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Abstract 11 

To develop a precise and efficient computer model for predicting the heating and cooling 12 

behaviors of laminated glass facades exposed to fire, there is an urgent need to reduce the huge 13 

computational requirements associated with simulating heat transfer in layered structures that 14 

feature a down-flowing water film. We overcome this challenge by proposing, for the first time, 15 

an efficient three-dimensional finite difference method (3DFDM), which has high numerical 16 

stability when solving the heat transfer equations with water film and air convection. To capture 17 

the moving particles of the water film, we developed a unique computational algorithm for 18 

particle labelling, which has two significant advantages: (1) it eliminates the time-consuming 19 

process of searching for neighboring particles in conventional meshfree methods, and (2) it 20 

ensures that every main particle interacts only with limited neighboring particles without 21 

utilizing any weights, thus significantly reducing the computational effort. We validated our 22 

proposed 3DFDM through experiments in heating and cooling scenarios and compared its 23 

thermal results with those obtained from the commercial software packages to demonstrate its 24 

high efficiency and accuracy. Furthermore, we examined the feasibility of our model in 25 

evaluating the effects of thickness of the interlayer (PVB layer) and water film release time on 26 

the cooling behavior of laminated glass during a fire. 27 
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1. Introduction  33 

In recent years, there has been a significant increase in the number of studies aimed at 34 

understanding the mechanisms underlying laminated glass protection during a fire. When glass 35 

facades are broken during a fire, more fresh air enters the structure, causing fire flashover which 36 

often leads to catastrophic consequences [1]. To prevent this, an effective protective facility, 37 

water sprays, is used in fire suppression [2]. Glass facades can be protected from failure if the 38 

cooling by water sprays is properly understood and controlled [3]. Various kinds of 39 

experimental setups have been adopted by researchers to study the heat transfer and breakage 40 

processes of different types of glass [4,5] under various conditions [6,7] during a fire event. 41 

However, full-scale experiments are cost-intensive and require many precautions, particularly 42 

for the measurements of water film parameters during a fire incident. Therefore, there is an 43 

urgent demand for the development of an efficient and effective computational framework to 44 

simulate and predict the heating and cooling behaviors of glass facades.  45 

Several mesh-based numerical methods have been presented to study the heat transfer 46 

mechanisms in solids. The finite element method (FEM) has been extensively employed to 47 

investigate heat transfer problems [8-10]. The finite volume method (FVM) has also been 48 

employed to study the conjugate heat transfer problems [11]. However, these mesh-based 49 

methods require huge computational effort. Moreover, the computational complexity and 50 

convergence issues of FEM [12,13] and FVM [14,15] may limit their applications in a large 51 

scale and even in more complicated boundary condition problems, particularly when the two 52 

methods (FEM and FVM) are coupled in one model [16-18]. Commercial software packages 53 

such as ANSYS [19,20], COMSOL [21,22], and Autodesk CFD [23,24] have been utilized to 54 

solve thermal transfer problems based on FVM or FEM. However, their usage is limited by 55 

accuracy and stability concerns, particularly when it comes to cooling laminated glasses during 56 

a fire, due to complex modeling system associated with moving water film particles. Besides, 57 

modeling the heating and cooling behaviors of laminated glass facades require a numerical 58 

framework that can deal with the issue of thermal redistribution caused by heat exchange 59 

between the water film and laminated glass, and the strong nonlinearity of the system under 60 

differential thermal stresses. This presents a formidable challenge for FEM-based methods. 61 
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Apart from mesh-based numerical methods, meshfree methods [25-29] such as smoothed 62 

particle hydrodynamics (SPH) have been utilized to simulate heat transfer in incompressible 63 

flows [30,31] and the motion of cooling lubricant in drilling processes [32]. Glass cooling has 64 

also been simulated when exposed to heat radiation using the SPH method [33,34] and the 65 

finite point method [35]. More recently, a machine learning-based approach was proposed for 66 

solving partial differential equations (PDEs) [36] such as the heat transfer equation. This 67 

involves building the deep neural networks (DNNs) and training them by minimizing the loss 68 

function. Despite the attractiveness of the previous methods, several computational challenges 69 

need to be investigated and resolved. For instance, the optimization process may add more 70 

complexity to the research problem and in some cases, a linear problem may be converted to a 71 

nonlinear one [36]. 72 

The generalized finite difference method (GFDM) was recently proposed [37-39] to solve 73 

the PDEs. The GFDM is mainly devoted to unstructured or irregular grids, where every main 74 

particle is interacting with neighboring particles (a star of the main particle) in a specific control 75 

scheme according to the weighting function. The near particles have a greater effect on the 76 

main particles than the far neighboring particles. Accordingly, the number and arrangement of 77 

node stars have a significant effect on the model stability and accuracy (e.g., 9-nodes stars may 78 

lead to an ill-conditioned system [38]). Therefore, a greater number of node stars must be 79 

considered to achieve a well-conditioned system. Moreover, the GFDM may not be suitable 80 

for modelling of the heating and cooling behaviors of laminated glass due to the following 81 

reasons: (1) it requires a huge computational cost since the thermal interaction during the 82 

cooling stage occurs between the water film and glass, therefore, the searching process of 83 

neighboring particles needs to be conducted at each time step as the water particles are moving, 84 

(2) since each of the fixed glass particle needs to interact with many neighboring particles, the 85 

associated computational cost may grow significantly with a slight increase in the number of 86 

neighboring particles, and (3) the stability of GFDM is also governed by the weight function, 87 

and simulating heat transfer in different materials and moving fluid using the existing weight 88 

function may not be sufficient.  89 

To overcome the abovementioned limitation in the GFDM, we propose a new three-90 

dimensional finite difference method (3DFDM) to simulate the heating and cooling behaviors 91 
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of laminated glass. In our 3DFDM, we use only the Taylor series expansion to approximate the 92 

second derivatives of the heat transfer equation, without a weight function or mesh. The number 93 

of neighboring particles will be limited to six in three-dimensional (3D) space with two 94 

particles in each direction. Despite the large number of particles and small time steps used in 95 

our algorithm, the labeling strategy adopted, particularly with the down-flowing water film 96 

particles, enables an efficient thermal simulation in the laminated glass. The proposed 3DFDM 97 

have several advantages over existing numerical methods in terms of efficiency and stability, 98 

and it is easy to implement. The 3DFDM is not intended to be used in this study to solve the 99 

uncertainties in the input parameters and their effects on the thermal outputs in contrast with 100 

the machine learning approach [36]. The MATLAB sensitivity analysis toolbox [40] may be 101 

used to quantify the influence of uncertain input parameters on the thermal results. The effects 102 

of Polyvinyl butyral (PVB) thickness and water film release time, however, are investigated in 103 

this study to provide the outlines for optimum thermal design of laminated glass in improving 104 

the fire safety. The 3DFDM can be extended to study thermal fractures in composites materials 105 

and structures [41-43]. 106 

The remainder of this paper are structured as follows. Section 2 presents the theoretical 107 

formulations for the heat transfer equation, 3DFDM and the heat transfer mechanism in 108 

laminated glass. Section 3 illustrates the computational details of our 3DFDM, including the 109 

highly efficient algorithm. Section 4 presents the results, including the validation and the 110 

effects of PVB thickness and water film release time (WFRT) on the thermal behavior of 111 

laminated glass. Finally, the conclusions from this study are summarized in Section 5.  112 

