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Abstract

To develop a precise and efficient computer model for predicting the heating and cooling
behaviors of laminated glass facades exposed to fire, there is an urgent need to reduce the huge
computational requirements associated with simulating heat transfer in layered structures that
feature a down-flowing water film. We overcome this challenge by proposing, for the first time,
an efficient three-dimensional finite difference method (3DFDM), which has high numerical
stability when solving the heat transfer equations with water film and air convection. To capture
the moving particles of the water film, we developed a unique computational algorithm for
particle labelling, which has two significant advantages: (1) it eliminates the time-consuming
process of searching for neighboring particles in conventional meshfree methods, and (2) it
ensures that every main particle interacts only with limited neighboring particles without
utilizing any weights, thus significantly reducing the computational effort. We validated our
proposed 3DFDM through experiments in heating and cooling scenarios and compared its
thermal results with those obtained from the commercial software packages to demonstrate its
high efficiency and accuracy. Furthermore, we examined the feasibility of our model in
evaluating the effects of thickness of the interlayer (PVB layer) and water film release time on

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

In recent years, there has been a significant increase in the number of studies aimed at
understanding the mechanisms underlying laminated glass protection during a fire. When glass
facades are broken during a fire, more fresh air enters the structure, causing fire flashover which
often leads to catastrophic consequences [1]. To prevent this, an effective protective facility,
water sprays, is used in fire suppression [2]. Glass facades can be protected from failure if the
cooling by water sprays is properly understood and controlled [3]. Various kinds of
experimental setups have been adopted by researchers to study the heat transfer and breakage
processes of different types of glass [4,5] under various conditions [6,7] during a fire event.
However, full-scale experiments are cost-intensive and require many precautions, particularly
for the measurements of water film parameters during a fire incident. Therefore, there is an
urgent demand for the development of an efficient and effective computational framework to
simulate and predict the heating and cooling behaviors of glass facades.

Several mesh-based numerical methods have been presented to study the heat transfer
mechanisms in solids. The finite element method (FEM) has been extensively employed to
investigate heat transfer problems [8-10]. The finite volume method (FVM) has also been
employed to study the conjugate heat transfer problems [11]. However, these mesh-based
methods require huge computational effort. Moreover, the computational complexity and
convergence issues of FEM [12,13] and FVM [14,15] may limit their applications in a large
scale and even in more complicated boundary condition problems, particularly when the two
methods (FEM and FVM) are coupled in one model [16-18]. Commercial software packages
such as ANSYS [19,20], COMSOL [21,22], and Autodesk CFD [23,24] have been utilized to
solve thermal transfer problems based on FVM or FEM. However, their usage is limited by
accuracy and stability concerns, particularly when it comes to cooling laminated glasses during
a fire, due to complex modeling system associated with moving water film particles. Besides,
modeling the heating and cooling behaviors of laminated glass facades require a numerical
framework that can deal with the issue of thermal redistribution caused by heat exchange
between the water film and laminated glass, and the strong nonlinearity of the system under

differential thermal stresses. This presents a formidable challenge for FEM-based methods.
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Apart from mesh-based numerical methods, meshfree methods [25-29] such as smoothed
particle hydrodynamics (SPH) have been utilized to simulate heat transfer in incompressible
flows [30,31] and the motion of cooling lubricant in drilling processes [32]. Glass cooling has
also been simulated when exposed to heat radiation using the SPH method [33,34] and the
finite point method [35]. More recently, a machine learning-based approach was proposed for
solving partial differential equations (PDEs) [36] such as the heat transfer equation. This
involves building the deep neural networks (DNNs) and training them by minimizing the loss
function. Despite the attractiveness of the previous methods, several computational challenges
need to be investigated and resolved. For instance, the optimization process may add more
complexity to the research problem and in some cases, a linear problem may be converted to a
nonlinear one [36].

The generalized finite difference method (GFDM) was recently proposed [37-39] to solve
the PDEs. The GFDM is mainly devoted to unstructured or irregular grids, where every main
particle is interacting with neighboring particles (a star of the main particle) in a specific control
scheme according to the weighting function. The near particles have a greater effect on the
main particles than the far neighboring particles. Accordingly, the number and arrangement of
node stars have a significant effect on the model stability and accuracy (e.g., 9-nodes stars may
lead to an ill-conditioned system [38]). Therefore, a greater number of node stars must be
considered to achieve a well-conditioned system. Moreover, the GFDM may not be suitable
for modelling of the heating and cooling behaviors of laminated glass due to the following
reasons: (1) it requires a huge computational cost since the thermal interaction during the
cooling stage occurs between the water film and glass, therefore, the searching process of
neighboring particles needs to be conducted at each time step as the water particles are moving,
(2) since each of the fixed glass particle needs to interact with many neighboring particles, the
associated computational cost may grow significantly with a slight increase in the number of
neighboring particles, and (3) the stability of GFDM is also governed by the weight function,
and simulating heat transfer in different materials and moving fluid using the existing weight
function may not be sufficient.

