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Abstract
Radiant heat transfer is an important issue when analyzing the thermal behavior of
glazing during a fire. In this article, the Monte Carlo method (MCM) is evaluated for
modeling the behavior of glazing that is exposed to thermal radiation. MCM can account
both for radiant heat transfer across the thickness of the glazing as well as the spectral
nature of the glazing. A calculation tool is developed to model the glazing temperature
and the time when the first cracking occurs using MCM. Comparisons between the
predictions and past experiments are made for glazing with different geometries
exposed to various radiation levels. Reasonable agreement is obtained. Factors influencing glazing behavior are also studied using the MCM calculation tool.
Keywords
Glazing, Monte Carlo method, radiant heat transfer, cracking behavior

Introduction
Cracking behavior of glazing is an important issue for compartment ﬁre growth, as
discussed by Emmons in 1986 [1]. Emmons explained that the glazing edge would
be put into tension due to thermal expansion resulting from the temperature difference between the central area and the protected edge. When the tension at the
edge exceeds the maximum tensile stress, cracking and subsequent fallout can
occur. This is the cracking mechanism of glazing, a situation found in compartment
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ﬁres that has been veriﬁed by later ﬁre tests [2–8]. In a compartment ﬁre, the
cracking and fallout of glazing could cause a sudden air supply which may result
in backdraft or ﬂashover [9]. Therefore, prediction of the heat transfer within the
glazing and the time when the ﬁrst cracking occurs is important for compartment
ﬁre modeling and engineering applications.
Many theoretical and numerical studies have been carried out on the radiant
heat transfer through glazing. Keski-Rahkonen [10,11] conducted a theoretical
analysis of the temperature of glazing when subjected to radiation. The study
assumed that the radiant absorbed energy was evenly distributed over the glazing
thickness. This is reasonable for thin glazing that could be taken as behaving
thermally thin. However, as glazing is a participating medium for radiant heat
transfer, the absorption of the incident radiation at shorter wavelengths is a volumetric phenomenon. In ﬁre, the direct radiation from the ﬂame is almost at such
short wavelengths. Thus, the distribution of the absorbed radiation across the
glazing thickness should be considered for relatively thick glazing when investigating cracking behavior during a ﬁre.
Pagni and Joshi [12] treated glazing as a distributed mass that absorbed radiation through its thickness. The radiant heat ﬂux directly from the ﬂame of a ﬁre was
assumed to follow Beer’s law. The ﬁrst calculation tool for modeling the glazing
behavior in a compartment ﬁre, BREAK1 was then developed [13]. Some later
studies adopted the same assumptions [14,15]. However, the wavelength dependence could not be included, although glazing is a wavelength-selective absorbing
material. Sincaglia and Barnett [16] pointed out the radiation wavelength dependence, based on which a glazing fracture model was developed. The model was then
implemented in the BRANZFire code [17].
A recent study [18] developed a spectral radiant heat transfer model based on the
discrete ordinates method to treat the volumetric absorption of the incident radiation across the glazing thickness. The model was then implemented in FDS and
the validity of this model was discussed in [19].
The Monte Carlo method (MCM) has been found to be very useful when calculating the directional and spectral nature of radiant heat transfer through participating media such as glazing [20]. The authors’ recent study [21] employed
MCM to analyze the transfer process of the incident radiation across the glazing
thickness. A calculation tool called MC-model was derived so that the spectral
nature of the incident radiation could be taken into account and the divergence
of the radiant heat ﬂux across the glazing thickness could be obtained. The
absorbed fraction of the incident radiation compared favorably to the theoretical
analysis. However, the applicability of using MCM to predict the temperature
distribution and the ﬁrst cracking time for glazing subject to incident radiation,
such as that from a ﬁre, has not been examined.
Motivated by the past studies, this article evaluates MCM for predicting the
temperature distribution and the ﬁrst cracking time of glazing exposed to various
types of radiation. A new calculation tool is developed, which employs MC-model
as a subroutine to calculate the divergence of the radiant heat ﬂux across the
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glazing thickness. The applicability of using MCM to model the cracking behavior
of glazing is evaluated by using available experimental data.

