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Abstract 

This paper presents a new attempt to investigate the cooling mechanism of glass panes 

with down-flowing water film during fire outbreak by simulating the heat energy 

conservation equation using smoothed particle hydrodynamics (SPH) method. The 

nature of meshfree SPH method used allows us to predict the temperature distribution 

efficiently in continuous flow problems in contrast with mesh-based methods. To 

validate and show the efficiency of the proposed SPH model, the results from our 

simulation at specific conditions were compared with experimental measurements and 

results from commercial software packages. Furthermore, the new SPH model is 

utilized to simulate the effects of heat flux variation, down-flowing velocity and 

thickness of water film on temperature distribution of glass during fire. The developed 

SPH model is well able to describe glass cooling under different conditions. The 

computational results show that the rate of cooling increases when velocity or thickness 

of down-flowing water film increases. However, the glass temperature increases when 

heat flux increases.     
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1. Introduction  

Fire interaction with glass is becoming intensively research topic because glass 

plays a vital role in fire spreading. Glass is a brittle material and vulnerable to fire 

exposure. Glass breakage allows fresh air to enter the fire compartment leading to fire 

spread with catastrophic consequences. Water film has been used to protect the glass 

during a fire [1] since water is readily available and non-toxic when exposed to heat in 

contrast to many chemical fire-proofing coatings [2]. 

 Several experimental research has been conducted to study the breakage behavior 

of several types of glass panes during fire without water protection [3-5]. On the other 

hand, experiments incorporating water film are recently carried out to examine the 

effects of down-flowing water film on heated glass. Some of these experiments proved 

that water film is more efficient in protecting glass than sprinklers [6]. The most 

common type of water film experiment consists of standard glass pane size of 

600×600×6 mm3, while the water source and recovery of water film system consist of 

nozzles fixed at the top of the glass pane, water tanks to measure the amount of 

unevaporated water, pipes and hydraulic pump. It was revealed that the release time of 

the water film is a crucial factor in glass protection because discharging the water film 

at early stages of fire is more efficient in protecting the glass from falling apart [7,8]. 

Other important factors affecting the efficiency of water film system are water film 

thickness and down-flowing velocity. In another experiment [9], it was found that 

uniform water film flowing on glass with average thickness of 1.5 mm and water flow 

velocity around 0.7 m/s is efficient to protect the glass from breakage under certain fire 

intensity. 

In recent years, the use of numerical simulation in fire engineering and safety 

research has gained significant boost due to the huge cost associated with performing 
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fire experiments as well as the need to carry out these experiments under specific and 

controlled conditions.  In addition, the use of numerical simulation enables researchers 

to explore other aspects of glass cooling mechanism that cannot be observed in 

controlled experiments. Several numerical research works have carried out on heat 

transfer problems using mesh-based techniques. For instance, heat transfer by radiation 

and temperature interchange between objects have been studied using a combination of 

finite element and Galerkin methods [10]. Conduction heat transfer cases were also 

investigated using the boundary element method [11]. Furthermore, the finite difference 

method has also been used with Laplace transform to estimate the heat transfer through 

glass pane with down-flowing water film [12]. Despite their attractiveness and 

popularity, mesh-based techniques often require the generation of excellent quality 

meshes and can easily lose their accuracy due to mesh distortion, especially in problems 

involving large deformation [13], crack propagation and/or heat transfer through 

continuous flowing fluid [12]. In order to overcome these limitations, several complex 

operations such as mesh reconstruction, tracking or remeshing [14,15] have been 

proposed; however, they often lead to increased computational effort and cost. 

On the other hand, several meshfree methods [16-22] have been proposed to 

circumvent the drawbacks of mesh-based techniques. Smoothed particle 

hydrodynamics is one of the earliest and most traditional meshfree methods used in 

simulating various engineering problems, particularly with the flowing motion nature. 

For instance, the simulation of thin fluid film was investigated by discretizing the 

shallow water equations using SPH method whilst accounting for significant forces like 

surface tension [23]. Boundary treatments play a significant role in determining the 

efficiency of meshfree methods in moving boundary problems. SPH method was used 

with improved boundary treatment to model the interaction between the cell and 
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viscoelastic extracellular matrix (ECM) [24]. SPH method has also been chosen by 

several authors to simulate the heat transfer problems [25,26]. In other similar work, 

SPH was utilized to study the cooling process during drilling using lubricant but the 

ships were modeled using Discrete Element Method [27].    

To the authors’ knowledge, there is no previous research work where a meshfree 

method has been proposed for heat transfer analysis with water film application. Hence, 

the meshfree SPH method [28-32] is used here to simulate the glass cooling using 

down-flowing water film. Moreover, a combination of radiation, convection and 

conduction for heat transfer are considered. The remainder of the paper is structured as 

follows: Section 2 describes the SPH method and heat transfer equation. Section 3 

handles all aspects of the proposed numerical model while the numerical results of SPH 

model are discussed in section 4. Conclusions are stated in section 5. 

