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Abstract

The manuscript investigated experimentally the influence of two parallel walls on the flame geometric pa-
rameters and radiative heat flux distributions along the wall from fires on rectangular burners. Four sets of
burners with equal area and different aspect ratios were used. The burner aspect ratios, separation distance
between two parallel walls and the fire heat release rates were systematically varied in the tests. Measure-
ments were conducted for the flame height evolution and radiation hazards. The results were analysed to
build the change trends of the vertical flame height and radiant heat flux with the change of the separa-
tion distance between two parallel walls. A normalized flame height equation incorporating the separation
distance was proposed. The results also revealed that the radiant heat fluxes along a vertical target do not
change monotonously. Comparison between the measurements and the radiant heat fluxes calculated by
some published empirical models revealed relatively large discrepancies. A view factor based formula was
hence proposed by assuming the flame shape as a triangular prism based on the probability flame contours
for relatively larger burner aspect ratios (n > 3) and found to correlate well with the measurements.
© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
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1. Introduction termined by the geometric size of the fire source
and fire heat release rate [2]. For the vertical flame

Most efforts related to fire plumes have been de- extent, previous researchers focused on studying
voted to study the flame shapes [1-3], which are de- the effect of fire source shape. Yuan and Cox [4] ex-

perimentally investigated the flame length for some
line fires. Hu et al. [5] proposed a global flame
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Flame radiation is also an important parame-
ter to characterize the combustion resulted thermal
hazards. There are currently three basic types of
flame radiation models, namely, single point source
(SPS) model, weighted-multi-point-source (WMP)
model and solid flame model (SFM) [7,8]. The SPS
model simply assumed the flame radiation is emit-
ted from a point in the center of the flame vol-
ume and independent of the flame shape. As an im-
provement over the SPS model, the WMP model
considers radiation being emitted from multiple
point sources distributed along the flame axis [7].
The SFM went further to assume that the flame is a
prism with the bottom of the fire source as the base,
emitting uniform radiation from the entire flame
surface [8]. To use the SFM, the flame surface area,
and the view factor between the flame and the tar-
get need to be quantified. This is a complex func-
tion of the three-dimensional (3-D) flame shape.

However, the development of a fire plume is of-
ten restricted by external boundaries, which affect
air entrainment, flame shape characteristics. Some
previous show the case the wall fires have an im-
portant impact on flame geometry [9-12]. Hasemi
and Tokunaga [9] conducted experiments of wall
fires and studied the changes in flame shapes. Tang
et al. [12] studied the ceiling jet induced by wall-
attached fires in a channel and proposed a correla-
tion for heat flux under the ceiling. Therefore, the
aim of this work is to reveal and clarify the influ-
ence of the separation distance between two paral-
lel walls and shape of the fire source itself on the
flame evolution and radiation hazards. The follow-
ing experimental and theoretical study aims to fill
this knowledge gap.

2. The experimental setup and measurement

Fig. 1 illustrates the experimental setup. One
wall was made of fireproof board of 2.4 m
(height) x 2 m (width), the other was constructed
with transparent glass. The fireproof board used
is calcium silicate ceramic fiber board with a with
a thickness of 3 cm. Its thermal conductivity is
0.18x1073 kW/(m-K), density is 285 kg/m? and
specific heat capacity is 1.39 kJ/(kg-K). Four rect-
angular burners with the same surface area but dif-
ferent aspect ratios were used to simulate from ax-
isymmetric (n = 1) to line (n = 10) fire source. The
considered aspect ratios are n = 1, 3, 6 and 10, re-
spectively.

The geometric details and the experimental set
up are listed in Table 1 and Table 2. The tests were
carried out in ambient temperature of 15 + 5 °C.
The fire heat release rate (HRR), separation dis-
tance (D) between the two parallel walls and the
burner aspect ratio (n) were systematically varied.
Each test condition was repeated three times with
the average measurements used for the analysis.