Implementation of Monte Carlo method
In order to utilize MCM, the incident radiation is divided equally into a ﬁnite
number of discrete amounts of energy, which are called bundles. Appropriate
models are set up for the bundles to simulate their transmission across the glazing
thickness. When the number of bundles is big enough, the average behavior of
these bundles will represent the radiant heat transfer process.

Description of MC-model
In MC-model [21], attributes are assigned to each of the bundles based on consideration of the probability density of these attributes. These attributes include wavelength, path direction, and path length.
The probability density of the emission from a radiant source is, from [20]:
Pð,Þ ¼

2"ð,ÞIb ðTÞ cos  sin 
:
"T4

ð1Þ

By integrating either of the independent variables, the probability density of the
other variable will be found. Assuming a diﬀuse-gray source and taking Equation
(1) into the cumulative distribution function:
Zx
RðxÞ ¼
Pðx Þdx ,
ð2Þ
0

Then, the following relations will be obtained:
Z
1
R ¼
"ð,ÞIb ðTÞd,
"T4 0
pﬃﬃﬃﬃﬃﬃ
 ¼ arcsin R :

ð3Þ
ð4Þ

Equation (3) is numerically integrated for diﬀerent temperatures of the radiation
source (assumed as a blackbody). The results are shown in Figure 1. Probability
density for path length of a bundle within the glazing is, from [20]:
eK l
PðlÞ ¼ R 1 K l :
 dl
0 e

ð5Þ

Substituting it into Equation (2) yields the result:
1
ln Rl :
ð6Þ
K L
For each bundle, the random numbers in the range of 0–1, that is, R, R, and
Rl, are generated by a random function. Corresponding attributes, that is,
l¼
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Figure 1. Cumulative wavelength distribution from blackbodies of different temperatures.
Reproduced with kind permission from the ISSST [21].

wavelength, path direction, and path length will be calculated using Equations (3),
(4), and (6) and Figure 1. Having these attributes, the calculation process follows
each of these bundles through the transport history across the glazing thickness.
For a one-dimensional calculation, the distance that a bundle will be transmitted
through the glazing thickness is:
x ¼ l  cos :

ð7Þ

If x > 1.0, the bundle is transmitted. Otherwise, a new random number, R" will
be generated and compared to the glazing absorptivity for the wavelength of this
bundle, ". If Equation (8) is satisﬁed, this bundle will be absorbed at location x;
otherwise, it is reﬂected. The above processes are repeated until all the bundles have
been calculated. Refer to [21] for more discussion about MC-model:
R"  "

ð8Þ

Description of MC–Glaz
The one-dimensional energy equation for glazing subject to incident radiation
would be, from [18]:
cp

@T
@2 T
¼ k 2  r  qr :
@t
@x

ð9Þ
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The boundary conditions are:
k
k

@T
jx¼0 ¼ h0 ðT0  T1 Þ þ
@x

Z

Z

1

1

 q, 0 d  
0

@T
jx¼L ¼ h1 ðT2  T1 Þ þ 
@x

Z
0

0
1

", g Ib T2 d 

",g Ib T1 d,
Z

ð10Þ

1

 q, 1 d:

ð11Þ

0

The second term on the right hand side of Equation (9) is the radiation source
term that is expressed as the divergence of the radiant heat ﬂux. The MC-model
[21] described above is employed to account for this term.
The calculation process for glazing temperature and subsequent cracking is:
1. Calculate the divergence of the radiant heat ﬂux across the glazing thickness
from the MC-model;
2. Solve Equation (9) for the temperature ﬁeld by implicit ﬁnite diﬀerence method;
3. Decide whether the ﬁrst cracking occurs from the criterion presented in [12–14,
22], as follows:
max
T  ð1 þ s=HÞ
,
ð12Þ
E
which is based on the temperature diﬀerence:
T ¼ T exposed  Tcoldest ;

ð13Þ

4. If cracking does not occur, increase one time step and repeat the calculation
process above; else, stop the calculation process and output the temperature ﬁeld
and the time of ﬁrst cracking.
The calculation process is depicted in Figure 2. The calculation tool described is
named MC–Glaz.