2. Smoothed Particle Hydrodynamics (SPH) 

2.1.  Basic SPH formulation 

According to SPH terminology, the problem domain is divided into finite number 

of particles without any connecting mesh as shown in Fig. 1. The unknown field 

variable such as temperature (Ti) is approximated at each particle using the values at 

nearby particles (Tj). Kernel smoothing function (Wij) is used within smoothing kernel 

length or radius (h) to interpolate the unknown field variables. These kernels are 

continuous and monotonically decrement functions. Also, their derivatives are 

continuous over the support domain [33-35]. Many types of kernel functions have been 

used in previous research studies. In this paper, piecewise cubic smoothing kernel 

function [30,34,35] is adopted as shown in Eq. (1): 
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   𝑊(𝑅, ℎ) = 𝛼𝑑  {

2

3
− 𝑅2 +

1

2
𝑅3,        0 ≤ 𝑅 < 1

1

6
(2 − 𝑅)3 ,              1 ≤ 𝑅 ≤ 2

   

   0 ,                                 2 ≤ 𝑅 

                                      (1) 

where 𝑊(𝑅, ℎ) is the kernel smoothing function, h is the kernel radius, R is the ratio of 

particles distance over kernel radius (R = 
𝑟𝑖𝑗

ℎ
), 𝛼𝑑 is the normalization factor in 2D 

(taken as 15/7πh2) and 𝑟𝑖𝑗 is the distance between main particle i and nearby particle j 

as shown in Fig. 1. If R decreases, the distance between particles decreases and value 

of kernel smoothing function W(R,h) increases. Thus, the field variable value is affected 

more by nearby particles. However, particles outside kernel radius with R value greater 

than 2 have zero influence.  

The main general equation of SPH is shown in Eq. (2). However, the integral sign 

is replaced with summation since there is a limited number of particles (N) as shown in 

Eq. (3) [30,31,35]: 

𝐹(𝑟𝑖) = ∫𝐹(𝑟𝑗) 𝑊𝑖𝑗(𝑅, ℎ)                                                                                             (2) 

𝐹(𝑟𝑖) =∑
𝑚𝑗

𝜌𝑗

𝑁

𝑗=1

 𝐹(𝑟𝑗) 𝑊𝑖𝑗(𝑅, ℎ)                                                                                    (3) 

where 𝐹(𝑟𝑖) is the unknown variable like temperature for origin (main) particle at 

position 𝑟𝑖, 𝐹(𝑟𝑗)  is the function value for nearby particles at position 𝑟𝑗, N is the total 

number of particles used, 𝑚𝑗 and 𝜌𝑗 are the mass and density of nearby particle j 

(support particle), respectively.  

The first and second derivatives of Eq. (3) are obtained by differentiating the kernel 

smoothing function 𝑊(𝑅, ℎ) and using Taylor series expansion to apply the consistency 

conditions as shown in Eq. (4) and Eq. (5) [30,33,34]: 
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𝛻𝐹(𝑟𝑖) = 𝜌𝑖∑𝑚𝑗

𝑁

𝑗=1

 (
𝐹(𝑟𝑗)

𝜌𝑗
2  +

𝐹(𝑟𝑖)

𝜌𝑖
2  )

  

𝛻𝑖𝑗𝑊𝑖𝑗(𝑅, ℎ)                                            (4) 

𝛻2𝐹(𝑟𝑖) =∑
𝑚𝑗

𝜌𝑗

𝑁

𝑗=1

 𝐹(𝑟𝑗)  𝛻𝑖𝑗
2𝑊𝑖𝑗(𝑅, ℎ)                                                                    (5) 

where 𝛻𝐹(𝑟𝑖) and 𝛻2𝐹(𝑟𝑖)  are the first and second derivatives of function variable 

respectively, 𝐹(𝑟𝑗) and 𝐹(𝑟𝑖) are the function values (field variables) for origin particle 

i and support particles j respectively, while 𝛻𝑖𝑗𝑊𝑖𝑗(𝑅, ℎ) and 𝛻𝑖𝑗
2𝑊𝑖𝑗(𝑅, ℎ) are the first 

and second derivatives of smoothing kernel function. 

