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A freeboard, lip height, from the container rim to the fuel surface affects the mass-loss rate of a pool fire. Ex-
periments where heptane was burned in circular containers with diameter 10, 20 and 30 cm have been con-
ducted. The results showed a decrease of up to 36% in the mass-loss rate for lip heights larger than zero. The
mass-loss rate per unit area is affected by the lip height enough for it to surpass the effect of the diameter: a
large-diameter pool fire with a high lip height may have lower mass-loss rate per unit area than a pool fire with

smaller diameter and lower lip height. An analysis of the energy distribution for one experiment, showed that
35% of the received energy was lost to the surroundings; 30% was stored, and 35% was spent on evaporating

fuel.

1. Introduction

In fire-safety calculations [1] and simulations [2], pool fires are often
assumed to be well-defined fire sources with given constant heat-release
rates [2]. Moreover, for many fire-related accidents, the assumption of
constant heat-release rate is not correct. The fuel is, in many cases,
confined and as a batch prior to ignition, and the fire will be affected by
both area and boundaries as it develops [3,4]. The heat-release rate (Q)
is, according to Babrauskas and Peacock [5], the most important vari-
able of a fire, governing flame temperature, flame height and smoke
production. Q is in turn governed by the mass-loss rate (m). If the
mass-loss rate of a fire is incorrect, its dependent quantities will also be
incorrect.

Several studies of pool fires report a clear difference in the behaviour
of pool fires with and without a lip height, the distance from the
container rim to the fuel surface. This dependency is additional to the
fundamental importance of the fuel area. Blinov and Khudiakov gave a
relation between pool diameter and heat-release rate for hydrocarbons
[6,7]. Burgess and Zabetakis [8] examined hydrocarbons and alcohols,
confirming the findings of Blinov and Khudiakov. The importance of lip
height has been reported for various liquid fuels, the main trend being a
decreasing mass-loss rate for increasing lip height. Artemenko and Bli-
nov [9] used aviation fuel and isoamyl alcohol; Emmons [10] studied
methanol and acetone; Liu [11] investigated ethanol and heptane; Tao
et al. [12] used alcohol to examine the lip-height effect for
small-diameter pool fires (diameter from 5 cm to 8 cm) and lip heights

* Corresponding author. Bjgrnsonsgate 45, 5528 Haugesund, Norway.
E-mail addresses: einar.kolstad@hvl.no, eak@hvl.no (E.A. Kolstad).

https://doi.org/10.1016/j.firesaf.2021.103428

from 0.5 cm to 3 cm, and Dlugogorski and Wilson studied ethanol
burning in glass, copper and mild-steel containers with a small diameter
(d = 4.5 cm) [13]. Kolstad [14] reported on heptane. All reported
decreasing mass-loss rate for increasing lip heights. Orloff [15] exam-
ined solid PMMA and found an increasing mass-loss rate with increasing
lip height. In addition, the effect of lip height on flame shape and flame
characteristics has been reported by Orloff and de Ris [16], Hu et al.
[17], Liu et al. [11] and Bouhafid et al. [18]. Hayasaka [19] highlighted
the importance of radiation and showed that the net heat flux is evenly
distributed across the fuel surface. Akita and Yumoto [20] demonstrated
the importance of convection in small methanol pool fires. Nakakuki
[21-23] studied heat transfer in steady-state pool fires, while Hamins
et al. [24] considered heat transfer in batch pool fires. The radiative
energy flow has been studied by among others Hu et al. [25] and Shi-
notake et al. [26]. Joulain gave a review of pool fires studies in 1998
[27], while Hu gave a review of pool fires in 2017 [28]. Ditch et al. [29]
studied highly controlled pool fires in a quiescent environment and
collected data from earlier studies for comparison. There are only few
studies on lip-height effects during batch pool fires.

Fig. 1 shows schematically Hottel’s [30] representation of the data
from Blinov and Khudiakov [6]. The regression rate of the fuel is given
as a function of pool diameter. Three regions were established as indi-
cated in Fig. 1, corresponding to laminar, intermediate, and turbulent
flame. The laminar region applies for fires with pool diameter less than
0.03 m and is characterized by decreasing regression rate with
increasing pool diameter. In the turbulent region, where the pool
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Fig. 1. Regression rate as function of pool diameter, as given by Hottel [30]
(line) based on data from Bilnov and Khudiakov [7] (circles). The vertical lines
indicates the container sizes explored in this article.

diameter is larger than 1 m, the regression rate becomes independent of
the pool diameter. For the intermediate region, corresponding to pool
diameters from 0.03 m to 1 m, the regression rate increases with
increasing container diameter [m].

The experimental studies discussed above indicate that governing
quantities for pool fires depend both on container size and lip height.
Based on work by Zabetakis and Burgess [8] and Blinov and Khudiakov
[6], Babrauskas introduced the formula in Eq. (1) for the mass flux (m"),
or mass-loss rate per unit area, for a pool fire as function of size [31].

e, =1 (1= ¢ 7) ¥

Here, m” ac. {kg/mz s] is the calculated mass flux, m”, {kg/mz s} is the

asymptotic mass flux as the container diameter increases towards in-
finity, k is the absorption-extinction coefficient of the fuel, 4 is the mean
beam-length corrector [31], kf gives the opacity of the flame [31], and D
is the equivalent pool diameter.

According to Artemenko and Blinov [9], Blinov and Khudiakov [7]
had initial lip heights in their experiments, without reporting them.
Babrauskas acknowledged the lip-height effect for the mass-loss rate but
did not take it into account. He stated that Eq. (1) is valid for pool fires
with larger diameter than 20 cm, with no lip height, and unaffected by
crosswind [31]. Kuang et al. [32] studied the effect of crosswind on pool
fires with lip heights, showing that the mass-loss rate was highly
dependent on cross air flow. In some cases, the mass flux doubled as the
air flow increased from 0 m/s to 0.5 m/s.

The topic of the current work is the influence of a lip height on the
mass-loss rate during batch pool fires. Systematic experiments were
carried out in the intermediated regime, with pool diameters 10, 20 and
30 cm, see Fig. 1. An approximate heat balance, incorporating effects of
the lip height, will also be presented.

