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Abstract

This study focuses on measuring and predicting the temperature distribution in a composite panel exposed to a concentrated heat
source. The two heat sources studied in this work are a radiant heater and a gas burner flame. The parameters that are varied are
the material properties and geometry, heat flux and distance. Finite element method based software Wintherm is used to predict the tem-
perature distribution. The predictions are dependent on the choice of how one models the convective heat transfer coefficient along the
surface of the plate exposed to the heat source. For the gas burner, the boundary condition will change dramatically from the centerline
to the outward edges of the plate due to the plume effect. Empirical expressions are used and modified to determinate the air temperature
in the region between the source and the plate. This information is implemented in the boundary condition along the plate surface to
predict the thermal history of the plate. The predicted results are compared with the experimental temperature distribution which is mea-
sured with an infra-red camera. A parametric study is conducted to identify important dimensionless numbers and their impact on the
temperature history.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The percentage of polymeric materials used in civil con-
struction, airplanes, automotive and marine industry con-
tinues to increase. Their properties and performances are
well known at ambient temperature but need to be charac-
terized when exposed to high temperatures for short dura-
tion. Fire and high heat exposure for long durations will
visibly damage the composite structure and will have to
be replaced. However, the structure can be exposed to high
heat due to fire in the proximity in a plane garage, a heating
blanket, a jet engine exhaust for a short duration. In such
cases when the damage is not visible, the key questions that
arise are: has the polymer degraded due to the short expo-
sure to high temperatures? To what extent are its physical
and mechanical properties compromised? Therefore, heat
damage assessment becomes an important requirement
for composites materials that undergo high heat exposure.
0017-9310/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijheatmasstransfer.2007.01.014

* Corresponding author. Tel.: +1 302 8318975; fax: +1 302 8313619.
E-mail address: advani@udel.edu (S.G. Advani).
Short time exposure to fire or other concentrated heat
sources may degrade the resin at certain locations if the
resulting temperature of the thermoset resin is in proximity
of its glass transition temperature, Tg for a sustained time
frame. The first step therefore is to be able to predict time
temperature history of a composite structure that is
exposed to a heat source as a function of the type of heat
source, the distance of the heat source from the composite
structure and the magnitude of the heat flux. In this study,
we experimentally measure the temperature history of thin
composite plates exposed to a flame and a radiant heater at
various distances from the composite plate and at different
intensities. These results are compared with a numerical
model. Non-dimensional parameters that influence the
time temperature history are identified.

The heat damage determination has been of interest for
many years. In 1979 Greer [1] determined the thermal aging
in graphite/epoxy materials. Many research projects studied
mechanical and physical effects of heat exposure of compos-
ites materials [2–4]. Non-visible damage has attracted
researchers’ attention as it became evident that even if the
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Nomenclature

r outward distance from the centerline of the
impingement (cm)

H height of the gas burner flame (mm)
w nozzle exit diameter of the gas burner (mm)
Qf heat release rate of the flame (W)
D distance between the plate and the heat source

(mm)
D0 reference for distance-non-dimension use (here

150 mm)
Alpert@Qf Alpert solution for a heat release rate Qf

Yokoi@Qf Yokoi solution for a heat release rate Qf

a0 constant = 0.5
b0 constant = 1.81195
T surface temperature of the plate exposed to a

heat source
T1 ambient temperature (�C)
Tcm maximum temperature in the boundary layer

below the horizontal plate exposed to a gas
burner flame

Ts heat radiant surface temperature (�C)
Tinf minimum air temperature in between the radiant

heater and the plate (�C)
f =r/(ZC2/3)
C constant representing a proportional constant,

L = CZ

L mixing length of turbulence, L = CZ

Z coordinate (m)
DT temperature rise (K)
Cp heat capacity at constant pressure (J/kg K)
q fluid density (kg/m3)
g gravitational acceleration (m/s2)
h convection heat transfer coefficient (W/m2 K)
k thermal conductivity (W/m K)
e plate thickness (mm)
r Stefan–Boltzmann constant
hcm non-dimensional free stream temperature
h non-dimensional surface temperature of a plate

exposed to a gas flame
X0 half the length of the plate
Tmax maximal temperature of the plate exposed to the

gas flame
qi net heat rate at which radiation leaves surface i

Fij view factors in the radiative heat transfer.
Ji radiative coefficients
ei emissivity of surface i

