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Abstract

Radiant heat flux of fire plume is an essential parameter indicating the hazards of a
fire. In this work, fire experiments of a wall-attached fire with different aspect ratios
were conducted. In addition, the effect of the sidewall on mean flame height and radiant
heat flux of the rectangular fire was investigated. The sidewall causes a decrease in air
entrainment; therefore, the mean flame height is observed to increase. The radiant heat
flux increased owing to the increase in flame height and thermal radiation from the
heated sidewall. Experimental results of the mean flame height are consistent with those
predicted by an existing model. This validated the reliability of the experimental setup
for a rectangular wall-attached fire. Furthermore, a model based on the increase in flame
height and thermal radiation from the heated sidewall was developed to estimate the
radiant heat flux from a rectangular wall-attached fire. The error in prediction was less

than 15% for this model.

Key words: Rectangular fire source; Sidewall; Wall-attached fire; Mean flame

height; Radiant heat flux



Nomenclature

Cp Specific heat of ambient air, kJ/kg-K
Cs Specific heat of sidewall, kJ/kg-K
D Equivalent diameter, m
D Hydraulic diameter, m
F Geometry view factor
g Acceleration due to gravity, m/s?
L Length of rectangular fire source, m
L¢ Mean flame height, m
L¢ Path length, m
mg Mass of sidewall, kg
n Percentage
w Width of rectangular fire source, m
P* Effective perimeter, m
pi Circular constant
q”’ Radiant heat flux, kW/m?
Q Heat release rate, kW
Q Dimensionless heat release rate
Q*Wp Dimensionless heat release rate based on effective perimeter
Ry Distance between the target and the virtual point, m
Ry Fractional relative humidity
S Saturated water vapor pressure at the atmospheric temperature,
mmHg
T Temperature, K
T, Initial temperature, K
o Ambient temperature, K

Volume of sidewall, m?

Greek symbols



<=

m

Transmissivity of atmosphere

Atmosphere transmissivity to thermal radiation

Angel between the connecting line and the target surface normal
Flame emissivity

Density of sidewall, kg/m?

Ambient density, kg/m?

Stefan—Boltzmann constant, 5.67x108 W/(m?K*)
Transmissivity

Transmissivity of thermal radiation in the air
Transmissivity of thermal radiation in the smoke

Radiative fraction



1. Introduction

The shape of the fire source has a considerable effect on flame characteristics [1].
Rectangular fire sources are common and have recently attracted widespread attention
from the research community [1-17]. The flame height, centerline temperature, and
radiant heat flux of a flame generated by a rectangular fire source have been widely
investigated [1-7]. Furthermore, the effect of atmospheric pressure on the burning
behavior of a rectangular fire source was studied numerically [8-13]. Recently, Ji et al.
[14] and Liu et al. [15] investigated the influence of sidewalls on the burning behavior
of a rectangular fire source. Liu et al. [16] and He et al. [17] studied the interaction of

two rectangular fires.

The behavior of fire is considerably influenced by a sidewall. Zukoski et al. [18]
found that the air entrainment of a fire source located against a sidewall was reduced to
43% as compared to the fire in an open space. Hasemi and Tokunaga [19] measured the
height of flame tips and continuous flames generated by a fire source located against a
sidewall. The existence of walls near a fire source was anticipated to suppress the
growth of the eddy scale in the plume. Poreh and Garrad [20] investigated the flame
height and mass flux of a pool fire close to a wall. These models overestimated the
mean flame height by approximately 15-30%. Tang et al. [21] studied the effect of
cross-wind on near-wall buoyant turbulent diffusion flame length and tilt. Ji et al. [22,
23] studied the influence of a sidewall on a pool fire in a corridor-like structure. The
mass loss rate of pool fire was increased due to the heat sidewall. Hu et al. [24-26]
investigated the fire behavior of gas jet fires and line-source gas fires constrained by
two parallel sidewalls. Tao et al. [27-29] investigated the flame characteristics of

buoyancy-controlled gas fire bounded by a sidewall and ceiling. Generally, the effect



of sidewalls on fire behavior is a blocking effect that prevents air entrainment. The
flame height of gas fire is increased due to the decrease in air entrainment. However, a

few characteristics of a fire source influenced by a sidewall require further study.