This article is organized as follows. Section 2 describes the experi-
mental setup and procedure. Section 3 presents the experimental results,
which are further discussed in section 4. A conclusion is given in Section
5.

2. Experimental setup and procedure
The purpose of the current experiments is to investigate how lip

height affects burning rates of liquids fuels. Since heptane is often used
as fuel in experiments, it was also used here, being a typical liquid
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hydrocarbon.

The experiments were conducted by burning a predetermined
amount of heptane (a batch) at a chosen initial lip height. Three circular
stainless-steel containers with diameter 10, 20 and 30 cm were used,
referred to as D10, D20 and D30, respectively. Three different initial
configurations were investigated: heptane on top of a water layer with
no initial lip height, heptane on top of a water layer with an initial lip
height, and only heptane with no initial lip height. The three configu-
rations are shown in Fig. 2. During the fire heptane was consumed,
leading to an increased lip height during experiments. The batch
configuration was chosen since it reflects accident scenarios and is a
much-used component during fire experiments (see Section 1).

The experiments with containers initially partly filled with heptane
on top of a water layer, shown in Fig. 2a and b, will be referred to as
Partly Filled (PF). All PF configurations were repeated five times. The
experiments with initial conditions shown in Fig. 2c will be called Burn
Through (BT), since the heptane surface moved from top to bottom of
the container. Each BT configuration was repeated three times.

The PF setup is shown in Fig. 3. Between the scale and the container
there was an insulation block, made of a low-density fire-resistant ma-
terial. Thermocouples at the rim, 4 cm from the rim at the outer wall of
the container, as well as one located below the container, are shown. The
thermocouples were shielded type-k elements, with outer diameter 1
mm. The scale had capacity 30 kg and resolution 0.1 g. Temperatures
and mass were recorded every 5 s.

Specifications of steel containers and initial experimental conditions
are given in Table 1. The lip heights are initial values. The container
diameter and height are internal dimensions, and the container mass is
the mass of an empty container. The heptane layer was 1 cm thick for
D10 and 2 cm for D20 and D30.

A total of 134 experiments have been carried out with different
container sizes and lip heights. The amount of heptane (see Table 1) in
the PF experiments was chosen to obtain a burning time of around 10
min. The use of a water layer is customary for small pool fires, when they
are used as well-defined fire loads in fire experiments.

All experiments were conducted under a ventilation hood, with
curtains on two sides and a wall on the third side; the last side was open
for observation purposes. The container was filled with the required
amount of water and placed on the scale. Thermocouples were placed in
position, and the scale was reset. Heptane was added to the container
and recording of mass and temperatures was started 10-30 s prior to the
ignition of the heptane. The heptane was ignited at the rim, with an open
flame (lighter). The experiment was terminated when all fuel was
consumed.

3. Results
3.1. Representative experiment

During the experiments on partly filled containers with a pre-
determined lip height (see Fig. 2b), four phases were observed. First, the
ignition phase where the flame spread across the fuel surface within 1-2
s and the flame was located 2-5 mm above the surface. Second, the
growth phase where the mass flux increased, and the flame base moved
upwards and heated the container walls as it passed them. After
approximately 1.5 min, the flame base was located 3-5 mm above the
container rim, see Fig. 4a. The third phase is the semi-steady phase,
where the mass flux was approximately constant. The flame pulsated
throughout this phase (see Fig. 4), as previously reported by Orloff at el
[16]. Due to the increasing lip height, the distance between the flame
and the fuel surface increased during the experiment. The fourth phase is
the decay phase, or burnout, characterized by rapidly decreasing mass
flux. When there was only a thin layer of fuel (a few mm) left in the
container, the flame base moved downwards into the container, again
efficiently heating the container walls, resettling 1-2 mm above the fuel
surface, and with increasing pulsation. The fuel surface started to break
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Fig. 2. Three experimental configurations were used for the current experiments: a) Zero lip height, with specified amounts of heptane and water. b) Predefined lip
height with specified amounts of water and heptane. The lip height (h;;,) as well as the initial height of the heptane layer (hc,u,,) and the height of the water layer
(hwater) are indicated. c¢) The entire container filled with heptane. Thermocouple positions are shown by red dots. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. (a) Experimental set-up, the red dots indicate the location of thermoelements. (b) Photograph of the setup with a 10 cm-diameter container. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1

Details of container and initial conditions for the experiments. In experiments as
shown in Fig. 2a and b, Partly Filled (PF) experiments, a water layer was used,
while experiments in Fig. 2¢, Burn Through (BT) experiments, were carried out
without a water layer.

Label  Container Exp. PF Exp. BT
Fig. 2aand b Fig. 2¢
Diameter Height Mass Average Initial Lip Average
[em] [em] [g] Fuel Mass Heights Fuel Mass
[g] [cm] [g]
D10 10 7 206 54 0,1,2,3, 389
4,5
D20 20 11.5 968 430 0,1,2,3, 2486
4,5,6,7,
8
D30 30 22 1839 967 0,2,4,6, 10880
8,10, 12,
14,16, 18

up and patches of water were exposed. Eventually, all fuel was
consumed and the fire extinguished. Occasionally there was draft in the
laboratory during the experiments, see Fig. 4b and c. The tilt of the flame
in this work is less than for flames with imposed cross air flow of 0.5 m/s
as reported by Kuang et al. [32]. Pool fires affected by air cross flow of
0.5 m/s were found to have up to 100% increase in the mass flux
compared with quiescent conditions. The pool fires in the current work
were exposed to much weaker cross flows (drafts, see Fig. 4c) over short
periods. It is therefore assumed that the small draft in the lab had little
effect on the results.

The experiments with configurations shown in Fig. 2a and ¢ had
similar behaviour to those shown in Fig. 2b, PF, with the exception of the
flame location during the growth phase. After ignition of a container
filled to the brim (no initial lip height), the flame was located 1-2 mm
above the fuel surface and the rim. During the growth phase and the
semi-steady phase, the flame was located 3-5 mm above the rim as for
the PF experiments. The burnout phase had similar behaviour in all
three cases. Thus for Fig. 2a and c-experiments, the flame base stayed
above the rim during the three initial phases, and there was no
displacement of the flame base along the container as in the experiments
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Fig. 4. D10 experiments. (a) not affected by draft and flame above the container rim. (b) affected by draft, flame partly inside the container. (c) affected by stronger

draft than in part b, flame above the rim.

shown in Fig. 2b.