Results and discussion
For all the numerical simulations, the grid numbers across the glazing thickness are
listed in Table 1. The number of bundles used in MC-model is 20,000. A preliminary investigation showed that the grid number and the bundle number adopted
here makes the modeling results independent of the choice of these two numbers.
For most Monte Carlo problems, there is no deﬁnitive method to evaluate the
computing time [20]. The computing time depends on the computer and on the
models adopted. For the conditions in this study, all the calculations could be
completed within 2 min.
In this section, the program code, MC–Glaz, is evaluated using experimental
data from three diﬀerent scenarios. Several factors inﬂuencing the thermal behavior
of glazing are then studied using MC–Glaz.
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Figure 2. Flowchart for the calculation process of MC–Glaz.

Table 1. Grid systems for the modeling.
Glazing thickness (mm)

Grid number

3
6
8
10

60
120
160
200

Comparison with experimental data: varying glazing thickness
The experimental results from the authors’ previous study [23] for glazing with
thicknesses of 3, 6, 8, and 10 mm were employed to evaluate MC–Glaz. The glazing
was exposed to an approximately uniform radiation source that always followed
virtually the same t-squared growth mode typical of a compartment ﬁre. The measurement locations of the thermocouples (TC) and heat ﬂux sensors are shown in
Figure 3. TC01–07 measured the temperature of the exposed glazing surface while
TC08 measured the unexposed surface with its position opposite to TC01.
Boundary conditions including the incident heat ﬂux and local gas temperature
of the exposed side were provided for each type of glazing [23], average values of
which were used in the modeling. The following properties of glazing were adopted:
 max ¼ 30 MPa, E ¼ 72 GPa,  ¼ 9.0  106/K, cp ¼ 820 J/(kg K), k ¼ 0.95 W/(m K),
and  ¼ 2500 kg/m3. The geometry of the glazing was: H ¼ 185 mm, s ¼ 15 mm, and
L corresponded to the relevant thickness of the glazing. The heat transfer coeﬃcient of the unexposed side was calculated following [22], while the heat transfer
coeﬃcient of the exposed side was kept constant at 15 W/(m2 K). The coldest edge
temperature from [23] was used in Equation (13) for the cracking criterion.
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Figure 3. Arrangement of the measurement locations of the thermocouples and heat flux
sensors for the experiments. A photograph from the laboratory is provided. Length unit:
mm. Reproduced with kind permission from Wiley [23].

As examples, Figures 4–7 show the experimental and MC–Glaz predicted temperatures of glazing surfaces for Tests 3 (6 mm glazing thickness) and 12 (10 mm
glazing thickness), respectively. The dashed lines are the measured temperatures
from TC and the bold solid lines are the values predicted by MC–Glaz. The lines
with circle symbols are the relative errors between the average-tested and MC–Glaz
predicted temperatures. Though the glazing surface temperature of the exposed
side is slightly under predicted, the relative errors do not exceed 6%; while the
glazing surface temperature of the unexposed side is predicted quite well. In the
experiments, TC were directly attached to the glazing surfaces without any shields.
Thus, TC of the exposed side would absorb a small amount of extra heat directly
from the radiation source while they exchanged heat with the glazing surface by
thermal conduction. This may be the reason why the tested temperature values are
higher than the predicted ones for the exposed side.
Table 2 compares the average MC–Glaz-predicted time of ﬁrst cracking to
the average-tested results for each glazing thickness in [23]. Relative errors are
provided in the last column. As seen, the predicted times agree well with the
experimental results.