2.2.   SPH discretization of heat transfer equation  

The main differential equation governing the thermal interactions between fire, 

water and glass is the heat transfer equation which is given by [12]: 

𝜕𝑇

𝜕𝑡
=

1

𝜌𝐶𝑝
(𝑘 (

𝜕2𝑇

𝜕𝑥2
+
𝜕2𝑇

𝜕𝑦2
) + 𝑄(𝐻𝐹))  − 𝑢

𝜕𝑇

𝜕𝑥
−  𝑣

𝜕𝑇

𝜕𝑦
                                        (6) 

where 𝑇 is the temperature, 𝑘 is the thermal conductivity, 𝜌 and 𝐶𝑝 are the density and 

specific heat capacity, respectively, Q is the source of heat which is equivalent to heat 

flux (HF), u and v are the velocities at x and y directions, respectively, 
𝜕𝑇

𝜕𝑥
 and 

𝜕𝑇

𝜕𝑦
  

are the first derivatives of temperature with respect to x and y directions, respectively, 

while 
𝜕2𝑇

𝜕𝑥2
 and 

𝜕2𝑇

𝜕𝑦2
 are the second derivatives of temperature. 

Since the water is the only fluid in our study and it has an average constant velocity in 

the y-direction, velocity terms are deleted and Eq. (6) is simplified as follows: 

𝜕𝑇

𝜕𝑡
=

1

𝜌𝐶𝑝
(𝑘 (

𝜕2𝑇

𝜕𝑥2
+
𝜕2𝑇

𝜕𝑦2
) + 𝑄(𝐻𝐹))                                                                            (7) 
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The terms  
𝜕2𝑇

𝜕𝑥2
 and 

𝜕2𝑇

𝜕𝑦2
 are replaced with algebraic formulas according to Eq. (5), the 

result represents the discretized form of the heat transfer equation, expressed as follows: 

𝑇𝑖(𝑡+1) =
1

𝜌𝐶𝑝
(∑(𝛼

𝑚𝑗

𝜌𝑗
𝑇𝑗  (

𝜕2

𝜕𝑥2
𝑊𝑖𝑗(𝑅, ℎ)  + 

𝜕2

𝜕𝑦2
𝑊𝑖𝑗(𝑅, ℎ) ))

𝑁

𝑗=1

 + 𝑄) ×  𝛥𝑡

+ 𝑇𝑖(𝑡)                                                                                                                                                   (8) 

 

where: 

𝜕2𝑊𝑖𝑗(𝑅, ℎ)

𝜕𝑥
=

15

7𝜋ℎ2

{
 
 

 
 (
−2

ℎ2
) + (

3

2𝑟𝑖𝑗ℎ3
(𝑥𝑖 − 𝑥𝑗)

2
 ) + (

3𝑟𝑖𝑗

2ℎ3
)   ,   0 ≤ 𝑅 < 1

(
1

3ℎ2
) + (

2

3𝑟𝑖𝑗3ℎ
(𝑥𝑖 − 𝑥𝑗)

2
 ) − (

2

3ℎ𝑟𝑖𝑗
) , 1 ≤ 𝑅 ≤ 2

  (9) 

𝜕2𝑊𝑖𝑗(𝑅, ℎ)

𝜕𝑦
=

15

7𝜋ℎ2

{
 
 

 
 (

−2

ℎ2
) + (

3

2𝑟𝑖𝑗ℎ3
(𝑦𝑖 − 𝑦𝑗)

2
 ) + (

3𝑟𝑖𝑗

2ℎ3
) , 0 ≤ 𝑅 < 1

(
1

3ℎ2
) + (

2

3𝑟𝑖𝑗3ℎ
(𝑦𝑖 − 𝑦𝑗)

2
 ) − (

2

3ℎ𝑟𝑖𝑗
) , 1 ≤ 𝑅 ≤ 2

(10) 

𝑇𝑖(𝑡) and  𝑇𝑖(𝑡+1) are the temperature values for particle i at current and next time steps 

respectively, 𝑚𝑗 and 𝜌𝑗 are the mass and density for nearby particles j respectively, 𝑇𝑗 

is the temperature of  particles j in the current time step,  𝑥𝑖 − 𝑥𝑗 and 𝑦𝑖 − 𝑦𝑗 are the 

difference of x and y coordinates between particles i and j respectively and 𝛥𝑡 is the 

time step in seconds. 

3. Computational model 

The main configuration of the problem consists of the glass pane (600×600×6 

mm3) fixed at the top of the water recovery tank. Thirty-five (35) points of interest were 

defined on the glass pane section as shown in Fig. 2(a). T, the temperature values at 

some of these points are used in the verification stage and during the numerical 
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simulation of new scenarios. Fig. 2(b) shows the heat flux variation induced by a fire 

pool located near the glass pane [7]. Throughout this work, the origin of the coordinate 

system (x = 0 mm, y = 0 mm) is placed at the lower point of the exposed glass surface 

as shown in Fig. 2(a). 

