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ABSTRACT

This study aims at better understanding the heat and mass transfer processes at the liquid fuel surface
during a pool fire. It proposes new experimental data regarding the characteristics of the vertical
temperature profile in the vicinity of the fuel surface in both liquid and gas phases. This analysis is based
on pool fire experiments in open atmosphere, performed with various pool sizes from 0.1 m* to 1 m?, and
for four different fuels: ethanol, dodecane, hydrogenated tetra propylene (or HTP) and lubricant oil. The
vertical temperature profiles are obtained from the measurements of the temperature within the pool and
of the fuel mass loss rate. For ethanol, dodecane and HTP fuels, the temperature profile shows a thin
upper layer of about 4 mm in the liquid fuel at constant temperature equal to the boiling one. For lubricant
oil fuel, no constant temperature upper layer is observed. In addition, the temperature profiles allow
characterizing the convective heat transfer in the gas phase through the determination of the temperature
gradient. These measurements propose valuable information for the validation of fuel evaporation
models, used for the numerical prediction of pool fires.
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INTRODUCTION

The understanding of the heat and mass transfer processes at a liquid fuel surface remains a key
issue in the prediction of the burning rate of pool fires. Fuel vaporization leading to the process of
burning results from the heat energy balance through the fuel layer [1]. The heat fluxes involved in
this process are illustrated in Fig. 1.

The two dominant heat sources contributing to the evaporation process are the incident radiative
heat flux coming from the flame (Rad.) and the convective heat transfer at the fuel surface heating
the fuel layer (Conv.). Additional terms modulating the effects of the two former contributions are
the reflection of the incident radiation heat flux (Refl.), the radiative emission of the fuel surface
(Emit.), the heat flux transferred by conduction by the pan to the liquid fuel (Cond.), the thermal
losses (Loss) and the latent heat required to heat up the mass of fuel. The net balance of all these
contributions equals the energy for evaporating the mass of fuel. This thermal process leads to a
specific temperature field within the fuel layer and the gas phase. This profile is mainly one-
dimensional in the vertical direction as illustrated in Fig. 1.

Research studies on pool fires have been numerous over several decades and have led to a deep
understanding of such fires based mainly on a wide range of experimental approaches [2-4]. More
recently, numerical simulations using computational fluid dynamic (CFD) approaches have been
proposed with very encouraging results [5-7]. An important issue from these simulations is the
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Part 5. Fire Dynamics

modeling of the heat and mass transfers at the fuel surface and thus the appropriate prediction of the
burning rate.

A

z * Upper layer Conv.

<T| Cond.

Fig. 1. Schematic illustration of the heat transfer within the liquid fuel.

Recent studies focused on this task in order to highlight the influence of boundary conditions on the
burning rate with the final goal to better identify the relative contributions of each heat transfer
mechanism. The pan height and the lip distance modified the convective flow within the liquid fuel
[8, 9]. The pan thermal conductivity (for quartz or aluminum pan) and the liquid temperature at the
bottom of the pan also influence the energy balance and thus the burning rate [4] [5]. The initial fuel
height is also an important parameter and according to its value, two regimes of burning for thin and
thick pool fires are identified. For thick pool regime, a uniform temperature upper layer below the
fuel surface is observed with a temperature level near the boiling one and a lower layer with a
nonlinear temperature gradient as illustrated in Fig. 1 [10, 11]. The occurrence of this upper layer,
already identified in the 60s [12], results from the radiation heat fluxes coming from the flame and
absorbed within the liquid fuel [13]. This layer is also characterized by “hot spots” on its lower side
where the temperature is greater than the boiling temperature, which is evidence of a superheating
process due to in-depth radiation absorption [14].

In order to improve the characterization of the heat transfer at the fuel interface, but also to propose
an experimental database for the validation of fuel evaporation models, heat flux and temperature
measurements remain a necessary task [15]. Recent studies have presented detailed measurements
of the total heat fluxes for a gasoline 0.36 m” square pool fire [14] and vertical temperature profile
for a methanol 0.1 m” circular pool fire [11]. This study presents a new set of data for the vertical
temperature profile in the vicinity of the fuel interface both in the liquid and gas phases, which is
barely represented in the literature. This direct measurement of the temperature profile gives
information about the convective heat transfer coefficient, which is usually determined by the
inverse method from the energy balance [2].

