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Abstract

For a typical thermal runaway process of uncontrolled energy release, pool fires are
typically associated with the safety of energy application in modern production and life. In
order to improve fire safety in energy utilization, it is significant to investigate the burning
behavior of pool fire incorporating burning rate and flame characteristic, which are
fundamental parameters in hazard prediction and risk management. Although there are
different obstructions in real industrial fire scenarios, nearly no work has been conducted
to explore the influence of obstruction on pool fires. Aiming at characterizing the influence
of a plate obstacle on pool fire, a series of small-scale pool fires affected by plate obstacle
are performed. The findings show the plate obstacle above the burner has a considerable
effect on the burning behaviors of n-heptane and ethanol pool fires. The plate obstacle over
the burner would result in a rapidly developing fire with higher burning rate. The external
radiation from plate obstacle to the fuel surface was found to be responsible for the burning

rate enhancement through the heat transfer analysis. Furthermore, based on the theoretical



and scaling analysis, a new correlation for burning rate is proposed to describe the effect

of plate obstacle, and the relationship between mean radiation heat flux and the

characteristics of plate obstacle is revealed. It is expected this work will help to understand

the burning behavior of pool fires in a more realistic fire setting.
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Nomenclature
B diffusive transfer number N Nusselt number
Br  ratio of the diameter of obstacle Pr  Prandtl number
to the height of obstacle q" . conductive heat transfer
Bo  ratio of the diameter of fuel pool q' heat loss
to the height of obstacle ¢" . mean radiation heat flux

cp  heat capacity ¢, radiative heat transfer
cp,i Specific heat g.,  external heat feedback from plate
d diameter of obstacle T,  Boiling temperature

D diameter of the fuel pool Tr  flame temperature near the fuel pan
F..  view factor T,  temperature of the plate obstacle
Gr  Grashof number T»  environmental temperature

h plate obstacle height twnn  time from ignition to boiling

ht convective heat transfer tw. time from ignition to peak burning rate
hsz  latent heat of vaporization t.a time from ignition to extinguish
H:  heat of combustion o, flame absorption
Hg  latent heat of gasification AH, Heat of combustion

H,  gasification heat Am" increased burning rate

k coefficient of thermal Stefan—Boltzmann constant

L heat of gasification g, obstacle emissivity

m"  burning rate




1. Introduction
Since the industrial revolution, oil has been powering the social development and

economic growth for over 150 years. It is reported the oil currently supplies about 30
percent of the overall energy consumption around the world, and will remain an
indispensable part in the future[1, 2]. Along with the development of petroleum-chemical
industry involved with a large number of flammable and explosive materials, the
environmental and safety issues (such as global warming, fire and explosion) have become
the primary challenges and have attracted increasing attention from many researchers [3-
6]. Asone of'the most serious disasters of flammable liquid leakage, pool fires are typically
associated with the safety of liquid fuel in modern production and life [7, 8]. This typical
fire ordinarily happens as the flammable liquid pool is formed followed by the storage
tanks or transport pipelines leakage, and then gets ignited. In such an accident, the heat
transfers to surrounding equipment by convection and radiation and the combustion
product releases to the nearby space, which directly pose a great threat to people’s safety
and also the environment. Moreover, the heat release of pool fire can subsequently ignite
the surrounding combustible materials and cause the secondary accidents, such as those
appeared in the BP Deepwater Horizon explosion and the Jaipur fire accident [9-]12]. It
was reported by Reniers et al. [9] that pool fire accounts for 44 percent of all accidents

triggering a domino event (i.e. higher-order accident). Therefore, quantifying burning

parameters of pool fires plays an important role for the fire safety in energy utilization.

