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SUMMARY
This paper develops a detailed, one-dimensional heat transfer and fracture model for a glass
window pane exposed to a compartment fire environment. The resulting model is intended for
direct implementation into zone-type computer fire codes. The developed model has been
implemented into the WPI/Fire Code, and the results of this model’s implementation and

validation

are

presented.

INTRODUCTION
catastrophic window failure

is caused by
the induced thermal stresses within the
glass pane due to direct heating from the
fire gases.’ The phenomenon is straightforward in conception. Materials expand as
they are heated, generally following the behavior
described by the linear relationship:

In 1978, Professor Howard Emmons and
Dr. Henri Mitler created the Computer
Fire Code (CFC), one of the first zone type
computer fire models. Since then the basic
physics of the CFC model have been improved and modified as new theories and
experimental data have become available.l,2
The result has been the development of
several sophisticated computer fire models including: CFAST, FIRST, and WPI/
Fire, amongst others.

Presently, all of the programs have the
ability to open and close vents as a func-

<

tion of time, but none of them addresses
the destruction of glass windows due to
exposure to the compartment fire environment. The importance of this event is clear.
Prior to shattering, the glass window acts
as a barrier, much like a wall, but once the
glass breaks, the window becomes an open
vent. The hot gases have a new vent from
which to exhaust, but more importantly,
the fire gains- a new.source of oxygen rich
air.

where 8 is the amount of material elongation, ~ is the material’s coefficient of thermal expansion, AT is the change in temperature, and X is the length of the heated material
in the direction of measured expansion.

The

edges of a typical window, on the other
hand, are encased in a frame which, due to
its mass and thermal properties, can absorb more energy than the thin glass plate
prior to a significant change in temperature. Therefore, the glass edges within the
frame remain cool, at or near the ambient
temperature (the temperature of the frame),
thereby not expanding with the majority
of the pane. The resulting stress along the
to the differential expansion is
described by the relationship:

edge due

Basic Principle of Glass Fracture
In 1986, Professor Emmons postulated that
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where 6 is the stress along the
E is Young’s modulus for glass.

edge

and

Glass does not plastically deform. Therefore, once the stress along the edge exceeds the maximum tensile stress, a crack
initiates which quickly bifurcates and
propagates across the pane. At this point,
the window’s structural integrity is lost
and the glass falls out of the frame, open-

ing

a new

Figure

vent.

Theoretical

1.

Diagram of Glass Dimensions.

Analysis
This mathematical relationship can be
utilized to assess the time and temperature of window fracture provided two
conditions are met:7

Since Professor Emmons’ presentation of
the problem, there have been a number of
investigators who have completed theoretical work on the coupling of the heat
transfer and resulting stresses from a
compartment fire environment to a glass
window. 4-9 All of the analysis has been
based on the energy equation for a differential element of glass:

1. The dimension of the covered edge of
the pane, s, must be greater than or
equal to twice the thickness of the pane.
so 2X

(5)

This ensures that the edge of the glass
is significantly covered by the frame

and thereby insulated.
where k is the thermal conductivity, and

q

2. The time of glass fracture, tbl must be
less than the product of the square of
the dimension of the covered edges and

is the amount of radiant energy ab-

sorbed. In recent publications on this subject, Pagni and Joshi performed an extremely rigorous mathematical solution of
the effects of window heating and the subsequent stresses.7-9 The result of this analysis
is a simple relationship describing the temperature distribution within the glass pane
at which a window will fracture (see Figure 6 of Ref. 7):

the inverse of the thermal diffusivity.

that the heating of the
gradual that the edges of
the pane are heated along with the majority of the pane, thereby eliminating

This

ensures

glass

is not

so

the thermal stresses.
The

the average glass
temperature of the pane, and O’max’ p, and
E are the maximum tensile stress, coefficient of thermal expansion, and Young’s
modulus for window glass, respectively.
Variables H, s, and L are the physical
dimensions of the window (see Figure 1).

integral describes

For typical window glass, the first condition is easily met, as most panes have a
thickness of either 3 mm or 6 mm. A significantly larger portion of the glass edge
must be encased within the frame in order
to effectively secure it in place.
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Table 1: Material

Properties

of Wlndow Glass.