2. Theoretical formulation 113 

2.1. Heat transfer equation  114 

The main differential equation used in this study is the heat transfer equation [20,21,33] in 115 

3D as shown in Eq. (1) 116 
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𝜕𝑇

𝜕𝑡
=

𝑘

𝜌𝐶𝑝
𝛻2𝑇 +

𝑞

𝜌𝑐𝑝
, (1) 

𝛻2𝑇 =
𝜕2𝑇

𝜕𝑥
2

+
𝜕2𝑇

𝜕𝑦
2
+

𝜕2𝑇

𝜕𝑧
2
, 

 

(2) 

where T is the temperature, t is the current time, 𝛻2T represents the Laplacian of temperature 117 

in the x-, y-, and z-directions as shown in Eq. (2), k is the thermal conductivity, ρ is the material 118 

density, Cp is the specific heat capacity, and q is the heat flux. Thermal conduction within the 119 

domain or convection with the external surrounding environment is simulated when q value is 120 

substituted with zero (Eq. (3)) or ℎ (𝑇 − 𝑇∾)  (Eq. (4)) [44], respectively, where T∾ is the 121 

temperature of the external surrounding environment like air and h is the heat transfer 122 

coefficient: 123 

𝜕𝑇

𝜕𝑡
=

𝑘

𝜌𝐶𝑝
𝛻2𝑇, (3) 

𝜕𝑇

𝜕𝑡
=

𝑘

𝜌𝐶𝑝
𝛻2𝑇 +

ℎ (𝑇 − 𝑇∾)

𝜌𝐶𝑝
, 

 

(4) 

2.2. Computational procedure 124 

According to the 3DFDM model, the domain is discretized into a finite number of particles 125 

without using any mesh in contrast to the conventional FDM. Moreover, variables, such as 126 

temperature, are solved based on the particle’s location and not to the fixed location of the node. 127 

In this way, the thermal interaction between moving fluid (water) and fixed solid (glass) is 128 

adequately represented, thereby avoiding mesh distortion. As a major departure from GFDM, 129 

every main particle interacts only with six neighboring particles without the use of any weight 130 

function. Furthermore, compared to GFDM which requires a costly searching process for 131 

neighboring particles at every time step, our 3DFDM is more efficient due to the novel 132 

algorithm adopted.  133 

In our 3DFDM, the first temporal derivative of temperature (
𝜕𝑇

𝜕𝑡
) is replaced with FDM 134 
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approximation of the first derivative according to the forward difference scheme as shown in 135 

Eq. (5). In which, T is estimated at particle location x, y, z. Second derivatives of temperature 136 

in three directions are replaced with FDM approximations at central difference scheme (applied 137 

for most particles) as shown in Eqs. (6) to (8). Note that 𝑇𝑥,𝑦,𝑧 refers to the temperature value 138 

at time t. 139 

𝜕𝑇

𝜕𝑡 𝐹𝐷𝑀−𝐹
=

𝑇𝑥,𝑦,𝑧(𝑡+𝛥𝑡) − 𝑇𝑥,𝑦,𝑧

𝛥𝑡
, (5) 

𝜕2𝑇

𝜕𝑥2
𝐹𝐷𝑀−𝐶

=
𝑇𝑥−𝛥𝑥,𝑦,𝑧 − 2𝑇𝑥,𝑦,𝑧 + 𝑇𝑥+𝛥𝑥,𝑦,𝑧

𝛥𝑥2
, (6) 

𝜕2𝑇

𝜕𝑦2
𝐹𝐷𝑀−𝐶

=
𝑇𝑥,𝑦−𝛥𝑦,𝑧 − 2𝑇𝑥,𝑦,𝑧 + 𝑇𝑥,𝑦+𝛥𝑦,𝑧

𝛥𝑦2
, (7) 

𝜕2𝑇

𝜕𝑧2
𝐹𝐷𝑀−𝐶

=
𝑇𝑥,𝑦,𝑧−𝛥𝑧 − 2𝑇𝑥,𝑦,𝑧 + 𝑇𝑥,𝑦,𝑧+𝛥𝑧

𝛥𝑧2
, (8) 

where Δt is the time step, Δx, Δy, and Δz are the differences in distances between particles in 140 

the x-, y-, and z-directions, respectively. Note that Δx, Δy, and Δz are equal to spacings between 141 

particles in the x-, y-, and z-directions, respectively, as shown in Fig. 1. 𝑇𝑥,𝑦,𝑧  and 142 

𝑇𝑥,𝑦,𝑧(𝑡+𝛥𝑡) are the temperature of the main particle at coordinate locations x, y, and z at the 143 

current and next time steps, respectively. 𝑇𝑥−𝛥𝑥,𝑦,𝑧, 𝑇𝑥+𝛥𝑥,𝑦,𝑧, 𝑇𝑥,𝑦−𝛥𝑦,𝑧, 𝑇𝑥,𝑦+𝛥𝑦,𝑧, 𝑇𝑥,𝑦,𝑧+𝛥𝑧 144 

and 𝑇𝑥,𝑦,𝑧−𝛥𝑧 are the temperature of nearby particles as shown in Fig. 1, where each main 145 

particle interacts with only two adjacent particles in each direction (six particles for the x-, y-, 146 

and z-directions). 147 
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 148 

Fig. 1. Illustrative diagram showing particle locations and spacings in the x-, y-, and z-149 

directions according to central difference approximation, where the main particle is located at 150 

x, y and z. 151 

The forward difference and backward difference schemes for Eq. (8) are illustrated in Eqs. 152 

(9) and (10), respectively, if the main direction of heat transfer is in the z-direction. The 153 

subscripts F, C, and B refer to forward difference, central difference and backward difference 154 

schemes, respectively. 155 

𝜕2𝑇

𝜕𝑧2
𝐹𝐷𝑀−𝐹

=
𝑇𝑥,𝑦,𝑧 − 2𝑇𝑥,𝑦,𝑧+𝛥𝑧 + 𝑇𝑥,𝑦,𝑧+2𝛥𝑧

𝛥𝑧2
, (9) 

𝜕2𝑇

𝜕𝑧2
𝐹𝐷𝑀−𝐵

=
𝑇𝑥,𝑦,𝑧 − 2𝑇𝑥,𝑦,𝑧−𝛥𝑧 + 𝑇𝑥,𝑦,𝑧−2𝛥𝑧

𝛥𝑧2
. (10) 