The burner height was 30 cm with its long side
being parallel to the wall. The fuel was propane.
Its supply rate, and hence the heat release rate,
was controlled by a mass flow meter. Eight 150°
wide-view-angle Schmidt Boelter radiometers with
a range of 0-100 kW/m? were used to measure
the flame radiation. A string of thermocouples was
placed in the center above the burner to measure
the centerline temperature. The lower thermocou-
ples were spaced 3 cm apart vertically and the upper
ones 15 cm apart.

Two CCD cameras were used to capture the
flame evolution in the experiment. The geomet-
ric features of the fire plume were captured by
the CCD camera with 1920 x 1080 pixels and 25
frames per second. For each test, 30 s of steady
state original video with a constant heat release
rate was decompressed into 750 consecutive frames.
The captured images were processed with the im-
age processing program to obtain the flame ap-
pearance probability. The OTSU method [13] was
used to transfer the original frames into gray scale
images by MATLAB. The threshold obtained was
then used to identify the flame area in each image.
Finally, by averaging all the captured frames, the
mean visible flame appearance probability can be
obtained and converted back into color contours.

3. Results and discussion

3.1. Flame height of rectangular fires between two
parallel walls

Fig. 2 shows flame images at different instan-
taneous times for the different burners. The flame
height was found to gradually decrease with the in-
crease of the burner aspect ratio.

Some dark regions can be seen in Fig. 2 near the
burner surface and more clearly in Fig. 3(a) and
(b) which zoomed in on two of the frames. This
was found to be the case for all the videos captured
under different shooting angles and geometric ar-
rangements (Fig. 3(c), (d) and (e)).

Dark regions are also seen in Fig. 4 probability
contours. The measured centerline temperature
rise is plotted in Fig. 5(a) for the burner with
aspect ratio n = 1 and D = 0.3 m, where the
abscissa is (ﬁ)", AT is the temperature rise, Z

is the distance above the burner surface, O is the
fire heat release rate, n is the exponential constant
corresponding to different flame zones proposed
by McCaffrey [14]. The distribution of the tem-
perature rise was divided into three regions, i.e.
the continuous flame, intermittent flame and the
plume regions. The present measurements for the
later part of the continuous flamen region, the in-
termittent flame and plume regions agree well with
the measurements of McCaffrey [14]. For the lower
regions of the continuous flame region, the present
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Fig. 1. The experimental setup.
Table 1
Experimental conditions with parallel walls.
Test no. Burner size Aspect ration Separation distance =~ Mass flow HRRs (kW)  Re number
Lx W (n=LIW) between two parallel  rate (kg/s)
(cm x cm) walls D (m)
1-16 12 x 12 1 0.3,0.6,0.9, 1.2 0.142 x 1073 7.2;14.1; 3.76 x 10*
~0.563 x 1073 21.3;28.1 ~4.93 x 10*
17-32 20.8 x 6.9 3 0.3,0.6,0.9,1.2 0.142 x 1073 7.2; 14.1; 3.24 % 10*
~0.563 x 1073 21.3;28.1 ~4.26 x 10*
33-48 29.4 x 4.9 6 0.3,0.6,0.9,1.2 0.142 x 1073 7.2; 14.1; 2.63 x 10*
~0.563 x 1073 21.3;28.1 ~3.45 x 10*
49-64 38 x 3.8 10 0.3,0.6,0.9, 1.2 0.142 x 1073 7.2; 14.1; 2.16 x 10*
~0.563 x 1073 21.3;28.1 ~2.84 x 10*
Table 2
Experimental conditions without parallel walls.
Test no. Burner size Aspect ration Distance between Mass flow HRRs (kW)  Re number
Lx W (n=LIW) burner center and rate (kg/s)
(cm x cm) measuring point (m)
65-80 12 x 12 1 0.15,0.3,0.45,0.6 0.142 x 1073 7.2;14.1; 3.76 x 10*
~0.563 x 1073 21.3;28.1 ~4.93 x 10*
81-96 20.8 x 6.9 3 0.15,0.3,0.45,0.6 0.142 x 1073 7.2; 14.1; 3.24 % 10*
~0.563 x 1073 21.3;28.1 ~4.26 x 10*
97-112 29.4 x 4.9 6 0.15,0.3,0.45,0.6 0.142 x 1073 7.2; 14.1; 2.63 x 10*
~0.563 x 1073 21.3;28.1 ~3.45 x 10*
113-128 38 x 3.8 10 0.15,0.3,0.45, 0.6 0.142 x 1073 7.2;14.1; 2.16 x 10*
~0.563 x 1073 21.3;28.1 ~2.84 x 10*
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Fig. 2. The captured flames images at different instanta-
neous times for the different burners. (HRR = 28.1 kW,
D =0.3m).

