝ 1

Bu

1

Hp
(45a)

tB0 ∝ y0
1

Hp
∝ y0

1√
D

=
(
y0

D

)√
D (45b)

The above explicit scaling estimates are expressed e
cially through the common group(y0/D) in order to do a
parallel with the experimentally derived relationships (1
and (15). Generally, the explicit scaling estimates can be
terpreted as

tB0 ∼ (initial fuel conditions)

(conditions at the flaming interface)∼ y0D
n

where the scaling exponentn depends on the heat transf
mechanism across the fuel layer.

9.2. Direct tests of the explicit scaling estimates

The common expressions of the dimensional scaling
the forms (42)–(45) do permit scaling in logtD − logD
co-ordinates, wheretD = tB0/y00 and y00 = y0/D. The
variations of the scaling exponentn for experiments with
pool diameters varying from 0.15 m up to 4 m and conditi
spanning both the “thick” and the “thin” layer boilovers a
shown on Fig. 6.
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Fig. 6. Evaluation of the scaling exponentn and a test of the theory predictions for four experimental situations: (a) Laboratory experiments of Gar
[6,9]—All the data summarized in Table 2 and those from experiments with pool of 0.5 m (not shown here, but available in [18]). (b) Laboratory andeld
scale experiments of Koseki et al. [20]—data summarized in Table 2. (c) Field experiments of Chatris et al. [31]—gasoline. (d) Field experimentsatris
et al. [31]—diesel oil. Note: The experiments of Chatris et al. are described in the original paper, but some data relevant to the present study arearized
in Table 7.
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Table 7
Conditions of the experiments of Chatris et al. [37]. Additional informat
to Fig. 6

Diesel oil y0, mm→ 6.6 6.6 7.4 7.9 8.9
D = 1.5 m

tB0, s→ 83 93 83 87 80
y0, mm→ 6.6 7.3 8.0

D = 3.0 m
tB0, s→ 67 106 125
y0, mm→ 7.8 8.9 9.5 9.6

D = 4.0 m
tB0, s→ 116 107 121 117

Gas oil y0, mm→ 7.4 8.0 11.3
D = 1.5 m

tB0, s→ 61 49 19
y0, mm→ 8.0 8.1 9.0

D = 3.0 m
tB0, s→ 61 98 67
y0, mm→ 6.7 7.3 9.0

D = 4.0 m
tB0, s→ 86 58 82
The help of Origin performed the plots (at 0.95 confid
tial intervals) yieldtD ∼ √

D more or less. The data of Ga
et al. [6,9] demonstratetD ∼D0.2–D0.4 due to the large sca
tering of the data points. The attempt to scale the avera
(arithmetic mean) values oftD for each pool diameter stud
ied by Garo et al. [6,9] yieldstD ∼ D0.4 (see the inset o
Fig. 6(a)). Thus, it could suggest that the heat conduc
across the fuel dominates for smaller diameter pool fires
the scaling corresponds to the case B, while forD = 0.3–
5 m pools the heat absorption starts to dominate and
scaling approaches the case C. The increase of pool d
eter shifts the heat transfer controlling mechanism and
the data scale of Koseki et al. [8] and those of Chatris e
[31] scaletD ∼ √

D, thus confirming the prediction done fo
the Case C (see Eq. (47b)).

The results are reasonable, since fromtD ∼ √
D it

follows tB0 ∼ 1/
√
D. However, we should keep in min

that the data contain implicit information about the transit
between both heat transfer mechanisms suggested
example, the lower range of the pool diameters emplo
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by Koseki et al. [8] spans the upper range of the p
sizes of the experiments of Garo et al. [6,9] (see Table
It could assume that the general tendency of the dat
Koseki et al. (the scaling toD0.5) is due to the larger poo
diameters employed. In the same time, the lower range o
pool size range investigated by Chatris et al. [31] overl
the upper range of pools in the experiments of Kosek
al. [8]. The former can be clearly defined as athin-layer
boilover. The fact that the pre-boilover time scales toD0.5 is
a possible explanation of the scattering of the experime
data reported by Koseki [40] (Fig. 8 of the referred pap
and correlated only to the initial fuel thicknessy0.