Then we define 𝛻2TF, 𝛻2TC and 𝛻2TB as the Laplacian of temperature at z-direction (main 156 

heat transfer direction), which are estimated at the forward difference, central difference and 157 

backward difference schemes as depicted in Eqs. (11) to (13), respectively: 158 

𝛻2𝑇𝐹 = 
𝜕2𝑇

𝜕𝑥2
𝐹𝐷𝑀−𝐶

+ 
𝜕2𝑇

𝜕𝑦2
𝐹𝐷𝑀−𝐶

+ 
𝜕2𝑇

𝜕𝑧2
𝐹𝐷𝑀−𝐹

 (11) 
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𝛻2𝑇𝐶 = 
𝜕2𝑇

𝜕𝑥2
𝐹𝐷𝑀−𝐶

+ 
𝜕2𝑇

𝜕𝑦2
𝐹𝐷𝑀−𝐶

+ 
𝜕2𝑇

𝜕𝑧2
𝐹𝐷𝑀−𝐶

 (12) 

𝛻2𝑇𝐵 = 
𝜕2𝑇

𝜕𝑥2
𝐹𝐷𝑀−𝐶

+ 
𝜕2𝑇

𝜕𝑦2
𝐹𝐷𝑀−𝐶

+ 
𝜕2𝑇

𝜕𝑧2
𝐹𝐷𝑀−𝐵

 (13) 

To discretize the heat transfer equation at radiation mode (z-direction), first temporal 159 

derivative of temperature and 𝛻2T in Eq. (1) are replaced with Eq. (5) and 𝛻2TF , respectively, 160 

as shown in Eq. (14): 161 

𝑇𝑥,𝑦,𝑧(𝑡+𝛥𝑡) = (
𝑘

𝜌𝐶𝑝
𝛻2𝑇𝐹 +

𝑄

𝜌𝐶𝑝
)𝛥𝑡 + 𝑇𝑥,𝑦,𝑧 (14) 

Similarly, Eq. (3) is discretized but 𝛻2T is replaced with 𝛻2TC as shown in Eq. (15): 162 

𝑇𝑥,𝑦,𝑧(𝑡+𝛥𝑡) =
𝑘𝛥𝑡

𝜌𝐶𝑝
𝛻2𝑇𝐶 + 𝑇𝑥,𝑦,𝑧 (15) 

When heat is transferred to the surrounding air by convection at the end of the domain in the 163 

z-direction, 𝛻2T is replaced by 𝛻2TB as shown in Eq. (16): 164 

𝑇𝑥,𝑦,𝑧(𝑡+𝛥𝑡) = (
𝑘

𝜌𝐶𝑝
𝛻2𝑇𝐵 +

ℎ (𝑇 − 𝑇∾)

𝜌𝐶𝑝
)𝛥𝑡 + 𝑇𝑥,𝑦,𝑧 (16) 

2.3. Problem definition  165 

In this study, we aim to investigate the heating and cooling cases of laminated glass under 166 

the actions of fire and down-flowing water film. Therefore, different material properties (glass, 167 

PVB or water) and heat transfer modes are considered in the formulation as shown in Fig. 2. 168 
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 169 

Fig. 2. Heat and cooling transfer directions and modes in laminated glass, where the 170 

temperature values of water, PVB and glass are calculated according to Eqs. (17) to (22). 171 

First, heat is transferred from the fire source to the exposed glass particles (exposed face) 172 

by means of radiation according to Eq. (17), where kG is the thermal conductivity of glass, ρG 173 

is the glass density, CpG is the specific heat capacity of glass and Q is the heat flux: 174 

𝑇𝑥,𝑦,𝑧(𝑡+𝛥𝑡) = (
𝑘𝐺

𝜌𝐺𝐶𝑝𝐺
𝛻2𝑇𝐹 +

𝑄

𝜌𝐺𝐶𝑝𝐺
)𝛥𝑡 + 𝑇𝑥,𝑦,𝑧 (17) 

Then the conductive heat transfer from the exposed glass particles (exposed face) to the 175 

remaining glass particles is presented in Eq. (18): 176 

𝑇𝑥,𝑦,𝑧(𝑡+𝛥𝑡) =
𝑘𝐺𝛥𝑡

𝜌𝐺𝐶𝑝𝐺
𝛻2𝑇𝐶 + 𝑇𝑥,𝑦,𝑧 (18) 

Heat is transferred from 1st glass layer to the PVB particles by means of conduction, where 177 

it can be used to obtain the temperature of PVB particles by replacing glass material with PVB 178 

as shown in Eq. (19), where kPVB is the thermal conductivity of PVB, ρPVB is the PVB density 179 

and CpPVB is the specific heat capacity of PVB: 180 
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𝑇𝑥,𝑦,𝑧(𝑡+𝛥𝑡) =
𝑘𝑃𝑉𝐵𝛥𝑡

𝜌𝑃𝑉𝐵𝐶𝑝𝑃𝑉𝐵
𝛻2𝑇𝐶 + 𝑇𝑥,𝑦,𝑧 (19) 

The temperature can also be calculated from the heat transferred from PVB particles to the 181 

2nd glass layer and within the 2nd glass layer particles by conduction using Eq. (18).  182 

Heat is transferred from the ambient face of 2nd glass layer to the surrounding air through 183 

convection as shown in Eq. (20) and Fig. 2: 184 

𝑇𝑥,𝑦,𝑧(𝑡+𝛥𝑡) = (
𝑘𝐺

𝜌𝐺𝐶𝑝𝐺
𝛻2𝑇𝐵 +

ℎ (𝑇 − 𝑇∾)

𝜌𝐺𝐶𝑝𝐺
)𝛥𝑡 + 𝑇𝑥,𝑦,𝑧 (20) 

In the cooling process, when water film is applied at the exposed face of the 1st glass layer, 185 

heat is transferred from the fire to the exposed water film particles by means of radiation as 186 

shown in Eq. (21) and Fig. 2, where kW is the thermal conductivity of water, ρW is the water 187 

density and CpW is the specific heat capacity of water: 188 

𝑇𝑥,𝑦,𝑧(𝑡+𝛥𝑡) = (
𝑘𝑊

𝜌𝑊𝐶𝑝𝑊
𝛻2𝑇𝐹 +

𝑄

𝜌𝑊𝐶𝑝𝑊
)𝛥𝑡 + 𝑇𝑥,𝑦,𝑧 (21) 

Heat is transferred from the exposed water film particles to the remaining water film 189 

particles by means of conduction as shown in Eq. (22) and Fig. 2: 190 

𝑇𝑥,𝑦,𝑧(𝑡+𝛥𝑡) =
𝑘𝑊𝛥𝑡

𝜌𝑊𝐶𝑝𝑊
𝛻2𝑇𝐶 + 𝑇𝑥,𝑦,𝑧 (22) 

The cooling of the laminated glass is simulated by calculating the temperature of glass and 191 

PVB particles according to Eqs. (17) to (22) as shown in Fig. 2. 192 
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3. Computational framework 193 

