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The 3D nongray radiative heat exchange in a near-infrared commercial oven is
modeled. The spectrum is divided into into four gray bands to model the narrow
wavelength range in which the halogen heat source radiates, the wavelength depend-
ence of the food surface emittance, and the absorption coefficient of the heat source
cover glass. The model is used to estimate the heating of a cuboidal food sample for
1 min at different cyclic settings of a halogen radiant heat source. The model
predictions agree with the experimental data, and capture the cover-glass and the
food-surface temperature and heat flux histories very well. The band-wise distribution
of energy absorption by the food reveals the separate contributions from the source
and the oven walls. Comparison of the heating rates between the measured non-gray
food-surface and the different gray food-surface emittance values establishes
the necessity of the nongray treatment. VVC 2009 American Institute of Chemical Engineers
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Introduction

The infrared heating of food in an oven is a classic pro-
cess. More recently, infrared heating has been combined
with other modes of heating such as microwave or forced
hot air. Different regions of the infrared spectrum, such as
the near-infrared (halogen), have been introduced.1–5 The
low penetration depth of infrared waves leads to rapid sur-
face heating which has been exploited to produce effects
such as the pre-drying of sheeted foods (chips, tortillas, etc.)
and the surface browning of meat products (to seal the meat

juice) that are not possible with other modes of heating. The
exchange of radiation between an infrared source and the
food inside an oven is a complex process. Surface properties
of the food are an important factor in determining the
amount of energy absorbed and these properties can vary
with radiation wavelength. The radiation surface properties
can also vary with food composition, temperature, and
surface conditions. The complex radiation exchange process
determines the temperature-time history and therefore the
final quality of a heated food such as crust formation and
color development.6,7 A better understanding of the effects
of various food and oven parameters on infrared heating
should lead to improved optimization of this heating, con-
tributing to better quality of infrared-heated food, novel uses
of infrared energy in food processing, less energy usage, and
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increased automation of food processing through appropriate
combinations of infrared with other modes of heating such
as microwave.

Fundamentals-based analyses of the food heating process
that allow for complexities such as the variation in radiative
properties (i.e., reflection, absorption) and the effects of
source wavelength do not exist, generally speaking.8 Studies
have been either qualitative or were very simple analyses of
the radiative exchange assuming black or gray surfaces;
complete radiative exchange analyses are complex and have
not been performed.9–15 Models of infrared exchange in
nonfood applications such as computer graphics imaging,
microelectronics, and paper and wood processing are more
complete but do not include the combinations of geometry,
radiative properties, and other physical parameters that
typically describe food heating.16–19

The present study (1) develops a thermal radiative
exchange model for a 3-D cavity that uses wavelength-
dependent (nongray) radiative properties for the heat source,
the oven and the food materials, and predicts the oven wall
temperatures, food temperatures, and time-varying heat
fluxes; (2) experimentally validates the predicted tempera-
tures and heat fluxes; and (3) performs sensitivity analyses
with the model for the input food and oven parameters. The
article starts with a description of the problem, the governing
equations, and the boundary conditions for thermal radiative
exchange. Then, input parameters are discussed, followed by
a description of experimental measurements. In the last two
sections of the article, validation results and sensitivity
analyses are presented.

Mathematical Model

The physical geometry is sketched in Figure 1. Radia-
tive heat exchange occurs inside an oven (a 3-D enclo-
sure) which has two halogen lamps in a top cavity and
one halogen lamp in a bottom cavity (not used in this

study). The food is placed inside the oven just above
the floor.

The lamp cavities are covered by transparent glass plates.
The halogen lamps emit infrared radiation with the spectrum
shown in Figure 2. Most of the short wavelength radiation
emitted by the lamps (�71%20) is transmitted by the cavity
glass; the longer wavelength radiation as well as that emitted
by the oven walls, is absorbed by the glass. The food surface
properties can vary with wavelength. The lamp is cycled on-
off by the heating control system. During this process, the
lamp maintains its emission spectrum, while the heat flux
magnitude changes with cycling. Thus, we model the lamp
as an essentially constant temperature source with a time-
varying heat flux. The emitted flux is assumed to originate

Figure 1. Schematic of the radiation dominant problem.

The geometry of the oven is rectangular, of size 0.470 m � 0.356 m �0.215 m (volume 3.6 � 10�2 m3). The food inside the oven is a
potato slab of geometry 0.0470 m �0.0356 m �0.0215 m that has a volume 3.6 � 10�5 m3. Food is placed at 2.5 cm above the geometric
center of the oven’s bottom surface and parallel, resting on a quartz glass tray.

Figure 2. Radiation spectrum of the source with black-
body spectrum at 4198 K superimposed on it.