Fig. 3. Partial enlarged view near the flame bases for the
different burners (HRR = 28.1 kW, D = 0.3 m).

Fig. 4. Flame appearance probability contour for the dif-
ferent burners (HRR = 28.1 kW, D = 0.3 m).

measurements shown different trends than that of
McCaffrey [14], i.e. the temperatures continued to
drop towards the burner surface quite rapidly. This
indicates that there is little or no flame burning in
the central area near the burner surface due to lack
of sufficient mixing of the fuel with fresh air.

In addition to the constraints of the two par-
allel walls, which restrict air entrainment into the
combustion region, the present experiments used
propane, which has higher carbon content than
natural gas used in McCalffrey’s experiments [14].
Although the stoichiometric air to fuel ratios by
mass for propane and natural gas are similar,
the stoichiometric air to fuel ratio by volume for
propane at 26.11 is more than twice the value for
methane (~10.42). Even though the actual air fuel
ratio by volume may be slightly higher for natural
gas which contains small amounts of higher hydro-
carbons, this significant difference still means that
higher volume of air needs to be entrained to mix
with the fuel and sustain combustion. This is chal-
lenging near the base of the flame as the flame ve-
locity is very low and going through the transition
from laminar to turbulent flow. The constraint of
the two parallel walls restricts air entrainment even
further. As fresh air cannot diffuse to the center
near the flame base [15], the region is extremely fuel
rich with incomplete combustion. It causes the cen-
terline temperature near the burner base to be lower
than the measurements of McCaftrey [14] as shown
in Fig. 5(b).

Based on the above findings, it is necessary to
carry out a physical modeling analysis of the air
entrainment mode of flame combustion under the
restriction of parallel walls. Fig. 6 illustrates the
physical mechanism of the restricted air entrain-
ment. In open flame, the entrainment condition is
the same on all sides, the fire plume entrainment
is not limited. Between two parallel walls, more air
is entrained from the unrestricted ends and is re-
stricted by the two parallel walls to move upwards
(Fig. 6(b)). The flame velocity is always vertically
upward, while the entrainment velocity is propor-
tional to the flame velocity, and the entrainment ve-
locity is equal to the flame velocity multiplied by the
entrainment coefficient.

VimaV, (1)

where V, is air entrainment velocity, « is the air en-
trainment coefficient, V' is flame velocity.

For the air mass flow required for fuel combus-
tion, each position of the flame should be different,
which can be calculated by the following integral
equation.

where p, is the environmental air density, dA4 is the
area through which entrainment takes place.

Due to the use of a rectangular burner, the flame
shape is rectangular, which can further simplify the
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integral by combining Eq. (1) and Eq. (2). For a
flame flow produced by a rectangular burner, the
entrained air at height x is,

X

My = / Pact V(2L + 2W)dx 3)
0

Since the main consideration is the flame shape
that affects air entrainment to flame, the detailed
entrainment calculations can be approximated and
simplified. Therefore, it is necessary to summarize
the factors that affect the air entrainment to the fire
plume. When the flame is not restricted, the air en-
trainment is related to the side length of the burner
in different directions, which can be expressed as:

iy, ~ oL (4a)
ry ~ oW (4b)

where « is the air entrainment coefficient, m; and
my, are the air entrainment rate of burner’s length

