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Abstract

A model for an electric infrared (IR) heater has been developed. The model includes non-grey radiative heat
transfer between the di�erent parts of the IR heater, as well as conduction in re¯ector material and convective

cooling of surfaces. The geometry is simpli®ed into one dimension. Using IR module voltage as the only input, the
model predicts the temperature of heater components and cooling air, as well as the net radiation heat transfer to
the surroundings at steady state and transient conditions. The model has been validated against both steady state
and transient experimental results from a small electric IR heater. The model predictions are in good agreement

with experimental data both regarding steady state results and the transient response over a wide range of
voltages. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Infrared (IR) heaters are used in industry for heating
and drying operations. Two di�erent types of IR
heaters dominate these applications, i.e., medium-wave

gas-®red IR heaters and short-wave electric IR heaters.
Gas-®red IR heaters have achieved some attention in
the scienti®c literature, with papers presenting
advanced modelling work [1±3] and experimental stu-

dies [4,5]. Fundamental studies on electric IR heaters
are much more scarce. There are some publications
that discuss experimental work [6±8] and work regard-

ing radiation exchange modelling, especially the pio-
neering work in infrared paper drying by Lampinen,

Ojala and co-workers [9,10]. These models are focused
on radiation exchange and the interaction with paper.
The temperatures of the di�erent parts of the heater

are given a priori and are considered as the result of
cooling air system design. Pettersson and StenstroÈ m
[11] developed a similar model in order to obtain a
spectral distribution of radiation for their study on in-

ternal radiation transport in paper sheets. However,
they did notice the limitation of not being able to
include the e�ect of paper grade on the temperature of

the di�erent components in the IR dryer.
This work will propose a model for an electric IR

heater. The model will be able to predict the tempera-

ture of the heater components under di�erent operat-
ing conditions, as well as the transient behaviour
during the start-up and close-down of the heater.
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Experiments on a small-scale heater designed for the
paper industry will be used to determine model par-

ameters and to validate the model.

2. The IR heater

The particular IR heater used in this study is a
frame (Itronic Drying frame 5000) designed for use in

the paper industry. The principles of the design are il-
lustrated in Fig. 1. A number of high-temperature
lamps are arranged in a row in front of a ceramic

re¯ector that redirects radiation. The re¯ector is coated
with gold to ensure a high re¯ectivity in the infrared
range of the spectrum. Lamps and re¯ector are pro-

tected from dirt and dust by a protective glass made of
quartz. Heater components, especially the lamp's ends,
are cooled with air to ensure a long service life.
Cooling air passes over the back side of the re¯ector,

passes the lamp ends at high speed, and also cools the
front side of the re¯ector, the lamp bodies, and the
protective glass before being exhausted.

The high-temperature lamps are the core of the IR
heater. Fig. 1 includes an enlargement of such a lamp.
The spiral tungsten ®lament is heated by an electric

current to high temperatures, normally above 2000 K.

The ®lament is enclosed by a quartz envelope. The
lamp is ®lled with an inert gas, in this case neon, to

prevent oxidation of tungsten. Small amounts of halo-
gen are also used to inhibit the evaporation of tung-
sten via the halogen cycle. To maintain the atmosphere
inside the lamp, the electric current must be passed

into the quartz tube with a special arrangement in-
volving a molybdenum foil. The lamp ends must be
cooled to temperatures lower than 3508C for the seal-

ing to last. The lamp body can operate at temperatures
up to 9008C, but for operation of the halogen cycle,
no part of the lamp should be below 2508C [12]. The

design of the cooling air system is thus an important
and delicate task.

3. Experimental work

Only a small module, approximately 0:5� 0:2 m

with twelve 2-kW IRK halogen lamps from Philips
was used in the experimental work. The design of the
module was identical to industrial units. The IR mod-

ule was mounted horizontally, facing an open 1� 1:5-
m water-cooled tray. The tray was painted inside with
a mat black colour. During the measurements, water

was ¯owing 5 cm deep through the tray. Since water

Nomenclature

A area (m2)
af ®lament cross section (m2)
c0 speed of light, 2:998� 108 (m/s)

Cp speci®c heat (J/kg K)
d diameter (m)
E blackbody emissive power (W/m2)

el,i emissivity of surface i at wavelength l
fhxi f taken at x
Fi± j view factor from surface i to surface j

G irradiation (W/m2)
h heat transfer coe�cient (W/m2 K)
h Planck's constant, 6:626� 10ÿ34 (J/s)
hcont contact coe�cient (W/m2 K)

J radiosity (W/m2)
k thermal conductivity (W/m K)
k Boltzmann's constant, 1:3806� 10ÿ23 (J/K)

L ®lament coil length (m)
l wavelength (m)
lf ®lament length (m)

m mass (kg)
Qc conduction heat transfer rate (W)
Qrad radiation heat transfer rate (W)

qrad radiation heat ¯ux (W/m2)
R lamp resistance (O)

rl,i re¯ectivity of surface i at l
rw electric resistivity of tungsten (O m)
r density (kg/m3)

s lamp spacing (m)
T temperature (K)
t time (s)

tl,i transmissivity of surface i at l
U voltage (V)

Subscripts

air cooling air
back back side
ceram ceramic

c coil
f ®lament
front front side

g protective glass
l lamp glass
l wavelength or wavelength interval
Ne neon

quartz quartz
r re¯ector
W tungsten
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absorbs virtually all infrared radiation and the black
bottom most visible radiation, the tray absorbed

almost all radiation emitted from the IR heater. The
set-up has been used previously to evaluate the radi-
ation e�ciency of the IR module [8].