9.3. Similarity between pool fire experiments

Following the general form of the power-law function
two systems (two pool fires) of different sizes the equality
the Fourier numbersFo(1) andFo(2) implies

1

Bu(1)
Hp(1)m = 1

Bu(2)
Hp(2)m (46a)

Following the expression for case C (Eq. (47b)) and ass
ing that the mass burning rate does not depend on the
diameter (a strong simplification about the contribution
Hp number) we have

1

µ1y0(1)

1√
D1

= 1

µ2y0(2)

1√
D2

�⇒ y0(1)

y0(2)
= µ2

µ1

√
D2√
D1

(46b)

The expression gives a tentative proportionality, sinca
pre-factor of the mass combustion ratesm1,2 = ṁ′′(1)/ṁ′′(2)
should exists. This very simple relationship was tested w
the data of Garo et al. [6,9] and Koseki et al. [8] summari
in Table 2. In these experiments, the initial fuel thickn
was varied gradually, without any attempts to create geo
rical similarity at least. The data of Garo et al. [6,9] allo
such analysis since the ratiȯm′′(1)/ṁ′′(2) is almost 1 for
all the experiments because the fuel type does not vary,
µ2/µ1 = 1. The results summarized in Table 8 indicate th

(i) No similar experiments have performed systematica
(ii) Among the data of Garo et al. [6,9] there are seve

experiments where the requirement (47) is alm
satisfied, i.e., those yield close values ofFoe; and

(iii) The data of Koseki et al. [8] are not sufficient
establish any similarity.

This attempt to find similar situations and to draw a r
how to simulate the boilover upon model conditions, and
transfer the data to a prototype, should be concerned as
step in that direction requiring further development.
l

,

t

10. Brief conclusions

The discussion is brief because it was done practical
the length of paper. Generally, we will comments the res
en bloc. The paper reached two goals:

(1) To consolidate the data published in various sources
without anytransport phenomena analysis.

(2) To develop a general form of the functional equat
defining the pre-boilover time, easy transformable i
engineering charts.

Generally, the scale analysis detected the principle
mensionless groups controlling the process. The arbit
choice of the scalesy0 and t0 demonstrates how many d
mensionless groups can be generatedif the scales are not
intrinsic to the process. Therefore, this first part of the sca
analysis demonstrated the more adequate position of the
fan boundary condition at the burning interface instead
Dirichlet condition employed by the original models (s
Appendix B).

The detection of the intrinsic scales clearly demonstr
that the dimensionless numberHp controls the process.
Very important information derived from that analysis
the ability to test the primary physical hypothesis thatthe
contribution of the radiation to the heat transfer across t
fuel layerincreases with the increase of the pool diameter.
Moreover, this simple scaling allowed a similitude te
of published data and drew the idea for more system
experiments.

Blinov and Khudyakov have commented the occurre
of strong convection inside the tanks during fire in th
pioneering study [2]. More recent comments and analys
similar observations are collected in the review of Kos
[39]. Obviously, this should be incorporated in the futu
models.

The criterion for the boilover onset needs a justificati
Physically, but mainly by intuition, all the studies referred
the present paper, assume that water layer explodes
the thermal waves reach the fuel-water interface. It
demonstrated (see in Table 2) that the velocityUT of such
thermal wave is physically non-adequate to the proc
studied. The investigations of Blinov and Khudyakov
in very narrow glass cylinders (no data only explanati
exist in the original text) indicated that the water tempera
could reach values above 100◦C before the ejection i
a thin fuel layer cover its top surface. This point nee
special studies on both laboratory and field scales for co
definition of the physical condition of water explosion
The present study employed the water boiling tempera
upon atmospheric conditions, but this was an approxima
demonstrating the approach of the investigation only.