1000

and width, thus, the total air entrainment rate of
the flame under unlimited conditions can be ob-
tained:

mmml ~ 20[(L + W) (5)

When the two sides of the flame are restricted by
the walls, air entrainment is affected by the distance
between the parallel walls. The non-dimensional
distance influence factor 1 — W/D is used to char-
acterize the effect of the parallel walls, and the air
entrainment rate on the restricted side is:

m'y ~alL(l — W/D) (6)
The total air entrainment rate under wall restric-
tion is:

iy, ~ 2a(L(1 — W/D) + W)

My ~20(LUI =W /D)+W) @)

As the flame height is inversely proportional to
the air entrainment rate, the flame height influence

HRR = 7.2 kW

HRR = 14.1 kW
HRR =21.3 kW
HRR =28.1 kW

@)
o I l v /
N~ /
-
>
800} . —
b) : . °
_eoor |t
100 _(o) Vs n=1
[ 400r .
s - = HRR=7.2kW
T e HRR=14.1 kW
4 HRR=213kW
i v HRR = 28.1 kW

This work n=1

Z(m

TR |

0 L
B 0.00 0.03 0.06 0.09 0.12 0.15

Intermittent
= n=-5/3
n=- Plume
Data from
MecCaffrey [14] %
O HRR=14.4 kW g
O HRR=21.7kW
A  HRR = 33.0 kW %
O HRR =44.9 kW
& HRR=57.5kW| — (270"

T | 1 1 1

0.01

0.1 1

Z/Q'z/s (m/kWZ/S)

Fig. 5. Centerline temperature distribution (n =1, D = 0.3 m).
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> % a8 % 2 creases the flame height. Therefore, the flame height
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Fig. 6. Physical mechanism of restricted air entrainment.

factor K can be calculated as:
Tyoral _ 20(L+ W)
W ga 20(L(1 — W/D)+ W)

In previous work, it has been shown that the
presence of parallel walls and their separation dis-
tance will strongly block the entrainment of fresh
air from side direction into the flame and thus in-
fluence the flame height [16]. Fig. 7 show the flame
height evolution with HRR under different separa-
tion distance between two parallel walls. The flame
height increases with the decrease of the distance
between the walls. It decreases with the increases
of the burner aspect ratio. The results evidence the
strong restrictive effect of the walls on air entrain-
ment and thus the flame height. To capture this
effect with a simple correlation, it is proposed to
normalize the flame height under different distance
beside two parallel walls.

For free flame height, extensive studies have
confirmed that H,/D* is a function of Q}. =
0/(poo TooCpg'?D*3/?) for axisymmetric burners,
the function of flame height is:

H; /D" ~ f(0}) ©)

Where Q is heat release rate, po is air density, ¢,
is specific heat capacity, T, is ambient temperature,
g is gravitational acceleration, D* is the hydraulic
diameter of the burner.

According to previous studies [17], flame height
is affected by air entrainment around the igni-
tion source. For an unrestricted free fire, the flame
height is related to the circumference of the fire
source. When the flame shape changes, such as

K= (8)

There are two different functional relationships
for flame height. In the region dominated by two-
dimensional entrainment, the flame height is re-
lated to the 2/3 power of the dimensionless heat
release rate; in the region dominated by three-
dimensional entrainment, the flame height is re-
lated to the 2/5 power of the dimensionless heat
release rate. The previous experimental data of
Hasemi and Nishihata [18], Hu et al. [19] were
added for comparison, and it is found that the
correlation agrees well with these measurements in
the corresponding two-dimensional entrainment-
dominated region.

3.2. Flame radiation hazards

As discussed earlier, the change in the burner as-
pect ratio affects the flame shape and thus the flame
radiation hazards, which are also affected by the
separation distance between the two parallel walls.