Ai surface area of surface i

Ti uniform temperature of surface i

N number of surfaces
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material is not visibly damaged, its use might be question-
able because of material properties degradation. For exam-
ple, short time exposures to high heat fluxes can cause
spikes in the temperature field and alter material properties
without visibly damaging the composite. Non-visible dam-
ages are hard to detect and to characterize; the tendency
has been to use Non-Destructive Evaluation techniques,
such as ultrasonics, hardness testing [5,6], acoustic emission
[7] and thermography [8]. New techniques such as the Dif-
fusion Reflectance Infrared Technique (DRIFT) spectros-
copy analysis has been investigated by Mehrkam in 1993
to detect heat damage in epoxy composites [9], and later
on used by Powell in 1997 to map the damage on graph-
ite/epoxy composites [10]. To determine heat damage due
to short time exposure, one needs to develop a relationship
between the Tg of the resin and regions of the material and
the time scale for which they are exposed above Tg. Hence
the importance of predicting the temperature field in a com-
posite as a function of type and time of exposure to the heat
source, and geometric parameters such as the distance sep-
arating the heat source and the material.

Flow field temperatures and species concentration above
a free concentrated heat source have been studied [11–14].
When a plate is placed horizontally in a fire plume, it cre-
ates a ceiling-jet which is a boundary layer along the hori-
zontal plate with specific gas temperature and velocity
values differing from the plume itself. The flow is deflected
and convected outward along the plate. Many studies
report experimental results of flame impingement heat
transfer analysis [15–27]. Most of the reported studies are
focused on determining the boundary layers properties
and not on predicting the temperature of the plate itself.
You [28] investigated in details ceiling flows induced by
impinging fires and weak plumes. He correlated theoretical
and experimental values for ceiling-jet temperatures, veloc-
ities, convective and radiative ceiling-heat fluxes as a func-
tion of ceiling height and heat release rate of the flame.
Alpert [29] found empirical expressions that predict uncon-
fined maximum ceiling-jet temperatures and velocities as a
function of the radial distance from the centerline. We will
use these expressions to apply the boundary conditions to
determine the transient temperature distribution in the
composite plate that is exposed to a small gas burner flame.
Williamson [30] investigated temperature, heat flux and
ignition propensity of a lighter flame and plume. He found
that these measurements follow the turbulent plume scaling
laws and compare well with large-scale fire measurements.

This work focuses on determination of numerical and
experimental temperature of a composite plate that is
exposed to a concentrated heat source. Two different heat
sources are studied in order to compare and contract the
radiative dominant exposure to a convective heat transfer
dominant situation. For the same heat release rate, depend-
ing on the mode of heat transfer, from a gas burner flame,
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or a radiant heater, the heat effect on the sample exposed
does differ. A non-dimensionalization study is also pre-
sented to identify important parameters that influence the
temperature distribution.
2. Thermal plume models

When a horizontal plate is exposed to a heat source, the
local air properties in between the heat source and the plate
are distinctly different from the ambient temperature in the
room (see Fig. 1). The temperature of the material will
strongly depend on the convective boundary conditions
that take into account the air temperature in the vicinity
of the plate (within the boundary layer of the plate). The
air temperature will vary as a function of r, radial distance
from the centerline of impingement of the plume. The dif-
ficulty is then to characterize the air temperature in the
plume produced by the flame as a function of the heat
release rate of the heat source, the distance between the
heat source and the plate and the time of exposure.

Several studies focused on the characterization of the
plume above a flame ranging from a large-scale fire [12]
to a small heat flux such as a lighter flame [30]. Yokoi
[31] determined empirically the velocity and the tempera-
ture of the air in a free plume from a gas burner flame at
any location in a rising current. The thermal plume in free
space has also been modeled by Hara and Kato [11] using
the standard k–e model in 2004.