The radiant heat from a flame is one of the most important parameters indicating the
hazards of a fire in open space. There have been some valuable studies focusing on pool
fire [30-33]. Furthermore, some important studies have been conducted to predict the
heat flux from a rectangular fire source. Tu et al. [9] and Tang et al. [12] measured the
radiant heat flux in the far field of a rectangular fire source with aspect ratios ranging
from 1 to 8. Fleury [34] conducted fire experiments using aspect ratios from 1 to 3. Six
models, including a point source model, three cylindrical models, a basic correlation
model, and a planar model, were used to estimate the radiant heat flux from a fire source.
As an unexpected result, the point source model exhibited the best performance on
average. Wan et al. [35] developed a cuboid flame model to predict the heat flux of two
identical rectangular fire sources with an aspect ratio of 2 and a distance of 0 mm. The
research above focus on the rectangular fire source in an open space. The influence of
a sidewall on the radiant heat flux of buoyancy-controlled diffusion plumes generated

by rectangular fires has not been investigated experimentally yet.

This study focuses on the effect of sidewalls on the radiant heat flux from a
rectangular wall-attached fire with different aspect ratios. Fire experiments with
rectangular burners of the same surface area but different aspect ratios were conducted
against a calcium silicate board. For comparison, similar fire experiments are conducted
with a rectangular fire source without a sidewall. The influence of a sidewall and its
aspect ratios on the mean flame height and radiant heat flux discussed in this study.
Furthermore, the model for the radiant heat flux of a rectangular fire against a sidewall

is investigated.



2. Experimental method

2.1 Experimental setup

The schematic of the experimental setup is shown in Fig. 1 and propane were used
as the fuel. The fire experiments were performed using one square and three rectangular
burners. All the burners had the same surface area but different aspect ratios. The

thermal properties and dimensions of calcium silicate board used for the sidewall are

listed in Table 1.
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Fig. 1 Schematic of experimental setup
The selected burning surface area of 900 cm? was the same as in the literature [6, 7,
9]. The pool scale effect on the burning rate of a hydrocarbon pool fire is divided into

three different regimes [8]: conduction-controlled, convection-controlled, and



radiation-controlled. When the equivalent diameter of the pool is longer than 0.2 m, the
burning rate is dominated by the radiation directly from the flame. Therefore, the
surface area of the burner was selected for studying the flame characteristics of a large
pool fire. The details of the fire scenarios are listed in Table 2, and each fire test was

repeated two times.

Table 1 Thermal properties of the fire-proof board

Materials Densit  Conductivit  Sp.ht.  Lengt Widt Thicknes

y y cap. h h S
(kg/m? (W/mK) (kJ/kgK  (m) (m) (m)
) )
calcium silicat 925 0.15 1.0 2.44 1.22 0.008
e
Table 2 Summary of fire scenarios
Burner Surface Burner Aspect Heat release
shape area Length  Width ratio rate
(cm?) (cm) (cm) R Q (kW)
Square 900 30.0 30.0 1 28.3; 42.4; 56.5;
Rectangular 900 42.4 21.2 2 70.7; 84.8
Rectangular 900 60.0 15.0 4
Rectangular 900 82.0 11.0 7.4

The flame shape was recorded using a digital Charge Coupled Device (CCD)
camera (resolution: 2592x1944 pixels) with a film of 25 frames/s. The binary image
processing technology captures the flame shape and converts it into binary images. It
first calculates the height of the flame in the binary image, and then converts it to the
real height, as shown in Fig. 6. The mean flame height has been defined as the height
at which the intermittency is 0.5 [6]. An STT-25-10R/WF type water-cooled heat flux
gauge with a range up to 10 kW/m? and a measurement uncertainty +3% was placed
with its radiation-receiving surface vertically. The temperature distribution on the back

surface of the sidewall was recorded by an infrared camera (FLIR E85), as shown in
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Fig. 2. The distance between the gauge and center of the burner was 1 m. The height of

the gauge was in level with the burner surface.
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Fig. 2 Temperature distribution on the back of the sidewall (R = 1, Q = 84.8 kW)

2.2 Calibration of the fire experiment setup

Fire experiments were performed using axis-symmetric sources (square burners)
used to calibrate the experimental setup. Fig. 3 shows a comparison among the mean
flame heights generated by a square burner determined by the Heskestad model [36].

The experimental results conformed to those predicted by the Heskestad model [36].

Le = (3.7Q"%/5 - 1.02)D (1)

For a square burner, the equivalent diameter (D) is calculated using 2*,/s/pi, where
s is the area of the square, which is equal to 0.34 m for the square burner in the present

study. Q" is dimensionless heat release rate of fire source and expressed as

Q/poonToogl/zDS/z-
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Fig. 3 Comparison among mean flame heights generated by square burners with those
determined using the Heskestad model

Figure 4 compares the heat flux estimated by the cuboid flame and point source

models with the experimental results for an axis-symmetric fire source [7]. The point

source model assumes that all radiation comes from a single point at the center of the

flame, and can be expressed as [7, 33]

o xQ
q' =v 4mR2 cos0 (@)

For the cuboid flame model, the thermal radiation can be predicted as [7, 35]

i Fx:Q
Y 4DL, + D?