As shown in Fig. 9, the vertical radiant heat
flux profile along the wall with vertical position
don’t change monotonously. It increases slightly
with the increase of the vertical position and then
decreases rapidly with further increase of the verti-
cal position. Secondly, when the fire source is con-
fined within two parallel walls, the vertical radiant
heat flux along the vertical wall is greater than that
on the same location for open flame situation. Fi-
nally, as the separation distance between the par-
allel walls increases, the difference between the re-
stricted and unrestricted radiant heat flux on both
sides becomes smaller.

As discussed earlier, the simplification of the
SPS model renders it only suitable for estimating
radiation hazards further away from the fire source.
The WMP model requires the location and weight-
ing of each point source, making it cumbersome
to use.
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For the SPS model, the radiative heat flux on a
vertical target can be calculated by:

., 10,cosp
47 R?

(12)

where t is atmospheric transmissivity, Q, is to-
tal flame radiation release rate, Q',‘ = Xrad Q, cosgp =
Xxo/R, xo is the horizontal distance from the target
to the center of the fire source, R is the distance
from the target to the center of the fire source. Also,
the radiation fraction x,,; can be expressed as the
following [20]:

o T;‘ (1—et)A
0

where k is the absorption coefficient, and L is the ef-

fective radiative path length, L = 3.6V, /A, V', is the

flame volume, A4 is the flame surface area, o is the

Stefan-Boltzmann constant, 7 is the flame temper-

ature.

For the SFM, it assumes that the flame is a cube
with the same side length, and the heat radiation
is evenly emitted through the flame. The thermal
radiation heat flux ¢ to the external target is:

(13)

Xrad =

§' = tFE (14)

where F is the view factor, E is flame surface emis-
sive power (FSEP).
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Fig. 9. The radiant heat flux distribution on the vertical wall varies with HRR with or without parallel walls (n = 3).

The classical SFM determines the FSEP in a
simple way, which gives:
xQ

v (15)

Following Modak’s work [21], the radiant frac-
tion of buoyant flame can be regarded as a constant
regardless of HRR and burner size. In this study,
the flame radiant fraction y, is set as 0.30.

For the cuboid model, when the vertically ori-
ented target is at one corner of the cuboid, the view
factor between the cuboid and the target [22] is:

E =

1 H Wi
Fpoid = — | ———tan™' | ——
2 JHE+x? JHE +x?
Wi H,
+—L tan! ! (16)

/I,I/'l2+x2 /[/I/'l2+x2

where W, and H, are the width and height of the
cuboid, and x is the horizontal distance to the tar-
get.

For the cylinder model, when the vertically ori-
ented target is in the middle of the cylinder, the view
factor of the cylinder to the target is [23]:

1 R
E‘fimer = —1 - e
ylind 70 an ( Q2 = 1)
R ran-! 0-1
— — tan z
7Q 0+1
PR of [@+1De-1)
+ ————tan —_—
TQVPI -1 (P-1)(@+1)
an
where these parameters are defined as P = ngig“,

0= 5 R= 21;111 D1 is the equlvalent diameter,
His the height of the cylinder, and x is the horizon-
tal distance from the cylinder to the target. Since
the radiometer has a measuring viewing angle of
150°, the upper part of the measuring point is not
all in the measuring range when the fire source is
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Fig. 10. Comparison between the calculated radiant heat
fluxes based on some previous calculation models of
flame heat radiation and the measurement.

close to the wall. When the separation distance is
0.15 m, the three lower measuring points are all
within the measuring range. When the distance is
0.3 m, the five lower measuring points are within
the range. When the distance is 0.45 m and 0.6
m, all the measuring points are within the measur-
ing range. The measurements within the measuring
range for the burner aspect ratios of n = 3, 6 and
10 are thus used and substituted into the cylinder
model and the cuboid flame model.