of window glass for installation define further the pane edges as the
weakest area of a pane.4

by the cutting

The time criteria does not need to be directly addressed in the context of this paper
because all of the previously mentioned
computer fire models are based on the
assumption that there are two distinct gas
layers having significantly different tem-

sampling of material property
typical window glass is listed in

data for
Table 1.
The material property that varies over the
largest range is the maximum allowable
tensile stress (maximum stress prior to
fracture) which varies over an order of
magnitude. The value for the maximum
tensile stress is generally set at about 50
A

peratures. A low energy fire, one that would
cause gradual heating of a window to occur,
is not likely to result in distinct homogenous
hot and cold layers. Nevertheless, it is a
simple matter to provide a check to see that
this second condition is met.

MPa.ll

Physical Characteristics of Glass
The right hand side of Equation 4 is comprised solely of constants related to the
physical characteristics of the glass pane.

Pagni and Joshi took the results of their
work and developed BREAK1 (Berkeley
Algorithm for Breaking Window Glass in
a

Therefore, the average glass temperature,
AT, at which a pane fractures is proportional to these values.
Glass is not an
material. It is

isotropic

or

homogeneous

mixture of materials,
silica
(72 percent), with
predominantly
various additives: soda (15 percent), lime
(9 percent), magnesia (3 percent), and
various oxides (1 percent). Although the
variety of composition results in some variation in material properties, the most significant factor in material property variation is
the manufacturing and installation process.
a

C

Compartment Fire),

a

free-standing

computer program that models glass fracture due to fire compartment exposure.
This model is intended to be used in conjunction with existing compartment fire
models. 14 A major disadvantage of BREAK1
is that it models only one window within
a compartment. Therefore, if there is more
than one window in the compartment to be
modeled, the modeler has to iteratively
run a fire simulation and BREAK1 to obtain results for each window.
The next few sections of this paper will
develop a model for determining the temperature distribution and subsequent time
of fracture of a window pane for direct
implementation into an existing computer
fire code. This eliminates the problems
inherent in using a stand-alone model such

The manufacture of plate glass leaves surface
imperfections of varying size and geometry. These imperfections can result in
areas of &dquo;weakness&dquo; that will fail prior to
the actual failing stress of the bulk of the
material.7 The surface imperfections caused

as
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BREAK1.

HEAT TRANSFER

IN

GLASS

Glass is a solid, Semi-Transparent Material (STM). An STM is defined as a material in which radiant energy is emitted,
absorbed, and transmitted not only at the
surface, but throughout the solid. Modeling heat transfer in a STM is therefore
more involved as this internal radiant heat
transfer can have a dramatic effect on the
temperature distribution throughout the

body.
There are two components of radiant heat
transfer within a solid STM that need to
be considered. The most important from
this modeling perspective is the absorption of radiant energy from an external
source. The second component is the emission and absorption of radiant energy from
within the STM body itself.

External Radiant

within

an

Figure 3. Incident

and Refracted

Angles.

The theoretical consideration of the radiant energy

absorption begins by analyzing

beam of radiation incident upon a homogeneous STM. A beam’s &dquo;strength&dquo; is measured by its intensity, I. Intensity is the
measure of the amount of radiant energy
striking or emitting from a differential
element of area in a given interval of time
and having a direction of propagation within
a differential solid angle. 15
a

Energy Absorption

STM.

Incident radiation upon an STM surface
will either be reflected, absorbed or transmitted through the material as illustrated
in Figure 2. The reflectivity (p), absorptivity (a), and transmissivity (1:) are the fractions of the incident radiant flux, G, that
are reflected, absorbed, and transmitted
respectively. By definition, the sum of these
quantities is equal to one.

A Steradian is the measure of solid angle;
there are 4n Steradians in a sphere.

Reflection of Incident Radiation
portion of the incident radiation striking a refractive boundary (any boundary
between two semi-transparent media) will
be reflected. Assuming the polarizing effects of reflection are negligible, as was
done by Fowle et al. , the fraction of incident radiation reflected is dependent on
the angle of incidence (measured normal
to the surface) and obeys the Fresnel formula (see Figure 3);166

A

p(81) is the fraction of energy reflected, 0, is the angle of incidence, and 02
where

Figure 2.

Radiation Incident

Upon

a

is the angle of refraction measured relative to the normal of the surface.