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

dimensional finite difference method (3DFDM) to simulate the heating and cooling behaviors
3
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of laminated glass. In our 3DFDM, we use only the Taylor series expansion to approximate the
second derivatives of the heat transfer equation, without a weight function or mesh. The number
of neighboring particles will be limited to six in three-dimensional (3D) space with two
particles in each direction. Despite the large number of particles and small time steps used in
our algorithm, the labeling strategy adopted, particularly with the down-flowing water film
particles, enables an efficient thermal simulation in the laminated glass. The proposed 3DFDM
have several advantages over existing numerical methods in terms of efficiency and stability,
and it is easy to implement. The 3DFDM is not intended to be used in this study to solve the
uncertainties in the input parameters and their effects on the thermal outputs in contrast with
the machine learning approach [36]. The MATLAB sensitivity analysis toolbox [40] may be
used to quantify the influence of uncertain input parameters on the thermal results. The effects
of Polyvinyl butyral (PVB) thickness and water film release time, however, are investigated in
this study to provide the outlines for optimum thermal design of laminated glass in improving
the fire safety. The 3DFDM can be extended to study thermal fractures in composites materials

and structures [41-43].

The remainder of this paper are structured as follows. Section 2 presents the theoretical
formulations for the heat transfer equation, 3DFDM and the heat transfer mechanism in
laminated glass. Section 3 illustrates the computational details of our 3DFDM, including the
highly efficient algorithm. Section 4 presents the results, including the validation and the
effects of PVB thickness and water film release time (WFRT) on the thermal behavior of

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

2. Theoretical formulation

2.1. Heat transfer equation

The main differential equation used in this study is the heat transfer equation [20,21,33] in
3D as shown in Eq. (1)
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where T is the temperature, ¢ is the current time, V2 7' represents the Laplacian of temperature
in the x-, y-, and z-directions as shown in Eq. (2), & is the thermal conductivity, p is the material
density, C, is the specific heat capacity, and g is the heat flux. Thermal conduction within the
domain or convection with the external surrounding environment is simulated when ¢ value is
substituted with zero (Eq. (3)) or h (T —T,) (Eq. (4)) [44], respectively, where T« is the

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

coefficient:
oT B k 72T ;
ot pC, ' ()
oT k h(T-T)
R _|72 _—
at  pG, + pCyp “4)

2.2. Computational procedure

According to the 3DFDM model, the domain is discretized into a finite number of particles
without using any mesh in contrast to the conventional FDM. Moreover, variables, such as
temperature, are solved based on the particle’s location and not to the fixed location of the node.
In this way, the thermal interaction between moving fluid (water) and fixed solid (glass) is
adequately represented, thereby avoiding mesh distortion. As a major departure from GFDM,
every main particle interacts only with six neighboring particles without the use of any weight
function. Furthermore, compared to GFDM which requires a costly searching process for
neighboring particles at every time step, our 3DFDM is more efficient due to the novel

algorithm adopted.

aT\ . .
In our 3DFDM, the first temporal derivative of temperature (E) is replaced with FDM
5
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approximation of the first derivative according to the forward difference scheme as shown in
Eq. (5). In which, T is estimated at particle location x, y, z. Second derivatives of temperature
in three directions are replaced with FDM approximations at central difference scheme (applied

for most particles) as shown in Egs. (6) to (8). Note that T, , refers to the temperature value

at time ¢.
a_T _ Tx,y,z(t+At) - Tx,y,z (5)
Ot FpM—F At ’
aZ_T — Tx—Ax,y,z B ZTX’Y.Z + Tx+Ax,y,z (6)
0x2 Fpm—c Ax? ’
62_T _ Tey-ayz = 2Txyz + Txytayz @
dy 2FDM—C Ay?
62_T _ Tx;y.Z—AZ B ZTx.y,Z + Tx,y.z+Az ®
0z? ppm—c Az? ’

where At is the time step, 4x, Ay, and Az are the differences in distances between particles in
the x-, y-, and z-directions, respectively. Note that Ax, 4y, and 4z are equal to spacings between

particles in the x-, y-, and z-directions, respectively, as shown in Fig. 1. Ty, , and
Ty z(t+ar) are the temperature of the main particle at coordinate locations x, y, and z at the

current and next time steps, respectively. Tx_axy 7, Tx+axyz Txy-ay,zs Ixy+ayz Ixyz+iz
and Ty, , . are the temperature of nearby particles as shown in Fig. 1, where each main
particle interacts with only two adjacent particles in each direction (six particles for the x-, y-,

and z-directions).
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Fig. 1. Illustrative diagram showing particle locations and spacings in the x-, y-, and z-
directions according to central difference approximation, where the main particle is located at

x,yand z.

The forward difference and backward difference schemes for Eq. (8) are illustrated in Egs.
(9) and (10), respectively, if the main direction of heat transfer is in the z-direction. The
subscripts F, C, and B refer to forward difference, central difference and backward difference

schemes, respectively.

az_T _ Tx,y,z B ZTX.y,Z+AZ + Tx,y,Z+ZAz (9)
0z2% ppy-F Az? ’
az_T _ Tx,y.z B ZTXJ’.Z—AZ + Tx,y,z—ZAz (10)
0z% ppy-p Az? '

Then we define V27F V27c and V2 Tp as the Laplacian of temperature at z-direction (main
heat transfer direction), which are estimated at the forward difference, central difference and

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

72T = 92T N 0%T 0%T
F 0x2ppM-c ayzFDM_C 02 ppm-F

(11)
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V2T, = o°T + o°T + o°T (12)
© 7 0x%rpu—c GYZFDM_C 02% ppm-c