3)
The cuboid flame and point source models exhibit good agreement with the

experimental results [7]. The prediction by the cuboid flame model is a little better than

the point source model. The prediction error is less than 10% for both models. This

validated the reliability of the experimental results considering the radiant heat flux

obtained using the proposed setup.
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Fig. 4 Comparison between estimated heat flux by the cuboid flame and point source

models with the experimental results for an axis-symmetric fire source [7]
3. Results and discussion

3.1 Flame morphology

Figure 5 shows the front view of the flame morphology for a rectangular fire source
against a calcium silicate board. Figure 6 plots the contour image of flame height
frequency for the rectangular fire source with different aspect ratios against the sidewall.
The flame was divided into several sub-flames as the aspect ratio was increased to 7.45.
A possible reason is that different air entrainment rates at different directions affect the
burning process to give different flame shapes [6]. Compared with the rectangular fire
source without a sidewall, as shown in [6], the existence of the sidewall leads to a
decrease in the number of sub-flames for rectangular fires. The sidewall blocks the air
entrained from the length of the burner. The air entrainment rates were reduced
significantly compared to the rectangular fire source in open space. Therefore, less air

interrupted the rectangular flame into the sub-flame.

11
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Fig. 5 Flame morphology of rectangular fire source located against the sidewall (Q =
84.8 kW)
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Fig. 6 Contour image of flame height frequency for the rectangular fire source with

different aspect ratios against the sidewall.

3.2 Mean flame height

The perimeter has an important effect on the air entrainment and mean flame height
[20]. For free flames of a rectangular source of size L and W, the flame height was
normalized by the perimeter 2(L + W) which was used as the length scale [26]. But for
the rectangular fire source located against a sidewall, the mirror image (Eq. (4)) to plot

the data as it was usually done [26, 37]. For a comparison, the appropriate effective

12



perimeter was 2(L +2 W) was found to be an appropriate length scale, as described in

[26] as:
P* =2(L+2W), With a sidewall (4)

Then, based on the fitness of the experimental data, the correlation between the
mean flame height and dimensionless heat release rate was developed as described in

[26]:

~e 2/3 A\ *
M 54705, Qup <03, )

where Q”v‘\,p is dimensionless heat release rate of fire source against a sidewall and
. L
expressed as 2Q/ (P CpTeog2(P)2).

Figure 7 shows the mean flame height of the rectangular wall-attached fire. The
effective perimeter of the burner exhibited an inverse relationship with mean flame
height. When the heat release rate was fixed, the mean flame height of the rectangular
fire increased as the aspect ratio increased from 1 to 2 and decreased from 2 to 7.45.
When the aspect ratio increased from 1 to 2, the effective perimeter of the rectangular
fire source decreased from 1.8 m to 1.696 m, and the entrainment rate of air decreased.
Therefore, the mean flame height increased as the aspect ratio increased. When the
aspect ratio increased from 2 to 7.45, the effective perimeter of the rectangular fire
source increased from 1.696 m to 2.12 m, which increased the air entrainment rate.

Thus, the mean flame height decreased as the equivalent perimeter increased.

13
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Fig. 7 Mean flame height of rectangular wall-attached fire

Figure 8 compares the obtained experimental data with the prediction made using
Eq. (5). Generally, the experimental data for a fire source located against a sidewall is
well estimated using Eq. (5), which was developed by Zhang et al. [26]. The
experimental data obtained in the present study complement the validation of Eq. (5).
This can be used for a fire source with a small dimensionless heat release rate (0.01 <
Q;,p < 0.05). Furthermore, the reliability of the experimental setup was validated for a

rectangular fire source with a sidewall.
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Fig. 8 Comparison of experimental data and the prediction made using Eq. (5)
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3.3 Radiant heat flux

Figure 9 shows the radiant heat flux of rectangular fire with different boundary
conditions. Compared with a rectangular fire source in an open space, introducing a
sidewall increased the thermal radiation from the rectangular fire source. Two factors
contributed to this increase: (1) the increase in flame height, as shown in Fig. 9 and [6],

and (2) the thermal radiation from the heated calcium silicate sidewall plate.