3.1. 3DFDM discretization  194 

The details of the 3DFDM discretization employed in this study are illustrated in Fig. 3. In 195 

our model, the convection with air at the ambient surface of laminated glass and heat flux (fire) 196 

at the exposed surface of the glass are the thermal boundary conditions. Convection with air is 197 

presented by applying a convective heat transfer coefficient (h) at the back of the laminated 198 

glass. This provides a more realistic modeling of the problem, particularly if the experiment is 199 

conducted in a cold, open area [4,44]. Noted that layers are used to indicate each material or 200 

composite segment, while surfaces are used to indicate the number of divisions in z-direction 201 

at each layer.  202 

 203 

Fig. 3. The 3DFDM discretization of laminated glass and water. 204 

Particle labeling is important to our modeling technique and algorithm. Labeling starts from 205 

the origin of the x, y, and z axes, as shown in Fig 3. First, the particles are labeled in the y-206 

direction from the bottom (y = 0) until the top particle is reached (NPY), as shown in Fig. 3. In 207 

the same manner, adjacent particles are labeled in the x-direction until all surface particles are 208 

labeled (NPS represents the total particles at each surface). The other surfaces are also labeled 209 

similarly. N1GS is the number of 1st glass layer surfaces and N2GS is the number of 2nd glass 210 

layer surfaces. For instance, suppose we divide the water and glass layers to a total number of 211 
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surfaces equals 19 (TNS = 19) and each surface into 80 divisions in both the x- and y-directions: 212 

NPS equals 6,400 particles (80 × 80) at each surface, and the total number of particles (TNP) 213 

is 121,600 (6,400 × 19). Therefore, the coordinates of particle i = 1 are x = 0, y = 0, z = 0; the 214 

coordinates of particle i = 6,400 are x = 0.6 m, y = 0.6 m, z = 0; and the coordinates of particle 215 

i = 121,600 are x = 0.6 m, y = 0.6 m, z = 0.01338 m with width 0.6 m, height 0.6 m and the 216 

total thickness of laminated glass with water film of 0.01338 m. TNP and the number of water 217 

film particle (NWFP) are calculated according to Eqs. (23) and (24), respectively,  218 

𝑇𝑁𝑃 =  𝑇𝑁𝑆 × 𝑁𝑃𝑆, (23) 

𝑁𝑊𝐹𝑃 =  𝑁𝑊𝐹𝑆 ×  𝑁𝑃𝑆, (24) 

where NWFS is the number of water film surfaces. Suppose that the label of the main particle 219 

is i, the differences in label numbers of nearby particles are NPY, 1 and NPS at x-, y-, and z-220 

directions, respectively, according to our labeling strategy. Therefore, the coordinate locations 221 

that appeared in the format of x, y, z in Eqs (5) to (10) are replaced with label numbers as shown 222 

in Eqs. (25) to (30), respectively. 223 

𝜕𝑇

𝜕𝑡 𝐹𝐷𝑀−𝐹
=

𝑇𝑖(𝑡+𝛥𝑡) − 𝑇𝑖

𝛥𝑡
, (25) 

𝜕2𝑇

𝜕𝑥2
𝐹𝐷𝑀−𝐶

=
𝑇𝑖−𝑁𝑃𝑌 − 2𝑇𝑖 + 𝑇𝑖+𝑁𝑃𝑌

𝛥𝑥2
, (26) 

𝜕2𝑇

𝜕𝑦2
𝐹𝐷𝑀−𝐶

=
𝑇𝑖−1 − 2𝑇𝑖 + 𝑇𝑖+1

𝛥𝑦2
, (27) 

𝜕2𝑇

𝜕𝑧2
𝐹𝐷𝑀−𝐶

=
𝑇𝑖−𝑁𝑃𝑆 − 2𝑇𝑖 + 𝑇𝑖+𝑁𝑃𝑆

𝛥𝑧2
, (28) 

𝜕2𝑇

𝜕𝑧2
𝐹𝐷𝑀−𝐹

=
𝑇𝑖 − 2𝑇𝑖+𝑁𝑃𝑆 + 𝑇𝑖+2𝑁𝑃𝑆

𝛥𝑧2
, (29) 

𝜕2𝑇

𝜕𝑧2
𝐹𝐷𝑀−𝐵

=
𝑇𝑖 − 2𝑇𝑖−𝑁𝑃𝑆 + 𝑇𝑖−2𝑁𝑃𝑆

𝛥𝑧2
. (30) 

It should be noted that the subscripts 𝛥x, 𝛥y and 𝛥z associated with temperature (T) as shown 224 
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in Eqs. (5) to (10) are replaced with NPY, 1 and NPS, respectively, and x, y, z are replaced with 225 

i as depicted in Eqs. (25) to (30). For instance, 𝑇𝑥+𝛥𝑥,𝑦,𝑧  or 𝑇𝑖+𝑁𝑃𝑌  is equivalent to the 226 

temperature of the particle with a label number equal to 1+ NPY if the label number of the main 227 

particle is 1 (i = 1). Similarly, 𝑇𝑥−𝛥𝑥,𝑦,𝑧 or 𝑇𝑖−𝑁𝑃𝑌 is equivalent to the temperature of particle 228 

with a label number equal to NPS – NPY if the label number of the main particle is NPS (i = NPS). 229 

For main particles located at interfaces, T is calculated in the same manner and with the same 230 

material properties of the main particle. For example, if the label number of the main particle 231 

is NWFP (water), the temperature values of the nearby particles in the z-direction are the 232 

temperature values of particles with label numbers of NWFP – NPS (water) and NWFP + NPS 233 

(glass). Meanwhile, the temperature of main particle (i = NWFP) with the water properties will 234 

be calculated using Eq. (22). 235 

Fig. 4 illustrates the water film application in our 3DFDM. When time (t) is less than water 236 

film release time (tw), water film particles are held fixed at the top of laminated glass (y = H) 237 

as shown in Fig. 4. When water film is released at time tw, water film particles flowing 238 

downward in the y-direction by a distance equals 𝛥y for each time step (TS). TS is calculated 239 

according to Eq. (31) 240 

𝑇𝑆 =  
𝛥𝑦

𝑉
, (31) 

where V is the down-flowing velocity of the water film. Note that TS is calculated based on Δy 241 

and V to ensure that each water film particle coincides exactly with the adjacent exposed glass 242 

particles. Cooling for each glass particle at the exposed surface is activated when its y-243 

coordinate equals the y-coordinate of the first approaching water film particle. As shown in 244 

Fig. 4, when the first row of water film particles reaches the half-height of laminated glass, the 245 

exposed glass particles located at or above the mid-height of laminated glass (y ≥ 0.5 H) are 246 

influenced by water film, whereas the exposed glass particles located below the half-height (y 247 

< 0.5 H) are not yet influenced with water film particles. 248 
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 249 

Fig. 4. Illustrative diagram showing water film application on laminated glass at different times, 250 

where tw is the water film release time, H is the height of laminated glass and V is the down-251 

flowing velocity of the water film. 252 

3.2. Numerical algorithm  253 

The detailed algorithm for our 3DFDM is presented in Table 1. The simulation time is 254 

divided into two cases: before and after the water film releases. In the heating case, the 255 

temperature calculation of exposed glass particles proceeds from label numbers NWFP + 1 to 256 