Semi-Transparent

Medium.
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ture. 13,18 The remainder of the incident
beam that is not reflected is refracted (according to Snell’s law [Equation 9]) and
passes into the interior of the STM where
energy is absorbed.
The Absorption of Monochromatic
Radiation in an STM
The modeling of radiant energy absorption within an STM must begin by examining a monochromatic (single wavelength)
beam of incident radiation. The intensity
of

4. Fraction of Radiation Reflected
Incident Angle.

Figure

as a

a monochromatic beam of radiation is
reduced as it passes through the STM body
by the following relationship:

Function of

The relationship relating these two angles
is known as the Law of Refraction or Snell’s
Law:
where

y,(m-1)

is the monochromatic abcoefficient
which is a material
sorption
of
an
STM, I, is the monochroproperty
matic intensity, and x is the distance
through the STM the beam of radiation
travels. Integrating this relationship results in the definition of the monochromatic transmissivity, T,, the fractional
amount of monochromatic radiation that
will pass completely through a given thickness
of an STM.

where ni and n2 are the indices of refraction for each medium. The refractive indices for air and typical window glass are
1.0 and 1.5, respectively. A plot of the nonpolarized Fresnel Formula as a function of
incident angle is presented in Figure 4. As
expected, only a small portion of the incident radiation is reflected at low values of
01, (about 4 percent) and rises sharply as
the angle of incidence exceeds 50 degrees.

The converse of this value is the monochromatic absorptivity a. which describes
the fraction of energy from the incident
beam that is absorbed.

For diffuse radiation, such as that from a
hot gas layer in contact with a window
pane, the radiation incident upon the surface is from all possible directions. An
average reflectivity, (p) , can be obtained
by integrating Equation 8 over an entire
hemisphere and dividing by all of the possible angles of incidence. Development of
this integral can be found in the litera-

To determine the strength of a beam of radiation after it has passed through a given
thickness of an STM, one calculates the transmissivity (Equation 12) and multiplies it by
the unreflected beam intensity;

ture. 17

this integral, p is
calculated to be 5.7 percent. This favorably agrees with published glass/air
reflectivities as presented in the litera-

Numerically solving

where

101.. is the intensity of the unreflected

portion of the incident monochromatic beam.
The amount of energy absorbed and converted to heat is therefore:
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Radiation does not travel in a single direcnor is it comprised of a single wavelength. Modeling techniques have been developed to account for these phenomenon.

tion,

Mean Beam

Length

The majority of radiation to or from a
surface (or volume in the case of STMs) is
emitted in all directions. This is termed
diffuse radiation and as such does not allow
the use of Equations 14-15 in their existing forms. These equations must utilize
the average path traveled by diffuse radiation as it passes through the body. One
approach to this is to use the &dquo;mean beam
length&dquo; which is the average distance diffuse radiation would travel through a given
thickness of an STM.

Figure

5. Fraction of Radiation Reflected

Refracted

as a

Function of

Angle.

(1-P(01)). Setting the angle of refractance,
(02), as the dependent variable in Equation 8 results in

a function describing the
fraction of energy reflected as a function
of refracted angle (see Figure 5). The converse of this function,
(1-p(62)), is therefore the amount of radiant energy transmitted into the interior of the glass.l7 This
relationship can be used to develop a
weighting factor, W, that will address
the magnitude of the radiation passing
along a given refracted path.

If diffuse radiation

were striking a point
incident
radiation would
surface,
glass
be from all angles of a hemisphere. Upon
passing through the boundary, all of the
on a

incident radiation that is not reflected at
the surface would be refracted, traveling
within the STM within a cone having a
maximum angle of 92 as measured from
the normal to the surfaces A path length
within the glass, 1, can therefore be described as:

The maximum amount of energy transmitted into the glass body is at the refraction
angle of 02 0.16 Therefore the function
=