The thermal hazard of pool fire changes with complicated fire scenarios. Hence, the
understanding burning parameters of pool fires in various scenarios is fundamental
research area for the hazard prediction and risk analysis [13-16]. A number of research

efforts on the burning behavior of pool fires with various boundary conditions have been



carried out in recent years, including pool scale [17], initial fuel temperature [18, 19], lip
height (the distance from fuel surface to the burner rim) [20] and geometry of fuel pool [2,
21-23]. As one of the most important burning parameters, the burning rate depends on the
heat feedback from pool fire. In the classic scaling model built by Blinov and Khudyakov
[17], three regimes are defined based on the dominant heat feedback. For conduction-
dominant pool fire with circular pool diameter, D, smaller than 7 cm, the burning rate
decreases with scale. With the increase of scale, the dominant heat transfer change from
the convection (7 cm < D < 20 cm) to the radiation (D > 20 cm), thus resulting that the
burning rate increases and approaches a constant finally. Lu et al. [18] explored the effect
of initial fuel temperature, where unsteady evolution process of pool fire was observed and
four burning stages were defined. Their results showed that the increase of initial fuel
temperature would accelerate boiling and results in a significant increase of burning
intensity. Considering the floating sealing annular pool generally formed in tank fire
scenario, Tang etal. [22] presented experimental dataand physical model for the prediction
of flame height. More recently, Deng et al. [2, 21] investigated the burning rate of annular
pool fire with various diameter. An increasing trend in burning rate was found, and was

explained by dimensional analysis with fuel mass transfer number.

Burning behavior of pool fires can also be affected by the ambient conditions, such as
ambient pressure [24-27], cross flow [28-30], oxygen concentration and humidity [31, 32].
Due to the requirement for fire safety in high altitude conditions, the effect of pressure on
pool fire burning has been investigated widely[24-27]. The exponential relationship
between burning rate and environmental pressure has been verified through experimental

data from field tests and bench-scale pressure chambers, where the exponent value in the



exponential relationship changes with the scale of pool fire [26]. Considering fire condition
usually involving winds, Hu et al. [28-30] performed detailed investigations on the impact
of cross flow on pool fire with various pool diameter. They revealed that the cross flow
would influence the heat feedback mechanisms and the fuel-air mixing, resulting non-
monotonic change in burning rate. Recently, Zhang et al. [32] presented experimental
results on the pool fire for bench-scale experiments using a closed chamber with a wide
range of initial temperature and relative humidity conditions. Their results showed that the
burning rate would decrease with decreasing initial temperature or increasing relative
humidity. Chen et al. [31] experimentally found the oxygen concentrations affect the
evolution process of pool fire significantly. As the oxygen concentrations increase, the

boiling burning phase appear earlier with higher heat release rate.

The previous works provide important insights for burning behavior of free burning pool
fires in various scenarios. However, as there are lots of obstructions in real industrial fire
scenarios, the understanding of pool fire burning affected by obstruction became a
significant research. In principle, near-by obstacles to the fuel pool will affect the fire
development of pool fire and subsequently change the thermal hazard of pool fire to the
surrounding environment. Recently, some studies [33, 34] have been conducted for jet fire
under the influence of obstacle. Ji et al. [33] established a flame size model to predict
behaviors of the horizontal jet flame after it impinges the wall, which could collapse the
longitudinal length of the flame impinging the wall. Zhou et al. [34] derived an equation
of fire plume upward flowing along the plate, with the flame plume radius as the
characteristic length scale, which could accurately predict temperature data in whole

impinging zone. However, nearly no work has been done to explore the influence of



obstruction on pool fires. As mentioned above, the burning rate of pool fire without the
effect of obstacle, i.e. free burning pool fire, is determined based on the heat feedback from
pool fire. For pool fire sheltered by an obstacle such as a circular flat plate, the burning
rate is likely to be driven by the combination of heat feedback from the flame and the
obstacle. Moreover, the obstacle is expected to change the flame appearance and radiation
and to introduce a splitting flame phenomenon in which influence the evolution process of

pool fire significantly.