NWFP + NPS, with water film particles excluded. Similarly, in the cooling case, the exposed 257 

surface particles are those located on the first surface of the water film (i = 1 to NPS). When 258 

the temperature values are computed for the exposed surface particles, the temperature values 259 

for the other particles are calculated based on the convection and conduction from the exposed 260 

surface. The temperature values for all particles are saved at the end of a time step to be used 261 

in the next subsequent time steps. Notably, to minimize the computational time, loops are 262 

executed only within the required particles. For instance, water film particles are excluded from 263 

the heating case (before water film release), and exposed surface particles are separated from 264 

the other particles in both the heating and cooling cases (before and after water film release), 265 

as shown in Table 1. 266 
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Table 1. Algorithm illustrating the steps in our proposed 3DFDM 267 

Define geometry, material properties, and thermal boundary conditions. 268 

Calculate the TS according to Eq. (31). 269 

For k = 1 to TNSS (total number of simulation steps) 270 

  If t < tw (heating case)  271 

   For i = NWFP + 1 to NWFP + NPS (exposed glass particles) 272 

     Calculate T according to Eq. (17). 273 

   End  274 

   For i = NWFP + NPS + 1 to TNP (for remaining glass and PVB particles) 275 

     Calculate T according to Eqs. (18) to (20). 276 

   End  277 

  Else (cooling case) 278 

   For i = 1 to NPS (exposed water film particles) 279 

     Calculate T according to Eq. (21). 280 

   End  281 

   For i = NPS + 1 to NWFP (remaining water film particles) 282 

     Calculate T according to Eq. (22).  283 

   End  284 

   For i = NWFP + 1 to TNP (glass and PVB particles) 285 

     Calculate T according to Eqs. (18) to (20). 286 

   End  287 

  End if 288 

End 289 

4. Results and discussion 290 

We programmed our 3DFDM using MATLAB software and validated it by comparing our 291 

numerical results with experimental measurements from various thermal cases and conditions. 292 

Moreover, a detailed computational comparison was conducted between our 3DFDM and 293 

Autodesk CFD to prove the high efficiency of our proposed model. All the numerical 294 

simulations were executed on an HP Laptop with an Intel® Core® i7-8550U CPU @ 1.80GHz, 295 
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1992 Mhz, 4 Core(s), 8 Logical Processor, and 8 GB of RAM. The material properties of glass, 296 

PVB and water are presented in Table 2 [4,44].  297 

Table 2. Material properties of glass, PVB, and water [4,44]. 298 

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 4.585×10-7 m2/s 

     

PVB Density ρPVB 1070 Kg/m3 
 Thermal conductivity KPVB 0.221 W/m.K 
 Specific heat capacity CpPVB 1100 J/Kg.K 
 Thermal diffusivity αPVB 1.878×10-7 m2/s 

     

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 1.438×10−7 m2/s 

 299 

4.1. Heat transfer in a laminated glass during a fire   300 

Figure 5 depicts the heat transfer model of a laminated glass during a fire. For our study, we 301 

selected a laminated glass panel measuring 0.6 m × 0.6 m, which comprises two glass layers 302 

and one PVB layer. The thicknesses of the glass and PVB are 6 mm and 0.38 mm, respectively. 303 

The laminated glass is divided into five surfaces in the z-direction (its thickness). Nine reading 304 

points were obtained from full-scale experiments [4,44] using thermocouples, which were 305 

distributed on the exposed surface from T1 to T9, as shown in Fig. 6(a). The non-uniform 306 

temperature distribution was calculated to mimic the actual thermal conditions of the 307 

experiment using these temperature measurements (T1 to T9), as shown in Fig. 6(b). The frame 308 

width surrounding the laminated glass is given by 20 mm.  309 
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 310 

Fig. 5. Problem description diagram showing the geometric details of laminated glass, where 311 

the laminated glass consists of three layers (2 glass layers and 1 PVB layer) and 5 surfaces (S1 312 

to S5) [4,44]. 313 

 314 

Fig. 6. Experimental temperature readings: (a) Locations of thermocouples at the exposed 315 

surfaces of laminated glass (T1 to T9) [4,44]; (b) Temperature variation over time [4,44]. 316 

To simulate the actual experimental scenario, temperature values are calculated at every 317 

point on the exposed glass to produce non-uniform temperature distribution. Here, we selected 318 

five reading points on the exposed glass and five on the frame (exposed surface), as shown in 319 

Fig. 6(a). Thus, the temperature is assumed to vary at every location according to the following 320 
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polynomial equations: 321 

𝑇𝑒1(𝑥, 𝑦) = 𝑎𝑥2 + 𝑏𝑥 + 𝑐𝑦2 + 𝑑𝑦 + 𝑒 (32) 

𝑇𝑒2(𝑥, 𝑦) = 𝑓𝑥2 + 𝑔𝑥 + ℎ𝑦2 + 𝑖𝑦 (33) 

where Te1 and Te2 are the temperatures at the glass and frame locations, respectively; and a, b, 322 

c, d, e, f, g, h, and i are the polynomial coefficients which can be determined based on the 323 

experimental temperature readings at every time step as follows: 324 
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where 1
x  to 9

x  and 1
y  to 9

y are the x and y coordinates, respectively, of the thermocouples. 325 

Eqs. (34) and (35) were solved by multiplying the inverse of thermocouples’ coordinate 326 

matrices (Fig. 6(a)) with the vectors of experimental temperature readings (Fig. 6(b)), to obtain 327 

the polynomial coefficients (a, b, c, d, e, f, g, h, and i in Eqs. (32) and (33)). This procedure is 328 

then repeated at each time step. 329 

4.2. Validation of heating and cooling behavior  330 

We first validated our model in the heating scenario before proceeding to validate it in the 331 

cooling scenario with water film application. The glass and water layers are divided into six 332 

surfaces each, while the PVB layer is represented with a single surface (Fig. 3) because the 333 

PVB thickness (0.38 mm) is much lower than other material layers. The water layer of 1 mm 334 



 

19 

 

thickness is divided into six surfaces (NWFS = 6) to ensure it flows in a downward direction 335 

and remains exposed to the external heat flux once it is released. Note that the number of 336 

surfaces can be changed as shown in Section 4.3. Each surface is divided into 6400 particles 337 

(80 × 80). The TNS is equal to 13 and 19 in the heating (without water film) and cooling cases, 338 

respectively, and the TNP is equal to 83200 and 121600, in the heating and cooling cases, 339 

respectively. The same experimental conditions presented in Ref. [4,44] are applied in our 340 