V2Tg = o7 + o7 + o (13)
B 0x2 ppu-c GYZFDM_C 0z rpm-B

To discretize the heat transfer equation at radiation mode (z-direction), first temporal
derivative of temperature and V27'in Eq. (1) are replaced with Eq. (5) and V2 7%, respectively,

as shown in Eq. (14):

k Q

Tx,y,z(t+At) = <E VZTF + E) At + Tx,y,z (14)

Similarly, Eq. (3) is discretized but V72 T'is replaced with V27t as shown in Eq. (15):

kAt 5
Tx,y,z(t+At) = [T VeTe + Tx,y,z (15)
p

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

z-direction, V2 T'is replaced by V2 7 as shown in Eq. (16):

k . h(T—T)
Tx,y,z(t+At) =|\—=VTp + T

pC p

)At ‘T, (16)
P

2.3. Problem definition

In this study, we aim to investigate the heating and cooling cases of laminated glass under
the actions of fire and down-flowing water film. Therefore, different material properties (glass,

PVB or water) and heat transfer modes are considered in the formulation as shown in Fig. 2.
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Fig. 2. Heat and cooling transfer directions and modes in laminated glass, where the

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

First, heat is transferred from the fire source to the exposed glass particles (exposed face)
by means of radiation according to Eq. (17), where kg is the thermal conductivity of glass, pc

is the glass density, C,c is the specific heat capacity of glass and Q is the heat flux:

ke
Tx,y,z(t+A t) = ,0—

V2Tp +

At + T (17)
¢Cpe Pc CpG) e

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

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

keAt
Tx,y,z(t+At) = pGCpG

V2Te 4 Ty y,z (18)

Heat is transferred from 1% glass layer to the PVB particles by means of conduction, where
it can be used to obtain the temperature of PVB particles by replacing glass material with PVB
as shown in Eq. (19), where kpyp 1s the thermal conductivity of PVB, ppys is the PVB density

and Cppy3 is the specific heat capacity of PVB:
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Tx,y,z(t+At) = VZTC + Tx,y,z (19)

PpveCppva

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

27 glass layer and within the 2™ glass layer particles by conduction using Eq. (18).

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

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

T, —( k6 par +h(T_T°")>At+T (20)

In the cooling process, when water film is applied at the exposed face of the 1% glass layer,
heat is transferred from the fire to the exposed water film particles by means of radiation as
shown in Eq. (21) and Fig. 2, where kw is the thermal conductivity of water, pw is the water

density and C,w is the specific heat capacity of water:

T _(fw_par C Nat+r 21
x,y,z(t+At) — C Ft t+ XY,z ( )
Pwlpw Pwlpw

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

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

kywAt
Tx,y,z(t+At) = P

V2T + Ty, (22)
whpw

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

PVB particles according to Egs. (17) to (22) as shown in Fig. 2.

10
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3. Computational framework
3.1. 3DFDM discretization

The details of the 3DFDM discretization employed in this study are illustrated in Fig. 3. In
our model, the convection with air at the ambient surface of laminated glass and heat flux (fire)
at the exposed surface of the glass are the thermal boundary conditions. Convection with air is
presented by applying a convective heat transfer coefficient (%) at the back of the laminated
glass. This provides a more realistic modeling of the problem, particularly if the experiment is
conducted in a cold, open area [4,44]. Noted that layers are used to indicate each material or
composite segment, while surfaces are used to indicate the number of divisions in z-direction

at each layer.

y
S ®e .
\( NWF HA’. QOSSOOO::O::; Convection
N %‘, 00030, 2008,00, 2 >

Heating by

radiation f : . B
” . \aS
090 XS‘ A <5
/ Afzv ‘X\A\C\g‘\e Q ‘Water G PVB
1 + NPY x5 (‘\‘: @ 1% glass layer

@ 2" glass layer

Hexght
&)
@
® 6
e 6
@
@
® e
2
r
o)
%

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

Particle labeling is important to our modeling technique and algorithm. Labeling starts from
the origin of the x, y, and z axes, as shown in Fig 3. First, the particles are labeled in the y-
direction from the bottom (y = 0) until the top particle is reached (NPY), as shown in Fig. 3. In
the same manner, adjacent particles are labeled in the x-direction until all surface particles are
labeled (NVPS represents the total particles at each surface). The other surfaces are also labeled
similarly. NIGS is the number of 1 glass layer surfaces and N2GS is the number of 2™ glass

layer surfaces. For instance, suppose we divide the water and glass layers to a total number of

11
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surfaces equals 19 (TNS = 19) and each surface into 80 divisions in both the x- and y-directions:
NPS equals 6,400 particles (80 x 80) at each surface, and the total number of particles (7NP)
is 121,600 (6,400 x 19). Therefore, the coordinates of particle i = 1 are x =0, y =0, z = 0; the
coordinates of particle i = 6,400 are x = 0.6 m, y = 0.6 m, z = 0; and the coordinates of particle
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
total thickness of laminated glass with water film of 0.01338 m. 7NP and the number of water

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

TNP = TNS X NPS, (23)

NWFP = NWFS x NPS, (24)

where NWFS is the number of water film surfaces. Suppose that the label of the main particle
is i, the differences in label numbers of nearby particles are NPY, 1 and NPS at x-, y-, and z-
directions, respectively, according to our labeling strategy. Therefore, the coordinate locations
that appeared in the format of x, y, z in Eqgs (5) to (10) are replaced with label numbers as shown

in Egs. (25) to (30), respectively.