After completing the PF experiments shown in Fig. 2a and b, the
water temperature was measured 1-2 mm below the water surface
showing typically values of 75 £+ 5 °C. At 1 cm below the water surfaces
the temperature was 35 + 5 °C. After these measurements, the water was
stirred to obtain a homogenous temperature distribution, with typically
temperature of 35 °C. The temperature measured below the container
changed little (up to 5 °C increase) for experiments with water layer
thicker than 2 cm. With less water (higher initial lip height, see Fig. 2b)
the temperature at the bottom could increase by 20 °C during burning.

Typical behaviour of mass as function of time is shown in Fig. 5a.
This is a D10 experiment with initial lip height (ILH) zero, 6 cm of water
and 1 cm of heptane. The graph in Fig. 5a is slightly curved, which in-
dicates that the mass-loss rate was not constant during this batch pool
fire. The 240 s wide averaging window showed in Fig. 5a is the time span
used to calculate the average mass flux for a single experiment
(m” avg, singel)- Several methods for obtaining an average mass flux have
been considered, but there are only small variations in the results.

The difference in mass between two successive measurement points
was divided by the time between the points, and further divided by the
container area. This gave the mass-loss rate per unit area or mass flux
(m"), which is shown in Fig. 5b as black dots. There were large variations
in the mass flux between two time-steps. A fifth-order polynomial fit was
introduced to represent the mass flux (red curve in Fig. 5b). The three
main phases during a pool fire can be distinguished in Fig. 5b, namely

Averaging window

60 180 300 420 540
Time |s]

(a)

growth, semi-steady-burning, and decay phase. During the growth
phase, in this case the first 125 s, the mass flux increased. The growth
phase was followed by the semi-steady-burning phase, lasting until 480
s. During this phase, the mass flux decreased from 16.4 8/m2st0

9.7 8/m2s which is a reduction of 41%. During the decay phase, lasting

from 480 s to burnout at 560 s, the mass flux decreased rapidly towards
zero. This phase is characterized by reduced evaporation of fuel and a
weaker flame.

3.2. Mass-loss rate

As explained in the introduction, the heat release rate is the most
important variable in fire safety, and the heat-release rate can be
calculated from the mass-loss rate.

3.2.1. Partly Filled experiment

Fig. 6 shows a selection of experiments with given diameter and
initial lip height. The chosen experiments are for zero initial lip height
(the lowest possible), 2 cm (the second lowest initial lip height tested for
all three diameters), and finally an initial lip height corresponding to
40% of the diameter (the highest value tested for all diameters). The
direct (unsmoothed) mass flux (black dots) in Fig. 6, was calculated as
described in Section 3.1 (see Fig. 5b), for the given values of initial lip
height and diameter. The red line is a fifth-order polynomial fitting of

Growth Semi-Steady Burning Decay

60 180 300 420 540
Time 8]

(b)

Fig. 5. A D10 experiment with heptane and water layers, but without initial lip height, as shown in Fig. 2a. Part (a): Mass as function of time. The Aaveraging
window was used to calculate an average mass-loss rate. The averaging window extended from 2 min before to 2 min after the time where half the heptane mass had
been consumed. Part (b): Direct m” calculated from the recorded mass data using every value (black dots). The main phases that a fire undergoes are marked with
“growth”, “semi-steady burning” and “decay”, as discussed in the main text. The red curve is explained in the main text. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Direct calculated mass flux with its fifth-order polynomial fitting for given diameter (D) and initial lip height (ILH).

the data represented by the black dots, which are all measurement
points for all experiments with the same diameter and initial lip height.
In Fig. 6, the zero ILH configuration has a shorter and less obvious steady
burning region for all container diameters. With higher ILH, the semi-
steady phase lasted longer and is easier to distinguish, in particular for
ILH at 40% of the diameter (third column in Fig. 6) and higher (data not
shown), for all three diameters.

Experiments were carried out with five runs for each pool size and
initial lip height. Using the averaging window from Fig. 5a, an average
mass flux for each experiment was calculated, and the results are shown
in Fig. 7, with mass flux as function of average lip height. The average lip
height was calculated as the average of initial and final lip height. Fig. 7

shows n'l"avg, singel for all experiments carried out in this study. For all
three container sizes (D10, D20 and D30), the mass flux decreases with
increasing lip height, but for D10 there is an increase again when the
initial lip height exceeds 4 cm. A similar but weaker increase for the
highest values of the lip height can be distinguished for D20, possibly
also for D30. Factors that may explain such a behaviour are discussed in
Section 4.1. The spread in mass flux between the five experiments with
identical conditions increases with increasing lip height for all container
sizes. The largest spread occurs for D30 containers, where the mass flux
varied between 33 and 36 8/m?s for initial lip height 0 cm, and between

18 and 28 8/m2s for initial lip height 16 cm.
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Fig. 7. The mass flux for all experiments as function of average lip height during the run for all experiments. The mass flux was calculated using the averaging

window discussed in the main text.
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Fig. 8a shows 1" ayg, Which is m" g singer averaged over the five ex-
periments with identical initial conditions, and the corresponding
standard deviation. Lip heights in Fig. 8 are average lip heights, e.g., for
2 cm initial lip height, and 1 cm heptane layer, the average lip height
was 2.5 cm. The three data sets show a similar reduction in rr‘z”m,g (with
approximately the same slope) up to lip height 3 cm.

In Fig. 8a, m” 4, of D10-fires seems dependent on lip height for the
full range investigated. For D20-fires the mass flux becomes independent
of lip height for values greater than 5 cm. D30-fires are independent of
the lip height between 5 and 13 cm. Based on these experiments, there is
no unique lip height where the mass flux becomes independent of the lip
height. Whether there is a finite lip height, where the fire extinguishes
needs to be investigated. Work by Liu et al. indicates that such a limit
exists for steady-state pool fires [11].