Band cuts at 550 nm and 850 nm also shown.
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from two small heated strips in the top surface of the lamp
cavity, as shown in Figure 1. The emitted radiant intensity is
used with the radiative transport equation (RTE), and is
coupled with the heat conduction equations for the food and
air to solve for temperature.

Assumptions

Some of the major assumptions in developing the math-
ematical formulation include: (1) All surfaces are diffuse
emitters and reflectors, with no directional dependence —
the surface roughness of foods and the roughness and
coatings on the oven surfaces are likely to support this
assumption; (2) Problem is radiation dominant and natural
convection effects are minor since the heating is only for
a short time interval; (3) Food is a solid conductive body
that is opaque to thermal radiation, i.e., all energy is
absorbed at the surface. The penetration depth in the
food for near infrared radiation has been reported to be
small (close to 1.5 mm21), which justifies the opaque
assumption.

Governing equation and boundary conditions for
radiative heat exchange

Governing Equations. Radiation exchange inside the oven
involves the heat source, food, oven walls, and glass cover
plate on the source. The ambient air is taken as radiatively
transparent (i.e., nonparticipating). The heat source, food, and
walls participate only by surface emission and absorption.
The glass cover plate absorbs and emits internally, and
transmits overall. Within the cover plate, we must solve the
radiative transport equation, RTE,22,23 which is given by

r: Iðr; sÞsð Þ ¼ �aðIðr; sÞ þ n2IbðrÞÞ (1)

where I is the radiation intensity (beam energy per unit time
and unit area normal to the beam, and per unit solid angle).

The RTE describes the variation of the radiation intensity,
I(r,s), at a location r, in a direction s, and at a specific wave-
length k. The blackbody intensity in the glass is denoted by
Ib(r). The two terms of the right side of (Eq. 1) account for
absorption and emission, respectively, in the glass. The
absorption coefficient and index of refraction of the glass are
denoted by a and n. We neglect in- and out-scattering inside
the glass in Eq. 1.

The ambient air is assumed to be radiatively transparent
(i.e., non-absorbing, emitting, or scattering). Thus, a beam of
radiant energy of intensity I(s) leaving a surface is unattenu-
ated as it passes through the air, and is constant (and con-
served) until it strikes another surface. Absorption, emission
and reflection can occur at the solid surfaces, and, as noted,
absorption and emission occur within the glass cover plate.
Further, since both I(r,s) and T (in Ib(r)) appear in the RTE
(Eq. 1) for the glass cover plate, the RTE must be solved
simultaneously with the appropriate energy equations for all
of the materials in the oven.

Boundary Conditions. At the opaque boundaries (oven
walls and food surface), the radiative heat balance equation
is obtained by combining the radiative surface energy bal-
ance and Kirchoff’s law, i.e., absorptance equals emittance

for zero transmittance. With the diffuse radiation assump-
tion, the incident radiative heat flux, qin, at a wall is

qin ¼
Z
s�n>0

Iðr; sÞs � ndX (2)

where the integral is over all incident directions above the wall
and dX is at differential solid angle. The net radiative flux, qout
leaving the surface is given by

qout ¼ ð1� ewÞqin þ n2
Z1
0

Ek;wdk (3)

where ew is the surface emittance, n is the refractive index of
the medium next to the surface, and Ek,w is the emission
function for the surface. Note that a directional integral does
not appear in Eq. 3 due to the diffuse approximation. The
boundary radiant intensity for all outgoing directions at the
surface is given by

I0 ¼ qout
p

(4)

For the semi-transparent boundaries also, i.e., the cavity
glass, the reflected and transmitted radiation are assumed to
be diffuse. There is no absorption at the semi-transparent
boundaries. The interfacial reflectance, rd, at the smooth,
semi-transparent boundaries is assumed to be independent of
direction and is estimated with:24

rd;a ¼ 1� ð1� rd;bÞ
n2

(5)

rd;b ¼ 1

2
þ ð3nþ 1Þðn� 1Þ

6ðnþ 1Þ2 þ n2ðn2 � 1Þ2
ðn2 þ 1Þ3 ln

n� 1

nþ 1

� �

� 2n3ðn2 þ 2n� 1Þ
ðn2 þ 1Þðn4 � 1Þ þ

8n4ðn4 þ 1Þ
ðn2 þ 1Þðn4 � 1Þ2 lnðnÞ ð6Þ

where n ¼ na/nb [ 1 and a and b denote the two media
bounding the semitransparent surface.

The radiant flux emitted by the halogen lamps is assumed
to emerge as a diffuse heat source emission from two thin
strips (representing the lamps, Figure 1) at the top surface of
the cavity containing the lamps (see also the Section on
Time Varying Boundary Condition for the Infrared Source).

