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A B S T R A C T   

Fire hazard assessment on green façade used to be carried out by a window plume. Large amount 
of fuel was burnt. A small pool fire placed adjacent to the façade can give similar effect on 
assessing the hazardous consequences. Fire plume characteristics provide important information 
of fire hazards adjacent to façade. The average flame height of rectangular source fire located 
against different sidewall materials were investigated in this study. 

Burning tests were conducted with rectangular burners of different dimensions with adjacent 
walls of different thermal properties, including steel plate and calcium silicate board. Experi
mental results of fire source with sidewall were compared with those in open space. Due to 
sidewall blockage, a deep necking-in structure was observed at the flame base and entrained air 
for combustion. Effect of aspect ratio of the fire pool and effect of heat loss through a sidewall on 
the average flame height were investigated. Convection lost would decrease the temperature of 
the fuel-air mixture and should not be ignored. On average, the mean flame height of the fire 
source with steel plate was 1.08 times that with calcium silicate board. A model for estimating the 
average flame height was developed by modifying the mirror model.  

Nomenclature 

Cp Specific heat capacity of air (J/kg •K) 
D Diameter of burner (m) 
D∗ Characteristic diameter of axis-symmetric burner, Eq. (2) 
D∗

w Characteristic diameter of rectangular burner, Eq. (10) 
EF Entrainment factor 
g Acceleration due to gravity, (m/s2) 
L Length of rectangular burner, (m) 
Lf Average flame height, (m) 

* Corresponding author. 
E-mail address: cheuchow@cityu.edu.hk (C.L. Chow).  

Contents lists available at ScienceDirect 

Case Studies in Thermal Engineering 

journal homepage: www.elsevier.com/locate/csite 

https://doi.org/10.1016/j.csite.2023.103298 
Received 13 March 2023; Received in revised form 5 July 2023; Accepted 14 July 2023   

mailto:cheuchow@cityu.edu.hk
www.sciencedirect.com/science/journal/2214157X
https://www.elsevier.com/locate/csite
https://doi.org/10.1016/j.csite.2023.103298
https://doi.org/10.1016/j.csite.2023.103298
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csite.2023.103298&domain=pdf
https://doi.org/10.1016/j.csite.2023.103298
http://creativecommons.org/licenses/by-nc-nd/4.0/


Case Studies in Thermal Engineering 49 (2023) 103298

2

P∗ Effective perimeter, (m) 
Q̇ Fire heat release rate, (kW) 
Q̇∗

D Dimensionless heat release rate for axis-symmetric fire, Eq. (3) 
Q̇∗

wp Dimensionless heat release rate for rectangular burner, Eq. (5) 

Q̇∗

s Dimensionless heat release rate for rectangular burner, Eq. (6) 
RN Aspect ratio 
s Area of burner (m2) 
T Temperature of sidewall, (K) 
T∞ Ambient temperature, (K) 
W Width of rectangular burner, (m) 

Greek symbols 
ρ∞ Ambient air density, (kg/m3)  

1. Introduction 

There are special façades in tall green buildings including vertical greenery systems (VGS) [1], photovoltaic (PV) panels [2] and 
water wall system (WWS) [3] designed to satisfy the criteria for green and sustainable buildings. There are no prescriptive fire codes on 
such green constructions yet [4]. Fire hazards of special façades arise from window plume of post-flashover room fires [5] as in Fig. 1. 
However, a large quantity of fuel is required to keep a developed room fire in experiments to create window plumes. Similar effect of a 
window plume can be studied by a smaller pool fire placed next to the special facade as in Fig. 1 as reported by Refs. [6,7]. This is 
particularly useful in assessing fire hazards of green buildings with special facades [1,2]. 

The average flame height is an important parameter to study the fire response of an object. Flame height is used to predict the 
thermal radiation flux of flame [8,9].); estimate the fire power with inverse modeling [10]; contact area of flame with sidewall and 
analysis the thermal flux from flame to the sidewall [11]. When a rectangular fire source is located near a wall, the heat would be lost 
from the flame to the sidewall through radiation and convection [12,13]. In addition, air entrainment to the flame is reduced 
tremendously due to the obstruction of the sidewall. The sidewall effect on a rectangular pool fire characteristics has to be studied 
properly as reported by Ref. [9]. 