ar _ Tigtrany — T 25)
Ot ppm—-F At '

az_T _ Ti-ney = 2Ti + Tisnpy 26)
0x? ppm-c Ax? '

a°T _Tiea = 2Ti + Tiaq 27
Y% ppm—c Ay? ,

a°T _ Ti-nps — 2Ti + Tinps 28)
0z2 ppm—c Az? ’

aZ_T _ T; — 2T nps + Tivanps (29)
022 ppm—r Az? '

aZ_T _ T; = 2T;_nps + Ti—anps (30)
0Z* ppm-B Az? '

It should be noted that the subscripts Ax, Ay and Az associated with temperature (7)) as shown
12
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in Egs. (5) to (10) are replaced with NPY, 1 and NPS, respectively, and x, y, z are replaced with
i as depicted in Egs. (25) to (30). For instance, Tyiaxy, OF Tipnpy 1S equivalent to the
temperature of the particle with a label number equal to 1+ NPY if the label number of the main
particle is 1 (i = 1). Similarly, Ty_sy, , or T;_ypy 1s equivalent to the temperature of particle
with a label number equal to NPS — NPY if the label number of the main particle is NPS (i = NPS).
For main particles located at interfaces, 7 is calculated in the same manner and with the same
material properties of the main particle. For example, if the label number of the main particle
is NWFP (water), the temperature values of the nearby particles in the z-direction are the
temperature values of particles with label numbers of NWFP — NPS (water) and NWFP + NPS
(glass). Meanwhile, the temperature of main particle (i = NWFP) with the water properties will

be calculated using Eq. (22).

Fig. 4 illustrates the water film application in our 3DFDM. When time () is less than water
film release time (#), water film particles are held fixed at the top of laminated glass (y = H)
as shown in Fig. 4. When water film is released at time #,, water film particles flowing
downward in the y-direction by a distance equals Ay for each time step (7). 7S is calculated
according to Eq. (31)

A

TS = 7}/ (31)
where V' is the down-flowing velocity of the water film. Note that 7S is calculated based on Ay
and V to ensure that each water film particle coincides exactly with the adjacent exposed glass
particles. Cooling for each glass particle at the exposed surface is activated when its y-
coordinate equals the y-coordinate of the first approaching water film particle. As shown in
Fig. 4, when the first row of water film particles reaches the half-height of laminated glass, the
exposed glass particles located at or above the mid-height of laminated glass (y > 0.5 H) are
influenced by water film, whereas the exposed glass particles located below the half-height (v

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

13
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Fig. 4. Illustrative diagram showing water film application on laminated glass at different times,
where ¢, is the water film release time, H is the height of laminated glass and V" is the down-

flowing velocity of the water film.
3.2. Numerical algorithm

The detailed algorithm for our 3DFDM is presented in Table 1. The simulation time is
divided into two cases: before and after the water film releases. In the heating case, the
temperature calculation of exposed glass particles proceeds from label numbers NWFP + 1 to
NWFP + NPS, with water film particles excluded. Similarly, in the cooling case, the exposed
surface particles are those located on the first surface of the water film (i = 1 to NPS). When
the temperature values are computed for the exposed surface particles, the temperature values
for the other particles are calculated based on the convection and conduction from the exposed
surface. The temperature values for all particles are saved at the end of a time step to be used
in the next subsequent time steps. Notably, to minimize the computational time, loops are
executed only within the required particles. For instance, water film particles are excluded from
the heating case (before water film release), and exposed surface particles are separated from
the other particles in both the heating and cooling cases (before and after water film release),

as shown in Table 1.

14
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Table 1. Algorithm illustrating the steps in our proposed 3DFDM

Define geometry, material properties, and thermal boundary conditions.
Calculate the 7S according to Eq. (31).
For k=1 to TNSS (total number of simulation steps)
If t <t, (heating case)
Fori= NWFP + 1 to NWFP + NPS (exposed glass particles)

Calculate T according to Eq. (17).

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

Calculate T according to Egs. (18) to (20).

End
Else (cooling case)
For i =1 to NPS (exposed water film particles)

Calculate T according to Eq. (21).

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

Calculate T according to Eq. (22).

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

Calculate T according to Egs. (18) to (20).

End
End if

End

4. Results and discussion

We programmed our 3DFDM using MATLAB software and validated it by comparing our
numerical results with experimental measurements from various thermal cases and conditions.
Moreover, a detailed computational comparison was conducted between our 3DFDM and
Autodesk CFD to prove the high efficiency of our proposed model. All the numerical
simulations were executed on an HP Laptop with an Intel® Core® i7-8550U CPU @ 1.80GHz,

15



296

297

298

299

300

301

302

303

304

305

306

307

308

309

1992 Mhz, 4 Core(s), 8 Logical Processor, and 8 GB of RAM. The material properties of glass,
PVB and water are presented in Table 2 [4,44].