Nongray Radiative Exchange. In the present study, to
describe the effects of non-gray radiation, we divide the
radiation spectrum into four wavelength bands as shown in
Figure 3: 550–850 nm; 850–1350 nm; 1350–4250 nm; and
beyond 4250 nm. We assume constant optical properties in
each band. The reason for choosing the four wavelength
bands is as follows: the source lamps emit primarily in the
range 550–850 nm (Figure 2); potato emittance (the food
studied) changes at 1350 nm (Figure 4); and the absorption
coefficient of the glass changes at 4250 nm20; thus justifying
the band cuts at these wavelengths. The radiation intensity
per unit wavelength interval, Ik (r,s), is solved in each wave-
length band:
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r: Ikðr; sÞsð Þ ¼ �akðIkðr; sÞ þ n2IbkðrÞÞ (7)

Equation 7 is integrated over each wavelength interval,
resulting in transport equations for the quantity Ik Dk, the ra-
diant energy contained in the wavelength band Dk. The
behavior within each band is assumed to be gray. The black-
body emission in the wavelength band per unit solid angle is
written as

½Fð0!nk2TÞ � Fð0!nk1TÞ�n2
rT4

p
(8)

where r if the Stefan-Boltzmann constant and F(0 ! nkT) is the
fraction of radiant energy emitted by a black body in the
wavelength interval from 0 to k at temperature T in a medium
of refractive index n and k2 and k1 are the wavelength
boundaries of the band. The total intensity, I(r,s), in each
direction s at position r is computed using

Iðr; sÞ ¼
X
k

Ikk ðr; sÞDkk (9)

where the summation is over the wavelength bands.

Governing equations and boundary conditions
for heat conduction

The energy equation (Eq. 10) is solved for the entire
cavity (food, glass and air):

qcp
@T

@t
þ qcpðu:rTÞ

¼ kr2T þ Q
¼ 0 food; air

¼ ðr:qr � an2IbðrÞÞ glass

�
ð10Þ

The density (q), specific heat (cp) and the thermal conduc-
tivity (k) are evaluated for food, glass, and air, as appropri-
ate. The maximum increase in the food-surface temperature
is observed to be �35�C during the heating duration consid-
ered (Figure 10). The food properties are not expected to

change by more than 5% in this temperature range. There-
fore, physical properties of the food are assumed to be con-
stant (Table 1). The volumetric heat source term, Q, is non-
zero only in the glass. The heat source term is equal to the
energy absorbed by the glass, !.qr, minus the energy emit-
ted by the glass, an2 Ib (r). The radiative heat flux, qr is
given by:

qr ¼
X
k

Z4p
0

Ikk ðr; sÞsdX
0
@

1
ADkk (11)

Figure 3. Division of the spectrum into gray bands as
used in the model, following source, food,
and cavity glass characteristics.

Figure 4. Measured spectral absorptance of potatoes
in the near and mid-infrared range from27 and
the approximation (solid line) used in this
study.

Table 1. Input Parameters Used in Simulations

Parameter Value Source

Air density 1.1614 kg/m3 Bejan, 199326

Air specific heat 1030 J/kg�K Bejan, 199326

Air thermal conductivity 0.045 W/m�K Bejan, 199326

Potato density 1000 kg/m3 Talburt and
Smith, 195927

Potato specific heat 3900 J/kg�K Talburt and
Smith, 195927

Potato thermal
conductivity

0.4 W/m�K Talburt and
Smith, 195927

Potato emittance
(nongray) � 1350 nm

0.67 Figure 4
(Almeida, 200425)

Potato emittance
(nongray) � 1350 nm

0.96 Figure 4
(Almeida, 200425)

Bulb cavity glass density 2650 kg/m3 Wolfe, 196520

Bulb cavity glass
specific heat

786 J/kg�K Wolfe, 196520

Bulb cavity glass
thermal conductivity

8.4 W/m�K Wolfe, 196520

Oven surfaces emittance 0.1 Gubareff et al., 196028

Glass absorption
coefficient � 4250 nm

106 m�1 Wolfe, 196520

Glass absorption
coefficient � 4250 nm

2300 m�1 Wolfe, 196520

Bulb maximum
output power

3 Kw GE AdvantiumTM

Specifications
Radiation temperature
of the bulbs

4198 K Measured
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The velocity, u, is zero everywhere except in the lamp
cavity. As noted, the ambient air is assumed to be radiatively
nonabsorbing, i.e., non-participating. The thermal boundary
condition on all solid surfaces for the energy equation
(Eq. 10) is as follows:

�kc
@T

@n

����
c|fflfflfflfflffl{zfflfflfflfflffl}

conduction from
solid to surface

� �kair
@T

@n

����
air

� �
|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
conduction from
surface to air