FIRE TESTS

Data come from a set of pool fire experiments performed during the international OECD PRISME
project for a larger range of pool size (from 0.1 to 1 m?) and for several fuel types having different
radiative properties (ethanol C,H¢O, dodecane, hydrogenated tetrapropylene, C;,H,s and Lubricant
oil fuel, C;;Hg,). Fire tests were performed in the open atmosphere SATURNE hood of IRSN at
Cadarache in France (Fig. 2). Pans were metallic circular vessels of various areas from 0.10 to
1.00 m? (or in diameter from 0.35 to 1.12 m). Fuel was poured manually in the pan and then ignited
by gas propane burner. The initial distance between the pool surface and the position of the burner
was about 0.10 m. The pan was placed on a weighting system to measure the mass of fuel. Five K-
type thermocouples of 1.5 mm diameter were positioned vertically at the center of the pan in order
to characterize the temperature in the liquid fuel. These measurements will be used to determine the
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vertical temperature profile in the vicinity of the fuel surface. The weighting system is accurate
within 2 g and the thermocouples are verified with reference temperature and are accurate within
2°C.

Fire test characteristics are listed in Table 1. Three series of tests are considered for three fuels,
hydrogenated tetrapropylene, HTP, with the chemical formulation C;,Hy used as solvent in nuclear
reprocessing plant, dodecane, with the same formulation Cj,H,6 and lubricant oil DTE MEDIUM
from MOBIL, C;Hg,. In addition, one test with ethanol fuel is considered. These fuels have
different properties from light to heavier fuels as indicated in Table 2. For each series, except for the
ethanol test, experiments were reproduced for repeatability or in changing initial boundary
conditions (initial fuel mass, exhaust flow rate at the hood or initial fuel temperature). It has to be
noted that the pan heights were different according to the test series, from 0.10 to 0.15 m.

Fig. 2. Photographs of the SATURNE hood (a), of a 0.40 m” pan with the igniter (b),
of the ignition phase with the 1.00 m” pan (c).

Table 1. List of experiments

Test name Fuel type Pool area (m?) Pan height (m) Initial fuel mass (kg)
PRS_SI_S5 HTP 0.10 0.10 3.67
PRS_SI_S1 HTP 0.20 0.10 7.75
PRS_SI_S3 HTP 0.40 0.10 14.90
PRS_SI_S8 Ethanol 0.40 0.10 15.89
PR2_FESS_S11 Lub. oil 0.20 0.13 8.08
PR2_FESS_S12 Lub. oil 0.40 0.13 14.94
PR2_FESS_S13 Lub. oil 0.70 0.13 3045
PR3_S3S_S4 Dodecane 0.10 0.15 4.19
PR3_S3S_S1 Dodecane 0.40 0.15 23.21
PR3_S3S_S2 Dodecane 0.56 0.15 28.30
PR3_S3S_S3 Dodecane 1.00 0.15 38.40

Table 2. Fuel properties

Fuel Formulation  Density (kg/m®) at 20°C B Expans(lg éllc)o efficient Boiling (tf gl)perature
Ethanol C,HsO 789 0.00149 78
HTP CioHye 760 0.00124 188
Dodecane C,Hyg 750 0.00120 216
Lub. oil C;3Hgy 870 0.00070 480
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MASS LOSS RATE

Before analyzing the temperature profiles, the fuel mass loss rate (MLR) is determined and
compared to literature data as a protocol validation for the fire tests. The mass loss rate is computed
as the time derivative of the measured mass of fuel. The time derivative is performed with a given
period of time dt such as the mass loss during this period is 20 times greater than the accuracy of the
weighting system (relative uncertainty for the MLR lower than 5%). The time variations for the
different fuels are given in Fig. 3 and Fig. 4. For all pool areas, the time history of the mass loss rate
shows the typical behavior for such experiments with three phases: first a phase of flame
propagation and fire growth, then a phase of quasi-stationary burning rate which ends with the last
phase of extinction. For some tests, the extinction phase may experience peak of MLR due to the
rapid evaporation of the last millimeters of fuel.
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Fig. 3. Time variation of the mass loss rate for (a) HTP fuel and (b) ethanol fuel.
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Fig. 4. Time variation of the mass loss rate for (a) lubricant oil fuel and (b) dodecane fuel.