Aiming at filling these knowledge gaps, the influence of obstacle on the burning
characteristic of pool fires was investigated, where the complex obstacle configuration in
the real fire scenarios was simplified to the circular plate obstacle above the burner. The
10 cm diameter heptane and ethanol pool fires affected by a plate obstacle were performed,
and the burning characteristics were analyzed. The main novel contribution of this work is
that a new correlation for burning rate is proposed to describe the effect of plate obstacle.
In addition, the relationship between mean radiation heat flux of pool fire and the
characteristics of plate obstacle is revealed. The established model improves the
understanding for burning parameters of real industrial pool fire scenarios involved with
obstacles. Further, this work could provide a data support and theoretical basis to estimate
the heat release rate and calculate the safety distance between fire area and surrounding
environment, which might provide new reference for reducing the damage caused by fire

and improving the safety of energy application.

2 Theoretical analysis
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(a) Free burning pool fire (b) Pool fire sheltered by plate obstacle

Fig. 1 The schematic diagrams of heat transfer for (a) pool fire under the free burning

condition (b) pool fire under the effect of plate obstacle

The burning rate is determined by the total heat feedback received by the surface of fuel
pool during the combustion process. The more heat feedback would lead to the more fuel
vapor evaporated from the surface of the liquid fuel, corresponding to the greater burning
rate. The schematic diagrams of heat transfer for pool fire under the free burning condition

and pool fire under the effect of plate obstacle are shown in Fig. 1.

For pool fire under the free burning condition, the burning rate can be expressed as

" " " " /]
m- o qcond + qconv + qr,f - ql (1)
/4 . . . -n . . . N
where ¢, is conductive heat transfer item, g, is convective heat transfer item, ¢,;

is radiative heat transfer item, and ¢, is heat loss item. For 10 cm diameter pool fire, the

. . -n -n
dominant heat transfer items are g, , and ¢, -
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q.ond 18 Written as



Geons © k(T = T,) (2)

where 7y and 7, are flame temperature near the burner and boiling temperature,

respectively.

1/ .
q.ony 1S €xpressed as

q.;'onv <x:hf(]—j)"_T}';) (3)

where 5. 1e. convective heat transfer coefficient could be calculated as

ho Nu" oc (Pr-Gr)". The Pr number depends on the fluid properties. The Gr number
represents the ratio of the buoyancy to viscous force, and would increase when the flow

around fuel burner changes to turbulent [35].

For the pool fire under the effect of plate obstacle, the temperature of plate obstacle
increases significantly from ambient temperature. The received heat flux of fuel pool not

only includes the heat feedback of the flame, but also the radiation heat feedback of the
plate obstacle. Considering the external heat transfer from the plate obstacle, i.e. q':fo, the

burning rate is expressed as

/] " " " " "
m- o qcond + qconv + qr,f + qr,o - ql (4)

The external heat feedback from plate obstacle, i.e. ¢, could be calculated as

qr”0 =F,o¢,(1- af)To4 5)

[¢]

where the term £ ;. represents the view factor between the plate obstacle and fuel pool,
o is Stefan—Boltzmann constant, &, is the obstacle emissivity, o , is the flame

absorption, 7 is the temperature of the plate obstacle.



F, . would change with the height of plate obstacle and the diameter of the plate obstacle,

and could be calculated as

2
1 B
F,=—X-|X*—4| L 6
o-f 2 [ [BO] ] ( )
where B, represents the ratio of the diameter of obstacle to the height of obstacle, i.e.

d/h, B, represents the ratio of the diameter of fuel pool to the height of obstacle, i.e. D/h,

1+ B;
.

and X is calculated as X =1+

The external radiation of plate obstacle would increase the burning rate. In the heat
transfer of pool fire, it is assumed that the obstacle has limited effect on the heat transfer
from pool fire to liquid fuel. So, the increased burning rate for pool fire under the effect of

plate obstacle is mainly caused by the external radiation from plate obstacle. The increased

burning rate is calculated by Am"=m" —mj , where m, is the burning rate of pool fire

under the free burning condition. The theoretical value of increased burning rate caused by

the obstacle could be calculated as

At = qr"o - E)—fagf (1 - af )7:)4
H, +c¢,(T,-T,) H, +c,(T,-T,)