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

Material Property Symbol Value Unit
Glass Density PG 2500 Kg/m?
Thermal conductivity Ke 0.94 W/m.K
Specific heat capacity Cpi 820 J/Kg K
Thermal diffusivity aG 4.585x107 m?/s
PVB Density PPVB 1070 Kg/m?
Thermal conductivity Kpys 0.221 W/m.K
Specific heat capacity Cppya 1100 J/Kg.K
Thermal diffusivity OPVB 1.878x1077 m?/s
Water Density pw 998 Kg/m’
Thermal conductivity Kw 0.6 W/m.K
Specific heat capacity Cow 4182 J/Kg K
Thermal diffusivity aw 1.438x1077 m?/s

4.1. Heat transfer in a laminated glass during a fire

Figure 5 depicts the heat transfer model of a laminated glass during a fire. For our study, we
selected a laminated glass panel measuring 0.6 m x 0.6 m, which comprises two glass layers
and one PVB layer. The thicknesses of the glass and PVB are 6 mm and 0.38 mm, respectively.
The laminated glass is divided into five surfaces in the z-direction (its thickness). Nine reading
points were obtained from full-scale experiments [4,44] using thermocouples, which were
distributed on the exposed surface from T1 to T9, as shown in Fig. 6(a). The non-uniform
temperature distribution was calculated to mimic the actual thermal conditions of the
experiment using these temperature measurements (T1 to T9), as shown in Fig. 6(b). The frame

width surrounding the laminated glass is given by 20 mm.
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Fig. 5. Problem description diagram showing the geometric details of laminated glass, where
the laminated glass consists of three layers (2 glass layers and 1 PVB layer) and 5 surfaces (S1
to S5) [4,44].
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Fig. 6. Experimental temperature readings: (a) Locations of thermocouples at the exposed

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

To simulate the actual experimental scenario, temperature values are calculated at every
point on the exposed glass to produce non-uniform temperature distribution. Here, we selected
five reading points on the exposed glass and five on the frame (exposed surface), as shown in

Fig. 6(a). Thus, the temperature is assumed to vary at every location according to the following
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polynomial equations:
T,.(x,y) =ax?*+bx+cy?+dy+e (32)
T, (x,y) = fx* + gx + hy? + iy (33)

where Te; and Te> are the temperatures at the glass and frame locations, respectively; and a, b,
¢, d, e, f, g, h, and i are the polynomial coefficients which can be determined based on the

experimental temperature readings at every time step as follows:

-1
X5 x, y5 oy, 1
a 2 2 T2
|'b“ Xy X4 Yy YV, 1 T4
|C|= x% x5 yé y5 1 T5 (34)
14 | % ¥ oy 1| |TO
e ) ) T8
Xg Xg yg yg 1
2 2 -1
[¥1 x1 Y1 ¥

T1

f
ZZ X3 X3 Y3 V3 T3 (35)
i

x5 x; y: oy, | |17
, ; T9

where X, to X, and Y, to Y, arethex and y coordinates, respectively, of the thermocouples.

Egs. (34) and (35) were solved by multiplying the inverse of thermocouples’ coordinate
matrices (Fig. 6(a)) with the vectors of experimental temperature readings (Fig. 6(b)), to obtain
the polynomial coefficients (a, b, ¢, d, e, f, g, h, and i in Egs. (32) and (33)). This procedure is

then repeated at each time step.

4.2. Validation of heating and cooling behavior

We first validated our model in the heating scenario before proceeding to validate it in the
cooling scenario with water film application. The glass and water layers are divided into six
surfaces each, while the PVB layer is represented with a single surface (Fig. 3) because the

PVB thickness (0.38 mm) is much lower than other material layers. The water layer of 1 mm
18
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thickness is divided into six surfaces (NWFS = 6) to ensure it flows in a downward direction
and remains exposed to the external heat flux once it is released. Note that the number of
surfaces can be changed as shown in Section 4.3. Each surface is divided into 6400 particles
(80 x 80). The TNS is equal to 13 and 19 in the heating (without water film) and cooling cases,
respectively, and the TNP is equal to 83200 and 121600, in the heating and cooling cases,
respectively. The same experimental conditions presented in Ref. [4,44] are applied in our
3DFDM and Autodesk CFD. However, the air convection in both Autodesk CFD and 3DFDM
is represented by applying the heat transfer coefficient () with a value of 40 W/m? [44] at the
ambient surface of the laminated glass, where the reference temperature (air temperature) is
assumed to increase from 10 °C to 70 °C within 250 s of time simulation to consider the effects

of air heating as in the experiment.

Fig. 7 shows the temperature variations as a function of time at the center of the ambient
surface (TS5) using our 3DFDM in comparison to previous experimental results [4,44] and
results obtained using Autodesk CFD and Abaqus [44]. This figure indicates that the
temperature variation over time generated by our 3DFDM shows excellent agreement with the
experimental results, thereby demonstrating the capability of our model to simulate the heat
transfer problems. In addition, the temperature variation over time presented in [44] exhibits
lower agreement with the experimental results in comparison to the temperature variations
obtained using our 3DFDM and Autodesk CFD. The reason for this difference is that in [44], a
uniform temperature was assumed by considering average temperature values at the exposed
glass surface. However, in our study, we consider the non-uniform temperature distribution
observed in the experiment, making our 3DFDM more realistic in simulating heat transfer in

laminated glass when compared to other studies.
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Fig. 7. Temperature variations as a function of time at the center of the ambient surface (TS5)