The glass pane section is discretized with 3721 fixed particles, 6 mm thickness 

and 600 mm height of glass pane section are divided into 61 segments to obtain the 

spacing values between glass particles equal 0.1 mm and 10 mm at x and y directions, 

respectively. It was found that spacing between glass particles in the x-direction has 

more effect than the spacing in y-direction in the simulation results because the heat is 

transferred mainly in the x-direction within glass section. However, the temperature 

variation between glass particles occurs at y-direction mainly due to down-flowing 

water film temperature variation from top of glass to bottom. The down-flowing water 

film is represented by moving particles, with a constant velocity in the y-direction. At 

each time step (0.02 s), five (5) new water film particles start to flow from the top of 

glass, at y = 600 mm, where the spacing in the x-direction between water film particles 

is 0.1 mm. Any water film particle that moves below the bottom of the glass pane (y < 

0 mm) is eliminated from our SPH model. The steps employed in our numerical 

simulations are summarized below: 

(1)     Before applying the water film, heat is transferred from the fire source to the first 

column layer of glass particles, at x = 0 mm, by means of radiation. Eq. (8) is 

reformulated and used to calculate the new temperature. Note that the second 

derivatives are substituted with zero because heat is transferred from the fire source 

and there is no interaction between domain particles as shown below: 

𝑇𝑖(𝑡+1) =
𝑄

𝜌𝐺𝐶𝑝𝑔
 𝛥𝑡 + 𝑇𝑖(𝑡)                                                                                    (11) 
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      where 𝑇𝑖(𝑡+1) and 𝑇𝑖(𝑡) are the new and old temperature values of the first column 

layer of glass, 𝜌𝐺  is the density of glass and 𝐶𝑝𝐺 is the specific heat capacity of 

glass. 

(2)     Heat is transferred from the first layer of glass particles to other layers by 

conduction, Eq. (8) is also used but with glass properties only without heat flux 

term (Q) as follows: 

𝑇𝑖(𝑡+1)

=
1

𝜌𝐺𝐶𝑝𝑔
(∑(𝛼𝐺

𝑚𝑗𝐺

𝜌𝑗𝐺
𝑇𝑗  (

𝜕2

𝜕𝑥2
𝑊𝑖𝑗(𝑅, ℎ)  + 

𝜕2

𝜕𝑦2
𝑊𝑖𝑗(𝑅, ℎ) ))

𝑁

𝑗=1

 + 𝑄) ×  𝛥𝑡

+ 𝑇𝑖(𝑡)                                                                                                                                                                       (12) 

where 𝛼𝐺  is the thermal diffusivity of glass, 𝑚𝑗𝐺  is the mass of glass particle and 

𝜌𝑗𝐺  is the density of nearby glass particle j. 

(3)     When water flow is released on glass, rapid cooling occurs because of heat 

transfer between hot glass and cold water, and due to blocking heat flux from 

reaching the glass directly. Heat is transferred from fire to the exposed layer of 

water film by radiation.   

𝑇𝑖(𝑡+1) =
𝑄

𝜌𝑊𝐶𝑝𝑊
 𝛥𝑡 + 𝑇𝑖(𝑡)                                                                                     (13) 

where 𝑇𝑖(𝑡+1) and 𝑇𝑖(𝑡) are the new and old temperature values of the first column 

layer of water film, 𝜌𝑊 is the density of water and 𝐶𝑝𝑊 is the specific heat capacity 

of water. 

(4)     Heat is transferred from the first column layer of glass to adjacent layer of water 

film particles by convection using Eq. (12) to calculate the temperature drop in 

glass. However, the temperature increment in water film particles adjacent to hot 
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glass surface is computed using Eq. (12) but replacing glass with water properties 

as follows: 

𝑇𝑖(𝑡+1)

=
1

𝜌𝑊𝐶𝑝𝑊
(∑(𝛼𝑊

𝑚𝑗𝑊

𝜌𝑗𝑊
𝑇𝑗  (

𝜕2

𝜕𝑥2
𝑊𝑖𝑗(𝑅, ℎ)  + 

𝜕2

𝜕𝑦2
𝑊𝑖𝑗(𝑅, ℎ) ))

𝑁

𝑗=1

 + 𝑄) ×  𝛥𝑡

+ 𝑇𝑖(𝑡)                                                                                                                                                                                (14) 

where 𝛼𝑊 is the thermal diffusivity of water, 𝑚𝑗𝑊 is the mass of water particle and 

𝜌𝑗𝑊 is the density of nearby water particles j. 

(5)     Heat transferred by conduction from first exposed layer of water film particles, 

at x = -0.5 mm in case of water film thickness equals 0.5 mm, to all other layers of 

water film is computed using Eq. (14). 

(6)     The cooling process continues when heat is transferred from remaining hot 

layers of glass to the cold layers. This process can be described using Eq. (12). The 

continuous flow of water prevents evaporation but when the down-flowing velocity 

is very slow, the rate of evaporation increases. 