For all tests, a time averaged mass loss rate during the steady period is computed. This mean mass
loss rate divided by the pool area is plotted versus the pool diameter as indicated in Fig. 5. The

variation followed with satisfactory agreement the Babrauskas’ model written as [4]:
L ~kgD
my = mf_oo(l —e "B ),

1)

where mf is the mass loss rate per unit of pool area, m},w, is the mass loss rate per unit of pool area
for large pool area, kg is the model parameter and D the pool diameter; m}_wand kg are determined

665



Proceedings of the Ninth International Seminar on Fire and Explosion Hazards (ISFEH9)

experimentally by fitting the model to the data. Their values, indicated in Fig. 5, are in good
agreement with those from similar published experiments [4].

80 L HTP 80

< Dodecane
¥ Lubricant oil

-3

=}
L
L

60

40

MLR_S (g/s/m2)
]

20

N
o
.3‘{
*
L

0 T T T T T 0

0.0 0.5 1.0 1.5 2.0 25 3.0
D (m)

Fig. 5. Mass loss rate per unit of area versus pool diameter for HTP (with mfw = 59 g/(m*s)
and kg = 1.1 m™"), Dodecane (with i o, = 35 g/(m’s) and kg =23 m™)
and lubricant oil fuels (with 7 , = 27 g/(m”s) and kg =2.1 m™).

VERTICAL TEMPERATURE PROFILE

In order to investigate the vertical temperature profile within the fuel layer, thermocouples were
positioned at fixed locations along a vertical axis at the center of the pan. Examples of temperature
time variation given by three thermocouples are presented in Fig. 6 (a). The thermocouple being
fixed, the time variation of the temperature shows a typical behavior illustrating the downward
displacement of the liquid fuel surface. For each probe, three phases are observed. The first one
corresponds to the temperature in the liquid phase, which increases progressively due to the heating
up of the fuel as well as the reduction of the distance between the thermocouple and the fuel surface.
A second phase is characterized by a plateau for which the temperature is constant and equal to the
boiling temperature (here about 80°C for ethanol). This phase corresponds to the displacement of
the thermocouple within a layer of liquid that remains at the boiling temperature. The third phase is
characterized with a rapid rise of the temperature from the boiling temperature up to a much larger
level close to the flame temperature (here about 800 °C for ethanol). This last phase corresponds to
the relative displacement of the thermocouple within the gas phase away from the fuel surface. This
behavior of three phases is identical for the three thermocouples and is typical to such
experiments [14].

To determine the vertical temperature profile, the time variation of the temperature given by a
thermocouple T (t) is converted into spatiale variation T'(z) with the following variable change. The
temperature at a given time is plotted versus its relative distance to the pool surface, z* = z, —
z4(t) expressed as the same time. This relative distance is given as the difference between the fixed
position of the thermocouple, z,, known from the experiment set up (here 4.2 cm, 3.5 cm and
2.5 cm), and the position of the fuel surface z;(t), varying with time. This position is computed
with the relationship z,(t) = m.(t)/[Sp(T)] where mg(t), is the measured mass of fuel that varies with
time, S, the constant pool area and p(T), the liquid density which varies with the temperature and
thus with time. In the present study, the liquid density is assessed from the classical thermodynamic
relationship p(7;) = p(T,) [1/ (1 +p(T; - TO))] with S the volumetric expansion coefficient, T, the
ambient temperature, p(T,), the density at ambient temperature and Ty, a mean temperature of the
liquid fuel obtained as the average from all the thermocouples located within the fuel layer. Table 2
gives the physical properties used to compute the liquid density.
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Figure 6 (a) shows an example of the time variation of the position of the fuel surface z;(t) as well
as of the mean fuel temperature Tf(t). The fuel surface position decreases progressively from its
initial value, here about 55 mm, toward zero indicating that all fuel is burned. The mean fuel
temperature increases from the initial fuel temperature (here ambient temperature) toward the
boiling temperature (dotted line in Fig. 6 (a)).
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Fig. 6. (a) Time variation of temperature within the liquid and the gas phase and
(b) corresponding vertical temperature profile during the steady phase where
Zy —Zg = 0 corresponds to the fuel surface (PRS_SI_S8 test, ethanol, S = 0.4 m>).

Three temperature profiles, T(t) versus z*(t) are computed during the period of time of quasi
steady burning (here t = [100, 1200] s) for each of the three thermocouples and are presented in
Fig. 6 (b).

The profiles show similar behavior and three typical regions are identified. A first region of
progressive increase of temperature from the bottom of the pan up to a position a few millimeters
below the fuel surface, a second region of constant temperature (the boiling temperature) below the
fuel surface and then a third region above the fuel surface characterized by a typical boundary layer
profile and a strong temperature gradient near the surface. It must be noted that each profile contains
points that are measured at different times and therefore they cannot be considered as a spatial
temperature profile at a given time unless the phenomenon is steady and not transient which is not
the case here.