¼ qout þ hcðTs � TairÞ (12)

where kc is the thermal conductivity of the solid, kair is the
thermal conductivity of the air, n is the outward normal
direction to the solid surface, qout is the net radiative flux
leaving the solid surface as given by the radiative boundary
condition equation (Eq. 3). and hc is a pseudo-convective heat
transfer coefficient (more to follow). According to the user’s
manual for the oven, the lamp cavities are cooled by multiple
fans (illustrated in Figure 1). It is not possible to measure the
air velocity inside the lamp cavities without disturbing the
system. Therefore, a sensitivity study of the glass temperature
with respect to air velocity in the lamp cavities was carried
out; hereafter, the value of velocity (and thus hc) which gave
the best estimate of the glass temperature (as compared to
measurements) was used (discussed later in Results). This
velocity is used in the estimation of the heat transfer
coefficient, hc, over the glass surface inside the lamp cavities,
and which accounts for the effect of cooling due to forced
convection.

The air in the main oven cavity is assumed to be quies-
cent and, thus, all walls have a zero heat transfer coefficient
(natural convection is ignored). The two terms on the left
side of the heat balance in equation (Eq. 12) represent con-
duction from within the solid to the solid surface, and from
the solid surface to the surrounding air, respectively. In order
to avoid the complications involved in modeling the oven
wall thickness as well as insulation, it is assumed that no
heat escapes from the oven cavities. Also, the heat capacity
of the walls is assumed to be small. These assumptions are
justified considering that the oven walls are made up of thin
stainless steel sheets and the cavity is enclosed in a thick
insulation material. Since the oven walls are adiabatic, the
first term in equation (Eq. 12) is set to zero at those walls.
For the food surface, this term is calculated using the heat
conduction equation (Eq. 10) inside the food.

Input parameters

Table 1 lists the input parameters used for the simula-
tions. The oven surface emittances are taken as those of
stainless steel at 300 K. The potato emittance is set for two
different values � 0.67 up to 1350 nm and 0.96 for wave-
lengths beyond 1350 nm, for the 4-band non-gray analysis
described earlier. The emittance of the heat source is para-
metrically varied in time to describe the time cycling of the
lamps (see discussion in the following paragraph). Quartz
glass properties are used for the plate covering the bulb
cavity.20 The glass has absorption coefficients of 106 m�1

and 2300 m�1 for wavelengths below and above 4250 nm,
respectively. For the 3.25 mm glass cover plate thickness,
using the Beer-Lambert law, these values translate to

absorption values of 29 % and 99 % for wavelengths below
and above 4250 nm.

Time-Varying Boundary Condition for the Infrared
Source. The halogen lamps that provide infrared energy to
the oven cycle on and off, producing a time-varying heat
flux. Only the heat flux due to the two halogen bulbs located
in the oven ceiling is considered here. The radiation spec-
trum from the lamps was analysed using a high resolution
fiber optic spectrometer, HR4000 (Ocean Optics Inc., Dune-
din, FL). Figure 2 shows the intensity vs. wavelength
obtained from the spectrometer and normalized with respect
to the intensity at 690 nm, the wavelength corresponding to
the peak. The maximum energy emitted by the lamps per
unit time is assumed to be equal to the rated power of the
top lamps, i.e., 1.5 kW each. This maximum power is then
multiplied by a time function, f(t), with values ranging from
0 to 1, to represent the transient behavior of the lamp. The
function, f(t), is found by measuring the radiation intensity
at 690 nm versus time, and normalizing as noted in the fore-
going. Figure 5 shows the f(t) curves obtained in this way
for the three power levels (settings on the oven dial) of I, V
and X. The time function, f(t), increases as the lamps are
turned on and decays as the lamps are turned off.

The output energy emitted per unit time, P(t), is related to
f(t) by

PðtÞ ¼ 3000 f ðtÞ (13)

The radiation simulation assumes constant optical proper-
ties in each band and cannot handle a spectrum with differ-
ent emittances at each wavelength. To make the model con-
sistent with the actual radiation spectrum of the source
lamps, the emitted energy spectrum from the lamps is
approximated as follows. The source lamps are replaced by
two non-gray strips, at the top wall of the upper lamp cavity,

Figure 5. Time function, f(t), in Eq. 13 for infrared
power level settings I, V, and X.