Comparison with experimental data: enclosure fire test
The tests from [7] were carried out in a ﬁre test room built to ISO standards, having
a size of 3.6 m  2.4 m  2.4 m high. One assembly which included three windows
was installed in one wall of the room, as shown in Figure 8. Pan ﬁres were placed in
the center of the test room. The ﬁre severity varied by pan size from 0.5 m  0.5 m
to 0.9 m  0.9 m. Window 1 was in the upper part of the assembly, which was
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Figure 4. Comparision between the tested and MC–Glaz predicted temperatures of the
exposed glazing surface for Test 3, 6 mm glazing; relative errors are also provided.
Reproduced with kind permission from Wiley [23].

24

360
TC08: Tested
MC-Glaz predicted
Relative error

20

340

16

330

12

320

8

310

4

300

Relative error, %

Temperature, K

350

0
0

100

200

300

400

500

600

Time, s

Figure 5. Comparision between the tested and MC–Glaz predicted temperatures of the
unexposed glazing surface for Test 3, 6 mm glazing, relative errors are also provided.
Reproduced with kind permission from Wiley [23].
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Figure 6. Comparision between the tested and MC–Glaz predicted temperatures of the
exposed glazing surface for Test 12, 10 mm galzing, relative errors are also provided.
Reproduced with kind permission from Wiley [23].
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Figure 7. Comparision between the tested and MC–Glaz predicted temperatures of the
unexposed glazing surface for Test 12, 10 mm glazing; relative errors are also provided.
Reproduced with kind permission from Wiley [23].

274

Journal of Fire Protection Engineering

Table 2. Comparision between the average–tested and average–predicted time of the first
cracking for [23].
Time of first cracking (s)
Test

Glazing thickness (mm)

Tested

MC–Glaz

Relative errors (%)

1–2
3–5
6–10
11–14

3
6
8
10

537
523
585
779

477
552
597
803

11.2
5.54
2.39
3.08

3600
844
A
Window 3

D

B 2

C

3

1895

1

2400

844

Window 1

Window 2

Figure 8. Arrangement of the windows and the locations of the thermocouples (A–D) and
heat flux sensors (1–3) for Window 1. Length unit: mm. Reproduced with kind permission
from Wiley [7].

modeled in this article as it had intense heat exchange with the hot smoke layer.
The chosen glazing had the size of 844 mm  844 mm with a thickness of 6 mm.
Because of data limits, only pan ﬁre sizes of 0.6 m  0.6 m and 0.9 m  0.9 m were
considered [7]. The average values of the incident heat ﬂux measured by the three
sensors (1–3 in Figure 8) across the upper layer of the room and the local gas
temperature of the exposed side measured by the four TC (A–D in Figure 8) for the
two ﬁre sizes were employed in the modeling. The following properties of glazing
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Figure 9. Comparision between the tested and MC–Glaz predicted temperatures of the
exposed glazing surface for pan fire size 0.6 m  0.6 m; relative errors are also provided.
Reproduced with kind permission from Wiley [7].

were used:  max ¼ 70 MPa, E ¼ 70 GPa,  ¼ 8.8  106/K, cp ¼ 820 J/(kg K),
k ¼ 0.95 W/(m K), and  ¼ 2500 kg/m3. The geometry of the glazing was:
L ¼ 6 mm, H ¼ 422 mm, and s ¼ 15 mm. (This value was estimated as the original
reference did not provide it.) The heat transfer coeﬃcients of the exposed and
unexposed sides were kept at 50 and 5 W/(m2 K), respectively. The coldest edge
temperature in [7] was used in Equation (13) for the cracking criterion.
Figures 9 and 10 show the tested and MC–Glaz predicted temperatures of the
exposed side of the glazing surface for the two ﬁre scenarios from ignition to a short
period after the ﬁrst cracking, respectively. The dashed lines are the values measured
by the TC and the bold solid lines are the values predicted by MC–Glaz. Relative
errors between the average-tested and MC–Glaz predicted temperatures are also
provided by the lines with circle symbols. The glazing surface temperature for pan
ﬁre size 0.6 m  0.6 m was slightly under estimated at the very beginning. However,
the relative errors for both pan ﬁre sizes are no bigger than about 10%. MC–Glaz can
basically capture the temperature variations of the experiments that were modeled.
Table 3 compares the average-tested time of ﬁrst cracking to the MC–Glaz
predicted ones for each pan ﬁre sizes. Again, the MC–Glaz predicted results
agree well with the experiments.