However, the profiles analysis shows an important feature. There is a reduced part of the profile of a
few millimeters from both sides of the fuel surface (in the region z*(t) = [—6; +6] mm) where the
three curves are identical, whichever the thermocouple. This feature means that the temperature
profiles in this reduced region are not time dependent (during the period considered here, t = [100,
1200] s) and therefore can be considered as a spatial vertical profile. This protocol for determining
the vertical temperature profile from fixed single thermocouples is only valid in the vicinity of the
fuel surface where the profile is not affected by the transient behavior of the experiment. The other
parts of the profiles, below the upper layer and far above the fuel surface, vary significantly between
thermocouples and therefore cannot be considered for representing the average vertical temperature.

It is worth noting that the temperature measurement with thermocouples may be affected by two
effects, the response time and the thermal radiation coming from the flame. The large response time
of the 1.5 mm diameter thermocouple (several seconds) contributes to an underestimate of the real
fluid temperature, whereas the thermal radiation leads to an overestimate. Due to these opposite
effects, the two factors may cancel each other. Nevertheless, a reliable correction of the measured
profiles is a difficult task due to the large number of input parameters. As a first approximation, the
maximum error is estimated to be +/-25°C for these experiments.
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Fig. 7. (a) Time variation of temperature within the liquid and the gas phase and (b) corresponding vertical
temperature profile during the steady phase (PRS_SI_S4 test, TPH, $=0.4 m?).

S=0.40m2 S=0.40m2

800 L TCOMBLE= "7 =4.4¢H 1140 | + TCOMB_4— z=3.
[%TCOMBL4— z=3.6cm [ % TCOMBL3- 2=2.
I TCOMB_3- z=2.7cm ©TCOMB2- z=1.
¥ COM r -
oTfuel_avg
8901 T fuel

20

S T ~
S L
g £ E Fuel surfacd
é: 400 @ -
- [ 2 :‘
< L

Region of
[ ermanent profile
2004 e pe ent profile

-40
0 500 1000 1500 2000 0 100 200 300 400 500
t(s) T(C)

(@) (b)
Fig. 8. (a) Time variation of temperature within the liquid and the gas phase and (b) corresponding vertical
temperature profile during the steady phase (PR3_S3S_S1 test, Dodecane, S=0.4 m?).
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Fig. 9. (a) Time variation of temperature within the liquid and the gas phase and (b) corresponding vertical
temperature profile during the steady phase (PR2_FESS_S12 test, Lubricant oil, S=0.4 m?).

Similar results are obtained for other fuels as presented in Fig. 7 to Fig. 9. In the same way as for
the ethanol experiment, there is a region of a few millimeters below and above the fuel surface
where the temperature profiles given by the three thermocouples are identical and thus independent
of the transient behavior of the experiment. This result obtained with the other fuels confirms the
existence of a limited region of the temperature profile, here [-6; 6] mm from both sides of the fuel
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surface, unaffected by the transient behavior of the experiment. This behavior is also observed for
the other pool sizes. A particular feature of this protocol is the high spatial resolution characterizing
these profiles. Indeed, the spatial resolution is given by the relation dz = mf" /P(T) /facq- With an
acquisition frequency f,., of 1 Hz for the present experiment, a mass loss rate per unit of area of
about 30 g/m*/s and a density of about 800 kg/m’, it leads to a spatial resolution of about 400> mm.

In order to get one temperature profile per experiment, a mean is computed from the three profiles
and the result is presented in Fig. 10 and Fig. 11 for the four fuels in the limited region z* = [-6;
6] mm from both sides of the fuel surface.
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Fig. 10. Vertical temperature profiles (a) for Ethanol, (b) for HTP fuel for various pool sizes.

Dodecane Lubricant oil

¢

Lt

« (mm)

O e e S e ———
—2f h Constant temperature
F 4 upper layer
— 4 _j _________
-6 =il
200 250 300
T (C) T(©)
(a) (b)

Fig. 11. Vertical temperature profiles for various pool sizes (a) for Dodecane, (b) for lubricant oil.