When a plate is in the zone of a free plume, the gas prop-
erties change. The maximum air temperature in the bound-
ary layer formed by the impinging plume on the plate will
be much higher compared to a free plume for the same ori-
ginal heat flux. Hence for our situation, thermal plume
models that consider the presence of a horizontal screen
are pertinent. Alpert [29] has modeled the maximum air
temperature underneath the exposed plate with empirical
equations. Alpert developed expressions for unconfined
ceiling in a room big enough so that the surrounding envi-
ronment is at a constant ambient temperature. The equa-
tions predict the maximum air temperature of the ceiling
jet at any distances from the centerline as a function of
the heat flux rate:
Tcm(r,Qf)
PLUM

Composites sample

Fig. 1. Schematic depicting the change in air temperature due t
T cm � T1
T1

¼ 0:0577
_Q2=3

f

D5=3
for ðr=DÞ < 0:18 ð1Þ

T cm � T1
T1

¼ 0:0184
ð _Qf=rÞ2=3

D
for ðr=DÞ > 0:18 ð2Þ

where T1 is the ambient temperature, Tcm is the maximum
temperature in the ceiling-jet, _Q is the fire heat-release rate,
r is the radial distance of sprinkler from fire axis, and D is
the distance of the plate from the heat source base. This
model provides an approximation that depends on radial
distance if r/D is greater than 0.18 (Eq. (2)). For lower val-
ues, there is no dependence on the radial position (Eq. (1)).
This approximation is made for large-scale fires, and so
does not apply entirely for our case of gas burner flame
where we are interested in predicting the variation of air
temperature accurately even in the centerline region. The
central region, or impingement region, can be approxi-
mated using a free thermal plume model. Combining the
expressions from Alpert and equations that predict the
gas temperature in a free plume, we can predict air temper-
atures underneath a plate exposed to a concentrated heat
source such as the gas flame. We will use Yokoi [31] predic-
tion for the impingement region as follows:

DT ¼ 0:423
T1Q2

C2
pq

2g

" #1=3

C�8=9Z�5=3 � ð1þ 0:9383f3=2

þ 0:4002f3 þ 0:0939f9=2Þ � expð�1:4617f3=2Þ ð3Þ

with f = r/(ZC2/3), r represents the horizontal distance
from the centerline of the heat source, C is a constant rep-
resenting a proportional constant under the assumption
that the mixing length of turbulence L is proportional to
height Z, i.e., L = CZ. DT is the temperature rise (K), Cp

is the heat capacity at constant pressure (J/kg K), q is the
fluid density (kg/m3), T1 is the ambient temperature (K),
g is the gravitational acceleration (m/s2) and Z is the z

coordinate (m). The constant C assumes different values
depending upon the geometry of the heat source: C2/3 =
0.062 for a point heat source and C2/3 = 0.1 for a circular
heat source with a finite radius. Several thermal plume
models have been developed over the years. All of them fo-
cus on featuring different fire sizes and intensities, and
Heat source

Heat diffusion from flame 

Boundary layer = ceiling jet 
E

o a plume created by a gas source along a horizontal plate.
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confinement conditions. To apply a thermal plume model
to our experimental conditions, which is an exposure of
unconfined composite plate to a concentrated heat source,
we would have to carefully select the equation that closely
represents our situation.
3. Experiments

A composite plate is exposed to a concentrated heat
source. The goal is to measure experimentally the thermal
history of the plate that is experiencing the heat. The range
of time exposure is from 8 to 20 min (steady state is reached
after 5 min). In order to compare the influence of different
high heat sources on the plate, we used two different con-
centrated heat sources; a gas burner flame and a radiant
heater electrical surface. For both cases we used an infra-
red camera to record the thermal history of the exposed
surface of the plate.