The time function represents the radiation intensity at time t
as a fraction of the peak intensity.
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radiating at a fixed temperature, Ts of 4198 K (which matches
the peak wavelength of 690 nm), and having a uniform
non-zero emittance over the wavelength range 550-850 nm.
The energy in this band was set equal to the measured (over
all wavelengths) emitted energy. In Figure 2, the approxi-
mated spectrum (i.e., the band between 550 nm and 850 nm),
is shown superimposed over the experimentally-measured
spectrum. The emittance of the source, es(t), is then varied
with time to represent the cycling of the lamps:

esðtÞ ¼ PðtÞ
rT4

sAsFð0:85Þð4198Þ�ð0:55Þð4198ÞlmK

(14)

The area of the two strips of the infrared source, As, is
specified arbitrarily to be 40% of the area of the top wall of
the upper cavity. Note that this arbitrary specification of area
is done as only the product of emittance and area can be
known and not their individual values. The change of area is
not expected to significantly change the glass or food fluxes
or temperatures, as the total emitted radiation energy and the
spectrum remain the same regardless of the chosen area.

Convection Cooling over the Solid Surfaces. The dura-
tion of heating in this study is one minute. Natural convec-
tion airflows in the main oven cavity are induced with the
start of heating and then relax to zero when the radiant heat-
ers are shut off and the surfaces cool. Because of the high
Rayleigh number ([109) beneath the lamp cavity glass, and
because the associated boundary layer would develop in a
density-stratified media, the modeling of the natural convec-
tion currents inside the main cavity would be a separate
study in itself.29 Although it is possible to estimate the
steady-state, fully-developed heat transfer coefficients for a
heated rectangular block and the walls inside a cavity,30 it
was shown elsewhere25 that the oven takes several minutes
to reach a convective steady-state condition. Thus, for a one
minute heating period that includes lamp cycling over even
shorter time intervals, a steady-state heat transfer coefficient
(the value of 4.5 W/m2 K) would not be appropriate. In this
study, for simplification, we have ignored the cooling due to
the natural convection of air adjacent to solid surfaces. How-
ever, the effect of forced convection cooling in the upper
lamp cavity is accounted for by specifying a constant veloc-
ity of 12.5 m/s for the air in the cavity (as discussed under
Governing Equations and Boundary Conditions for Heat
Conduction).

Numerical solution

The radiative transport equation, RTE (Eq. 7), is approxi-
mated using the method of Discrete Ordinates (DO)31 to
handle directional effects and is solved numerically, together
with the energy equation (Eq. 10), using FLUENTTM 6.3.26,
a commercial CFD software package. The RTE has direction
as an independent variable, and thus direction is discretized
as are the other independent variables, x,y and z. In the
present study, each octant of the angular space was divided
into 3 (polar) � 3 (azimuthal) control angles of equal extent.
Thus, in all 8 � 3 � 3 ¼ 72 directions are solved for
each band. Further details of the discretization are available
elsewhere.31

For the energy equation, a hexahedral mesh was used with
381,786 cells. A second order upwind scheme was used for
the x-y-z spatial discretization, while a first order implicit
scheme was used for the time integration. Simulations were
performed on an 8 node cluster of Dual Processor 3.6 GHz
Xeon EM64T workstations with 4 GB RAM per node. The
wall clock time for one second of simulation was about
30 min.

Experimental Measurements

The oven and the food system

As shown in Figure 1, the GE AdvantiumTM oven (Model
no. SCA2000BBB 03) is a combination oven with
microwave and infrared (halogen) heating capabilities. It has
three halogen lamps of 1.5 kW power each, inside two cav-
ities – two lamps in the top cavity and one in the bottom.
The top and bottom cavity lamps can be controlled inde-
pendently. For the purpose of this study, only the top lamps
were used so that experiments and simulation could be care-
fully compared. The oven has microwave heating as an addi-
tional heating mode,25 but that mode was not used in the
present study.

The dimensions of the main cavity of the oven are
0.470 m � 0.356 m � 0.215 m (Figure 1), with a volume of
0.036 m3. All the inside surfaces, besides the lamp covers
and the front window, are brushed stainless steel. The power
levels of infrared heating are set through a dial on the oven
control panel. The dial has 10 settings from I to X which
determine the on-off cycle times for the halogen lamp.
Larger numbers correspond to longer on-times. Heating
duration can be adjusted in intervals of 15 s.

The food sample is a rectangular slab of potato (TOPS
SELECT Golds brand), obtained from a local grocery store,
and sliced into dimensions 1/10th that of the oven, 0.0470 m �
0.0356 m � 0.0215 m. The sides of a potato sample were
aligned with the corresponding sides of the oven. The
sample was placed 2.54 cm above the geometric center of
the bottom surface of the oven. The food sample was
stationary during the experiment and was initially at room
temperature. A previous study21 characterized the spectral
radiative properties of the potato samples.

Temperature measurements on glass surface
below top lamp

As illustrated in Figure 1, the temperature history of the
underside of the glass surface was obtained using a K-type
thermocouple (Omega Engineering, Stamford, CT), which
has a sensitivity of 41 lV/�C, with 	 1.5�C uncertainty. The
sensor was cemented onto the glass using high conductivity
Omegatherm paste from the same company and was sup-
ported by paper tape. Temperatures were recorded every 1 s
for three oven cyclic settings (namely, I, V and X), using
the top lamps only.