Comparison with experimental data: varying heat flux
The last case employed is [24], in which experiments were conducted to predict the
cracking behavior of glazing due to diﬀerent intensities of the imposed heat ﬂux.
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Figure 10. Comparision between the tested and MC–Glaz predicted temperatures of the
exposed glazing surface for pan fire size 0.9 m  0.9 m; relative errors are also provided.
Reproduced with kind permission from Wiley [7].
Table 3. Comparision between the tested and MC–Glaz predicted time of the first cracking
for [7].
Time of first cracking (s)
Pan fire size (m)

Tested

MC–Glaz

Relative errors (%)

0.6  0.6
0.9  0.9

497
113

511
104

2.82
7.96

The incident heat ﬂux was varied from 2.7 to 9.7 kW/m2 by changing the distance
between the radiation panel and the glazing. All the experiments were modeled here
except those for which cracking did not occur. The following properties of glazing
were adopted:  max ¼ 50 MPa, E ¼ 72 GPa,  ¼ 8.5  106 /K, cp ¼ 820 J/(kg K),
k ¼ 0.95 W/(m K), and  ¼ 2500 kg/m3. The geometry of the glazing was: L ¼ 3 mm,
H ¼ 250 mm, and s ¼ 15 mm. The heat transfer coeﬃcients of the exposed and
unexposed sides were kept at 15 W/(m2 K) and 5 W/(m2 K), respectively. The
shaded edge temperatures in [24] were used in Equation (13).
The tested and MC–Glaz predicted values of the time of ﬁrst cracking are plotted against each other in Figure 11. The closer the circles lie to the line y ¼ x, the
smaller the relative errors between the tested and predicted values. The relative
errors are shown by the plus symbols. It is seen that most of the relative errors
are less than 20%. For those experiments when the time of ﬁrst cracking is within
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Figure 11. Comparision between the experimental and MC–Glaz predicted time of first cracking; relative errors are also provided. Reproduced with kind permission from the IAFSS [24].

100 – 250 s, the predictions of the ﬁrst cracking time agree well with the experimental results.

Factors influencing glazing temperature
The energy equation and boundary conditions, that is, Equations (9)–(11), imply
that the glazing thickness and the convective heat transfer coeﬃcient of the exposed
side may considerably inﬂuence the glazing temperature as well as the ﬁrst cracking
time. The experimental condition of test 11 [23] is used to study these two inﬂuencing factors. The temperature histories for 3, 6, 10, and 30 mm glazing before the
time of ﬁrst cracking are shown in Figure 12. Figure 12 shows a trend consistent
with the experimental results from [23] and the modeling results from [18]. Thicker
glazing has a lower temperature for both exposed and unexposed surfaces,
although a larger fraction of the incident radiation is absorbed [18,21]. The temperature diﬀerence between the exposed and unexposed surfaces is greater for
thicker glazing. Figure 12 also shows that for the same condition, thicker glazing
requires a longer time to achieve the ﬁrst cracking.
Figure 13 shows the inﬂuence of the convective heat transfer coeﬃcient of the
exposed side, h0, on the time of ﬁrst cracking. For all glazing thicknesses, the time
of ﬁrst cracking decreases with increasing h0. Thicker glazing is more sensitive to h0
as the time of ﬁrst cracking decreases faster. This is because thicker glazing has
lower surface temperatures, as discussed before (Figure 12) so that there are larger
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Figure 12. Effect of glazing thickness on the temperature history predicted by MC–Glaz.
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Figure 13. Effect of convective heat transfer coefficient at the exposed side on the time of
first cracking predicted by MC–Glaz.
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temperature diﬀerences between the glazing surface and the adjacent hot air. Thus,
compared to the radiant heat transfer, the convective heat transfer from the hot air
to the glazing surface has a greater contribution for thicker glazing. However,
thinner glazing has such small temperature diﬀerences with the hot air that the
convective heat transfer is negligible, which explains why such glazing is less sensitive to h0.