In Fig. 8b the dimensionless mass flux was obtained by dividing the
mass flux from Fig. 8a by the mass flux of the experiment with initial lip
height 0 cm. The dimensionless lip height is the lip height divided by the
container diameter. Fig. 8b shows a reasonable data collapse for all
container diameter and lip heights, with exception of D10 with dimen-
sionless lip height above 0.4.

3.2.2. Burn through experiments

The Burn Through (BT) experiments (heptane only, no initial lip
height and no water layer) lasted until all fuel was consumed. In Fig. 9a,
recorded mass is shown as a function of time for three experiments,
denoted D10_BT, D20_BT and D30_BT, with container diameters 10, 20
and 30 cm, respectively. Note the significant difference in mass-loss rate
(negative slope) between the three container diameters. D30_BT has a
(negative) slope 14 times larger than D10_BT.

The Burn through (BT) experiments had a large variation in lip
heights, from 0 cm to 7, 11.5, and 22 cm for D10, D20, and D30,
respectively (see Table 1). Therefore, mass flux and lip height from these
experiments are given as time-varying quantities. The mass flux for BT
experiments was calculated in three steps. First, m for a single experi-
ment was calculated for each time step, these data were fitted using a
fifth-order polynomial, and m” was calculated as a function of time from
brimful to empty container. Finally, the mass flux averaged over the
three experiments with identical starting conditions, was calculated for
each lip height, together with the standard deviation, see Fig. 9b.

The increase in m” early in the experiments, see Fig. 9b, was due to
fire growth. During the growth phase, the flame heated the liquid sur-
face leading to increased evaporation of fuel. The growth phase ended
when the fuel surface temperature reached the boiling point. After the

40
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growth phase, there was a period with decreasing m”. From the point
where the lip height was approximately half the container height, m"
continued to decrease, but at a lower rate. Just before burnout, m”
increased slightly, which corresponds to the time where the flame re-
entered the container.

3.3. Temperatures

Temperatures at the outer wall of the container were measured for
both Partly Filled (PF) and Burn Through (BT) experiments. For the PF
experiments, thermocouples were placed at the rim, 4 cm from the rim
and below the container. For BT experiments, one single thermocouple
was placed 4 cm from the rim. Red dots in Fig. 2 indicate the position of
the thermocouples. To compare PF and BT experiments the temperature
evolution for representative experiments is presented in Fig. 10 (PF) and
Fig. 11 (BT).

3.3.1. Temperature during Partly Filled experiments

Fig. 10 shows how temperatures at the rim, wall, and below the
container changes with time, for nine single PF-experiments with
different initial lip heights. Fig. 10a shows an increase in temperature
with time for all PF-experiments. After ignition, two types of tempera-
ture evolution can be distinguished. Firstly, for initial lip heights of 0, 1
and 2 cm, there was first a strong increase in temperature directly after
ignition (for about 1 min) followed by still increasing temperatures, but
at alower rate. Secondly, for experiments with initial lip heights 3-8 cm,
there was first a fast temperature increase of several hundred degrees
during the first minute after ignition. During the next 5-6 min, tem-
peratures decreased by 10-100 °C. The temperature increase was largest
for the highest initial-lip values. From 5 to 6 min onwards, the tem-
perature increased by 10-50 °C.

Fig. 10b shows temperatures at the container wall (4 cm) for the nine
PT-experiments. Two distinct groups of curves, with initial liquid sur-
face located above and below the measuring point at 4 cm, respectively.
For initial liquid surface located above the measurement point (initial lip
height 3 cm or less) there is a slow increase in the temperature. Near the
end, there is a distinct increase in temperature for initial lip height
higher than 2 c¢m, but not for 0 and 1 cm, probably because the water
layer for these cases extended above the measurement point (at 4 cm).
All experiments with an initial liquid surface at and below the measuring
point show a rapid increase in the temperature during the first 30-40 s.
In the 5-8 cm initial lip height experiments, the initial rise was followed
by 2-3 min with decreasing temperature, before the temperature sta-
bilized and then increased. The curves are systematically ordered, with

1o
+ 10cm
= 20 cm

0.9 . e 30cm
. : ¥
- 08 .
. L]
.
ORI

0.5

0 0102 03 04 05 06 07 08 09 1

Dimensionless lip height [-]

(b)

Fig. 8. Mass flux for partly filled containers with diameter 10, 20 and 30 cm (a) r1”ayg as function of lip height. Each data point shown was obtained by averaging
m’ avg, singel- (D) Dimensionless mass flux (data from (a) divided by the mass flux of the experiment with initial lip height 0 cm) as function of dimensionless lip height.

The dimensionless lip height is the lip height divided by the container diameter.
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Fig. 9. (a) Mass as function of time for experiments with only heptane in the container. Each experiment was started with a completely full container and allowed to
burn till all fuel was consumed (burn-through experiments). (b) fifth-order polynomial regression of m"” for burn-through experiments as function of lip height. The
graphs were determined by averaging data from the three repetitions for each container diameter. The shadow indicates one standard deviation at each side.

lowest temperature for the lowest initial lip height and highest for the
highest lip height, probably due to the heat sink effect of the water layer.
2-3 min before burnout, when the flame front moved back into the
container, there was a distinct growth in the temperature for experi-
ments with initial lip height from 3 to 8 cm.

Comparing Fig. 10a and b, the curve shapes are similar, but the
temperature values are much higher in Fig. 10a. This is reasonable since
the measuring point for the curves in Fig. 10a is closer to the flame
during most of the experiments. The order of the curves (in vertical
direction) is also similar but not identical.

Fig. 10c shows the temperature below the container, which increased
only around 5 °C throughout the experiments. The difference in initial
temperatures reflects laboratory temperature. The exception from a 5
°C-bound on the temperature increase is the experiment with initial lip
height 8 cm, where the temperature increased with approximately 20 °C
during the experiment. This larger increase is probably due to the small
amount of water used in this experiment, with less heat sink effect (D20
is 11.5 cm deep, see Table 1, giving a water layer of 1.5 cm).

3.3.2. Temperatures during Burn Through experiments

Fig. 11 shows how the temperature 4 cm from the rim evolved during
the BT-experiments. Even with three different container sizes, the tem-
perature development at 4 cm seems to be similar and not dependent on
container size.