The plates were made from three different composite
materials: (i) prepregs of carbon fibers and vinylester resin,
(ii) carbon fibers and BMI resin, and (iii) fiberglass mats
and epoxy resin. The intent was to also explore the role
of the plate material on the temperature distribution. The
average thickness of the plates was 3 mm. The plate was
exposed to two types of concentrated heat sources: (i) gas
burner and (ii) radiant heater.
Fig. 2. Schematic and a snapshot of the experimental set-ups showing the flam
camera to record the two dimensional temperature distribution on the expose
4. Gas burner

The composite plate (270 by 270 mm) was exposed to a
gas burner flame. The experimental parameters that were
varied were (i) the horizontal distance, D separating the
gas burner from the plate, (ii) the dimensions of the flame
(height H and diameter of the base of the flame w) and (iii)
the exposure time. Temperature distribution on the
exposed surface was recorded with an infra-red camera
placed on the floor facing the surface that is exposed to
the heat source. The camera software [32] was adapted to
record accurate temperature distribution which was vali-
dated with thermocouples placed at reference locations.
The experimental set-up is shown in Fig. 2a.

The gas burner nozzle exit is 10 or 16 mm wide. The
flame is characterized in a way that is easily reproducible.
To characterize the flame, we use its height H and the noz-
zle exit diameter w, characterizing the base of the flame
dimension. The flame height is carefully measured in simi-
lar light environment using a scale. The heat release rate of
each characteristic flame is determined from Alpert’s equa-
tion (2) and summarized in Table 3. To make sure that the
measurements are comparable, we always strain to retain
same room conditions. The distance, D was varied between
125 and 320 mm. The flame height was varied from 20 to
90 mm. The samples were exposed between 15 and
20 min. The steady state temperature is reached after
e (a) and radiant heater (b) exposures of the composite plate along with IR
d surface of the plate.



Table 1
Gas burner experimental settings

Distance gas
burner-plate,
D (mm)

Flame height,
H (mm)

Nozzle exit
diameter
w (mm)

Material

GB 1 160 20 10 Carbon fiber and
vinylester

GB 2 320 20 10 Carbon fiber and
vinylester

GB 3 320 40 10 Carbon fiber and
vinylester

GB 4 150 80 10 Carbon fiber and
BMI

GB 5 125 80 10 Carbon fiber and
BMI

GB 6 200 90 16 Carbon fiber and
BMI

GB 7 215 90 16 Glass fibers and
epoxy
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Fig. 4. Experimental temperature field on the exposed plate surface as
measured by infra red camera: (a) flame exposure—the different experi-
mental settings are listed in Table 1, the distance is measured from the
point of impingement on the plate; (b) radiant heater exposure—the
different experimental settings are listed in Table 2.
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5 min. The experimental conditions are summarized in
Table 1.

5. Results

The temperature distribution collected by the infra-red
camera as expected showed that the temperature was radi-
ally symmetric about the source which is the central
impingement of the gas burner flame on the plate
(Fig. 3). The results of the seven experiments are presented
in Fig. 4a.

One can note that the temperature is inversely propor-
tional to the distance from the flame tip and directly
proportional to the flame height. The relationship is non-
linear and weakly dependent on the material properties
as well.

6. IR heater

Unlike the gas burner, the radiant heater provides the
heat by radiative heat transfer. Hence it is interesting to
compare two different sources of high heat flux and their
influence on the temperature distribution of the plate. An
electric quartz surface radiates heat uniformly on a 150
by 350 mm2 surface area for the experiments. The experi-
mental set up is similar to the gas burner experiments.
The composite plate is exposed horizontally above the heat
source at a distance D (see Fig. 2b). We use also an infra-
Fig. 3. Infra red camera picture of a flame exposed plate. From
experiment GB5 after 20 min.
red camera facing the front side of the sample to record the
temperature as a function of time in the plane of the com-
posite. The plate size is identical to the heater size and
hence one can expect the heating surface to have uniform
temperature. The parameters that we vary from one exper-
iment to the next are the distance from the heater D and
the heat source temperature.

We are not interested in visibly damaging the sample,
but in understanding the relation between the distance D,
the temperature of the heat source and the temperature
of the exposed plate surface. The temperature of the heat
source varied between 280 �C and 700 �C. The range of dis-
tances separating the heater from the plate varied between
62 and 440 mm. The parameters for the experiments are
summarized in Table 2.