(7)



3 Experimental apparatus and procedures
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Fig. 2 Experimental setup

In the current study, pool fire was burned under a quiescent environment. The burner was
positioned under the center of smoke exhaust hood (3 m x 3 m), where the flow rate of
smoke exhaust was kept at constant and it was approximately 0.4 kg/s. The schematic of
the experimental platform of small-scale pool fire is shown in the Fig. 2 and it is composed

of the fuel pool sheltered by plate obstacle and burning parameter measurement system.

Small-scale pool fires were conducted in a 10 cm diameter steel pan with a depth of
3.5 cm. The pan thickness is 0.2 cm + 0.01 ¢cm. N-heptane (C7H16) and ethanol (C2HeO)
were chosen as the burning fuel. The properties of liquid fuels are listed in Table 1. The

initial lip height was controlled as 1.5 cm for all experimental conditions. Noted that the



lip height would increase with the consumption of liquid fuel, so the unsteady state burning
process from ignition to the burn-out can be observed. A circular stainless steel plate is
used as the obstacle. The thickness of the circular plate is about 4 mm and it is located
above the pool surface. Four different sizes of circular plates are also considered and they

are 5, 10, 20 and 30 cm. The circle stainless steel plate was suspended above the fuel pool.

Table 1 The properties of liquid fuels

Name Symbol Materials and value Unit

Ethanol n-Heptane

Specific heat Cp,l 3030[36] 2470[37] JI(kg.K)
Boiling temperature Ty 351.5[38] 371.4[38] K

Heat of combustion AH. 26.8[38]  44.6[38] kl/g
Heat of gasification L 891[38] 448[38] kJ/kg
Latent heat of vaporization htg 837[38] 316[38] kl/kg

The measurement system was used to characterize the burning behavior. The mass loss
rate was obtained by an electronic balance and it was positioned directly under the burner.
For the configurations of the electronic balance, the maximum measurement value and its
resolution were 6200 g and 0.01 g, respectively. The plate temperature at different locations
was monitored by three K-type patch thermocouples (labeled as T1, T2, T3 in Figs. 2). T1
was placed at the center of the plate. T3 was positioned near the edge of the plate and T2
was located in between T1 and T3. Besides, there were 10 K-type thermocouples
measuring the flame temperature at different vertical locations. The resolution of the

thermocouples with 1 mm diameter was about 1 K. A wide-angle radiometer was used to



measure the local heat flux, and the distance between radiometer central axis of burner

keeps 60 cm.

A digital camera was utilized to record the entire development process of pool fire. The
camera was placed about 70 cm vertically away from the floor and 260 cm horizontally
away from the center of the fuel pool. The camera settings were manually adjusted to obtain
high-quality pool fire videos. These settings included the ISO number and F number. Using
the recorded videos, the frame-by-frame geometry of the pool fire flame, as shown in Fig.
2(b) was extracted using an in-house code written in MATLAB. Followed by the image
processing method [39], flame area in these pictures were identified. For the same frame
photo, the original picture and binary picture were compared in Fig. 3 (b). Lastly, the flame

probability contour was calculated and plotted as shown in Fig. 3 (b).

There were two varying parameters: the relative height, 4, the distance between the pool
surface and the circular plate and the plate diameter, d. Six different relative heights were
considered (i.e., 2 =5, 10, 20, 30, 40 and 60 cm) and four different plate diameters (i.e., d
=5, 10, 20 and 30 cm) were accounted for. Each of the experiments was repeated for at
least two times for repeatability. During the test, the ambient temperature was observed to
be about 298 K - 303 K. Each experiment test was conducted for 2-3 times, and the

experimental data presented in section 3 was the mean value of repeatable tests.