A relatively slow increase in temperature can be observed for lip
heights less than 3 cm. However, from lip height 3 cm and onwards the
temperature increased more rapidly, despite the heptane surface still
being above the measurement point 4 cm below the rim. It is likely that
the flame had begun heating the heptane layer 4 cm below the rim, and
that the heptane acted as a heat sink, with moderate temperatures in the
container walls from the heptane surface and downwards. For the D10-
pan the temperature increase continued at the same rate after the lip
height had passed 4 cm and down to about 7 cm. At the end of all ex-
periments, there was a rapid increase in temperature. Two aspects of
these experiments probably contributed to this rapid increase. First,
during this final stage of the experiments, the flame moved from the rim
of the container down towards the heptane surface. During this transi-
tion, the flame heated the container wall, in particular the region near
the measurement points 4 cm below the container rim. Second, the
combustion rate increased during this late stage. The remaining fuel
layer was thermally thin and at or very near the boiling point. Thus, the
heat supplied to the fuel layer from container walls and flame was used
for evaporation, whereas during previous stages, heat was also spent on

preheating fuel. Due to the relative values of specific heat and latent heat
of evaporation for heptane (as reflected in the so-called Maximum-
burning-rate ratio), this led to an increased combustion rate [19]. For
D30 sharp oscillations in temperature occurred between 16 and 17 cm.

4. Discussion

In all, 134 experiments have been conducted. The results presented
in Figs. 7-9 show that larger lip height leads to a lower mass flux. This is
in agreement with findings from Lui et al. [11], Kolstad et al. [14], Orloff
[15] and Bouhafid et al. [18].

Five important aspects of the results will be discussed in more details:
a comparison of the current results with the mass-flux equation (Eq. (1)),
temperature evolution for different lip heights, comparison of Partly-
Filled (PF) and Burn -Through (BT) experiments, comparison of
steady-state and batch pool fires, and the energy distribution from the
flame to the container with water and heptane.

4.1. Mass flux: experiments versus mass-flux equation

In Fig. 12, data from Fig. 8 are plotted together with m” . for hep-
tane from Eq. (1), with m", =101 8/m2s and kf=1.1m"1 [33].

Values for D10 have also been included even though they are outside the
range of the equation. Fig. 12 suggests that Eq. (1) does not represent
mass flux obtained for D20 and D30 containers with no initial lip height.

In Figs. 8a and 12, the average lip height was used for each experi-
ment. As explained in Section 3.2.1, this quantity was obtained as the
average of initial and final lip height. This leads to a true average lip
height if the mass flux is constant throughout each experiment. Fig. 6
shows that this is not strictly the case. However, considering the fifth-
order polynomial for many experiments the mass flux was reasonably
close to constant, particularly for higher values of the initial lip height.
Moreover, for a symmetrical mass-flux curve, the averaging used will
also lead to the true average lip height. Several mass-flux curves in Fig. 6
are also rather symmetrical. Thus, the simple scheme used to calculate
the average lip height, is expected to give results close to the true values.

Artemenko and Blinov [9] stated that Blinov and Khudiakov [6,7]
often used partly filled containers in their work. Thus, they did not
distinguish clearly between completely-filled and partly-filled con-
tainers. It is therefore interesting to note that there is a reasonable
agreement between Eq. (1) and the experimental values in Fig. 12 for lip
heights 2-4 cm. In particular, this applies for the D10 experiments,



E.A. Kolstad et al.

600

500

w 0
[=] o
[=] o

]
o
[=]

Temperature ['C|

Fire Safety Journal 125 (2021) 103428

100
0]
0 2 4 6 8 10 12 14
Time [min]
(a)
350
"ﬂ
300 ¢
A -
= 250 N . : L
= i L
a ! vy
£ 200/ | P
o 1
0 2 4 6 8 10 12 14
Time [min]
(b)
50
40 *
s g
= o
; e
-

6
Time

(c)

8 10 12 14

min

Fig. 10. Temperature measurements from nine D20 Partly Filled experiments. (a) Temperatures at the container rim. (b) Temperatures 4 cm below the container
rim, at the outer container wall. (c) at the container bottom, measured beneath the container.

which are outside the range of validity (in terms of diameter) of Eq. (1).

Fig. 6 showed that PF experiments with low initial lip height did not
have a distinct steady burning region. The mass flux for D10 with 0 cm
initial lip height decreased by 40% during the semi-steady region, while
for D20 and D30 with no initial lip height the fifth-order polynomial
curve is similar (but not equal) to a parabola. It is therefore unclear
whether the burning time was sufficient to obtain steady burning for the
PF experiments with O cm initial lip height. For the BT experiments in
Fig. 9b, there are large variations in the mass flux as the initial lip height
increases from O cm to 4, 6 and 11 cm, for D10, D20 and D30, respec-
tively. It is therefore reasonable to conclude that it would be difficult to

obtain a true steady burning phase for batch pool fires with small lip
heights.

In Fig. 12, the decreasing trend for the mass flux as function of lip
height is followed by an increase for the highest values of the lip height.
This is obvious for D10, but can also be distinguished for D20, possibly
also for D30 (see Fig. 7). Two factors may explain this behaviour. Firstly,
D10 is more dependent on conductive and convective heat transfer than
the larger containers. Secondly, the water layer is thin for the experi-
ments with the highest initial lip height: 1 cm, 1.5 cm, and 2 cm, for D10,
D20 and D30, respectively (see Table 1). This may lead to a higher water
temperature and enhanced fuel evaporation. A markedly higher
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temperature was indeed found for the largest initial lip-height value (8
cm) in Fig. 10c. Furthermore, the increase in mass-loss rate is strongest
for D10, with the thinnest water layer, and becomes less pronounced for
D20 and D30, as the water depth increases.

4.2. Temperatures

The evolution of temperature as a function of time, as shown in
Figs. 10 and 13, may be understood from the location of the flame,
combined with heat absorption in the water layer and container. After
ignition, the flame was located 1-2 mm above the fuel surface. During
the first minute, the fuel evaporation increased. Oxygen influx is
required to maintain combustion. Since the flame covered the cross-
section of the container, and (for PF experiments) evaporated fuel fil-
led the container above the liquid surface with the fire plume, there was
a lack of oxygen inside the container. When the flame had consumed the
available oxygen inside the container it moved up towards the container
rim where more oxygen was available. As the flame front reached the
container rim, the flame volume increased and obtained a cylindrical/
conical shape until the flame surface area was large enough to combust
all the gas flowing from the pool. From this point on, the flame remained
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fixed 3-5 mm above the container rim.