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

Next, we use our 3DFDM was to obtain the temperature distribution on other surfaces. Fig.
8 depicts the heat map of temperature (°C) for the S1 to S5 surfaces of the laminated glass at
100 s and 200 s, respectively. The temperature values exhibit a significant difference at the first
and second glass layers, especially between the exposed and ambient surfaces. This
temperature difference increases with increasing heat. For example, the temperature difference
at the center of the S1 and S5 surfaces (TS1 and TS5) is 108 °C at 100 s, and it increases up to
196 °C at 200 s as shown in Fig. 9. Furthermore, it should be noted that the temperature

difference between TS2 and TS4 (before and after PVB layer) is approximately 30 °C at 200 s.
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372  Fig. 9. Temperature variations as a function of time at TS1, TS2, TS3, TS4, and TS5 points

373  (centers of S1 to S5 surfaces) when PVB thickness is 0.38 mm.
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Table 3 summarizes the computational parameters for our 3DFDM and Autodesk CFD. It
shows that although our 3DFDM uses 1.85 times more particles than the number of nodes used
in Autodesk CFD, and Autodesk CFD uses 10 times more time steps than 3DFDM, our 3DFDM
requires significantly less computational time. This is because both models have the same
number of steps (2500), and our 3DFDM takes only 57 s to complete 2,500 numerical steps
(250 s of thermal simulation), while Autodesk CFD takes 1200 s to complete the same number
of numerical steps for the same simulation period. Besides, the computational cost per step and
particle (CCsp) is 2.74 x 1077 s using our 3DFDM, compared to 1.07 x 10~ s using Autodesk
CFD. Therefore, our 3DFDM is 39 times faster than Autodesk CFD when the same number of

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

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

numerical models in laminated glass for the heating case

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) 274 %107 1.07x10°

The validation of our 3DFDM in the scenario of cooling by water film is illustrated in Fig.
10. The temperature drops during the cooling of the tempered glass experiment (one glass layer)
[45] were used for validation. The temperature variation over time at the exposed surface was
applied in [45], as shown in Fig. 10(a). The required point is located under the top of the glass
(y = 0.57 m), where the water film is released at 278 s when the temperature reaches around
310 °C. Since the thermocouple readings in the experiment were affected by the down-flowing
water film, the temperature variation over time in our 3DFDM was calculated based on the
average temperature values of the exposed glass particles and the adjacent heated water film
particles. As depicted in Figs. 10, the temperature variations over time at the exposed and
ambient surfaces produced by 3DFDM agree better with experimental measurements than

those obtained from Autodesk CFD, especially in the cooling case.
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It can be observed from Fig. 10 that cooling occurs more sharply (i.e., the temperature drops
more rapidly) using Autodesk CFD compared to our 3DFDM. This may be due to our model’s
ability to track the thermal behavior of down-flowing water film particles rather than the
control volume technique employed in Autodesk CFD. Moreover, the effect of evaporation can
be effectively prevented in our 3DFDM, and the water film is activated gradually in a more
realistic manner (i.e., activated at each particle separately). However, the mechanism for
preventing evaporation in Autodesk CFD is not clear, and water film activation is executed
suddenly for all particles. These comparisons further demonstrate the rationality and accuracy

of our 3DFDM to simulate the cooling behavior.
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Fig. 10. Temperature variations over time in the heating and cooling cases using our 3DFDM,
experiment [45], and Autodesk CFD at exposed and ambient surfaces, where the water film is
released at 278 s with a down-flowing velocity of 0.645 m/s and a thickness value of 0.5 mm

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

Table 4 summarizes the computational parameters used in both our 3DFDM and Autodesk
CFD. In this case, the processing speed of our 3DFDM (using 63,536 particles) is about 71
times faster than that of Autodesk CFD (using 12,077 particles). Note that the 7S used in
Autodesk CFD is 0.1 s, whereas the 7S used in our 3DFDM is 0.0124 s since it is calculated
according to Eq. (31). Therefore, the 7S value utilized in our model is less than the 7S value
used in Autodesk CFD. Besides, our 3DFDM requires only 228 s to execute 288 s of the entire

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

numerical models in single glass layer for the cooling case

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 x 10 7 4.66 x 10

4.3. Cooling mechanism of the laminated glass facade

The cooling behavior and their underlying mechanisms of laminated glass facade were
investigated considering the PVB thickness of 0.38 mm. First, the thermal interaction between
cold adjacent water film particles and the exposed hot glass surface were examined, as shown
in Fig. 11. It can be observed that when water film particles are released at = 100 s and with
a down-flowing velocity of 0.7 m/s, a sudden drop in temperature at the exposed glass is
recorded. As shown in the contour plots, the temperature at the center of the exposed glass
surface (TS1) drops from 121.5 °C to around 83 °C (i.e., a drop of around 38 °C) at 100.76 s
(after 0.76 s from water film release). The temperature drop in the glass increases when the
point is located at the upper parts (y = 0.6 m), as the water film is released at this location. The
temperature of the adjacent water film particles increases from 10 °C to around 70 °C at ¢ =
100.76 s. It is worth noting that the temperature of the water film is less than 100 °C when the
down-flowing velocity is 0.7 m/s; therefore, no evaporation of the water film is apparent in this

casc.
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Fig. 11. Heat map of the temperature of exposed glass surface (S1) and adjacent water film
surface at several time instants (¢ = 100.11 s, t = 100.54 s, ¢ = 100.76 s) when water film is