The total uncertainty of measuring burning rate was principally caused by two factors,
including the repeatability error of experiments and reading precision error of electronic
balance. Based on the burning rate values obtained in the repeated experiments, the
repeatability error was found to be about 8%. The reading precision error of electronic

balance was within 5%. The overall uncertainty of burning rate was obtained as 9.4%



according to the Moffat’s method [40], which was generally used in the uncertainty

calculation for fire burning parameters [41, 42].

3 Results and discussion

3.1 Burning behavior of the pool fire

(a) Phase 1
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Fig. 3 Flame appearance evolution for (a) free burning n-heptane pool fire and (b) n-
heptane pool fire with plate obstacle (¢=20 cm, #=10 cm) (c) ethanol pool fire with plate
obstacle (d=20 cm, /=10 cm)
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Fig. 4 The development of burning rate for pool fire under the free burning condition
and pool fire under the effect of plate obstacle (d=20 cm, A=10 cm)

A typical view of the flame appearance for pool fire with plate obstacle (d =20 cm, & =
10 cm) is presented in the Fig. 3, where the pool fire under the free burning condition is
also presented as the comparison. Fig. 4 presents the measured burning rate evolution with
time for these conditions. The plate obstacle above the burner has a considerable effect on
the burning behaviors of n-heptane and ethanol pool fires. The change of burning
characteristic withtime is more distinct for pool fire burning n-heptane, which is consistent
with previous results [13]. Furthermore, the unsteady burning evolution of n-heptane pool
fire is discussed in this section. According to the evolution of burning rate and flame
appearance, the development of n-heptane pool fire is divided into the following four

phases:

(1) The phase of ignition. The duration of this phase is very short, where the burning rate

and flame area increase gradually after ignition. The pool fire is completely blocked by the



plate obstacle due to the smaller heat release rate. It should be noted that the flame

appearance in that phase is consistent with the ceiling jet.

(2) The phase of stable burning. For that phase, the burning rate is approximately
constant. The flame spreads horizontally over the lower surface of the plate obstacle before
appearing above it. Compared with pool fire under the free burning condition, the flame

width becomes larger for pool fire under the effect of plate obstacle.

(3) The phase of boiling burning. Aftera period of stable combustion, the burning rate
would increase significantly. During that stage, it was seen that some bubbles were
generated near the vessel wall continuously, the sound of the boiling appeared. More fuel

vapor is produced and is burnt above the plate obstacle. It can be found that the flame

envelops the plate obstacle nearly.

(4) The phase of decay. The phase appears at the end of burning. Similar to the first
phase, the flame is nearly sheltered by the plate obstacle due to the smaller fuel vapor

produced.

Fig. 5 illustrates the burning rates for n-heptane pool fires under the effect of plate
obstacle. As shown in Table 2, some important burning parameters are calculated, where
nm; and m; are the burning rates for the phase of stable burning (I1) and the phase of boiling
burning (I11), respectively. For the laboratory scale n-heptane pool fire in this research, the
n1; almost unchanges with the size or position of plate obstacle, meaning that the obstacle

has limited effect on the stable burning stage.
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Fig. 5 Burning rates for n-heptane pool fires under the effect of plate obstacle

Based on our research before [18], the fuel pool starts to boil when the temperature of

burner bottom reaches the boiling point. Itis found that the onset boiling time starts slightly

earlier for n-heptane pool fire under the effect of plate obstacle with lower height, as shown

in Table 2 and Fig. 5. As the & decreases or the d increases, the burning rate during the

phase III (7 ) increases. For n-heptane pool fires sheltered by 60 cm and 10 cm height of

the plate obstacle with same diameter, the burning rate increased from 18.4 g'm2-s'to31.7