The experimental results are presented in Fig. 4b. As
expected the temperature increases when the distance sepa-
rating the plate and the heat source decreases. Rate of
increase in temperature is higher when the sample is closer
than 200 mm from the heat source.



Table 2
Parameters for the IR heating experiments

Distance plate,
D (mm)

Heat source
temperature,
Ts (�C)

Time of
exposure
(min)

Material

IR1 340 280 20 Carbon vinylester
IR2 300 280 20 Carbon vinylester
IR3 260 280 20 Carbon vinylester
IR4 62 280 20 Carbon vinylester
IR5 440 550 20 Carbon vinylester
IR6 340 550 20 Carbon vinylester
IR7 300 550 20 Carbon vinylester
IR8 160 550 20 Carbon vinylester
IR9 150 590 20 Carbon BMI
IR10 75 700 1 Carbon BMI

Table 3
Heat release rate values as a function of gas burner geometry flame

Exit nozzle of 10 mm width Exit nozzle of 16 mm width

Flame height, h (mm) Qf (W) Flame height, h (mm) Qf (W)

20 30 90 100
40 80
80 200
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7. Prediction of temperature distribution for a gas flame as

concentrated source

When a plate is exposed to a gas flame, the sample tem-
peratures vary along the plate from the impingement point
as a function of the air properties located underneath the
plate in the boundary layer formed by the plume impinge-
ment. To model this change in temperature on the plate, we
simulate the heat transfer problem using a finite element
method, as packaged in the software, WINTHERM [33].
The software WINTHERM uses the transient heat diffu-
sion equation to describe the heat transfer within any mate-
rial which interacts with its boundaries by radiation,
convection and conduction. The temperature distribution
for a simple geometrical was analytically calculated and
compared with the WINTHERM results in order to vali-
date the software. In the next section we also consider
the case of a composite plate exposed to a radiant heat
source at constant temperature. An analytical solution is
presented that will also validate the numerical code used.

The plume effect is modeled as a change in air tempera-
ture in the boundary layer below the plate as a function of
radial distance from the centerline of the impingement.
This maximum air temperature which can be considered
as the free stream temperature of air at the end of the
boundary layer, Tcm decreases as one moves outward from
the impingement point. This temperature is used to supply
the temperature for the convective boundary condition
below the plate in the software. To estimate Tcm, one needs
the following parameters: (i) heat release rate of the flame
Qf, (ii) the distance D of the plate from the base of the
flame, and (iii) the ambient temperature T1.

In order to improve the model’s applicability to any
small-scale fire case, we provide a way to determine the
heat release rate as a function of the geometry of the gas
flame. For each gas flame height and width, a characteristic
heat release rate is calculated. Using the presented model,
we can determine the sample temperature while using
Alpert result (Eq. (2)). Alpert equation asks for the heat
release rate of the flame as an input. While varying the heat
release rate input, one can match numerical and experimen-
tal results. When both match, we can assign the calculated
heat release rate value for one flame geometry. Table 3 pre-
sents the heat release rate values that match for one phys-
ical geometry of the flame. For one flame geometry, we can
therefore input a heat release rate value.

Wider base of the flame does not imply high heat release
rate as evident from Table 3. Indeed, the geometry of the
flame for an exit nozzle of 16 mm width provides a wider
base but the width of the flame rapidly narrows down
along the height of the flame. For the same flame height
the heat release rate of the flame is therefore less for a wider
nozzle exit diameter than for a narrower one. As explained
in the thermal plume model paragraph, Alpert equation (2)
approximates the maximum air temperature underneath a
horizontal plate located in fire plume as a function of the
outward distance from the centerline. Alpert approxima-
tion is originally made for large-scale flame. The applica-
tion of this approximation to our small-scale gas burner
flame will not give accurate temperature values in the cen-
terline region. Therefore, we combined his expression with
the approximation of Yokoi [31] for the thermal plume
properties of a free flame. This is for our case of narrow
flame, a good approximation applied in the centerline area.
The presence of the plate in the plume increases the temper-
ature of the air. Combining the two expressions (Alpert’s
and Yokoi) in a way that Alpert models the outward
region, and Yokoi the central region we can write the fol-
lowing expression:

T cm

T1
¼ a0

Alpert@Qf

T1

� �
þ b0

Yokoi@Qf

T1

� �1:4
 !