[14] developed two simple models to estimate the flame height generated from wall-attached fire source. The average flame height 
Lf is given by the entrainment factor EF and the heat release rate Q̇: 

Lf
/

D =0.132
Q̇2/5

EF2/3D
(1) 

As the model did not include the effect of aspect ratio, an equation was proposed later by Ref. [15]: 

Fig. 1. Smaller fire at wall.  
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Lf

P∗ =

⎧
⎨

⎩

3.89Q̇∗

wp
2/5

Q̇∗

wp > 0.3 (a)

5.47Q̇∗

wp
2/3

Q̇∗

wp ≤ 0.3 (b)
(2)  

where 

Q̇∗

wp =
2Q̇

ρ∞cpT∞g1/2(P∗)
5/2 (3)  

where P* is given by Ref. [15]: 

P∗ = 2(L+ 2W) (4) 

Most of these earlier studies such as the mirror model by Ref. [16] assumed the sidewall to be adiabatic without heat lost [17]. 
Effect of heat loss through the sidewall in applying the mirror model will be focused on in this paper. The flame height of pool fire was 
studied for a sidewall with high thermal conductivity (steel), and low thermal conductivity (calcium silicate, CS). This is different from 
previous works [9,18], which assumed an adiabatic sidewall. The average flame height was estimated with heat loss from the flame 
taken into account. Then, the correlation for estimating the mean flame height of rectangular fire burners against a steel plate was 
investigated. 

2. Experimental details 

The experimental setup in this study is shown schematically in Fig. 2. The surface area of the rectangular burner was all 900 cm2 as 
reported before [19]; 2021b). The CS sidewall was of length 2.44 m, width 1.22 m, thickness 0.008 m, with density 925 kg/m3, 
conductivity 0.15 W/m • K, and specific heat capacity 1.0 kJ/kg • K. The steel sidewall was of length 1.5 m, width 1 m, thickness 
0.0003 m, with density 7860 kg/m3, conductivity 68.4 W/m • K, and specific heat capacity 0.46 kJ/kg • K. The fire scenarios are 
presented in Table 1, two tests on each. 

Two digital CCD camera operating at 25 frames/s were used to record the flame shape. The average flame height was taken to be 
the transient value of 50% intermittency [19] in this study. Flames recorded for a steel sidewall (Q̇ = 84.8 kW) is shown in Fig. 3a. 
Several sub-flames can be observed for an aspect ratio above 7.45. This is consistent with the observation in Refs. [8,19]. 

Fig. 2. Burner against a sidewall of different materials [9,19].  
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3. Experimental results 

3.1. Sidewall effect on flame morphology 

Flame image for the rectangular fire located against the steel plate and the CS board, at time intervals of 0.08 s (RN = 7.45 and Q̇ =

84.8 kW) are shown in Fig. 4a and b respectively. The sidewall blocked a significant portion of the entrained air. To entrain sufficient 
air for fuel combustion, a deep necking-in structure was created at the base of flame. 

As a comparison, sequential flame images for the pool fire in the open space are shown in Fig. 5, at intervals of 0.08 s (RN = 7.45 
and Q̇ = 84.8 kW). As the fire experiments using rectangular burner were conducted in the open space, small flamelet vortices were 
generated at the base of flame, as indicated by the yellow arrows in Fig. 5. Air was entrained into the fuel from both sides of the 
rectangular burner. Compared with fire source against a sidewall, more air was entrained into the flame and the flame height was 
considerable shorter. 

3.2. Sidewall effect on flame height 

Fig. 6 shows the average flame height for rectangular burner in the open space and located against a sidewall made of different 
materials. The sidewall effect on the average flame height is significant. For the rectangular burner in the open space and without a 
sidewall constraint, the average flame height decreased as shown in Fig. 6a. As the rectangular burner was located against a sidewall, 
the average flame height reached a maximum value at an aspect ratio of 2 for the CS board, and at an aspect ratio of 4 for the steel plate, 
as shown in Fig. 6b. 

For a rectangular burner located against a CS sidewall and placed in the open space, the effective perimeter (Eq. (4)) was inversely 
related to the average flame height. When the rectangular burner was placed in the open space, its effective perimeter increased from 
2.4 m to 3.72 m with the aspect ratio shown by the blue dotted lines in Fig. 6a. As the aspect ratio increased, the decreased average 
flame height was 0.18 m in average, and its average reduction rate was 23.8%. For the burner located against a CS board, the effective 
perimeter of the rectangular burner with an aspect ratio of 2 was 1.696 m, which was the minimum value. Air entrainment rate was the 

Table 1 
Summary of tested fire scenarios.  

Burner shape Surface area (cm2) Burner Aspect ratio RN Fire power Q̇ (kW) 

Length (cm) Width (cm) 

Square 900 30.0 30.0 1 28.3; 42.4; 56.5; 70.7; 84.8 
Rectangular 900 42.4 21.2 2 
Rectangular 900 60.0 15.0 4 
Rectangular 900 82.0 11.0 7.4  

Fig. 3. Flame morphology of fire source against a steel plate (Q̇ = 84.8 kW).  

Fig. 4. Flame morphology during pulsation for fire source against sidewall (RN = 7.45, Q̇ = 84.8 kW).  
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smallest at the base of the fire in all four tests, which led to a maximum average value. Evidently, the average flame height decreased as 
the effective perimeter of the rectangular burner increased. 