The average path length must also account for the magnitude of the incident
radiation that travels a given path. At the
larger angles of incidence (and therefore
the largest refracted angles), the majority
of the incident radiation is reflected (see
Figure 4) and does not travel along the
path of maximum travel. A &dquo;weighting factor&dquo;
can be developed to account for this effect
using the reflectivity relationships pre-

will result in a numeric function that will
account for the relative magnitude of in-

cident radiation

traveling

a

path along

a

given angle of refractance.
The true mean beam length can then be
determined by integrating the beam length
over an

entire

hemisphere

sented earlier.16

Equation 8, p(e1) describes the fraction of
The value of 0.7295 radians is the maximum
value of 02 from air to glass using Snell’s
Law. Numerically integrating Equation 18

radiation reflected as a function of incident angle. Therefore, the fraction of radiation that passes into the interior is
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results in an a calculated mean beam length
( 1 ), of 1.077x, where x is the distance measured normal to the glass surface.

is a much stronger relationship. As
result for radiation in the long wavelength bands, above 4.5 x 10-6M, glass is
virtually opaque. In the shorter wavelength
bands, the glass absorption coefficient has
two distinct plateau values where the wavelength dependence is small. These plateaus can be seen clearly in Figure 6.

length
a

Substituting 1 for x in Equations 12 and
13 redefines the transmissivity and absorptivity to account for a diffuse radiation source like the upper gas layer in a
compartment fire. Equation 15 can then
be applied to modeling the heat absorption
within

a

Since the value of the absorption coefficient is roughly constant across some
wavelength ranges, a common solution is
to assume that the absorption coefficient
is constant within these wavelength
ranges.2o-22 Figure 7 is an illustration of
the constant value assumption as presented

glass body

where G is the incident flux.

by Gardon where:18

Absorption Coefficient Dependence
on Wavelength and Temperature
The radiant energy absorption equations
(Equations 12 and 13) must also apply
across the entire spectrum of radiation. In
order to simplify the analysis, it is common to use an average absorption coefficient y, but this approach often oversimplifies the problem. The actual value ofy,
for a given STM can vary over several
orders of magnitude and is dependent on
the temperature of the STM itself and the
wavelength of the incident flux. Glass is
no exception, as can be seen in Figure 6.19

This assumption greatly simplifies the
mathematics involved in solving the total
energy absorbed by glass as external radiation passes through it. If one can determine the wavelength distribution of the
incident flux, a different absorption coefficient can be utilized over that fraction of
incident flux.

Fortunately, the temperature dependence
of the absorption coefficient is small enough
to be neglected. 18 The dependence on wave-

Wavelength Distribution of Radiation
The bulk of the theory involving radiant
heat transfer was developed in the late
1800s by Max Planck, culminating in his

6. Absorption Coeficient of Window Glass
Radiation Wavelength.

Figure 7. Constant Absorption Coeficient vs. Radiation
Wavelength.

Figure

vs.
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Using this converging

series to find the
fraction of incident radiation within the

definitive publication Distribution of Energy in the Spectrurra.23 Planck developed
a function that could calculate the maximum amount of radiant energy that can be
emitted at a given temperature and wave-

wavelength bands as the spectral
absorption coefficients, one can use Equasame

tion 19 to determine the amount of energy
absorbed on the interior of the glass.

length ;

Radiation Energy Transfer within a
Glass Body
For STMs, radiant emission and absorption is a volumetric phenomenon. The ability

where n is the index of refraction of the
medium into which the energy is being emitted,
X is the wavelength of emission, T is the
temperature of the emitting body in Kelvin,
and C1 and C2 are the black body constants
having the values of 3.7415 x 10-II(W/M2)
and 1.4388 x 10-2(m-K) respectively.

of one unit volume to radiate to another
unit volume where that energy is absorbed
&dquo;can have a profound effect on the internal
redistribution of energy within glass.&dquo;2o

The definitive work on internal radiant
emission was completed by Robert Gardon
in 1956.28 He considered the effect of radiant heat transfer from first principles
and developed the concept of the directional emissive power, j~

Recasting this equation, fixing the temperature, and integrating from X 0 to results in the familiar relationship for total
gray body emissive power;24
=

where

a

is the Stefan-Boltzman constant.

where ebk is the maximum amount of radiant energy emitted by a black body at a
given temperature and wavelength. Integrating this relationship spherically and
over the full spectrum results in the &dquo;Total Volumetric Emissive Power&dquo;, J, which
is analogous to the more familiar equation for
total emissive power for surface radiation.