ð4Þ

where a0 and b0 are found by correlation with previous
experimental results (a0 = 0.5 and b0 = 1.81195). The
needed inputs are the heat release rate of the flame Qf,
the plate distance D from the heat source and the ambient
temperature. A non-dimensional free stream temperature
was defined as follows:

hcm ¼
T cm � T min

T max � T min

� � D
D0

ð5Þ

in which Tmin is the minimum temperature value, from Eq.
(4), of the boundary layer created by a horizontal plate of
20 mm long. This minimum value is located under the edge
of the exposed plate. Tmax is the maximum value found
from Eq. (4) of the boundary layer and is located at the
centerline of the ceiling jet impingement. D is the distance
separating the heat source and the sample and D0 is a ref-
erence value equal to 200 mm. The non-dimensional free
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stream temperature allows us to collapse all the results on
one graph as shown in Fig. 5 for all the different parameter
variations listed in Table 4.

Once the air temperature is determined for each expo-
sure, it is used as a boundary condition in the finite element
program to find the surface temperature distribution of the
exposed surface of the plate. The program takes into
account for the radiation, convection and conduction heat
transfer modes. In the case of a gas flame exposure, the
radiation of the concentrated flame can be neglected. Only
convection and conduction are taken into account. Con-
ductivity, emissivity, density and thermal conductivity
value of the material are input in the software, those
parameters are summarized in Table 5. We assign different
free stream convective air temperatures to different parts of
the plate. We divided the region from the center to the edge
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Fig. 5. Non-dimensional maximum air temperature in the ceiling jet of a
small heat source exposure of a composite plate to a gas flame.

Table 4
Distance and heat release parameters for the seven experiments conducted

Distance, D (mm) Heat release, Q (W)

GB1 160 30
GB 2 320 30
GB 3 320 80
GB 4 150 200
GB 5 125 200
GB 6 200 100
GB 7 215 100

Table 5
Input parameters for simulation Wintherm

Emissivity 0.9
Thickness 3 mm
Thermal conductivity k = 0.23 W/m K
Convection coefficient h = 8 W/m2 K
Convective temperature Tcm
into five parts and assigned average value of free stream
temperature as calculated from Eq. (4). An example of a
typical numerical result for radial change in plate tempera-
ture from the point of impingement to the edge is shown in
Fig. 6.

The continuity of the temperature values can be
improved using more sections between the center and the
edge to represent the convective free stream temperature
of the air. The simulation provides temperature distribu-
tion for both the exposed and unexposed surface tempera-
tures. The experimental and numerical comparison is in
Fig. 7.

Numerical and experimental results correlate to various
degree of accuracy depending on the intensity of the flame
and the distance of the flame from the plate. The best
results are obtained for small flame which is far away from
the plate. Better approximations can be obtained by
improving the simulation by providing more accurate
description of air temperature below the plate by subdivid-
ing the plate into more regions. The emissivity approxima-
tions in the experimental part may also influence the final
results. Eq. (4) is therefore a useful approximation of the
maximum air temperature underneath an exposed plate
that is input in the final simulation. For a given flame
geometry, ambient temperature, distance and material
properties one is able to predict the sample surface
temperature.