For the rectangular burner located against a steel plate, there was a higher heat transfer between the flame and the upper part of the 
steel plate, which influenced the average flame height. The average flame height increased as the aspect ratio increased from 1 to 4 and 
decreased from 4 to 7.45, as shown in Fig. 6c. Compared with a burner located against a CS board, the thermal convection between the 
steel plate and the flame led to more heat loss of the flame. This heat loss decreased the temperature of the air-fuel mixture. Therefore, 
the fuel-air mixture required additional time to complete the reaction to achieve efficient combustion. This led to a higher average 
flame height from the rectangular burner with a steel plate, as compared to that of the burner against a CS board. A higher the heat loss 
from the steel plate led to a decrease in the flame temperature. The flame height was observed to increase as compared to that of the 

Fig. 5. Flame morphology during pulsation for fire source in open space (RN = 7.45, Q̇ = 84.8 kW).  

Fig. 6. Average flame height for rectangular burner in the open space and located against a sidewall made of different materials.  

Fig. 7. Ratios of the average flame heights under different conditions.  
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rectangular burner against a CS board. 
Increase in aspect ratio had two opposing effects on the mean flame length of rectangular burner:  

• The interaction area between the flame and steel increased, and heat loss from the flame to the surrounding air increased. This 
lowered the air-fuel mixture temperature. The mixture thus required a longer time and greater distance for burning. Hence, the 
average flame height increased.  

• The air entrainment rate increased, leading to more complete combustion at a lower height and thus the average flame height 
decreased. 

The combined action of these two opposing effects resulted in a maximum average flame height at an aspect ratio of 4 (Fig. 6c). As 
the aspect ratio increased from 1 to 4, the average flame height increased. However, the average flame height decreased as the aspect 
ratio changed from 4 to 7.45. Evidently, the heat loss effect dominated for aspect ratio from 1 to 4 and the air entrainment effect 
dominated for aspect ratio from 4 to 7.5. 

Fig. 7 presents ratios of the average flame heights under different conditions. The ratio of the average flame height of the burner 
with the CS board to that of the burner in the open space was approximately 1.17 in the case of the rectangular burner with an aspect 
ratio exceeding 1, as in Fig. 7a. The effect of the aspect ratio was insignificant as reported by Ref. [15]. For the burner placed against 
the steel plate of high thermal conductivity, the relative instantaneous flame height increased by less than 1.27 comparing to CS plate 
of low thermal conductivity, the average relative increase was 1.08, as in Fig. 7b. 

4. Average flame height model 

4.1. CS board sidewall 

Fig. 8 compares the prediction made using Eq. (2) with this study and those available in the literature [12,14,15,17,20,21]. 
Generally, the experimental data and data from the literature, for the sidewall made of low conductivity materials, Eq. (2) has good 
estimation of the average flame height (Hasemi 1980/81). The experimental data for the average flame height in the present study 
conform to Eq. (2b). Evidently, this experimental setup was proved appropriate for investigating the sidewall effect on the flame 
height. 

4.2. Steel plate sidewall 

The relative increase of average flame height due to the steel plate can be considered as a constant based on the analysis above. 
Compared with the average flame height of the burner with the CS board, the relative increase of the average flame height is around 
1.08 for the burner placed against the steel plate. Based on Eq. (2b), the model of the average flame height of the rectangular burners 
with steel sidewalls can be expressed as 

Lf

P∗ = 5.9Q̇∗

wp
2/3

Q̇∗

wp ≤ 0.3 (5) 

Fig. 9 compares the prediction obtained using the average flame height model for a fire source against a steel plate in this study and 
literature copper plate results [13,15]. The prediction error was approximately 15%, which indicates a good accuracy of model 
prediction. 

5. Conclusions 

This paper has focused on the effect of sidewall material on the average flame height of rectangular fire sources for assessing fire 
hazard of green facades. Fire experiments using rectangular burner were performed against steel plate (high thermal conductivity, CS 
board (low thermal conductivity) and in the open space. 

The heat loss from flame to the steel plate was higher than that to the CS board. This heat loss decreased the temperature of the air- 
fuel mixture. Therefore, the fuel-air mixture required additional time to complete the reaction to achieve efficient combustion. This led 
to a higher average flame height of the rectangular burner with a steel plate, as compared to that of the fire source with a CS board. The 
relative increase of average flame height of the rectangular burner with the steel plate is the most prominent for rectangular burner 
with an aspect ratio of 4. 

The mirror model can be modified for estimating the average flame height of a fire source against a steel plate with small thickness. 
The relative increase of the average flame height generated by the fire source with a steel plate can be considered as a constant value, as 
compared to that generated by the fire source against a CS board. Based on a comparison of the prediction obtained using the modified 
model with this study and literature, the prediction error of this modified approach was within 15%. 

In summary, research content in this paper is that a series of fire tests were carried out with sidewall and without sidewall. A total of 
60 fire tests were conducted excluding repeated fire experiments. Furthermore, a model for estimating the average flame height was 
developed for fire source located against the materials with high thermal conductivity such as steel plate. 
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