The above procedures are repeated at each time step (0.02 s) until total simulation time 

(500 s) is covered. All material properties for glass and water are summarized in Table 

1. The kernel radius h employed in our SPH simulations between glass particles is 12 

mm and 0.8 mm for water film particles. Fig. 3 shows the summary of temperature 

calculation procedures for glass and water film particles based on SPH model for each 

time step. Fig. 4 illustrates the sequence of radiation, convection and conduction 

occurring in glass cooling in our SPH formulation. All computations were carried out 

with an in-house MATLAB code. 
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4. Results and discussion 

4.1.   Validation 

To validate the numerical model described above, previous experiment 

measurements and commercial software packages results are compared with our SPH 

model. Down-flowing velocity and water film thickness equal to 0.645 m/s and 0.5mm, 

respectively, are considered in the validation stage with heat flux variation shown in 

Fig. 2(b) [7].  

Temperature variation with time at both exposed and ambient surfaces of glass 

pane measured from the experiment [7] and temperature values obtained from Ansys-

fluent are compared with SPH numerical results as shown in Fig. 5. Temperature 

increases until it reaches maximum value around 60 ºC and 50 ºC at exposed and 

unexposed surfaces respectively. The water film is released at 76 s and a sharp drop in 

glass pane temperature was observed. The temperature variation at (x = 0 mm, y = 300 

mm) and (x = 6 mm, y = 300 mm) corresponding to points P3 (exposed) and P33 

(ambient) are shown in Fig.5 (a) and Fig. 5(b) respectively. Our numerical simulation 

results in close agreement with experimental measurements in Ref. [7] and those 

obtained from Ansys-fluent, thus indicating the efficiency of our proposed SPH model. 

However, the temperature value measured by the experiment at P33 starts to increase 

again after 170 s and reaches a new maximum value at around 230 s (see Fig. 5(b)). 

The observed discrepancy between our SPH simulation and the experimental result 

can be attributed to the initiation of unseen cracks due to temperature difference 

between exposed and unexposed surfaces that cause some amount of heat to reach the 

ambient surface without conduction through glass section particularly when heat flux 

reaches its maximum value at 230 s.  
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Fig. 6 and Fig. 7 show the heat temperature map for entire glass pane at several 

time intervals obtained by using our SPH model and Ansys-fluent, respectively. 

Temperature distribution obtained from our SPH model and Ansys-fluent shows a 

similar trend, where the temperature of water film increases from the top (initial 

temperature) to the bottom of the glass. In general, the surface temperature of water 

film layer exposed to fire is higher than the temperature of the water film layer that is 

adjacent to the glass. Unless the temperature of glass is extremely high, in that case 

the absorbed heat by adjacent layers of water film at early stage of cooling is higher 

than the heat transferred to exposed water film layer. The drop in temperature during 

cooling decreases from exposed (at x = 0 mm) to unexposed surface (x = 6 mm) and 

from top (y = 600 mm) to bottom (y = 0 mm) of glass. Accordingly, the least influenced 

area from water film cooling is located at the bottom of unexposed surface of glass. 

To further affirm the validity and efficiency of our SPH model, additional 

measurements of temperature variations obtained from the numerical model were 

compared with simulation results from Ansys-CFX and Autodesk-CFD software. Figs. 

8(a-g) show the temperature variations at several other points (P3, P8, P13, P18, P23, 

P28 and P33) on the glass pane. The drop in temperature at the exposed surface (P3, 

Fig. 8(a)) is steeper when compared to unexposed surface (P33, Fig. 8(g)). We conclude 

that the time required for cooling increases when the distance from the exposed surface 

increases. All temperature values are also aligned indicating the robustness of the SPH 

model. Moreover, our SPH model is faster than the commercial software packages, for 

instance, single time step took only 0.107 s using our SPH model while it took around 

8.5 s using Ansys-CFX on the same computer because Ansys-CFX requires 219303 

elements and 443576 nodes to simulate the problem efficiently while our SPH model 

requires much fewer number of particles – around 3954 particles, 3721 particles for 
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glass and 233 particles for down-flowing water film per second (when velocity equals 

0.645 m/s). Accordingly, our SPH model overcomes fundamental drawback of using 

mesh-based methods (commercial software packages) by decreasing the computational 

efforts tremendously. By presenting our SPH model here, we hope to motivate adopting 

SPH method in the software development to solve similar problems. 

A more detailed study about the effects of SPH parameters, kernel radius h (glass) 

and the number of glass particles is carried out on the required computational time and 

accuracy of obtained results. We observed that the kernel radius (h) of glass has little 

or no effect on the simulation results due to the nature of the problem examined. The 

kernel radius (h) of glass is only used to compute the heat transfer between first layer 

of glass (x = 0 mm) to the remaining glass particles (x > 0 mm), where the critical stage 

is the heat transferring between the water film particles (x = - 0.1 mm) to the first layer 

of glass particles (x = 0 mm) by convection.  The computational time increases from 

0.049 s to 0.163 s when the number of glass particles increases as shown in Table 2, the 

maximum time is recorded when the number of glass particles equals 5776.  