An important non-dimensional parameter for the sur-
face temperature is identified in Eq. (6):

h ¼ T � T1
T max � T1

� � D
D0

ð6Þ

T1 represents the ambient temperature in the room, D is
the distance between the plate and the heat source, D0 is
a reference distance equal to 155 mm. The resulting non-
dimensional temperatures are presented in Fig. 8 as a func-
tion of non-dimensional distance from the center. Xo is half
the length of the plate.
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Fig. 6. Numerical surface temperature distribution of a plate exposed to a
gas flame result from Wintherm software.
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Fig. 7. Comparison of experimental and numerical results of radial temperatures of a composite plate exposed to a flame. The exposure conditions for the
seven results GB1–GB7 presented above are listed in Table 1.
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Fig. 8. Experimental temperature distributions for the gas burner
experiments expressed in a non-dimensional way (Eq. (6)).

Table 6
Boundary conditions—analytical study

Stefan–Boltzmann constant r = 5.67 � 10�8 W/m2 K4

Thickness e = 5 mm
Thermal conductivity k = 0.4 W/m K
Convection coefficient h = 5 W/m2 K
Emissivity e = 0.9
Source temperature Ts = 280 �C
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The non-dimensionalization shows how quickly the tem-
perature of the plate changes as we move away from the
center for small flames.

8. Prediction of temperature distribution for infra-red heater

as concentrated heat source

The radiant heater dominant mode of heat transfer is
radiation. Therefore, the approach to model the resulting
thermal history will be different as compared to the gas
burner.

We consider a simple case of a composite plate exposed
to a radiant heat source at constant temperature. An ana-
lytical solution is presented that will validate the numerical
code used. The plate temperature is assumed to be uniform,
therefore the analytical solution is not an exact solution but
an approximation. A three surfaces enclosure can be used
to model the radiative heat transfer between the heater
and the plate. For N surfaces, the net heat rate qi at which
radiation leaves surface I, including radiosity and irradia-
tion is expressed as

qi ¼
Ebi � J i

ð1� eiÞ=eiAi
ð7Þ

qi ¼
XN

j¼1

AiF ijðJ i � J jÞ ¼
XN

j¼1

qij ð8Þ

The view factors Fij depend on geometric factors such as
the area of the plates and the distance from each other
and can be found from any heat transfer text book [34].
For each of the surfaces in the enclosure, either Ti, the stea-
dy state temperature or qi the net heat rate of the surface i
are known. Based on electric analogy one can write and
solve a set of linear equations to find J’s the radiosity of
each surface. If Ti is known, the following equation is used
to find the unknown Jj:

Ebi � J i

ð1� eiÞ=eiAi
¼
XN

j¼1

J i � J j

ðAiF ijÞ�1
ð9Þ

If qi are known for the surface, the following equation is
used to find the Js:

qi ¼
XN

j¼1

J i � J j

ðAiF ijÞ�1
¼
XN

j¼1

qij ð10Þ

qij ¼
J i�Jj

ðAiF ijÞ�1 is the net heat rate leaving from surface i and

arriving to surface j. Once Ji are known, one can use Eq.
(6) to find the temperature Ti if qi is known.

This standard approach was applied to the radiant hea-
ter and the plate problem in which a few assumptions were
made to obtain a closed form solution. We assumed that
the composite plate and the heater have the same dimen-
sions. The heat source temperature was assumed to be con-
stant and known and does not change over time. The
surfaces to be considered in the analysis are: the heater sur-
face (1), both sides of the composite plate {the bottom (2)
facing the heat source and the top(3)}, and the surround-
ings (4) considered as a blackbody. As radiative mode is
at the speed of light, a steady state solution was sought.

The parameters to be considered: the distance D sepa-
rating the plate and the heater, the heat source temperature
Ts, the ambient room temperature T1, and the free stream
temperature of the air Tinf between the two plates. Input
parameters for this case are summarized in Table 6. Two
different regions are studied, one at a time. The back sur-
face of the exposed face that is not facing the heater and
the surrounding constitute the first region. In this case,
we consider only two surfaces, the top surface, indexed as
3, and the surroundings, indexed as 4, which is considered
as a blackbody. Using the energy balance at the surface 3
between the various modes of heat transfer as follows,

qcond ¼ qrad þ qconv ð11Þ
We can express Eq. (11) in terms of temperature using the
Fourier law of heat conduction, Newton law of cooling and
Stefan’s Boltzman law of radiation:

kðT 2 � T 3Þ
e

¼ e3rðT 4
3 � T 4

4Þ þ hðT 3 � T 4Þ ð12Þ

The two unknowns are the temperatures of the two
surfaces of the plate (T2 and T3). T4 is the ambient room
temperature known as T1. An additional equation is
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formulated by considering a three body enclosure consist-
ing of: the heat source (surface 1), the exposed side of the
plate (surface 2) and the surroundings (surface 4).