20 and 21 can then be combined
to solve for the wavelength distribution.
Fixing the temperature, and integrating
the emission per wavelength, e bX over a
specified wavelength band and dividing by
the total emissive power, eb= , results in a
function that describes the fraction of total radiation emitted in that wavelength
band. This function is termed the frac-

Equations

tional energy

function, fe;
where y is the average absorption coefficient of the STM at that temperature.
The internal emission and absorption is
completely spherical and therefore travels in all directions within the body. In
those angles which coincide with the refracted external radiation, it contributes
an additional term to the attenuation equation

C2
h
were
where
q=~.
n
7~T

*

This

integral is not solvable in a simple
form, but a solution can be obtained using
a converging series.24

(Equation 11);
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ONE-DIMENSIONAL HEAT
TRANSFER MODEL

The solution to

Equations 14 and 15 for all
possible angles of internal emission has
been presented in the literature.16 Due to
the mathematical complexity of handling
the internal radiant emission and absorption, it is more common to utilize an &dquo;apparent thermal conductivity&dquo; which simply combines the radiant energy redistribution effects with conduction. Endry and
Turzik developed an experimental corre-

What follows is a heat transfer model based
primarily on the work of Robert Garden. 8
It should be noted that there are other
developed models within the literature that
will yield identical results. 17

The Interior Elements

lation for the apparent thermal conductivity of typical window glass as a function of

The heat balance equation for an interior
differential element of glass is

temperature.29,30

where k’ is in W/m2 2 -K, and T is in

degrees

where p is the glass density,
specific heat of the glass, and;

Celsius.
The use of this correlation is limited to
when glass temperatures are relatively
low. Therefore, the radiation volumetrically emitted is comprised predominantly
in the wavelength band in which glass is

relatively

qc (x)
qA(x)
qE (x)

=

=

=

opaque.

qR (x)

The theoretical and experimental work on
glass breakage due to fire exposure indicates that fracture will occur when the
average pane

=

Energy gain
Energy gain

cp

is the

due to conduction
from

absorption

of

external radiation
Energy loss due to internal
emission
Energy gain due to re-absorption
of internally emitted energy

As discussed previously, the phenomenon of
internal emission and absorption can be combined
with the conduction mode of heat transfer
an apparent thermal conductivity (Equation
27). Thus Equation 28 reduces to:

temperature ranges between

58-120 °C above ambient. Using the fractional energy function (Equation 23) and a
theoretical glass fracture temperature of 400
K reveals that less than 2 percent of the
internally emitted radiation is outside of
the range where glass can be considered
totally opaque. At lower temperatures, this
fraction drops rapidly to 0 percent.

The mathematics of

accounting for qA(x)
complicated. By using the fracenergy function, one can break the

Therefore, within the temperature range
of interest (up to the point of glass fracture), glass can be assumed to be relatively opaque to its own radiant emission.
Therefore the

Endry-Turzik

are more

tional
incident flux into the same bandwidths as
the absorption coefficient step function
(Figure 7), which will allow the use of
Equation 19 to assess the amount of radiant energy absorbed using the following

correlation

(Equation 29) for the apparent thermal
conductivity can be utilized to account for
the internal emission and absorption of
radiation within

a

glass

procedure:

pane.

The total incident flux, G’, from the hot
upper layer, needs to be reduced by 5.7
percent to account for the reflection at
109

Therefore, the

the surface. The fractional energy function can then be used to find the fraction
of flux G within each wavelength band
such that:

is

G1
G2
G3

exchange

q3

where

where G is the magnitude of the incident
flux after partial reflection and

net surface energy

T1 is the temperature of

the interior

glass surface, and Eg is the emissivity of
the glass surface (typically 0.91 for bare
glass).

is the flux fraction where 0 < À ~ 2.75 ~m
is the flux fraction where 2.75 S ~, <_ 4.5 /lID
is the flux fraction where À > 4.5 ~.m.

On the exterior face exposed to ambient
air, the radiant energy exchange is

The fractional fluxes can than be assigned
the corresponding absorption coefficients,
and Equation 19 can be applied directly to
determine the amount of energy absorbed
by the differential element

where T2 is the temperature of the exterior glass surface, and Too is the ambient
air temperature.

Convection
Both the interior and exterior gases adjoining a window are extremely dynamic
due to thermal currents and gas mixing. It
would therefore be inappropriate to model
the heat transfer as a vertical plane in
quiescent air as is done most commonly in
the literature.