Fig. 9 shows temperature variation after applying water film within 20 seconds, 

where the temperature variations are very steep from 77 s to 97 s and the result 

differences are uppermost, using different numbers of glass particles (2601, 3721, 

5776,7056) at three points (P3, P18 and P33). As depicted in Fig. 9, all the results 

obtained are well aligned. However, the differences in temperature variation between 

SPH results at different numbers of glass particles decrease when the number of 

particles increases.  We observed that the difference between experimental 

measurements and SPH results reduces with an increase in the number of glass particles 

in most time periods, for instance, at points P3 and P33 using 7056 glass particles, the 

SPH simulation with a higher number of glass particles gives better results, however, 
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the overall difference in comparison to using fewer number of glass particles is not 

significant as shown in Fig. 9(a) and Fig. 9(c). A more detailed comparison is shown in 

Table 2, where the differences in temperature obtained by SPH model and experiment 

at 90 s for P3 are 0.2 % and 0.45 % when glass particles are 5776 and 3721, respectively. 

Moreover, the additional computational cost time caused by increasing the glass 

particles more than 3721 limits the usage of a higher number of glass particles. The 

same previous observation is drawn on P33 between Ansys-CFX, Autodesk-CFD and 

SPH model results. 

Following the successful validation of our SPH model, it was then employed to 

predict the temperature distribution of glass at different cases of heat flux variation, 

thickness and down-flowing velocity of the water film. 

 

4.2.  Down-flowing velocity  

Our numerical model is utilized to examine the effects of the down-flowing 

velocity of water film on temperature distribution of glass. We considered two cases of 

down-flowing velocity of the water film at 0.4 m/s and 0.8 m/s. Figs. 10 and 11 show 

the heat map temperature of glass after applying water film when down-flowing 

velocity equals 0.4 m/s and 0.8 m/s, respectively. Fig. 10 shows that the temperature 

difference between glass particles at the same x-coordinate is less than the temperature 

difference shown in Fig. 11. However, the temperature difference between glass 

particles at the same y-coordinate decreases when velocity increases from 0.4 m/s to 

0.8 m/s. Also, the average temperature values at the glass mid-section (2 mm < x < 4 

mm, 200 mm < y < 400 mm) are around 42 ºC and 34 ºC at 100 s when water film 

velocity equals 0.4 m/s and 0.8 m/s, respectively. Accordingly, the temperature drops 

by about 23.5 % at 100 s when water film velocity increases by double.   
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Figs. 12 and 13 show the temperature variation with time after applying water 

film at some selected points when water film velocity equals 0.4 m/s and 0.8 m/s, 

respectively. It is clear that when down-flowing velocity of water film increases, the 

temperature decreases furthermore. For instance, the temperature at point P18 drops 

from 56 ºC to 39 ºC when the velocity of water film equals to 0.4 m/s, while it drops 

from 56 ºC to 31 ºC when the velocity equals to 0.8 m/s as shown in Fig. 12(b) and Fig. 

13(b). When the down-flowing velocity of water film increases, the exposure time of 

the water film to heat is lower, thus the temperature of water film is lower when 

compared with lower down-flowing velocity. The temperature of down-flowing water 

film plays a vital role in the thermal behavior of glass. Accordingly, the temperature 

drop in glass increases when the water film temperature decreases. 

 

4.3.  Heat flux  

To investigate the influence of heat flux on temperature distribution in glass, two 

additional heat flux variation curves with time were obtained by multiplying the heat 

flux variation curve with time used in the experiment (Fig. 2(b)) with factors 1.2 and 

0.8. These new additional heat flux variations with time have a maximum heat flux 

value of 18 kW.m-2 and 12 kW.m-2, respectively. Figs. 13 and 14 show the heat map 

temperature of glass after applying water film when maximum heat flux equals 18 

kW.m-2 and 12 kW.m-2, respectively. When heat flux variation increases, the 

temperature also increases as shown in Figs. 15 and 16. For example, temperature 

increments at points P18 (y = 300 mm) and P20 (y = 100 mm) due to increasing heat 

flux from 12 kW.m-2 to 18 kW.m-2 are approximately 3 ºC and 7 ºC, respectively, refer 

to Figs. 16(b) and 17(b).  We can conclude that upper parts of glass (y > 300 mm) are 

affected more by the heat flux increment than the lower parts (y < 300 mm). 
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4.4.  Water film thickness  

Our SPH model was also employed to examine the effects of increasing water 

film thickness. Fig. 18 shows the heat map temperature of glass for water film thickness 

equals to 0.8 mm. When water film thickness increases from 0.5 mm (verification stage) 

to 0.8 mm, the overall reduction in glass temperature increases as shown in Fig. 19 

because there are more water layers which in turn protects the glass. For instance, the 

temperature at point P18 (center of glass) drops until it reaches 30 ºC and 33 ºC after 

55 seconds from applying water film when its thickness equals 0.8 mm and 0.5 mm, 

respectively.  