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

When the temperature of the exposed glass surface (S1) drops due to water film application,
the cooling continues for other surfaces but at a lower rate, as depicted in Figs. 12 and 13. For
instance, the temperature at the center of the exposed glass surface (TS1) drops from 121.5 °C
to 44.7 °C within only 8 s. By contrast, the temperature at the center of the S4 surface (TS4)
drops from 43.5 °C to around 32 °C within 80 seconds. Therefore, the temperature drop at the
exposed surface is steeper compared to other surfaces. The results in Figs. 12 and 13 also
demonstrate that the surfaces located near the ambient side of laminated glass are influenced
by cooling more slowly when compared to the exposed surface. For example, the cooling at
the exposed surface of laminated glass occurs immediately when the water film is released (¢
=100 s), however, the cooling at S5 surface occurs after 45 s from water film release (¢ = 145
s) as shown in Fig. 12. Moreover, when water film is released at the exposed surface of
laminated glass, the heating continues for other surfaces at different time durations depending
on the surface’s location. For example, the heating at S5 surface is continuous for 45 s after the
water film is released, where the temperature at the center of S5 surface (TS5) increases from

around 24 °C at ¢t = 100 s (water film release time) to 36.89 °C at ¢t = 145 s.
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The effects of 3DFDM parameters such as NPS, NWFS, and TS were also examined. Fig.
14(a) shows temperature variations as a function of time at point TS2 (center of surface S2).
When NPS increases from 4900 to 8100, 7S decreases from 0.0124 s to 0.0096 s because the
spacing between particles (spacing at y-direction) decreases. Fig. 14(b) shows the heat map of
different NPS at ¢t = 130 s. It can be concluded that the effects of changing 7'S and NPS are
negligible in our model because the 7S is calculated based on the spacing of particles and,
therefore, on NPS (Eq. (31)) where each water film particle interacts with one glass particle at
each step according to the 7 calculation scheme and the 3DFDM illustrated in Section 3.
Moreover, the activation of cooling by water film is conducted at each particle of the exposed

glass surface rather than sudden cooling activation for all particles.
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Fig. 14. Effects of NPS and 7S on our 3DFDM in the cooling case when water film is applied
at =100 s: (a) Temperature variations as a function of time at point TS2 when NPS values are
4900, 6400, and 8100; (b) Heat map of temperature at t = 130 s when NPS values are 4900,
6400, and 8100.
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The effects of increasing the NWF'S were studied as shown in Fig. 15. When NWFS increases
at the same value of NPS, the temperature drop decreases because increasing NWFS requires
more time for our 3DFDM to capture the cooling effects of the additional NWFE'S. For example,
when NWF'S increases from 6 to 7 at the same NPS (6400), the temperature drop decreases, as
shown in Fig. 15. The temperature values at 167 s are 33 °C and 34 °C when NWFS values are
6 and 7, respectively, at NPS = 6400. Even though the temperature difference is small (1 °C),
increasing the NPS and thus decreasing 7'S will reduce that temperature difference, as shown
in Fig. 15. When NPS increases from 6400 to 10,000 at NWFS = 7, the temperature variation
approaches the temperature variation when NPS and NWFS are 6400 and 6, respectively.
Therefore, a greater NWFS requires a smaller 7S to capture the thermal transfer when the

number of surfaces is increased.
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Fig. 15. Temperature variations as a function of time when NPS values are 6400, 8100, and

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

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

The effects of PVB thickness on the thermal behavior of laminated glass are illustrated in
Fig. 16(a). It is notable that as PVB thickness increases from 0.38 mm to 0.76 mm or from 0.76
mm to 1.14 mm, the temperature at the center of the second glass layer near the PVB (TS4)

drops around 6.5 °C to 7.5 °C. Fig. 16(b) shows the heat map of the surface temperature (TS4)
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at t = 200 s, which are 119.7 °C, 113.2 °C, and 105.7 °C when the PVB thicknesses are 0.38
mm, 0.76 mm, and 1.14 mm, respectively. Therefore, for each 0.38 mm increment in PVB
thickness results to temperature decreases in the second layer of about 7 °C. Furthermore, when
¢ is less than 150 s, the temperature at the second glass layer (TS4) is less than approximately
70 °C, and therefore, the temperature differences between several PVB thickness cases are
minimal. The delay in heating is justified by the fact that heat transport through the laminated
glass thickness requires more time to reach the second layer, and fire requires more time to

mature and to generate higher temperature values.
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Fig. 16. Effects of PVB thickness on the thermal behavior of laminated glass in the heating
case: (a) Temperature variations over time when PVB thicknesses are 0.38 mm, 0.76 mm, and
1.14 mm at the center of surface S4 (TS4); (b) Heat map of the temperature of surface S4 at ¢

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

Next, we examined the effects of varying PVB thickness on the cooling behavior of
laminated glass. Fig. 17(a) shows the temperature variations over time after applying the water
film at = 100 s with PVB thicknesses of 0.38 mm, 0.76 mm, and 1.14 mm at the center of the
S4 surface (TS4). Fig. 17(b) shows the heat map of the temperature at different PVB
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thicknesses at 1 = 125 s. Notably, a small delay is apparent in the cooling of the second glass
layer when the PVB thickness increases. PVB thickness increasing from 0.38 mm to 0.76 mm
or from 0.76 mm to 1.14 mm delays the cooling process by about 4 s—the temperature begins
to fall at 110 s, 113.7 s, or 117.6 s, respectively, at TS4. Thus, we conclude that adding 0.38

mm to PVB thickness results in a delay of around 4 s in cooling time.
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Fig. 17. Effects of PVB thickness on the thermal behavior of laminated glass in the cooling
case when water film is applied at # = 100 s: (a) Temperature variations over time with PVB
thicknesses of 0.38 mm, 0.76 mm, and 1.14 mm; (b) Heat map of temperature at t = 125 s with
PVB thicknesses of 0.38 mm, 0.76 mm, and 1.14 mm.