Variation of the flame thickness have little effect on the thermal radiation from the
rectangular wall-attached fire. The thickness of the rectangular wall-attached fire
decreased from 0.3 m to 0.11 m as the aspect ratio of rectangular fire source changed
from 1 to 7.45. According to Fig. 9(a), the maximum variation rate of thermal radiation
is less than 10.5%, which is the ratio of the rectangular burner with R = 4 to that with

R = 1 for the fire heat release rate at 76.7 kW.
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(a) open space [7] (b) with a sidewall

Fig. 9 Thermal radiation captured from the rectangular wall-attached fire with

different boundary conditions
A conventional model was used for predicting the thermal radiation of rectangular
fire sources in open space to estimate the radiant heat flux from the flame of a

rectangular fire source with a sidewall [7, 33]. The model can be expressed as:

S 1 FXrQ
4 = Y2WLf+2LLf+WL ' (6)
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To predict the thermal radiation from the heated calcium silicate sidewall plate, the
sidewall was assumed to be an isothermally heated plate. The radiant heat flux from the

heated sidewall can be calculated as:
q = tFeaT*. (7
The convective heat loss from the heated sidewall to air was ignored.
The transmissivity of thermal radiation can be calculated as [38]:

T= T, Ts.

(8)

The transmissivity of thermal radiation in the air (t,) can be estimated by [38, 39]:
T, = 1.006 — 0.0117(log, X (H,0))
— 0.02368(log1oX (H,0))”
—0.03188(log; (X (CO,)) ©)

+0.001164(log; 0 X (C0,))”
where X(H,0) and X(C0,) are the amount of H,0 and CO, in the path, calculated by

X(H,0) = 288.651RyLS/T,, and X(CO,) = L, - 273 /T, respectively.

The transmissivity of thermal radiation in the smoke was defined as follows [38, 40]:

T, = e002868D

(10)

Table 1 list the detailed value of thermal radiation for the heated sidewall. Generally,
the transmissivity of thermal radiation was approximated to 0.93 as the aspect ratio

varied from 1 to 7.45.
16



Table 1 Transmissivity of thermal radiation from the heated sidewall

Aspect ratio T, T T
1 0.9369 0.9903 0.9279
2 0.9388 0.9903 0.9298
4 0.9402 0.9903 0.9311
7.45 0.9411 0.9903 0.9320

The temperature of sidewall was estimated as:

T—T, = gif .
(11)
The mass of the sidewall was calculated as:
mg = psvs .
(12)

Figure 10 compares the average temperature on the back of the sidewall and

estimation by Eq. (11). The average temperature of the sidewall back was obtained

based on the temperature distribution, as shown in Fig. 2. In comparison with the

prediction, the experimental average temperature of the sidewall back is within the

estimated temperature by the Eq. (11) with n =5 % and n = 6 %. According to Zukoski

et al. [18], the heat loss from the sidewall was estimated to be within 5% of the release

rate for the square source fire. Therefore, the value of n was valued at 5% in the present

work.

17
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Fig. 10 Comparison between the average temperature of on the back of the

sidewall and estimation by Eq. (11).

Figure 11 shows thermal radiation from the rectangular wall-attached fire and
sidewall. The thermal radiation from the fire increased as the aspect ratio increased,
while the effect of the variation of the aspect ratio on the thermal radiation from the
sidewall was small. Figure 12 shows ratios of the thermal radiation from the sidewall
to the rectangular wall-attached flame. For a certain heat release rate, the ratio decreased
as the aspect ratio increased from 1 to 7.45. Generally, the ratio was within 13.6%—

21.2%.
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Fig. 11 Thermal radiation from the rectangular wall-attached fire and sidewall
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Fig. 12 Ratios of thermal radiation from the rectangular wall-attached fire to the
sidewall

The duration of the fire was selected as 10 min. Based on Egs. (6)—(12), the thermal
radiation flux from a rectangular fire source with a sidewall can be calculated. The
comparison of the estimated heat flux with the experimental data is shown in Fig. 13.

The error of model prediction was less than 15%.
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Fig. 13 Comparison of estimated heat flux with experimental data
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4. Conclusions

This study focused on the flame behavior of a rectangular wall-attached fire source
with different aspect ratios. Experiments with a rectangular fire source were conducted
with different aspect ratios against a sidewall. The mean flame height and radiant heat
flux of the rectangular fire with a sidewall were investigated. Notable findings of this

study are as follows:

The mean flame height increased for a rectangular wall-attached fire due to a
decrease in air entrainment. The mean flame height decreased as the aspect ratio
increased, determining the effective perimeter of the rectangular fire source with a
sidewall, as given by Eq. (4). The effective perimeter of the burner exhibited an inverse
relationship with the mean flame height. Experimental results with the mean flame
height in this study conform to the prediction by the model proposed by Zhang et al.
[26]. This validated the reliability of our experimental setup for a rectangular fire source

with the sidewall.

The radiant heat flux of the rectangular fire was higher for the fire source located
against a sidewall. The increase in the mean flame height and thermal radiation from a
heated sidewall led to an increase in radiant heat flux. The thermal radiation ratios from
the sidewall to the rectangular wall-attached flame were within 13.6%-21.2%.
Accounting for these two factors, the model for radiant heat flux was developed.

Compared with experimental data, the error of the prediction model was less than 15%.
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