The temperatures in the PF experiments increased rapidly in the
beginning since the flame started at the fuel surface inside the container
and moved upwards to the rim, heating the wall in passing. Then the
increase becames lower before a new rapid increase at the end when the
flame re-entered the container and once again heated the container
walls. For experiments with initial lip height lower than 2 cm there was
only a moderate temperature increase (5-65 °C). Interestingly, the series
of PF curves in Fig. 13 agree (when the initial near-vertical portions are
neglected). However, the PF curves differ significantly from the BT-
curve. The BT experiment had a lower temperature increase during
most of the experiment and a rapid increase towards the end of the
experiment. The water level determines the temperature evolution in
the PF experiments. If the thermocouple at 4 cm was located above the
liquid surface level (only gas on the opposite side of the wall), there was
a rapid temperature increase in the beginning and at the end of the
experiments. These temperature increases correspond to flame motion
first upward and at the end downwards along the container wall. This
behaviour was not present when the thermocouple was located below
the water level. For BT experiments, the initial rapid temperature in-
crease was not present since the flame did not move upwards but stayed
above the container rim until the last phase of the fire. Temperature as
functions of lip height is shown in Fig. 13. The lip height was estimated
from mass and the density of heptane. Heptane has a thermal expansion
coefficient of 0.00124 1&, which gives an error in the estimated lip
height of approximately +5-10% when the temperature reaches 100 °C.

4.3. Mass flux: Partly Filled versus Burn Through

In Fig. 14, results on the mass-loss rate per unit area (mass flux) from
the PF and BT experiments are plotted together. For small lip heights
(0-3 cm), the mass flux for the BT experiments was higher than for the
PF experiments, while for larger lip heights (above 5 cm) the difference
between BT and PF is reduced.

It could be reasonable to expect that the mass flux for BT and PF
experiments as function of lip height would be similar over the entire
range of lip height. That is, under the assumption that a BT experiment
would experience the same condition as several PF experiments as it
propagates from top to bottom of the container. However, both the re-
sults in Fig. 14 and the differences in temperature evolution discussed in
Section 4.2 demonstrate that such an assumption cannot be made.
Several factors lead to enhanced evaporation and higher mass-loss rate
for a BT experiment compared with the corresponding PF experiments.
During a BT experiment, the flame transferred heat to the container wall
over a longer period than in the PF experiments, also each PF started
with cold container walls. The flame motion inside the container, from
the rim to the fuel surface, also differs in the two cases, as discussed
above. Even with the difference in mass flux for PF and BT -experiments,
the mass flux for the two types of experiments converge as the lip height
increases. D20 converge from around 6 cm and D30 at 11 cm. This may
reflect that an equilibrium has been reached between heat received by
and emitted from the container wall.

Thus, the systematic difference between the BT and PF experiments
in Fig. 14 points to the importance of understanding heat transfer and
heat storage during pool fires. A simplified analysis is given in Section
4.5.

4.4. Comparison with the study by Liu et al

Liu et al. has conducted experiments on steady-state pool fires with
various lip heights [11] in containers with diameter 10, 15 and 20 cm.
The mass fluxes from their study of containers with diameter 10 and 20
cm is compared with the results from this work in Fig. 15. The
steady-state pool-fires have lower mass flux than the batch pool fires
with similar container diameter and (average) lip height. For both
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steady-state and batch pool fires the mass flux decreases with increasing
dimensionless lip height. Batch pool fires have a steep decrease in mass
flux for nondimensional lip heights up to 0.25; then D20 becomes in-
dependent of lip height. D10 has a small increase in the mass flux.
Steady-state pool fires have a continuously decreasing mass flux with
increasing lip height.

Fig. 15b shows the percentage deviation of results reported in this
article from Liu et al., with a difference from 20 to 55% between steady-
state and batch pool-fires. For the smallest dimensionless lip height D10
experiments deviate 40% while D20 experiments deviate 50% from each
other. The deviation decreases with increasing dimensionless lip heights
up to 0.4. For D20 with dimensionless lip height at 0.4 the deviation is
40% and for D10 with dimensionless lip height at 0.45 the deviation is
55%.
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Fig. 14. Mass flux as function of lip height for all experiments. The curves are
polynomial fitting to m” for Burn Through (BT) experiments, see Fig. 10. The
filled circles, squares and diamonds with error bars are m” for Partly Filled (PF)
experiments, see Fig. 8.
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4.5. Energy balance

To get a better understanding of the different energy fluxes in batch
pool fires and how energy is redistributed in the fire-heptane-container
system, a simplified energy balance will be presented. More advanced
models are presented by Nakakuki [21-23] (steady-state pool fires) and
Hayasaka [19] (batch pool fires).

An energy balance gives an overview of the heat flows during a fire.
In pool fires, energy is radiated from the flame in all directions. A
fraction of this energy reaches the fuel surface (heptane) through direct
radiation and indirectly by radiation to the container wall, followed by
conduction through the wall and radiation from the wall (above the fuel
level) to the fuel. A part of the energy that reaches the container wall is
lost to the surroundings by radiation and some of it will heat the fuel and
water layer (if present) through conduction. These energy flows are
important for the overall energy balance of the system: fuel, water, and
the container. Here, estimates of energy flows will be given based on the
D20 experiment with initial lip height 5 cm. Fig. 16 shows the relevant
energy flows. In addition, heating of the container, water, and fuel are
important parts of the heat balance. Due to conservation of energy,
thermal radiation from the fire (Qz) must be equal to the sum of energy
(Qu) used to evaporate the fuel (Qy), energy lost or emitted from the

system (Q;) and energy stored in the system (QS>, see Eq. (2). In

Fig. 16, F indicates thermal radiation from the flame to system (Qp) ,V

the energy required to evaporate heptane (Qy) at a certain rate, and L
the energy flow from the system to the surroundings (heat losses),

(QL> Heat losses occur mainly through convection and radiation, as

described below. The stored (released) energy (Qs), as parts of the sys-
tem are heated (or cooled down), is not indicated in Fig. 16. Heat losses
occur mainly through convection and radiation, as described below.
Qr=0Qu
Or=0v+0s+0,

There are also conductive heat losses through the container bottom.