g'm2-s”!. For5 cm and 30 cm diameter plate obstacle (A= 20 cm), the burning rate of pool
fire increases from 19.6 gm2-s’! to 37.2 gom?-s"'. Meanwhile, the peak burning rate
increases significantly with decrease of the height of plate obstacle or increase of the plate
obstacle diameter. When compared to pool fire under the free burning condition, the n-
heptane pool fire with plate obstacle (d =20 cm, 2 = 10 cm) has a larger peak heat release
rate by factors of about 3. Moreover, when the / decreases or the d increases, the evolution
of burning behavior would approach to that for pool fire under the free burning condition.
The plate obstacle over the burner would result in a rapidly developing fire with higher

burning rate.

Table 2 The parameter of buming behavior for n-heptane pool fire with plate obstacle

g;::segzstacle :l?;;to bstacle m;' Ly oiting ”";’ Lpeak m[')'eak Liotar m:l’verag(
(cm) (cm) (gm?sh)  (s)  (gm?sh)  (s)  (gm*sT) (s)  (gm?s?)
5 10.5 119 31.5 381 63.4 430 23.7
10 9.7 157 31.7 432 59.7 449 22.8
20 9.5 206 22.9 539 37.2 592 17.3
20 30 9.1 232 20.8 565 30.1 692 14.8
40 8.3 184 17.4 579 25.6 710 14.4
60 9.1 243 18.4 537 25.4 716 14.3
5 8.6 161 19.6 533 28.7 629 16.2
10 8.4 217 22.4 402 38.3 553 18.5
20 : 10.5 121 31.5 381 60.1 430 23.7
30 13.0 119 37.2 294 59.5 376 27.1

Free burning 8.9 194 16.5 605 22.7 23.4 13.4
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Fig. 6 The change of n-heptane pool fire morphological characteristics with different
height of plate obstacle (d=20 cm)

Fig. 6 shows the change of n-heptane pool fire morphological characteristics with the
height of plate obstacle, where the probability contour for pool fire was calculated over the
entire burning time. It is found for the n-heptane pool fire, the decrease in the height
dramatically changes the flame morphological characteristics, including flame geometry,
flame width, flame height. When the obstacle height is low, i.e. A=5 cm, 10 cm, the plate
splits the pool fire, and partial flame appears above the obstruction, implying that
combustible vapor produced cannot be completely burnt beneath the obstruction. The
flame width is larger because of the flame spread along the plate, while the flame height is
slightly lower due to the inhibitory effect of obstacles. When the obstacle height is /=20
cm, 30 cm, most flame is blocked below by obstacles, forming a ceiling jet. As the 4
decreases or the d increases, the flame geometry approach to that for pool fire under the
free burning condition. The quantitative influence of obstacle on the pool fire appearance

needed to be further studied.



3.2 Mean burning rate
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Fig. 7 The mean burning rates of pool fires vs. the height of plate obstacle

The variation of mean burning rates with the height of plate obstacle is shown in Fig. 7.
An increasing trend of the mean burning rate is demonstrated with the increasing d and
the decreasing /. The increase of burning rate induced by plate obstacle is larger for n-
heptane pool fire when compared to ethanol pool fire. Furthermore, as the /4 increases or
the d decreases, the value of mean burning rate would approach to the value for pool fire
under the free burning condition, and the values for n-heptane and ethanol are 13.4 g'm2's
I'and 12.33 g'm?-s’!, respectively. Similarly, it could be inferred that, the burning rate

would close to the value of pool fire under the free burning condition when the geometrical

dimension of the plate obstacle is small enough.