q2conv þ q2rad þ q2cond ¼ 0 ð13Þ

hðT 2 � T infÞ þ
Eb2 � J 2

ð1� e2Þ=e2

¼ �kðT 2 � T 3Þ=e ð14Þ

The energy balance (13) is used at the exposed side of the
plate as shown in Fig. 9 and expressed in terms of temper-
ature and heat transfer parameters in Eq. (14). Tinf is the
free stream temperature between the two plates and is
determined experimentally. The view factors are known
from the geometric parameter (surface area of the plate,
and distance between them), and are equal to
F21 = F12 = 0.14; F24 = 0.86. Applying Eq. (9) to surfaces
1 and 2 we can find J1 and J2. Using J1 and J2 values, we
can now solve for T2 and T3 from Eqs. (12) and (14).
Fig. 10 presents a comparison between the analytical and
the experimental result for the experiment IR7. The error
between the analytical solution and the experimental one
is within 5%. The experimental solution is not completely
uniform along the plate length due to the edge effects which
were not modeled in the analytic solution.

The free stream temperature in between the heat source
and the plate, Tinf is defined as the minimum air tempera-
ture along the imaginary line linking the middle of the hea-
ter and the middle of the exposed plate. To assess a free
stream temperature as a function of plate distance and
the heat source temperature, we experimentally measured
the air temperature between the radiant heater and the
plate with a thermocouple at different locations. For differ-
ent materials, distances, and heat source temperature, the
set of air temperatures were recorded (Fig. 11a).

It was found that the type of material exposed did not
influence the air temperature for a plate thickness equal
to 3 mm. For each set up the minimum temperature was
noted as Tinf, the free stream temperature between the
two plates. The set of Tinf values obtained for the different
heat sources temperature, different materials, and varying
distances can be plotted as a function of distance of the
plate from the heat source. A non-dimensional expression
for the free stream temperature was formulated in Eq.
(15) and the results are plotted in Fig. 11b.

T inf � T1
T s � T1

¼ 0:0973
D
D0

� ��1:2133

ð15Þ

The empirical non-dimensional equation (15) determines
the minimum air temperature Tinf, between the heater
and the sample as a function of the distance between the
plate and the source temperature.

Once the free stream temperature is determined, we use
the value in the finite element software Wintherm [33] to
compute a temperature map of the sample exposed. The
numerical results for the surface temperature are presented
in Fig. 12a along with the experimental results. For the IR9
experiment, the back surface temperature is also presented
in Fig. 12b, showing that the model can provide a good
correlation on both sides of the plate.

The numerical results are in a good agreement with the
experimental results. The largest difference is of 20 �C for a
heat source temperature of 550 �C. Generally the predic-
tion is more accurate for a lower heat source. The present
model allow one to predict surface temperature of a plate
exposed to a heat source in a form of radiant heater with
an accuracy of 20 �C in the worst case.

9. Discussions and conclusion

The present study developed a model to predict temper-
ature distribution on the surface of a thin composite plate
exposed horizontally to a concentrated heat source. This
was verified experimentally. The present model is limited
to a range of distances of 62–440 mm and heat flux up to
200 W for the gas flame and a temperature of 600 �C for
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the radiant heater. Radiant heater supplied heat by radia-
tive mode, where as the flame heated the plate more by
heating the surrounding air which then convected the heat
to the plate. Flame heating in general heated the plate to
higher temperature and the temperature varied non-line-
arly from the center of the flame to the outside. Such pre-
diction should prove useful to estimate the role of exposing
such plate to heat sources on damage caused. The correla-
tion between temperature and damage would then be
developed.
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