3DFDM and Autodesk CFD. However, the air convection in both Autodesk CFD and 3DFDM 341 

is represented by applying the heat transfer coefficient (h) with a value of 40 W/m2 [44] at the 342 

ambient surface of the laminated glass, where the reference temperature (air temperature) is 343 

assumed to increase from 10 ºC to 70 ºC within 250 s of time simulation to consider the effects 344 

of air heating as in the experiment.  345 

Fig. 7 shows the temperature variations as a function of time at the center of the ambient 346 

surface (TS5) using our 3DFDM in comparison to previous experimental results [4,44] and 347 

results obtained using Autodesk CFD and Abaqus [44]. This figure indicates that the 348 

temperature variation over time generated by our 3DFDM shows excellent agreement with the 349 

experimental results, thereby demonstrating the capability of our model to simulate the heat 350 

transfer problems. In addition, the temperature variation over time presented in [44] exhibits 351 

lower agreement with the experimental results in comparison to the temperature variations 352 

obtained using our 3DFDM and Autodesk CFD. The reason for this difference is that in [44], a 353 

uniform temperature was assumed by considering average temperature values at the exposed 354 

glass surface. However, in our study, we consider the non-uniform temperature distribution 355 

observed in the experiment, making our 3DFDM more realistic in simulating heat transfer in 356 

laminated glass when compared to other studies. 357 
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 358 

Fig. 7. Temperature variations as a function of time at the center of the ambient surface (TS5) 359 

using 3DFDM, experiments [4,44], Autodesk CFD, and Abaqus [44]. 360 

Next, we use our 3DFDM was to obtain the temperature distribution on other surfaces. Fig. 361 

8 depicts the heat map of temperature (ºC) for the S1 to S5 surfaces of the laminated glass at 362 

100 s and 200 s, respectively. The temperature values exhibit a significant difference at the first 363 

and second glass layers, especially between the exposed and ambient surfaces. This 364 

temperature difference increases with increasing heat. For example, the temperature difference 365 

at the center of the S1 and S5 surfaces (TS1 and TS5) is 108 ºC at 100 s, and it increases up to 366 

196 ºC at 200 s as shown in Fig. 9. Furthermore, it should be noted that the temperature 367 

difference between TS2 and TS4 (before and after PVB layer) is approximately 30 ºC at 200 s. 368 
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 369 

Fig. 8. Heat map of temperature (ºC) for surfaces S1 to S5 (a) at t = 100 s; (b) at t = 200 s. 370 

  371 

Fig. 9. Temperature variations as a function of time at TS1, TS2, TS3, TS4, and TS5 points 372 

(centers of S1 to S5 surfaces) when PVB thickness is 0.38 mm.  373 
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Table 3 summarizes the computational parameters for our 3DFDM and Autodesk CFD. It 374 

shows that although our 3DFDM uses 1.85 times more particles than the number of nodes used 375 

in Autodesk CFD, and Autodesk CFD uses 10 times more time steps than 3DFDM, our 3DFDM 376 

requires significantly less computational time. This is because both models have the same 377 

number of steps (2500), and our 3DFDM takes only 57 s to complete 2,500 numerical steps 378 

(250 s of thermal simulation), while Autodesk CFD takes 1200 s to complete the same number 379 

of numerical steps for the same simulation period. Besides, the computational cost per step and 380 

particle (CCSP) is 2.74 × 10-7 s using our 3DFDM, compared to 1.07 × 10-5 s using Autodesk 381 

CFD. Therefore, our 3DFDM is 39 times faster than Autodesk CFD when the same number of 382 

steps and particles (nodes) were used for numerical simulation. 383 

Table 3. Comparison of the computational parameters of 3DFDM and Autodesk CFD 384 

numerical models in laminated glass for the heating case 385 

Item 3DFDM Autodesk CFD  

Number of particles/nodes 83200 44874 

Time step (TS, s) 0.1 1 

Total number of steps 2500 2500 

Total simulation time (s) 250 250 

Total computational cost (s) 57 1200 

Computational cost (s) per second 0.228 4.8 

(CCSP) 2.74 × 10 -7 1.07 × 10 -5 

The validation of our 3DFDM in the scenario of cooling by water film is illustrated in Fig. 386 

10. The temperature drops during the cooling of the tempered glass experiment (one glass layer) 387 

[45] were used for validation. The temperature variation over time at the exposed surface was 388 

applied in [45], as shown in Fig. 10(a). The required point is located under the top of the glass 389 

(y = 0.57 m), where the water film is released at 278 s when the temperature reaches around 390 

310 ºC. Since the thermocouple readings in the experiment were affected by the down-flowing 391 

water film, the temperature variation over time in our 3DFDM was calculated based on the 392 

average temperature values of the exposed glass particles and the adjacent heated water film 393 

particles. As depicted in Figs. 10, the temperature variations over time at the exposed and 394 

ambient surfaces produced by 3DFDM agree better with experimental measurements than 395 

those obtained from Autodesk CFD, especially in the cooling case.  396 
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It can be observed from Fig. 10 that cooling occurs more sharply (i.e., the temperature drops 397 

more rapidly) using Autodesk CFD compared to our 3DFDM. This may be due to our model’s 398 

ability to track the thermal behavior of down-flowing water film particles rather than the 399 

control volume technique employed in Autodesk CFD. Moreover, the effect of evaporation can 400 

be effectively prevented in our 3DFDM, and the water film is activated gradually in a more 401 

realistic manner (i.e., activated at each particle separately). However, the mechanism for 402 

preventing evaporation in Autodesk CFD is not clear, and water film activation is executed 403 

suddenly for all particles. These comparisons further demonstrate the rationality and accuracy 404 

of our 3DFDM to simulate the cooling behavior. 405 

406 

Fig. 10. Temperature variations over time in the heating and cooling cases using our 3DFDM, 407 

experiment [45], and Autodesk CFD at exposed and ambient surfaces, where the water film is 408 

released at 278 s with a down-flowing velocity of 0.645 m/s and a thickness value of 0.5 mm 409 

[45]: (a) At exposed surface; (b) At ambient surface. 410 

Table 4 summarizes the computational parameters used in both our 3DFDM and Autodesk 411 

CFD. In this case, the processing speed of our 3DFDM (using 63,536 particles) is about 71 412 

times faster than that of Autodesk CFD (using 12,077 particles). Note that the TS used in 413 

Autodesk CFD is 0.1 s, whereas the TS used in our 3DFDM is 0.0124 s since it is calculated 414 

according to Eq. (31). Therefore, the TS value utilized in our model is less than the TS value 415 

used in Autodesk CFD. Besides, our 3DFDM requires only 228 s to execute 288 s of the entire 416 

simulation period, whereas the Autodesk CFD takes 16,200 s to accomplish the same period.  417 
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Table 4. Comparison of the computational parameters of 3DFDM and Autodesk CFD 418 

numerical models in single glass layer for the cooling case 419 

Item 3DFDM Autodesk CFD 

Number of particles/nodes 63536 12077 

Time step (TS, s) 0.0124 0.1 

Number of total steps 23226 28800 

Total simulation time (s) 288 288 

Total computational cost (s) 228 16200 

Computational cost (s) per second 0.79 56.25 

CCSP 1.54 × 10 -7 4.66 × 10 -5 

4.3. Cooling mechanism of the laminated glass facade 420 

The cooling behavior and their underlying mechanisms of laminated glass facade were 421 

investigated considering the PVB thickness of 0.38 mm. First, the thermal interaction between 422 

cold adjacent water film particles and the exposed hot glass surface were examined, as shown 423 

in Fig. 11. It can be observed that when water film particles are released at t = 100 s and with 424 

a down-flowing velocity of 0.7 m/s, a sudden drop in temperature at the exposed glass is 425 

recorded. As shown in the contour plots, the temperature at the center of the exposed glass 426 

surface (TS1) drops from 121.5 ºC to around 83 ºC (i.e., a drop of around 38 ºC) at 100.76 s 427 