4.5. Effects of WEFRT on the cooling behavior of laminated glass

To provide general guidelines on the best time to apply a water film to protect laminated
glass from failure, the effects of water film release time (WFRT) on the thermal and cooling
behavior of laminated glass are examined here in detail. Three WFRT values (75 s, 100 s, and

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

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

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

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

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

temperature drop at the exposed surface is much steeper.
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Fig. 18. Effects of WFRT on the cooling behavior of laminated glass when a water film is

appliedat 1 =75s,#=100s, and t = 150 s: (a) At point TS1 (center of S1 surface); (b) At point

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

S5 surface).
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Table 5. Summary of temperature and cooling rate values at TS1, TS2, TS4, and TS5 when
WEFRT values vary from 75 s to 150 s.

Location WFRT (s)

Temperature (T, °C)

Cooling rate (°C/s)

TS1 Att=WFRT Att=WFRT + 255
75 87.41 23.12 2.57
100 121.48 29.34 3.69
150 192.23 44.11 5.92
TS2 Att=WFRT+6s Att=WFRT +125s
75 41.06 18.86 0.19
100 60.49 23.93 0.31
150 107.55 42.08 0.7
TS4 Att=WFRT +11s Att=WFRT +125s
75 31.87 19.8 0.11
100 46.84 25.9 0.18
150 84.16 47.39 0.41
TS5 Att=WFRT +45s Att=250s
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
glass in Fig. 18 and Table 5, the following results are presented: (1) Cooling rates decrease with
decreasing WFRT since there will be less temperature drop when water films are applied early
in the fire. For example, at TS1, the temperature drops from 87.41 °C to 23.12 °C within 25 s
when WFRT is 75 s, whereas it drops from 192.23 °C to 44.1 °C when WFRT is 150 s, as shown
in Fig. 18(a). Therefore, the cooling rate decreases from 5.92 °C/s to 2.57 °C/s when the WFRT
decreases from 150 s to 75 s. (2) The effects of WFRT on the cooling rate decrease dramatically
when moving away from the exposed surface toward the ambient surface. For instance, the
cooling rates at WFRT = 100 s are 3.69 °C/s, 0.31 °C/s, 0.18 °C/s, and 0.12 °C/s at TS1, TS2,
TS4, and TS5, respectively, as shown in Table 5. Therefore, the cooling rate at the exposed
surface plays an important role in laminated glass fracture since the crack initiates at the
exposed surface due to a high cooling rate (when water film is applied late), and it can
propagate to other surfaces. (3) The effects of water film cooling start to take place after 45 s

at the ambient surface (TS5), as shown in Fig. 18(d), while cooling occurs immediately at the
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exposed glass surface. The surfaces S2 and S4 adjacent to the PVB layer start cooling after 6 s
and 11 s from WFRT at the same PVB thickness, as shown in Figs. 18(b) and 18(c).

5. Conclusions

In this paper, we proposed a three-dimensional finite difference method (3DFDM) to
accurately simulate the heating and cooling behaviors of laminated glass facades exposed to
fire and down-flowing water film. We utilized our 3DFDM to model the thermal and cooling
response mechanism of laminated glass under the influence of fire and water film, and
successfully validated the model by comparing the results with previous experimental data and
results obtained using commercial software packages. Our 3DFDM demonstrated high
computational efficiency and accuracy in accurately simulating the heating and cooling phases

that occur in real fire scenarios.

The proposed modeling technique was then applied to investigate the effects of PVB
thickness on the heating and cooling behaviors of laminated glass, with a particular interest in
the temperature of the second glass layer (ambient surface). The simulated results show that
every 0.38 mm increment in PVB thickness decreases the temperature in the second glass layer
by around 7 °C. Moreover, the cooling of the second glass layer is delayed by around 4 s when
the PVB thickness increases by 0.38 mm. Finally, the effects of water film release time (WFRT)
on the cooling behavior of laminated glass were investigated to examine the cooling rate at
different surfaces of the laminated glass. It was found that the cooling rate is much higher on
the exposed surface when compared to other surfaces, especially the ambient surface. Moreover,

the cooling rate increases when the WFRT increases.

Besides, our numerical results demonstrated that WFRT has more impact on the cooling
behavior of laminated glass than PVB thickness. Accordingly, the early release of a water film
is the most important procedure to protect laminated glass from failure. The outputs of this
study can be used to examine the thermal and fracture behaviors of laminated glass, thus
providing guidance on the optimum water film parameters (including WFRT) to protect against
the failure of laminated glass during a fire incident. The proposed 3DFDM can be applied to

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