There is no need to account for q3 (Y3,G3)
for an interior element as the absorption
coefficient is so large that the incident
flux can be assumed to be striking an opaque
surface and therefore is a surface phenomenon

For convection to wall surfaces

only.

exposed

to

compartment fire environments, Emmons
and Mitler have developed a simplified
for the heat transfer coeffi-

The resulting heat balance equation for
an interior differential element of a glass
plate is:

relationship
cient3l

where Tu is the upper layer temperature,
and hmaX and hmin have the value of 50 and
5, respectively. The heat transfer coefficient for the exterior face exposed to ambient air can be modeled as a constant.

The Surface Elements
The

analysis of a surface element is more
complex. In addition to the energy transfer via conduction and internal absorption, one must add surface radiation and

at the Surface
With all of the heat transfer phenomenon
accounted for, the energy balance equation for the surfaces of the pane can be
drafted. The interior surface node energy
balance is:

Energy Balance

convection to the energy balance.

Radiation
On the interior side of the window exposed
to the hot upper gas layer, the incident
flux to the surface is the flux fraction, G3,
110

The advantage of this method is that calculation of a new nodal temperature is
based on the temperatures of the surrounding
nodes in the previous time step. This numerical technique simply &dquo;marches&dquo; forward in time for each node and time step
as long as the boundary conditions are
known.24 The lack of numerous iterations
makes this numerical technique one of the
fastest computational solution methods available and more importantly will not significantly increase the number of computations the computer must perform in each
time step.

And for the exterior surface node:

Development of a Model for
Computer Implementation
All of the concepts and equations required
to model the transient temperature distribution in a glass pane have now been presented. The remainder of the work revolves
around the implementation.

The development of all of the following
numerical solution equations can be found
in a basic heat transfer text outlining transient
conduction.32 The numerical equivalent of
Equation 33 for an interior node is

The first step is to modify the input sections
of the code to permit the user to model a vent
as a glass window. This includes providing
default values for the material properties
and dimensions where necessary.
The second task is to obtain all the necessary variables that determine the gas temperatures and radiative and convective fluxes
to the target window pane. Most of these
variables are already calculated by the
fire models as part of other routines but,
if appropriate values are not calculated,
various methodologies are available in the
literature. A routine must then be written
to spectrally break the incident radiant flux
into the appropriate wavelengths using the
fractional energy function (Equation 23).

and the numerical

equivalents

for both

faces, Equations 37 and 38 respectively,
are:

Numerical Method for Solving the
Temperature Distribution
With all of the necessary external variables being input or generated by the fire
code program, new routines must be written to solve for the temperature distribution within the glass pane (Equations 33,
37, and 38). The simplest and computationally
least demanding numerical solution method
for solving these equations is the explicit
finite difference method. This technique
simply calculates the temperature change
in a time step, ~, and then adds that to
the previous temperature

where the subscripts I and E indicate the
interior and exterior window surfaces respectively, Tu and Too are the interior and
exterior gas temperatures, and 4’ is the
equivalent of the interior energy absorption equation (Equation 19) where the mean
beam length is halved due to the reduced
thickness of the element.
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The explicit finite difference method is

In

effort to validate the implemented
model, it became apparent that there is
very little experimental data available in
the literature. In fact, the majority of the
documented experiments involving glazing assemblies (windows and other glass
structures) and fire exposure revolve around
standard fire resistance testing where the
primary concern was to enhance the fire
rating of the glazing assemblies by vari-

but it does have one very important limitation governing the size of the
time step and the node thickness. The limit
on time step size for Equation 41 is given by:

simple,

Similar

development can be performed on
Equations 40 and 42. Equation 41 is illustrated because the effects of temperature
will have the greatest effect

on

both

ous means.

of data were located that
could be used to validate the developed
model. The first involved the testing of
small glass panes subjected to a constant
radiant flux. The second source of data
was from scaled experiments of compartment fires and windows performed by Michael
Skelly for his master’s thesis

Only

con-

vection and radiation on the interior surface node and therefore on the numerical
stability. This maximum time step condition must be implemented into the portion
of the fire model calculating the temperature distribution in the pane. If the fire
model code time step is larger than the
maximum allowable for the glass heat transfer
model, the time step for the glass heat
transfer code must be reduced, and the

temperature distribution

can

then be found

Glass Fracture

40-42 at each time step
determines the temperature profile across
the pane. This distribution can then be
averaged and placed into Equation 4.

is the number of nodes. If the
average temperature difference is greater
than the maximum allowable temperature
difference, the window fractures and the
vent opens.
n

A Radiant Glass Heat Transfer Model was
developed using the presented principles
to compare the presented algorithm to
this experimental work.33 Output from
this program was plotted against the time
temperature data provided by Hughes.
(See Figures 8 and 9.)