Since the temperature difference between container and insulation plate
is small (see Fig. 10c), this contribution will not be included.

@
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Physical values used in the calculations below are listed in Table 2.
The values are collected from literature (see references in Table 2) and
experimental results from this work. For values with significant uncer-
tainty, such as the radiative fraction, a range of values is given in
Table 2. The latent heat of evaporation varies from 317 to 364 J Ik gk’ for

liquid (fuel) temperature 98 °C and 30 °C, respectively. The mass flux
(17.9-20.7 kg/m2 S) extends from the lowest to the highest mass flux

obtained in this work. The mass of the hot and cold parts of the container
is calculated as follows. The mass of the container from the bottom to the
liquid surface (cold part) and from the fuel surface to the rim (hot part) is
equal to the container mass in Table 1. The same approach was used to
calculate the area of the hot container wall A,,;, while the A,, is the total
area of the container wall. The burning time of 820 s is the burning time
of the experiment used in this calculation.

The thermal radiation from the flame to fuel and container, can be
estimated using the energy release from the fire and view factors. The
total heat-release rate, Q, for a fire is given by Eq. (3) [33].

11
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Fig. 16. Schematic presentation of relevant heat and mass fluxes, F is radiation
from the flame, V is evaporation of the fuel (heptane), L is heat losses from the
container to the surroundings.

Q=y.m"-A-AH¢ 3)

Here, y. is the combustion efficiency, m” is the mass flux, A is the pool

surface area, and AHc is the heat of combustion. With the given values Q
is then 19 + 1.4 kW.

Qf is the radiative part of Q as given in Eq. (4).

Qf :Zmd'Q (4)

Using Eq. (4), Qf is 6.3 £ 2.8 kW. The radiation reaching the system
(Qf) is governed by the geometrical view factor as given in Eq. (5).

QF = WF—»C'Q;‘ ()
¢ with subscript F (flame) to C (container with contents) is the view
factor from the flame to the system. It is assumed that the flame has a
shape such that it does not radiate to the outer container wall.

To determine ¢, the inner area of the flame, Ar was found using the
model of Shen et al. [38] for flame shape. Shen et al. assumed that the
flame can be approximated by two geometrical objects, a cylinder (the
continuous flame) and a cone (the intermittent flame). The base of the
cylinder and of the cone are assumed to be equal to the container
diameter. The heights are shown in Fig. 17 as intermittent(h;), and
continuous (h¢) flame height, representing the heights with flames
present at least 95% and 5% of the time, respectively. Fig. 18 shows the
approximation proposed in Ref. [38] for the complex, continuously
changing flame shape in real cases, as illustrated in Fig. 17.

Eq. (6) is the Heskestad equation for mean flame height (L) defined
as the height with flames 50% of the time [39].

%
L=0.235-Q —1.02D ©
Here, L is the average flame height, Qs the energy production, and D is
the pool diameter. The flame height for the D20pr experiments becomes
0.57 m. Eq. (7) gives the relationship between L, h;, and h¢ as described
by Shen et al. [38].
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Values used in calculations. hey = he 10)
Neone = hy — he
Properties Symbol  Value Unit Ref
Heptane Inserting values for the case above, one obtains h.; = 0.36 m and
Combustion effectivity Heff 0.69 - [33] heone = 9‘42 m. ) .
efficiency Consider a plane at the container top with the flame above, see
Xrad 0.2-0.45 - [33] Fig. 18. Radiation from the container top will exclusively reach the
Radiative f“‘“‘o". flame (that is, the cylinder/cone flame structure). Therefore the view
Net heat of combustion AHc¢ 44600 kJ /i [33] . .
. kg factor from the plane to the flame is equal to 1, as expressed in Eq. (11).
Latent heat of evaporation Ly 317-364 kJ/kg [34]
Heat capacity heptane Cph 224.6 J/kg-K [35] Qeor=1 (1D
Mass flu i 17.9-20.7 Fig. 7 . . .
* m &/m?s ] The repository law of view factors gives Eq. (12).
Steel container
Emissivity steel container & 0.39 - [36] A
i Prsc =3 " Pesr 12)
Heat capacity steel Cps 480 J/kg~K [37] Ar
Mass container, hot part mep 0.276 kg Table 1
Mass container, cold part Mec 0.692 kg Table 1 Here, A is the area of the container cross-section, Ay is the inner area of
Water the flame (calculated according to Fig. 18) and ¢y_, is the view factor
Heat capacity water Cow 4181 J/kg_K Table 1 from the flame to the container. Since ¢._r = 1, Eq. (12) can be
Mass water my 1.26 kg Table 1 rewritten as Eq. (13)
Other A
Container cross-section area A 0.031 m2 Table 1 Proc=— (13)
Area of outer container wall Ay 0.072 m? Table 1 Ar
i 2
Area of hot container wall Awa 0.035 m Eio’ 5cem With area Ar = 0.36 m2, and values from Table 2, gp_ ¢ is 0.087. Using
Burning time ¢ 820 s Fig. 10 Eq. (5), the radiation from the flame to the system (QF) can be estimated
as 550 £ 250 W.
The redistributed energy (Qy) can be estimated by Eq 14-16. Eq.
hc=L—-A4/2 o (14) gives the energy flux required to evaporate fuel.
h=L+A/2

A is defined in Eq.(8)

A [ X2

Here, L is the flame height, and X is defined in Eq.(9).
BE

L

D

X (C)]

Here, L is the flame height and D is the pool diameter. The numerical
factor 1.27 was given for heptane [38]. With these equations, the height
of the cylindrical continuous flame (h,;) and the conical-shaped inter-
mittent flame (hene) can be calculated by Eq. (10).

Oy =m"-A-Ly 14)

Here, L, is the latent heat of evaporation. Using values from Table 2, the
energy flux used to evaporate heptane (Qy) is 210 = 14 W. Thus, only a
small fraction of the heat-release rate (approximately 1%) from the
combustion is used to evaporate fuel. This is in accordance with values
reported by Koseki and Hayasaka [40].