Finally, the scale analysis is a physical experime
performed by mathematical tools. The adequacy of
models and their restricted or extended abilities dire
affects the result of the scaling.
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Table 8
A test for a similitude between some experiments performed

Fuel layers Satisfying the ratio Fourier numbers Comments
S1 S2

√
D1/D2 (Experimental)

D1 D2
√
D1/D2 S1:y0 [mm] S2:y0 [mm] S1 S2

[mm] [mm]

Garo et al. [6,9]a

0.15 0.23 1.238 19 C = 15.344 mm 0.223 0.23 Almost
R = 15 mm Similar
C = 3.23 mm 0.88 0.71 Almost

4 R = 3.0 mm Similar

0.15 0.3 1.414 19 C = 13.43 mm 0.223 0.268 Almost
R = 13.0 mm Similar
C = 12.02 mm 0.245 0.318 Close, but not similar

17 R = 11 mm and 13 mm 0.268

C = 9.19 mm 0.316 0.358 Almost
13 R = 9 mm Similar

0.15 0.5 1.824 C = 1.14 mm No similar layer exists

0.23 0.3 1.142 17 C = 14.88 mm 0.209 0.180 Almost
R = 15 mm Similar
Cd = 13.134 mm 0.235 0.268 Almost

15 R = 13 mm Similar
C = 11.38 mm 0.268 0.318 Close, but not similar

13 R = 11 mm
C = 4.38 mm 0.736 0.667 Almost

5 R = 4 mm and 5 mm 0.736 Similar

0.23 0.5 1.474 C = 4.82 mm 0.268 Close, but not similar
13 R = 9 mm 0.210
7 C = 4.74 mm 0.464 No confirmation

R = 5 mm 0.239

0.3 0.5 1.666 15 C = 9.0 mm 0.180 Almost
R = 9.0 mm 0.210 Similar

Koseki et al. [8]

0.3 0.6 1.414 35 C = 24.75 mm 0.003 0.00835 No confirmation
R = 20 mm

1.0 1.825 C = 19.18 mm 0.003 0.0795 No confirmation
35 R = 20 mm

0.3 2 2.581 No geometrically similar layers exist
3.5 3.415

0.6 1 1.290
2 1.825

0.6 3.5 2.415
1.0 2 1.414

3.5 1.87

2 3.5 1.322

a The data for the 0.3 mm pool fire are summarized in [18];C-calculated layer thickness;R-real layer.
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Appendix A. Justification about the dimensionless
groups derived

For example, when the surface flux expressed asq ′′ =
σI(T 4

ss − T 4) and the body sourceq ′′′ contribute the hea
conduction through a slab (solid or liquid) of thickne
δ and a volumeV exposed to a sudden radiation, tw
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dimension1ess groups occur [41]:

N1 =
(

q ′′′σ
σIT 4 + T 4

ss

)1/4

and Mo = σIT 3
0 δ

δ
(A.1)

The groupN1 is analogous toNVA = (µy0)N0 in its original
form (see Eq. (17)). The groupMo is theradiationn number
(or conduction–radiationn parameter or Stark number) [42],
analogous to the Biot number and toBSA number (Eq. (22))
The groupsN1 and Mo represent the general case whe
the surfaces fluxq ′′ and volumetric sourceq ′′′ are not
interrelated. However, in the case of DAM equationsq̇ ′′

r =
q̇ ′′
s exp(−µy) and consequentlyN0 ≡ BSA ≡ ( 1

µy0

)
NVA , so

the source them of Eq. (18) isN0(µy0)exp�−(µy0)y
∗� ∼

BSA. In other words, the discussion about magnitude
the source them of Eq. (18) is, in fact, a discussion ab
magnitudes of the numberBSA controlling the proces
through the boundary, like in the convective heat tran
controlled by the Biot number.

Appendix B. Stefan boundary condition

The Stefan problem (SP) is well known in the literature
and the specific model build-up is available in [43–4
for example. For most of the readers familiar with SP,
introduction of the present article is sufficient to underst
the adequacy of SBC. However, this comment try to exp
what is the reason to use SBC instead the Dirichlet boun
condition (DBC) mainly for the readers familiar with SBC
but not interested in fire science as well as to those of t
working on fires but unfamiliar with SP.

In general, DBC implies infinite heat flux at the bounda
The Stefan condition is the more adequate at the flam
fuel boundary since it describes the heat transfer acros
interface associated ba its motion and a phase trans
(liquid evaporation) that is impossible ba DBC. The h
conduction equation (SAM or DAM) isvalid for every point
of the fuel layer, while Eq. (3) concerning simultaneously t
fuel evaporations and the interface motion,exists only at the
boundary. In the Stefan condition, for example, auniform
temperature (i.e., DBC) implies the right-hand side equal
zero and hence here isno movement of the interface and no
evaporation can occur [44,45].
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