Temperature and heat flux measurements on
the food surface

Temperature and incident heat flux on the food surface
were recorded using an Omega Thin Film Heat Flux Sensor
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HFS-3 (Omega Engineering Inc., Stamford, CT). This ther-
mocouple was cemented onto the surface using Omegatherm
paste and paper tape. The heat flux in the differential ther-
mocouple sensor is proportional to the temperature differ-
ence across the sensor, which is measured directly. The pla-
nar dimensions of the sensor are 35.1 mm � 28.5 mm, with
long lead wire extensions for connections. The upper tem-
perature limit for the sensor is 165�C. The HFS-3 is a preca-
librated heat flux sensor, which gives a voltage as output
with a sensitivity of 0.95 lV/(W/m2), with 	 10% uncer-
tainty. The maximum recommended heat flux for the sensor
is 94.6 kW/m2, much larger than the fluxes encountered in
this study. A K-type thermocouple is built into the heat flux
sensor to record temperature.

The sensors are interfaced with a FLUKE Data Acquisition
Bucket (FLUKE, WA) which directly measures the voltage
with no need of cold-junction compensation. For the three
oven infrared settings used in this study, heating was restricted
to 1 min durations to minimize the effects of evaporation. A 1
min duration covers about two lamp cycles. The same data ac-
quisition system was used for the glass cover temperature, the
food temperature, and the food heat flux measurements.

Results and Discussion

Transient radiative exchange analyses were performed for
one minute heating cycles of the lamps, as described in Time-
Varying Boundary Condition for the Infrared Source, to obtain
temperature and heat flux values on the food and glass surfaces.
In this section, time step convergence and comparisons with
experimental temperature and heat flux values are described.
The effects of power level, gray versus non-gray treatments,
and various food and wall emittances are examined.

Time step convergence

The significant computational effort involved in the simu-
lation of a 3D, 4-gray band discrete ordinates radiation
model, as discussed in Numerical Solution, requires the use
of the largest possible time step for which the solution is
still independent of time step size. Figure 6 shows the tem-
perature at the mid-point of the lower surface of the upper
lamp cavity for 15 s of heating time using different time
step sizes. The temperature stops changing for time step
sizes smaller than about 0.1 s, which is the step size used
for all the simulations.

Glass temperatures

The glass that covers the upper cavity absorbs part of the
radiation coming from the lamps and transmits the rest. In
order to predict the food temperature and fluxes, it is essential
to accurately account for the glass behavior. Figure 7 com-
pares the experimentally-measured and numerically-simulated
temperature histories at the geometric center of the bottom
surface of the glass for all three power levels. For all three
power levels, the glass temperature follows the time function,
f(t), as temperature rises initially. The temperature keeps on
rising as f(t) becomes flat at its peak value (both lamps
switched on at full power) and starts decaying at a very slow
rate after the lamps are switched off (f(t) ¼ 0).

Figure 8a shows numerically-calculated glass temperature
contours at t ¼ 4s for power level I. We can see that the
temperature is the highest in the regions directly below the
lamps and is a strong function of the relative distance from
the lamp strips. Also, at t ¼ 12s, when the lamps are off and
the source radiation is subsiding, the glass temperature spa-
tially decreases from the end where the cooling air enters
the lamp cavity to the end where the cooling air leaves. The
effect of the cooling air in the lamp cavity is further illus-
trated in Figure 9, where the mid-point temperature for
power level I is shown for three different assumed air veloc-
ities of 7.5 m/s, 12.5 m/s and 17.5 m/s. For a velocity of
7.5 m/s, the temperature is almost constant after the lamps
are switched off. At higher values of velocity, while the
peak temperature values are the same, the temperature starts
to decrease after the lamps are switched off. Thus, it can be
deduced that the cooling air and the relative position from
the lamp are the primary factors affecting the glass tempera-
ture. These spatial gradients along with the transient nature
of the lamp power, f(t), make the comparison of glass tem-
peratures difficult. Nevertheless, the good match demon-
strated in Figure 9 at the mid-point of the glass plate for all
three power levels supports the heat transfer model used
for the upper lamp cavity. Note that the objective was to
model the temperature history of the glass and not to charac-
terize the flow inside the cavity. Therefore, simulations were
run using different velocity values for the upper cavity air to
find the best match; the best match was judged to occur for
a velocity of 12.5 m/s.