In order to obtain the quantitative formula between the mean burning rate and the
parameter of plate obstacle, the data is fitted using exponential decay function as shown in
Fig. 7, where the R’ is the coefficient of determination in the field of statistics. The
coefficient in the fitted exponential decay function changes with fuel type or the

geometrical dimension of the plate obstacle, so it is necessary to introduce a global model

to explain the influence of plate obstacle, which would be described further.
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Fig. 8 The external radiation from the plate obstacle
In order to explain the change of burning rate, the heat transfer for pool fire sheltered by
plate obstacle was calculated to based on the proposed theoretical analysis in Section 2. In
the calculation, the emissivity of plate obstacle was assumed to be 1, and the average
temperature of plate obstacle from three measurement points (T1, T2, T3) was considered
as the characteristic temperature. The external radiation from the plate obstacle was

obtained for both n-heptane and ethanol pool fires.

As shown in the Fig. 8, the external radiation from the plate obstacle to fuel surface
increases with increasing geometrical dimension of the plate obstacle, and increases with

decreasing height of plate obstacle. It is expected that the external radiation of n-heptane



pool fire is larger than that of ethanol pool fire, owing to that the heptane fire has a greater
heat release rate. As expressed in the Eq. (5), the external radiation depends on the
temperature and view factor. When the height of plate obstacle decrease, the decreasing
distance between flame and plate obstacle would enhance the heat transfer from flame to
the obstacle, which leading to the high temperature of plate obstacle. For n-heptane pool
fire with higher heat release rate, the larger flame volume increases the heat exchange area
with plate obstacle, resulting in higher temperature of the plate surface. It is found that the
value of external radiation approach 0 when the / exceeds the flame height of pool fire
under the free burning condition, where the flame heights for 10 cm diameter heptane and
ethanol pool fire are about 40 cm and 26 cm, respectively. Otherwise, the view factor in

the Eq. (6) would increase with increasing d, and decreasing 4.

Fig. 9 shows the comparison of the increased burning rate between the experimental
measurement and predicted value. The error between the experimental result and the
predicted value is approximately 20%. It could be speculated that the burning rate
enhancement influenced by the plate obstacle is mainly due to the external radiation from
plate obstacle. The experimental value is slight larger than the theoretical value, owing to
that the influence of plate obstacle on conduction item and convection item is ignored in
the assumption. As shown flame appearance in the Fig. 2, it is found that more combustion
occurs in the space between burner and plate obstacle, and leads to the increase of flame
temperature near the fuel pan i.e. 7x. Otherwise, due to the blocking effect of obstacles, the
flow field around the fuel pool becomes complex and turbulent, and results in the increase

convective heat transfer coefficient, i.e. 4. Based on the Eqgs. 2-3, it can be inferred that



g . and ¢"  would increase under the effect of the plate obstacle, which leads to the

differences between experimental data and theoretical data.
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Fig. 9 Comparison of the increased burning rate between the experimental measurement

and predicted value

To characterize burning rate of pool fire affected by plate obstacle, a dimensionless
study was performed. The nondimensional parameters for the size and position of plate

obstacle could be written as ¢/D and #/D, where D is the burner diameter. Moreover, it

is also found that the fuel type has significant influence on pool fire with plate obstacle.

The diffusive transfer B number written as H_ / H p is the ratio of the heat of combustion

to the latent heat of gasification, which is introduced as a nondimensional parameter to
represent the effect of fuel type. The non-dimensional ratio of the increased burning rate to

burning rate of pool fire under the free burning condition can be expressed by following

function



A"l = £(d/D,h/D, B) @)

The B number is found to be proportional to the burning rate for pool fire with different
fuel. According to the thermal properties listed in the Table 1, the B number is calculated
as 98 for the heptane pool fires and 30 for the ethanol pool fires, respectively. For the same
obstacle condition, the pool fire with larger B number would release more heat, resulting
in higher temperature of the plate surface, which leads to the more obvious influence on
burning characteristics. Besides, the burner diameter is constant in the current study. So

the Eq. (8) could be converted to

Niit" i = f(h/d x B) )
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Fig. 10 The dimensionless increased burning rate vs. the value of 4/(d xB)