In all numerical model simulations described above, the temperature of the glass 

drops sharply at point locations near the exposed surface when compared with far point 

locations. However, the overall reduction in glass temperature is higher in the upper 

section (y > 300 mm) of the glass in comparison with its lower section (y < 300 mm) 

because the water film temperature increases as it flows from the top to bottom of glass.     

   

5. Concluding remarks 

In this study, we presented a new attempt to comprehensively simulate heat 

transfer during a fire and how glass panes are protected with down-flowing water film 

using the smoothed particle hydrodynamics (SPH) method. Heat transfer equation was 

discretized for both glass and water film particles using SPH method whilst taking into 

consideration all the three known heat transfer modes - radiation, convection and 

conduction.  

The resulting model was tested by comparing experiment measurements from the 

literature with our numerical results. Additionally, our SPH model is faster to produce 

similar simulation results than obtained from Ansys-fluent, Ansys-CFX and Autodesk-
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CFD. Moreover, the effects of SPH parameters like the number of glass particles on 

both computational time and accuracy of obtained results are examined. 

The validated model was then employed to simulate glass cooling mechanism 

due to down-flowing water film under fire scenarios and configurations. Our numerical 

results show that glass temperature can be decreased by increasing the velocity and 

thickness of the down-flowing water film. For instance, average percentage of 

temperature drop in glass is about 23.5 % at middle sector (2 mm < x < 4 mm, 200 mm 

< y < 400 mm) when velocity of water film increases from 0.4 m/s to 0.8 m/s (double) 

at 100 s. Conversely, the overall glass temperature increases when heat flux variation 

increases. The efficiency of the water film system can be enhanced with a proper 

combination of velocity and thickness of water film for each heat flux variation by using 

our SPH model.    

Additional work is underway to derive a new set of empirical equations that can 

describe the mathematical relationship between different physical parameters (such as 

heat flux, water film release time, down-flowing velocity and thickness of water film) 

and temperature distribution of both glass and water film. 
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Figures 

 

Fig. 1. SPH illustration diagram in 2D. The red circle is the support domain of origin 

particle i, the influence of nearby particles j is weighted by kernel function Wij(R,h). 

 

(a) 
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(b) 

Fig. 2. Problem description diagram: (a) Geometry diagram which shows 35 points of 

interest on the glass pane section, the origin of the coordinate system is located below 

point No. (5) by 100 mm. Water flows down from top (y = 600 mm) to below (y = 0.0 

mm); (b) Heat flux variation with time used in the verification stage, the maximum heat 

flux value equals approximately 15 kW.m-2.  
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Fig. 3. Flowchart showing all procedures for a time step in the SPH simulation. The 

first two calculations are carried only until water film is released, the remaining 

calculation steps are responsible for cooling.  
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Fig. 4. Glass cooling mechanism of down-flowing water film used in the SPH model. 

Heat transfer by radiation, convection and conduction are occurring in the order shown. 
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(a) 

 

(b) 

Fig. 5. Temperature variation with time using SPH model, Ansys-Fluent and 

experiment: (a) At point P3 (exposed surface); (b) At Point P33 (ambient surface).  
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(i) 

 
(j) 

Fig. 6. Heat map of temperature (°C) in glass and water film using our SPH model, 

where water film particles are located at negative x-coordinate (x < 0): (a) At 86 

seconds; (b) At 91 seconds; (c) At 96 seconds; (d) At 101 seconds; (e) At 106 seconds; 

(f) At 111 seconds; (g) At 116 seconds; (h) At 121 seconds; (i) At 127 seconds; (j) At 

132 seconds. 
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(h) 
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(i) 

 

(j) 

Fig. 7. Heat map of temperature (°C) in glass and water film using Ansys-fluent, where 

the water film is located behind (left) the red line: (a) At 86 seconds; (b) At 91 seconds; 

(c) At 96 seconds; (d) At 101 seconds; (e) At 106 seconds; (f) At 111 seconds; (g) At 

116 seconds; (h) At 121 seconds; (i) At 127 seconds; (j) At 132 seconds.  
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(e) 

 

(f) 
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(g) 

Fig. 8. Temperature variation with time after applying water film using our SPH model, 

Ansys-CFX and Autodesk-CFD: (a) At point P3; (b) At Point P8; (c) At Point P13; (d) 

At Point P18; (e) At Point P23; (f) At Point P28; (g) At Point P33. 
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(a) 

 

(b) 
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(c) 

Fig. 9. Temperature variation with time after applying water film using our SPH model 

with different number of particles, experiment, Ansys-CFX and Autodesk-CFD: (a) At 

point P3; (b) At Point P18; (c) At Point P33. 