MODEL DEVELOPMENT AND
VALIDATION
Two separate models

ing

the

sources

coil of a cone calorimeter. 4 x 4 inch panes
of 1/4&dquo; thick soda-lime glass were placed
in the sample holder and subjected to a
25 KW/m2 radiant flux (coil temperature
of 1028 K). Thermocouples were placed on
both sides of the pane and along the shaded
edge to record the time-temperature history of the sample.34

Solving Equations

where

two

Radiant Heat Transfer Validation
In the summer of 1992, experimental work
was being performed by Derek White and
Dr. Craig Beyler of Hughes Associates,
Inc., on glass fracture due to exposure to
an intense radiant flux from the heating

in several iterations.

Determining

an

Qualitatively, the agreement of the test
data and the program is excellent. The
standards of deviation between the experimental and calculated temperatures
is 28.1 and 16.8 degrees K, which translates into an average error of 1.7 percent
and 3.2 percent for Figures 8 and 9 respectively. A portion of the error between the

developed usmethodologies presented in this
were

as part of a master’s thesis.33 The
of
this work was to introduce and
goal
validate a vent window fracture model into
the WPI/Fire Code.

paper

112

compared to the documented experion glass and typical compartment
fires performed by Michael Skelly as a
master’s thesis at Virginia Polytechnic
were

ments

Institute.ll
The

experiments used

partment (1.0

m

x

a

1.2

rectangular
m

x

1.5

m

com-

high)

constructed of iron slats and ceramic fire
board. This compartment was provided with
three vents: an open upper layer exhaust
vent, an open vent near the base of the
compartment for ventilation, and a glass
window assembly. The glass window assembly was 50 cm x 28 cm. The tested
glass was typical window glass: 0.24 cm
thick and had an unexposed edge measurement of 2.5 cm around the entire vent

Figure 8. Surface Temperature of Glass Exposed to a 25 KW
Radiant Flux.

opening.
The fires within the compartment were
created by burning liquid hexane in several different size trays: 20 x 30 cm, 20 x
20 cm, and a round 20 cm diameter tray.
The trays were filled with 3-5 cm of hexane and allowed to burn in the center of
the compartment. In all of the tests, the
window glass was completely immersed in
the upper layer in under 10 seconds.
The dimensions of the test box, the window assembly and the physical characteristics of the experimental apparatus were
input directly into the WPI/Fire code. The
following values were used for the glass

Figure 9. Surface Temperature of Glass Exposed to a 25 KW
Radiant Flux.

calculated and the measured data can be
attributed to the fact that thermocouples
are opaque. As a result, the thermocouple
is directly heated by that portion of the
radiant flux that is transmitted through
the pane and therefore measures a temperature that is higher than the actual
glass surface temperature. In light of the
results, the radiant physics of the presented methodology can be expected to provide
good results.

Compartment Fire
and Validation

input:

The heat transfer coefficient and apparent
thermal conductivity were calculated by
the WPI/Fire Code, using Equations 36
and 27 respectively.

Implementation

The

glass heat transfer/fracture model
developed herein has been implemented in

The three pan fire scenarios were modeled
as gas burners by converting the heat release rate of the small pool fires to a gas

the WPI/Fire code. In an effort to validate
the implementation, the program results
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flow rate. The combustion
set at 65 percent.

mass
was

efficiency

Surface Temperature Calculation
The computer calculated internal glass surface
temperature was plotted against the experimental results for each fire size. A
graphical comparison is provided in Figures 10, 11, and 12.
The agreement between the experiments
and the computer code is quite good. As

layer develops, the measured
and calculated temperature of the glass
exterior climb together up until the glass
exterior reaches about 100 °C. At that
point, the measured temperature climbs
more rapidly than the calculated temperature. Skelly, Roby, and Beyler attribute
this trend to experimental error. At about
the time the interior surface of the glass
reaches 100 °C, the upper layer has become extremely hot, near 450 °C. As a
result, a significant fraction of the emitted flux from the layer is comprised of
wavelengths that are transmitted through
the glass itself.
the upper

Figure

Figure

10.