Ethanol, HTP and Dodecane fuels show the same typical profile with an upper layer in which the
temperature is constant and equal to the boiling temperature. The values obtained experimentally
from an average of the temperatures in the layer are about 80°C, 200°C and 220°C for Ethanol, HTP
and Dodecane, respectively, and correspond to the values expected from the literature (cf. Table 2).
The thickness of this layer is measured graphically and is about 4 mm as indicated in the figures and
is constant whatever the fuel type and the pool size, in the range considered in this study. For some
experiments, a hot spot of temperature is observed on the lower side of this upper layer. This
phenomenon of upper layer at boiling temperature has already been reported in the literature in the
60s [12] and also more recently [11].

The existence of the upper layer results from a competition between the radiative heat absorbed
within the first millimeters of the liquid and the amount of latent heat required to heat up the liquid
up to the boiling temperature. If the boiling temperature is low, it is likely that a thin layer at boiling
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temperature will be formed. However, this behavior is not systematically observed. For lubricant oil
fuel, Fig. 11 (b), no upper layer at constant boiling temperature has been reported due to the high
level of boiling temperature (about 480°C). However, for this fuel, the region a few millimeters
below the surface shows also a special behavior with a change in the vertical temperature gradient
dT /dz. The lack of upper layer at constant boiling temperature is explained by the high level of
boiling temperature in comparison to the amount of radiative heat absorbed by the liquid fuel. The
occurrence of this constant temperature upper layer is therefore not systematic and depends mainly
on the fuel properties and possibly on the pool dimension. For higher pool sizes, the radiative heat
flux can be more important and will favor the occurrence of the upper layer.

The analysis of the temperature profiles in the gas phase gives also information about convective
heat transfer at the fuel surface that is characterized by a significant temperature gradient within a
few millimeters. The highest gradient and therefore highest convective heat flux are observed for
the ethanol pool fire. HTP and Dodecane fuels show similar behavior and lubricant oil fuel gives the
lowest gradient. Figure 12 illustrates this quantitative comparison for a given pool area.
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Fig. 12. (a) Vertical temperature profiles in the vicinity of the fuel surface for 0.4 m* pool fire
for four fuels (b) corresponding spatial derivative d7/dz.

The effect of the pool size is different according to the fuel as illustrated in Fig. 10 and Fig. 12. For
HTP and Dodecane fuels, the increase of the pool size contributes to an increase in the convective
heat transfers. For lubricant oil fuel, no effect of the pool size is reported in the range considered
(0.2-0.7) m*. An explanation of this result is attributed to the level of fuel mass loss rate per unit
area. In the range of pool sizes considered, the mass loss rate per unit area varies for lubricant oil
fuel very little in comparison to HTP or Dodecane fuel. The measurements of the temperature
profile in the thermal boundary layer may also give access to the convective heat transfer coefficient
formulated as h~ 1/8, with A the thermal conductivity of the gaseous fuel and § the thickness of the
viscous layer in which the temperature gradient is constant and the heat transfer takes only place by
conduction. The thermal conductivity of gaseous fuel at boiling temperature is in the range 25-40
mW/(m-K). Assessment of the viscous layer thickness is determined from the temperature profiles,
considering that this layer is characterized by a maximum and constant gradient. An example of the
gradient of temperature is given in Fig.12 (b). Although it remains difficult to extract an accurate
value from the present measurements, in a first preliminary approach, a rough estimation of this
thickness is about half of a millimeter or lower. These estimates of the thermal conductivity and the
viscous layer thickness lead to a convective heat transfer coefficient of the order of 50-
80 W/(m*K). This order of magnitude is much larger than indirect measurement deduced from the
energy balance approach, for instance 6 W/(m*K) by [2]. This difference may suggest that the
methodology may have an influence: The energy balance approach proposes a deduction of the
convective contribution whereas the present work permits a direct calculation. Further
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investigations should be performed to determine the value of the heat transfer coefficient with better
accuracy.

CONCLUSION

This study has investigated heat and mass transfer at the liquid fuel surface in pool fires.
Temperature profiles in the vicinity of the fuel surface in both liquid and gas phases have been
presented from pool fire tests, performed in open atmosphere with various pool dimensions and
liquid fuels (Ethanol, Dodecane, Hydrogenated TetraPropylene and Lubricant oil). A simple
protocol based on the measurement of temperature with thermocouples gives high spatial
discretization temperature profiles. The results indicate that an upper layer below the fuel surface at
constant temperature exists for Ethanol, Dodecane and Hydrogenated TetraPropylene fuels. The
temperature profiles allow an assessment of the convective heat transfer at the fuel surface. These
results are new data and can be valuable inputs for validation of fuel evaporation models developed
for pool fires.
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