 
(a) 
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(b) 

Fig. 10. Heat map of temperature (°C) in glass and water film using our SPH model 

when down-flowing velocity of water film equals 0.4 m/s. Where water film particles 

are located at negative x-coordinate (x < 0 mm): (a) At 85 seconds; (b) At 100 seconds. 

 
(a) 
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(b) 

Fig. 11. Heat map of temperature (°C) in glass and water film using our SPH model 

when down-flowing velocity of water film equals 0.8 m/s. Where water film particles 

are located at negative x-coordinate (x < 0 mm): (a) At 85 seconds; (b) At 100 seconds. 

 

(a) 
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(b) 

Fig. 12. Temperature variation with time after applying water film using our SPH model 

when down-flowing velocity of water film equals 0.4 m/s: (a) At points P3, P8, P13, 

P18, P23, P28 and P33; (b) At Points P16, P17, P18, P19 and P20. 

 
(a) 
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(b) 

Fig. 13. Temperature variation with time after applying water film using our SPH model 

when down-flowing velocity of water film equals 0.8 m/s: (a) At points P3, P8, P13, 

P18, P23, P28 and P33; (b) At Points P16, P17, P18, P19 and P20. 

 

(a) 
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(b) 

Fig. 14. Heat map of temperature (°C) in glass and water film using our SPH model 

when maximum heat flux equals 18 kW.m-2. Where water film particles are located at 

negative x-coordinate (x < 0): (a) At 85 seconds; (b) At 100 seconds. 

  

(a) 
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(b) 

Fig. 15. Heat map of temperature (°C) in glass and water film using SPH model when 

maximum heat flux equals 12 kW.m-2. Where water film particles are located at 

negative x-coordinate (x < 0): (a) At 85 seconds; (b) At 100 seconds. 

 

(a) 
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(b) 

Fig. 16. Temperature variation with time after applying water film using SPH model 

when maximum heat flux equals 18 kW.m-2: (a) At points P3, P8, P13, P18, P23,  

 

(a) 
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(b) 

Fig. 17. Temperature variation with time after applying water film using SPH model 

when maximum heat flux equals 12 kW.m-2. Where water film particles are located at 

negative x-coordinate (x < 0): (a) At points P3, P8, P13, P18, P23, P28 and P33; (b) At 

Points P16, P17, P18, P19 and P20. 

 



51 

 

 

(a) 

 

(b) 

Fig. 18. Heat map of temperature (°C) in glass and water film using SPH model when 

water film thickness equals 0.8 mm. Where water film particles are located at negative 

x-coordinate (x < 0 mm): (a) At 85 seconds; (b) At 100 seconds. 
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(a) 

 

(b) 

Fig. 19. Temperature variation with time after applying water film using SPH model 

when water film thickness equals 0.8 mm: (a) At points P3, P8, P13, P18, P23, P28 and 

P33; (b) At Points P16, P17, P18, P19 and P20. 
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Table 1. The physical properties of glass and water. 

Material Property Symbol Value Unit 

Glass Density ρG 2500 kg/m3 
 Thermal conductivity KG 0.94 W/m.k 
 Specific heat capacity CpG 820 J/kg.k 
 Thermal diffusivity αG 4.6×10-7 m2/s 

 linear thermal expansion 

 
β 9 ×10-6 ºC-1 

     

Water  Density ρW 998 kg/m3 

 Thermal conductivity KW 0.6 W/m.k 

 Specific heat capacity CpW 4182 J/kg.K 

 Thermal diffusivity αW 1.43×10−7 m2/s 

 Initial Temperature T 25 ºC 

     

 

Table 2. Effects of number of SPH particles on computational time and results 

Description 
Number of steps / 

Time (s) 

Number of SPH particles  

2601 3721 5776 7056 

Computational time in 

seconds 

 Per 1000-time steps 48.76 106.89 162.60 200.14 

 Single time step 0.049 0.107 0.163 0.2 

      

Difference between 

SPH and experiment at 

P3 (%) 

At 85 s 3.21 3.83 1.95 1.17 

At 90 s 3.26 0.45 0.20 1.47 

At 95 s 13.10 9.93 6.15 4.33 

      

Difference between 

SPH and experiment at 

P33 (%) 

At 85 s 3.61 0.77 1.48 1.98 

At 90 s 11.74 8.42 5.54 4.53 

At 95 s 15.56 12.20 9.22 8.10 

      

Difference between 

SPH and Autodesk-

CFD at P18 (%) 

At 85 s 6.72 0.22 4.67 6.38 

At 90 s 10.37 4.34 1.21 4.09 

At 95 s 10.60 6.38 3.45 0.50 

      

Difference between 

SPH and Ansys-CFX at 

P18 (%) 

At 85 s 8.71 2.15 2.43 4.38 

At 90 s 13.34 7.50 3.11 0.74 

At 95 s 14.58 10.55 7.74 3.97 

 

 