Heat loss from the container Q;, consists of convective cooling at the
outer container wall, see Eq. (15), radiation from the containers outer
walls, see Eq. (16) and conductive heat loss through the container bot-
tom (which is not included). Convective heat loss is estimated using Eq.
(15).

O cony = h"Ay-AT 15)

Intermittent flame height h
(with flames 5 % of the time) 1

Continuous flame height h
( with flames 95 % of the time) “‘C

Water

Fig. 17. Intermittent h; and continuous flame height h, with definitions.
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. Intermittent flame

(cone)

Continuousflame
(cylinder)

» Containertop (C)

Fig. 18. Flame shape as proposed in Ref. [38], with the continuous part represented by a cylinder and the intermittent one by a cone. The dotted red lines outline the
flame, the grey dotted line separates the continuous flame from the intermittent flame. The solid black line represents the container top. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Here, h is the convective heat transfer coefficient (according to Holman
[41] it is reasonable to assume h = 10 W/ m2.K in situations where one

does not have a definite value for h), A, is the area of the outer wall of
the container, and AT is the temperature difference between the ambient
atmosphere and the container wall. Using a wall temperature between
220 and 240 °C, from data in Fig. 10a and b, AT can be estimated as
210-230 °C. Using these values in Eq. (15) the convective heat loss from
the container (QL‘ conv) Can be estimated to be between 145 and 159 W.

Radiative heat losses from the outer container wall can be calculated
using Eq. (16).

Oy, g = &:0ANT* 16)
Here, ¢; is the emissivity to the steel container, ¢ is the Stefan-Boltzmann
constant, and A, is the area of the heated container wall, i.e., the part
that neither is cooled by the heptane layer, nor by the water layer. The
typical wall temperature is assumed to be 220-240 °C (see above). Thus,
the absolute temperature (T) of the radiating wall is 493-513 K. Due to
the low emissivity of polished stainless steel, the heat-loss rate from
radiation QL, rad 1S low, between 45 and 53 W, giving a total heat-loss

rate (Q,) of between 190 and 212 W.

_ Cpirmi AT

; a7

Os = C,;nit"-A-AT

The energy flow required to heat the steel container, the water and
the heptane is Qs [W] given in Eq. (17) where C,, is the heat capacity, m;
is the mass, AT is the change in temperature and t is the duration of the
experiment (burning time). The average increase in the water temper-
ature through an experiment, was approximately 20 °C, this gives
Qg, water = 128 W. The container wall temperature typically increased
200-220 °C and 20 °C, for container above and below the water level,
respectively. Using values from Table 2 the flux associated with energy
stored in the container is Qs contaimer = 42 W. The heptane was heated
from ambient temperature to its boiling point at 98 °C, so Qs hept 15 then
14 W. The total energy flow associated with energy storage (Qs) is then
184 W.

Qu=0y + 0, + Qs (18)
When summing the different energy flows, Q; becomes between 600 =+
25 W, which is consistent with the estimated Qg of 550 + 250 W.

As described by Akita and Yomoto [20], there are vortices trans-
porting energy from the flame to the fuel surface by convection. This

13

convective energy flow can be calculated using Eq. (15) with h=

57 W / ( ) as proposed by Hottel [30], A as the fuel surface area, and

m?K
an assumed temperature difference AT = 850 °C[38] between the flame
and the fuel at its boiling point (98 °C). Eq. (15) gives a convective
energy flow at 150 W. With the convective contribution the energy
received by the container Qy increases to 700 + 250 W. Even with the
convective contribution the conservation of energy is preserved, Qy is
still consistent with Qp.

Even though Qy and Qy are sensitive to variations in the used values,
this simplified heat balance gives useful insight in how the energy from
the fire is redistributed in the system. Considering the overall energy
balance, the results indicates that 35% of the energy flux is used to

evaporate the fuel (Qy), 35% is emitted (Q; ) from the system and 30% is
stored (Qg) through increased temperatures within the system. Thus, the
estimates above, with all inherent simplifications, lead to a consistent
description of the heat exchanges between the system (steel container,
heptane layer and water layer) and its surroundings. This description
may serve as a basis for a more sophisticated heat-flow model later.

The lip height affects the mass flux of a pool fire, which in its turn
affects the temperatures in the container. A higher lip height gives a
lower mass flux (see, e.g., Fig. 14) and thereby a lower heat flux. An
increased lip height will lead to heating of a larger container wall area,
which leads to higher energy losses through convection and radiation
from the container wall to the surroundings. The energy used to evap-
orate the fuel will also decrease, since more energy is used for heating
the container wall and emitted from the container. Thus, the distribution
of the incoming energy may be different from the case discussed above
for other values of lip height and container diameter.

5. Conclusion

In this work on batch pool fires (without refilling of fuel), the effect
of increasing lip heights has been investigated. The fires lasted 12-14
min for partly filled containers (with heptane on top of a water layer)
and 1-2 h for containers filled with heptane only. Three main findings
are:

First, the mass loss rate (m) decreases with increasing lip height,
which is in accordance with earlier studies. The reduction in m is up to
36% compared with experiments with no initial lip height. The signifi-
cant reduction in mass-loss rate due to lip height should be accounted for
in fire calculations and fire simulations.

Second, the lip-height effect can surpass the pool-size effect (diam-
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eter) with respect to mass-loss rate/mass flux. This can be seen clearly by
comparing a small container with low lip height, with a larger container
with high lip height. A D20 container with 2 cm initial lip height versus a
D30 container with 8 cm initial lip height gives mass fluxes of m" =
27 g/, 25and m' =24 8/ 25 Tespectively. The latter had lower m” than

the former, despite a larger diameter. Therefore, for the investigated
containers the lip height is as important for the mass-loss rate as the pool
dimeter.

Third, the energy flux received by the system from the flame is, for
one case considered in detail, distributed as follow: Approximately 1/3
(35%) was emitted to the surroundings and 1/3 (30%) heated the
container, fuel, and water layer. The last 1/3 (35%) was used to evap-
orate fuel. Our results illustrate the complexity of pool fires and
emphasize the importance of including lip height both in mass-loss and
heat-production calculations.
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