Food fluxes and temperatures

The primary interests in this study are the temperature and
heat flux at the food sample being heated. For validation,

Figure 6. Temperature at the center position on the
underside of the glass surface covering the
top infrared lamps during 15 s of heating for
three different time step sizes for infrared
power level X.
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Figure 10 compares the numerically-computed heat flux and
temperature values, averaged over the region covered by the
thermocouple sensor on the top of the food, with the experi-
mentally measured values for three power levels. The fluxes
follow the growth and decay transients of the lamp, as
expected.

Temperature rises with the growth of lamp power and
then decays at a slower rate. This decrease in temperature is
due to heat loss to the surrounding air as well as heat con-
duction to the cooler interior regions of the food sample.
Figure 11 shows temperature contours in the food sample at
various cross-sections.

For the three power levels, the food surface temperature
reaches peak values of 35�C, 52�C and 65�C, respectively.
The model is able to predict the temperature and heat flux
cycling reasonably well for the initial 30 seconds and longer.
However, during the times when the lamps are off (from

Figure 8. Calculated temperature contours on the
underside of the glass surface covering the
top infrared lamps at 4 s and 12 s for power
level I.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 7. Experimental and computed temperatures at
the center position on the underside of the
glass surface covering the top infrared lamps
during 1 min of heating for three different
settings of infrared power level (Levels I, V,
and X) in the AdvantiumTM oven.
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7 to 34 s and from 41 to 60 s for level I heating; and from
17 to 34 s and from 51 to 60 s for level V heating), the
cooling rates are underpredicted. This is most likely due to

the neglect of surface evaporation and natural convection in
this study (see Convection Cooling over Solid Surfaces)
which cause the food surfaces to cool faster once the lamps
are off. The effect of evaporative cooling becomes prominent
at higher temperatures, especially in the level X temperature
and heat flux histories (Figure 10c), when the heating rate is
overpredicted. Even with these limitations, the error in food
temperatures and heat fluxes is within 15% for most of the
time for all power levels, which is a very good match, consid-
ering that the system is a commercial oven and not a labora-
tory experiment where all the parameters can be controlled.

One of the most interesting features elucidated by the
present nongray radiation analysis is the band-wise distribu-
tion of energy absorbed by the food sample. Such informa-
tion may provide insights as to where design efforts should
be spent to improve the efficiency of the process. This
information is critical while studying the kinetics of photo-
chemical reactions occurring in the food, which lead to loss
of food nutrients and formation of undesired free radicals.2

Figure 12 shows the power absorbed by the food surface, in
the four radition bands, over time for three power levels.
Here, Band 1, i.e., from 550 nm to 850 nm wavelength, is
the direct and wall reflected source-lamp radiation band. All
the other bands correspond to radiation emitted by other
sources, i.e. the oven walls and glass. It can be observed that
indirect heating from the walls contributes significantly to
the total power absorbed by the food, and constitutes more
than 50% of the flux after the initial few seconds during
which the oven walls and the glass are getting heated.

Figure 10. Experimental and computed temperatures and total surface heat fluxes at the center position on the
top surface of the food during 1 min of heating for three different settings of infrared power level
(Levels I, V, and X) in the AdvantiumTM oven.

Figure 9. Calculated temperatures at the center posi-
tion on the underside of the glass surface
covering the top infrared lamps during 20 s
of heating at power level I with three different
values of air velocity in the upper lamp cavity.
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The energy efficiency of the process, i.e., the ratio of the
energy absorbed by the food to the total input energy can be
an important factor when designing an oven. Considering
3 kW as the input energy, the fraction of energy delivered to
the food over its entire surface at the peak of lamp power
emission was estimated to be around 0.8, 1.2, and 1.5%,
respectively, for power levels I, V, and X. Such small values
are probably due to the small size of the food sample. It
would be useful to compare these numbers for different food
sizes; however, such a study was beyond the scope of the
current project due to the large computational resources
required for each simulation. Future work could also
consider various combinations of the three possible heating
modes: infrared, convection and microwave.

Effect of food surface emittance (Gray vs. Nongray)

Measured data for the potato surface exhibit non-gray
behavior as shown in Figure 4, where the emittance is 0.67
for wavelengths\ 1350 nm and 0.96 for wavelengths[ 4250
nm.25 These values were used in this study. Typically,
however, only wavelength-averaged emittance values are
available for foods. The wavelength averaging is defined by:

eavg ¼ 1

rT4

Z1
0

Ekdk (15)

Averaging is only accurate when all the radiation sources
have identical temperatures. When surfaces at different tem-
peratures are present (e.g., source lamps, glass, and oven
walls in the current study), the use of such an average may
not be appropriate.