(after 0.76 s from water film release). The temperature drop in the glass increases when the 428 

point is located at the upper parts (y = 0.6 m), as the water film is released at this location. The 429 

temperature of the adjacent water film particles increases from 10 ºC to around 70 ºC at t = 430 

100.76 s. It is worth noting that the temperature of the water film is less than 100 ºC when the 431 

down-flowing velocity is 0.7 m/s; therefore, no evaporation of the water film is apparent in this 432 

case. 433 
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 434 

Fig. 11. Heat map of the temperature of exposed glass surface (S1) and adjacent water film 435 

surface at several time instants (t = 100.11 s, t = 100.54 s, t = 100.76 s) when water film is 436 

released at t = 100 s with a down-flowing velocity of 0.7 m/s. 437 

When the temperature of the exposed glass surface (S1) drops due to water film application, 438 

the cooling continues for other surfaces but at a lower rate, as depicted in Figs. 12 and 13. For 439 

instance, the temperature at the center of the exposed glass surface (TS1) drops from 121.5 ºC 440 

to 44.7 ºC within only 8 s. By contrast, the temperature at the center of the S4 surface (TS4) 441 

drops from 43.5 ºC to around 32 ºC within 80 seconds. Therefore, the temperature drop at the 442 

exposed surface is steeper compared to other surfaces. The results in Figs. 12 and 13 also 443 

demonstrate that the surfaces located near the ambient side of laminated glass are influenced 444 

by cooling more slowly when compared to the exposed surface. For example, the cooling at 445 

the exposed surface of laminated glass occurs immediately when the water film is released (t 446 

= 100 s), however, the cooling at S5 surface occurs after 45 s from water film release (t = 145 447 

s) as shown in Fig. 12. Moreover, when water film is released at the exposed surface of 448 

laminated glass, the heating continues for other surfaces at different time durations depending 449 

on the surface’s location. For example, the heating at S5 surface is continuous for 45 s after the 450 

water film is released, where the temperature at the center of S5 surface (TS5) increases from 451 

around 24 °C at t = 100 s (water film release time) to 36.89 °C at t = 145 s.  452 
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 453 

Fig. 12. Temperature variations over time at points TS1 to TS5 (centers of S1 to S5 surfaces) 454 

when water film is released at t = 100 s. 455 

 456 

Fig. 13. Heat map of the temperature (ºC) of laminated glass surfaces at several time steps 457 

when water film is released at t = 100 s: (a) S1 surface (exposed); (b) S2 surface; (c) S4 surface. 458 
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The effects of 3DFDM parameters such as NPS, NWFS, and TS were also examined. Fig. 459 

14(a) shows temperature variations as a function of time at point TS2 (center of surface S2). 460 

When NPS increases from 4900 to 8100, TS decreases from 0.0124 s to 0.0096 s because the 461 

spacing between particles (spacing at y-direction) decreases. Fig. 14(b) shows the heat map of 462 

different NPS at t = 130 s. It can be concluded that the effects of changing TS and NPS are 463 

negligible in our model because the TS is calculated based on the spacing of particles and, 464 

therefore, on NPS (Eq. (31)) where each water film particle interacts with one glass particle at 465 

each step according to the TS calculation scheme and the 3DFDM illustrated in Section 3. 466 

Moreover, the activation of cooling by water film is conducted at each particle of the exposed 467 

glass surface rather than sudden cooling activation for all particles.  468 

469 

Fig. 14. Effects of NPS and TS on our 3DFDM in the cooling case when water film is applied 470 

at t = 100 s: (a) Temperature variations as a function of time at point TS2 when NPS values are 471 

4900, 6400, and 8100; (b) Heat map of temperature at t = 130 s when NPS values are 4900, 472 

6400, and 8100. 473 

 474 
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The effects of increasing the NWFS were studied as shown in Fig. 15. When NWFS increases 475 

at the same value of NPS, the temperature drop decreases because increasing NWFS requires 476 

more time for our 3DFDM to capture the cooling effects of the additional NWFS. For example, 477 

when NWFS increases from 6 to 7 at the same NPS (6400), the temperature drop decreases, as 478 

shown in Fig. 15. The temperature values at 167 s are 33 ºC and 34 ºC when NWFS values are 479 

6 and 7, respectively, at NPS = 6400. Even though the temperature difference is small (1 ºC), 480 

increasing the NPS and thus decreasing TS will reduce that temperature difference, as shown 481 

in Fig. 15. When NPS increases from 6400 to 10,000 at NWFS = 7, the temperature variation 482 

approaches the temperature variation when NPS and NWFS are 6400 and 6, respectively. 483 

Therefore, a greater NWFS requires a smaller TS to capture the thermal transfer when the 484 

number of surfaces is increased. 485 

 486 

Fig. 15. Temperature variations as a function of time when NPS values are 6400, 8100, and 487 

10,000 and when NWFS is varied from 6 to 7 surfaces. 488 

4.4. Effects of PVB thickness on thermal and cooling behavior of laminated glass  489 

The effects of PVB thickness on the thermal behavior of laminated glass are illustrated in 490 

Fig. 16(a). It is notable that as PVB thickness increases from 0.38 mm to 0.76 mm or from 0.76 491 

mm to 1.14 mm, the temperature at the center of the second glass layer near the PVB (TS4) 492 

drops around 6.5 oC to 7.5 oC. Fig. 16(b) shows the heat map of the surface temperature (TS4) 493 
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at t = 200 s, which are 119.7 ºC, 113.2 ºC, and 105.7 ºC when the PVB thicknesses are 0.38 494 

mm, 0.76 mm, and 1.14 mm, respectively. Therefore, for each 0.38 mm increment in PVB 495 

thickness results to temperature decreases in the second layer of about 7 ºC. Furthermore, when 496 

t is less than 150 s, the temperature at the second glass layer (TS4) is less than approximately 497 

70 oC, and therefore, the temperature differences between several PVB thickness cases are 498 

minimal. The delay in heating is justified by the fact that heat transport through the laminated 499 

glass thickness requires more time to reach the second layer, and fire requires more time to 500 

mature and to generate higher temperature values.  501 

 502 

Fig. 16. Effects of PVB thickness on the thermal behavior of laminated glass in the heating 503 

case: (a) Temperature variations over time when PVB thicknesses are 0.38 mm, 0.76 mm, and 504 

1.14 mm at the center of surface S4 (TS4); (b) Heat map of the temperature of surface S4 at t 505 

= 200 s when PVB thicknesses are 0.38 mm, 0.76 mm, and 1.14 mm. 506 

Next, we examined the effects of varying PVB thickness on the cooling behavior of 507 

laminated glass. Fig. 17(a) shows the temperature variations over time after applying the water 508 

film at t = 100 s with PVB thicknesses of 0.38 mm, 0.76 mm, and 1.14 mm at the center of the 509 