11.

Skelly

Box Tests

vs.

WPI/Fire (20

x

Skelly Box Tests vs. WPI/Fire (20 x

30

cm

20 cm

Pan).

As in the radiant experiments presented
previously, the opaque thermocouple absorbs transmitted radiation, raising its
temperature above the temperature of the
interior glass surface. In their conclusions
of the experimental data, the authors estimate that this radiant heating of the
thermocouple may cause an error of about
20 °C at the time the window actually
fractures. Taking this into account, the
agreement of the data and the computer
output would appear to be even better.

Pan).

Even with the radiant error, the agreement between the experimental data and
the heat transfer model is quite good. The
standard deviation for all three plots are
13.7, 6.7, and 4.9 respectively, which corresponds to average errors of 2.0 percent,
1.4 percent, and 3.0 percent for Figures
10, 11, and 12.

Figure

12.

Skelly

Box Tests

vs.

WPI/Fire (20

cm

Pan).
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CONCLUSIONS

Time to Glass Fracture
More importantly, the primary goal of this
modeling was to predict the time at which
glass fractures and a new vent opens. The
data for the experiments and the program
calculated fracture values terminate at
the time of window fracture in each of the
three figures. These values are presented
in Table 2 for direct comparison. Also included in Table 2 are the results from a
similar analysis performed by Pagni using
the BREAK1 program.99

VALIDATION

A simple, one-dimensional heat transfer
model developed from the presented principles combined with the glass fracture
criteria derived by Pagni and Joshil-9 will
provide reliable results of the time at which
a window fractures when implemented into
a zone type computer fire code. This model
provides a more complete assessment of
the radiation heat transfer than the previously developed BREAK1 model with a
minimum of computational effort.

Clearly, the WPI/Fire calculated glass fracture
times compare quite favorably with the
experimental results. The standard deviation of the calculated values to the experi-

NOMENCLATURE

mental results are 1.0, 7.0, and 14.5 seconds for the fire scenarios in Figures 10,
11, and 12 respectively. This translates to
calculated errors of 1.88 percent, 6.54
percent, and 11.20 percent for each of the
experimental comparisons. Therefore, the
glass window fracture model, as implemented in WPI/Fire can be expected to
provide a fairly accurate prediction of when
a window will fracture and a vent begins
to open.

FROM

X,
E
G
h
H

I
J
k
k’

Length (m)
Young’s Modulus

x, y,

z

Incident radiant flux (W/m2)
Heat transfer coefficient (W/m2K)
Distance from the top and midpoint
of a window (m)
Radiant intensity
Volumetric emissive power
Thermal conductivity (W/mK)
Apparent thermal conductivity

(W/mK)

’

Direct comparison with the BREAK1 results is not possible due to the differences
in program inputs and heat transfer cal-

n
s

thickness of the pane (m)
Index of refraction
Dimension of the covered edge (m)

T

Temperature (K)

culation methods. Qualitatively, the results are in agreement. The WPI/Fire code
calculates glass fracture at a later time
than BREAK1. This would be expected due
to the transmission of radiant energy through
the glass pane resulting decreased energy

4

Heat flux at

AT

Temperature
Specific heat (J/kg K)
Black body emissive power

L

cP
eb

fe
a

absorption.
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node (W)
difference (K)

a

Fractional energy function
Thermal diffusivity, absorptivity,
apex angle of flame

8.

(3
y

6
a

Coefficient of thermal

expansion

(K- 1)
Absorption coefficient (m-1)
Elongation (m)
Tensile stress (Pa), Stefan-Boltzman

22, No. 1, pp. 25-44, 1994.
9.

p

x
K

1

0

Transmissivity
Reflectivity, Density (kg/m3)
wavelength (m)
Absorption coefficient of the
upper layer (m-1)
Path length (m)
Angle of incidence/refraction
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