All experimental data for heptane and ethanol pool fires under the effect of plate obstacle
is fitted using the exponential decay function in the Fig. 10. The relationship between

dimensionless increased burning rate and //(d xB) can be obtained



A" [} =1.2exp(— #/0.007d x B), R* = 0.87 (10)

It can be seen that dimensionless increased burning rate decreased with dimensionless

parameter, i.e. h/(d xB). Specially under an extreme condition, if the % is infinitely larger

or the diameter of plate obstacle is infinitely small, this approaches the infinity. That will
result in that the burning rate for pool fire under the effect of plate obstacle would close to
that of a pool fire under the free burning condition, or dimensionless increased burning rate
approach 0. In addition, this relationship also incorporates the influence of fuel properties.
It should be noted that the influence of burner diameter and the obstacle material on burning

rate requires further verification.

3.3 Mean radiation heat flux
In fire scenarios, radiation emitted from flame may ignite surrounding combustibles and

even cause a domino effect, so the radiation heat flux is an important parameter in fire
safety. Fig. 11 presents the measured radiation heat flux evolution with time for n-heptane
pool fire under the effect of plate obstacle and pool fire under free burning condition, where
radiometer positioned at 60 cm from the fire axis. It is expected that the radiation heat flux
evolution follows the burning rate, and the plate obstacle above the burner has a
considerable effect on the radiation heat flux. The plate obstacle would lead to rapidly

developing fire with higher radiation heat flux.
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Fig. 11 Radiation heat flux evolution with time for n-heptane pool fire under the effect
of plate obstacle
The mean radiation heat flux i.e. ¢, is proportional to the burning rate, which is found
to be related with the characteristics of plate obstacle, i.e. #/d. As shown in Fig. 12, ¢
could be correlated with 4/d for n-heptane and ethanol pool fires. The obtained formula can
be written as
qr =212.9+189.6exp(—4/1.1d)  for n-heptane pool fire

q" =104.6+37.0exp(-4/2.0d)  for ethanol pool fire (11)

The influence of plate obstacle on the ¢, is remarkable for the n-heptane pool fire,

which could be caused by the various characteristic in their flame sooty and emissivity. It

should be noted that radiation of pool fire would change with scale due to smoke blocking

effect, the obtained relationship requires further verification.
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Fig. 12 The mean radiation heat flux vs. the value of 4/d

4, Conclusions
Aiming at characterizing the influence of a plate obstacle on pool fire, a series of small-

scale pool fires sheltered by plate obstacle are carried out experimentally, where the pool

fire under the free burning condition are conducted as the contrast. The main conclusions

arc:

(1) The plate obstacle above the burner has a considerable effect on the burning behaviors
of n-heptane and ethanol pool fires. The plate obstacle over the burner would result in a
rapidly developing fire with higher burning rate. When compared to pool fire under the
free burning condition, the n-heptane pool fire with plate obstacle (d = 20 cm, 2 =10 cm)

has a larger peak heat release rate by factors of about 3.

(2) An increasing trend of the mean burning rate is demonstrated with the improving
diameter of the plate obstacle and the decreasing height of the plate obstacle, which is more

obvious for heptane pool fire due to more heat transfer between flame and plate obstacle.



Based on the heat transfer analysis for pool fire with plate obstacle, the burning rate

enhancement is found to mainly result from the external radiation from plate obstacle.

(3) Based on theoretical and scaling analysis, the burning rate is determined by the
obstacle scale i.e.d/D, the obstacle position i.e. /D, the fuel property i.e. Hc/Hg. A

new correlation is further obtained from the experimental data of heptane and ethanol pool

fires to  describe the effect of plate  obstacle, expressed as

Am" [y =1.2exp(=h/0.007d x B).

(4) The plate obstacle could contribute to a higher radiation heat flux, where the
influence on radiation heat flux is remarkable for the n-heptane pool fire due to the more
flame sooty. Besides, the relationship between mean radiation heat flux and the

characteristics of plate obstacle follows the exponential decay function.
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