S4 surface (TS4). Fig. 17(b) shows the heat map of the temperature at different PVB 510 
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thicknesses at t = 125 s. Notably, a small delay is apparent in the cooling of the second glass 511 

layer when the PVB thickness increases. PVB thickness increasing from 0.38 mm to 0.76 mm 512 

or from 0.76 mm to 1.14 mm delays the cooling process by about 4 s—the temperature begins 513 

to fall at 110 s, 113.7 s, or 117.6 s, respectively, at TS4. Thus, we conclude that adding 0.38 514 

mm to PVB thickness results in a delay of around 4 s in cooling time.  515 

 516 

Fig. 17. Effects of PVB thickness on the thermal behavior of laminated glass in the cooling 517 

case when water film is applied at t = 100 s: (a) Temperature variations over time with PVB 518 

thicknesses of 0.38 mm, 0.76 mm, and 1.14 mm; (b) Heat map of temperature at t = 125 s with 519 

PVB thicknesses of 0.38 mm, 0.76 mm, and 1.14 mm. 520 

4.5. Effects of WFRT on the cooling behavior of laminated glass  521 

To provide general guidelines on the best time to apply a water film to protect laminated 522 

glass from failure, the effects of water film release time (WFRT) on the thermal and cooling 523 

behavior of laminated glass are examined here in detail. Three WFRT values (75 s, 100 s, and 524 

150 s) and four different points (TS1, TS2, TS4, and TS5) are considered. Fig. 18 and Table 5 525 
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illustrate the effects of WFRT on the cooling behavior of laminated glass at TS1, TS2, TS4, 526 

and TS5. For instance, Fig. 18(a) shows the temperature variations as a function of time at point 527 

TS1 when a water film is applied at 75 s, 100 s, and 150 s. Table 5 shows the temperature and 528 

cooling rate values at different values of WFRT. The cooling rate at the exposed surface was 529 

measured within 25 s; for the other surfaces, it was measured within 125 s, since the 530 

temperature drop at the exposed surface is much steeper. 531 

 532 

Fig. 18. Effects of WFRT on the cooling behavior of laminated glass when a water film is 533 

applied at t = 75 s, t = 100 s, and t = 150 s: (a) At point TS1 (center of S1 surface); (b) At point 534 

TS2 (center of S2 surface); (c) At point TS4 (center of S4 surface); (d) At point TS5 (center of 535 

S5 surface). 536 

 537 
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Table 5. Summary of temperature and cooling rate values at TS1, TS2, TS4, and TS5 when 538 

WFRT values vary from 75 s to 150 s. 539 

Location WFRT (s) Temperature (T, ºC) Cooling rate (ºC/s) 

TS1  At t = WFRT At t = WFRT + 25 s  

 75 87.41 23.12 2.57 

 100 121.48 29.34 3.69 

 150 192.23 44.11 5.92 

TS2  At t = WFRT + 6 s At t = WFRT + 125 s  

 75 41.06 18.86 0.19 

 100 60.49 23.93 0.31 

 150 107.55 42.08 0.7 

TS4  At t = WFRT + 11 s At t = WFRT + 125 s  

 75 31.87 19.8 0.11 

 100 46.84 25.9 0.18 

 150 84.16 47.39 0.41 

TS5  At t = WFRT +45 s At t = 250 s  

 75 25.41 17.24 0.06 

 100 36.89 24.3 0.12 

  150 65.85 51.51 0.26 

Based on the simulated results of the effects of WFRT on the cooling behavior of laminated 540 

glass in Fig. 18 and Table 5, the following results are presented: (1) Cooling rates decrease with 541 

decreasing WFRT since there will be less temperature drop when water films are applied early 542 

in the fire. For example, at TS1, the temperature drops from 87.41 ºC to 23.12 ºC within 25 s 543 

when WFRT is 75 s, whereas it drops from 192.23 ºC to 44.1 ºC when WFRT is 150 s, as shown 544 

in Fig. 18(a). Therefore, the cooling rate decreases from 5.92 ºC/s to 2.57 ºC/s when the WFRT 545 

decreases from 150 s to 75 s. (2) The effects of WFRT on the cooling rate decrease dramatically 546 

when moving away from the exposed surface toward the ambient surface. For instance, the 547 

cooling rates at WFRT = 100 s are 3.69 ºC/s, 0.31 ºC/s, 0.18 ºC/s, and 0.12 ºC/s at TS1, TS2, 548 

TS4, and TS5, respectively, as shown in Table 5. Therefore, the cooling rate at the exposed 549 

surface plays an important role in laminated glass fracture since the crack initiates at the 550 

exposed surface due to a high cooling rate (when water film is applied late), and it can 551 

propagate to other surfaces. (3) The effects of water film cooling start to take place after 45 s 552 

at the ambient surface (TS5), as shown in Fig. 18(d), while cooling occurs immediately at the 553 
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exposed glass surface. The surfaces S2 and S4 adjacent to the PVB layer start cooling after 6 s 554 

and 11 s from WFRT at the same PVB thickness, as shown in Figs. 18(b) and 18(c). 555 

5. Conclusions 556 

In this paper, we proposed a three-dimensional finite difference method (3DFDM) to 557 

accurately simulate the heating and cooling behaviors of laminated glass facades exposed to 558 

fire and down-flowing water film. We utilized our 3DFDM to model the thermal and cooling 559 

response mechanism of laminated glass under the influence of fire and water film, and 560 

successfully validated the model by comparing the results with previous experimental data and 561 

results obtained using commercial software packages. Our 3DFDM demonstrated high 562 

computational efficiency and accuracy in accurately simulating the heating and cooling phases 563 

that occur in real fire scenarios.  564 

The proposed modeling technique was then applied to investigate the effects of PVB 565 

thickness on the heating and cooling behaviors of laminated glass, with a particular interest in 566 

the temperature of the second glass layer (ambient surface). The simulated results show that 567 

every 0.38 mm increment in PVB thickness decreases the temperature in the second glass layer 568 

by around 7 ºC. Moreover, the cooling of the second glass layer is delayed by around 4 s when 569 

the PVB thickness increases by 0.38 mm. Finally, the effects of water film release time (WFRT) 570 

on the cooling behavior of laminated glass were investigated to examine the cooling rate at 571 

different surfaces of the laminated glass. It was found that the cooling rate is much higher on 572 

the exposed surface when compared to other surfaces, especially the ambient surface. Moreover, 573 

the cooling rate increases when the WFRT increases.  574 

Besides, our numerical results demonstrated that WFRT has more impact on the cooling 575 

behavior of laminated glass than PVB thickness. Accordingly, the early release of a water film 576 

is the most important procedure to protect laminated glass from failure. The outputs of this 577 

study can be used to examine the thermal and fracture behaviors of laminated glass, thus 578 

providing guidance on the optimum water film parameters (including WFRT) to protect against 579 

the failure of laminated glass during a fire incident. The proposed 3DFDM can be applied to 580 

study the thermal behaviors of other solids and composites during a fire. 581 
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