Factors influencing cracking criterion

9.0
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3 mm
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The factors that may aﬀect the criterion of glazing cracking are the ratio between the
shaded edge width and the half height (s/H), the Young’s modulus, the maximum
tensile stress, and the thermal expansion coeﬃcient (Equation (12)). The experimental conditions of Test 1 for 3 mm glazing and Test 7 for 8 mm glazing from [23] are
used to examine these inﬂuencing factors. Figure 14 shows that the time of ﬁrst
cracking increases with an increase of s/H ratio, while it decreases with an increase
of Young’s modulus. Figure 15 shows that the time of ﬁrst cracking increases with
increasing maximum tensile stress. The maximum tensile stress has such signiﬁcant
inﬂuence that an increase of 30 MPa causes the ﬁrst cracking time to increase 137 s
for 3 mm glazing and more than 200 s for 8 mm glazing. The maximum tensile stress
is a very important parameter. Some experiments on measuring this parameter have
been carried out [25,26], results of which could be used when predicting the cracking
time of glazing. Figure 15 also shows that glazing with larger thermal expansion
coeﬃcient requires a shorter time to achieve the ﬁrst cracking.
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800

First cracking time, s

Figure 14. Effect of the shaded edge width to half height ratio and Young’s modulus on the
time of first cracking predicted by MC–Glaz.
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Figure 15. Effect of the maximum tensile stress and thermal expansion coefficient on the
time of first cracking predicted by MC–Glaz.

Conclusions
The MCM has been evaluated for modeling the cracking behavior of glazing
exposed to thermal radiation. A calculation tool is developed based on the
MCM to model previous experiments. The modeling results indicate that the
MCM can be used to predict the glazing surface temperature and the time of
ﬁrst cracking successfully.
The study also comﬁrms that thicker glazing has a lower surface temperature
and larger temperature diﬀerence between the exposed and unexposed surfaces,
and requires more time to achieve the ﬁrst cracking. The heat transfer coeﬃcient of
the exposed side has considerable inﬂuence on the time of ﬁrst cracking, to which
thicker glazing is more sensitive. The maximum tensile stress is the most important
parameter studied for the cracking criterion, which should be of concern for future
modeling.
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Nomenclature
cp ¼ specific heat, J/(kg K)
E ¼ Young’s modulus, N/m2
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h ¼ heat transfer coefficient, W/(m2 K)
H ¼ half height of glazing, m
Ib ¼ spectral intensity of blackbody, W/(m2 sr mm)
K ¼ glazing absorption coefficient, 1/m
k ¼ thermal conductivity, W/(m K)
L ¼ glazing thickness, m
l ¼ path length, m
P ¼ probability density
qr ¼ radiant heat flux, W/m2
q ¼ incident radiant heat flux, W/m2
R ¼ a random number in the range of 0–1
s ¼ shaded edge width, m
t ¼ time, s
T ¼ temperature, K
T exposed ¼ average glazing temperature of the exposed area, K
Tcoldest ¼ glazing coldest temperature, K
x ¼ independent variable
 ¼ glazing spectral absorptivity
 ¼ coefficient of thermal expansion, 1/K
" ¼ emissivity
 ¼ path direction, degree
 ¼ wavelength, mm
 ¼ density, kg/m3
 max ¼ maximum tensile stress, N/m2

Subscripts
0 ¼ the exposed side
1 ¼ glazing surface of the exposed side
2 ¼ glazing surface of the unexposed side
b ¼ blackbody
g ¼ glazing
l ¼ path length for bundle
" ¼ emissivity
 ¼ path direction for bundle
 ¼ wavelength
1 ¼ the unexposed side
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