As shown in Fig. 10, the predictions are very
scattered. None of the SPS model, cylindrical
model and cuboid flame model can capture the ver-
tical radiant heat flux along the wall, which was in-
duced by rectangular fire sources with large aspect
ratios. The relative error also increases with the de-
crease of the separation distance between the two
parallel walls due to deviation of the flame shape
from that of a square fire source.

For large burner aspect ratio, the flame shape
can be approximated as triangular prism based on
the flame probability contour in Fig. 4. The key di-
mensions are illustrated in Fig. 11.

Based on the contour integral method of esti-
mating the view factor to apply Stokes’ theorem
to transform many integrations over a surface area
into a tractable two-dimension contour integration
around the boundary of the flame surface area [24],
the view factor between the triangular prism and
the target is illustrated in Fig. 11. Thview factor, F
is given by:

1 x2d22 — szXz
E11—2 = 7 B B B
T X5+ ¥, + 25
a (a—c)D
_ L/ %
R 2 P 2
2l D=5 e (5 g
1 d (”:;')Ddg
b B p (e

Fig. 11. The triangular prism to approximate the flame
shape.

1 [ ade
— s 1
+27r/;) E2+ D2+ a2 (13

where, b, ¢, d, D are used to represent some char-
acteristic sizes/distances. a is the vertical position
of the measuring point, b is the horizontal distance
from the measuring point to the flame surface, c is
the height of the flame, d is the length of the hy-
potenuse of the triangle model, D is half of the long
side of the burner. Eq. (18) can thus be written as:

(a—c)D
Fo,= - -
n\/(a — ¢y’ D%+ b*(c? + D?)
o tan —ac + ¢
\/(a — )’ D>+ (2 + D?)
+tan-! ac+ D?

\/(a — )P’ D? + B2 (2 +D?)

- ¢ tan-1< D ) (19)

nva* + b va* + b

It is worth noting that the flame body may be
affected by the boundary layer flow when the HRR
is small, and the flame belongs to the laminar flow
area. In order to ensure that the flame in the bound-
ary layer flow is in the transitional region or the
turbulent region, the local Grashof number (Gr;, =
gB(Ty —T. Oc)%) is calculated, which refers to the
ratio of the buoyant to momentum force, v is where
B is the thermal expansion coefficient, and kine-
matic viscosity. The critical region Gr=7.52x108
[25]). Through further analysis for the critical Gr.
Combining Eq. (11), in order to ensure that the
flame tip is in the critical region, the range of test
conditions corresponding to the calculation results
of this work is, 0. >0.014.
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Fig. 12. Comparison between the calculated and mea-
sured radiative heat fluxes for the cases within two parallel
walls.

As displayed in Fig. 12, the radiation measure-
ments for the burners with aspect ratios of n = 3,
6 and 10 were subsequently analyzed by substitut-
ing the measured values into the triangular prism
model. To consider the different flames shapes asso-
ciated with different burner aspect ratios, the view
factor was modified accordingly. The calculated ra-
diation fluxes are thus different from the previous
models. The calculated vertical radiative heat fluxes
along the wall by the newly proposed model with
modified view factor (Eq. (19)), as shown in Fig. 12,
are within 20% of the measurements.

4. Conclusions

The flame geometric evolution and flame radia-
tion hazards of rectangular fires with different as-
pect ratios between two parallel walls was stud-
ied. A series of experiments were carried out by
changing the HRRs, separation distance between
two walls and burner aspect ratios. The main find-
ings include:

(1) Comparing with open diffusion flames, the
lower part of the persistent flame region ex-
hibited much lower temperatures due to the
presence of the two parallel walls to restrict
air entrainment into the core region. The
higher stoichiometric air fuel ratio by volume
of propane in comparison with natural gas
further contributes to the oxygen deficiency
in the core neat the base of the flame.

(2) When the fire source is between two parallel
walls, the flame height increases with the de-
crease of the separation distance between the
two parallel walls, and decreases with the in-
crease of the burner aspect ratio due to the re-
stricted air entrainment. A normalized flame
height formula incorporating the separation
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