We carried out a brief study of gray versus nongray food
emittance. Simulations (for power level X) were carried out
for three different food surface emittance combinations: 0.67

for all wavelengths; non-gray surface (0.67 for wavelengths
\ 1350 nm and 0.96 for wavelengths [ 4250 nm); and 0.96
for all wavelengths. Calculated temperature and heat flux
profiles at the center of the top surface of the food sample
are shown in Figure 13. Early in the transients, the flux and
temperature profiles for efood ¼ 0.67, which is gray, and the
nongray case nearly coincide. This is because almost all the
heat coming to the food is from the source lamp, i.e., with
wavelengths \ 1350 nm, for which efood in both the cases is
0.67. However, as the oven walls get heated and start

Figure 11. Temperature contours at different cross-
sections of food at t 5 12 s for power
level I.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 12. Distribution of the total power absorbed by
the food in four radiation bands over time
for power levels I, V, and X.

Bands are defined in Figure 3. The contribution from
Band 2 is negligible for all three power levels at all times.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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contributing significantly to the heat delivered to the food,
the profiles with efood ¼ 0.67 start to fall below the nongray
case. This is because the oven walls emit radiation with lon-
ger wavelengths, and for which the food emittance should be
0.96 and not 0.67. This effect will be much more pro-
nounced at later times when emission from the oven walls
becomes larger and also when the lamps are completely shut
off and all the heating is provided by the oven walls. When
used for the whole duration of heating, the efood ¼ 0.96
value gives much larger food surface absorbed fluxes and
temperatures for obvious reasons.

Effect of wall emittance

Oven walls reflect the source radiation and after getting
heated, emission from the oven walls can be more than 50%
of the total heat absorbed by the food sample (see Band 4 in
Figure 12). Hence, it becomes important to know how the
surface properties of an oven can influence food heating.
Figure 14 compares heat flux and temperature profiles for
two different oven wall emittance values, 0.1 and 0.05, for
power level X for 30 s of heating. This emittance range
brackets the range for clean stainless steel.28 For the lower
wall emittance value, the fluxes and temperatures at the food

Figure 13. Experimental and computed temperatures
and total surface heat fluxes at the center
position on the top surface of the food dur-
ing 30 s of heating for three different food
surface emittance values for power level X.

Figure 14. Experimental and computed temperatures
and total surface heat fluxes at the center
position on the top surface of the food dur-
ing 30 s of heating for two different oven
wall emittance values for power level X.
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are higher by around 30% and 15%, respectively, after 8 s
of heating because of greater reflection by the walls to the
food surface. With time, the difference between the two flux
values decreases as direct emission from the walls becomes
significant and compensates to a certain extent for the lower
reflectance of the ewall ¼ 0.1 surface.

Conclusion

A 3D, 4-band, nongray radiation model was developed
which can predict heat transfer inside an oven cavity. The
total energy delivered to a food sample was estimated and
its distribution among the four wavelength bands was
shown to change as heating progressed. The contribution of
the oven wall emission was found to be more than 50% af-
ter the initial heating-up period. The effect of variation of
the food surface emittance with wavelength on the heating
process shows that a non-gray treatment is necessary due
to the presence of radiation in different wavelength bands.
The effect of wall emittance shows that lower emittance
(and thus higher reflectance) leads to higher heating rates
of the food. In addition to providing fundamental insights
into the radiative heating process in an oven, the detailed
model presented can be used to optimize various design pa-
rameters of an oven such as geometry of the cavity, cy-
cling time, source and food placement and other oven
arrangements, thus, reducing time and costs associated with
trial and error experimentation.
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Notation

a ¼ absorption coefficient, m�1

A ¼ area, m2

cp ¼ specific heat, J/kg K
f(t) ¼ fraction of total lamp power emitted at time t
Ek ¼ irradiance as a function of wavelength, W/m2

F(0 � nki T) ¼ band energy ratio
hc ¼ convective heat transfer coefficient, W/m2 K

I(r,s) ¼ intensity of radiation at a location r in direction s, W/m2

Ib(r) ¼ blackbody emission at a location r, W/m2

I0 ¼ radiation intensity at a surface, W/m2

kc ¼ thermal conductivity, W/m K
n ¼ refractive index

P(t) ¼ power of the lamps at time t, W
q ¼ heat flux, W/m2

r ¼ position vector
rd ¼ interfacial reflectivity at a surface
s ¼ direction
T ¼ temperature, K
t ¼ time, s
u ¼ velocity of air, m/s

Greek letters

e ¼ emittance
k ¼ wavelength, m
q ¼ density, kg/m3

r ¼ Stefan-Boltzmann’s constant, 5.67 � 10� 8 W/m2 K4

X ¼ solid Angle, rad

Subscripts

air ¼ surrounding air properties
avg ¼ average
c ¼ solid
in ¼ incoming

out ¼ outgoing
surf ¼ surface

r ¼ radiation
s ¼ source
w ¼ wall
k ¼ at given wavelength, or per unit wavelength
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