T-type thermocouples were glued to the back side of
the re¯ector in order to measure re¯ector temperature.
It must be recognised that these measurements on sur-
face temperature were uncertain due to the e�ects of

the glue and the contact conditions between the re¯ec-
tor and the thermocouple. The readings should still
have given an indication of the temperature within

258C. Thermocouples were also inserted in the cooling
air exit holes. The ¯ow rate of cooling air was

measured in the inlet using a pitot tube and evaluated
to be 0.085 kg/s, i.e., 0.007 kg/s per lamp. The prin-
ciple of the experimental set-up is shown in Fig. 2.

The radiation intensity in front of the heater was
measured with a radiation heat ¯ux probe, a 2p-radi-
ometer from Lands Instruments. The accuracy of the
instrument is estimated by the supplier to be within

23%. The instrument has been described in more
detail elsewhere [8]. Thermocouples and the radiometer
were connected to a data acquisition system, and

Fig. 1. IR heating frame and an enlargement of an IR lamp.

Fig. 2. View of IR heater during experiments also indicating cooling air ¯ow.
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changes during start-up and close-down of the module
were logged at 1 Hz. In order to try out the dynamic

response of the thermocouples, one was rapidly
inserted in hot gas at steady ¯ow and constant tem-
perature. The dynamic response of the radiometer was

evaluated in a similar way, rapidly inserting it under
the IR module during steady operation. The thermo-
couple has a rapid response and reaches steady state

within 8 s. The radiometer is slower and needs 30 s to
reach a steady state value.
Electric voltage (rms) and current (rms) were

measured with an Infratek Model 301A Wattmeter.
The accuracy in the range of these measurements is
given as23.5%. There was also some noise,22 V and
20.2 A, respectively, that resulted in a considerable

uncertainty at low power levels. Measurements of
voltage and current, together with knowledge of the
module circuit, allowed the resistance of the individual

lamps to be determined, which is directly dependent on
®lament temperature. Thus, the electric measurements
provided a means to determine ®lament temperature.

The wattmeter was also attached to a data acquisition
system during some measurements, and changes were
logged at 100 Hz. In these cases, data could not be

logged for periods longer than 6 s.
The heater was dismounted and the dimensions of

the di�erent parts were measured using digital vernier
callipers or a ruler. The resistance of the lamps (at

room temperature) was measured using a multimeter.
Also, one of the lamps was broken and the mass of
tungsten and glass determined, as well as the dimen-

sions of the ®lament. Some results from these measure-
ments are collected in Table 1.

4. Mathematical model

In order to develop a mathematical description of

the IR heater, the physics must be considered. A
voltage is applied to the lamps and results in current
and resistive losses in the ®lament, which will then

heat up. The higher temperature will result in a higher
resistivity of the ®lament, i.e., the lamp resistance will

increase and the current and electric power will
decrease. The higher temperature will also result in
heat transfer from the ®lament to the surroundings. As

the ®lament rapidly attains a very high temperature,
most of the heat transfer will be by radiation, but
some will also be transported through the lamp gas to

the quartz envelope, the lamp glass, by conduction and
free convection. The radiation emitted from the ®la-
ment will not be a�ected by the neon gas in the lamp

or the dry air cooling the module since these are non-
participating media. The lamp glass, though very
transparent, will however absorb part of the radiation,
as will the protective glass and the re¯ector. All these

components will thus heat up and are cooled with air.
A cross section of the IR heater geometry is illus-

trated in Fig. 3. The distances indicated are small com-

pared to the lamp length and in the centre of the
heater the geometry is essentially two dimensional.
Since the row of lamps is normally fairly wide, the

conditions for one lamp will be quite symmetric, which
results in an essentially one-dimensional geometry.
Only one lamp need be considered, with a correspond-

ing area of re¯ector and protective glass and a corre-
sponding amount of cooling air. With these
simpli®cations, the e�ects of lamp ends and sides will
be ignored. The surroundings of the heater will be con-

sidered to be black.

4.1. Energy balances

4.1.1. Lamp

The ®lament is described with a lumped heat-ca-
pacity model, Eq. (1). Due to the very large tempera-
ture change of tungsten, the temperature dependence
of physical properties should be included. In the fol-

lowing equations, the temperature within angle brack-
ets indicates at what temperature properties are taken.

d

dt

�
Cp,WhTfiTf

� � 1

mf

"
U 2

RhTfi ÿQrad,f ÿQc

#
�1�

The voltage, U, is given for the operating condition.
The resistance of the ®lament, R, is proportional to
the resistivity, rWhTfi, as given by Eq. (2).

R � rWhTfi lf
af

�2�

Heat transfer by radiation, Qrad, must be treated for
all components simultaneously and will be discussed in

a subsequent section. The heat transferred by conduc-
tion/convection between the concentric cylinders Ð the
spiral ®lament and the lamp glass Ð inside of the

lamp is hard to describe accurately. The Grashof num-

Table 1

Measurements on dismounted heater and broken lamp

Heater property Measured value

Lamp length 350 mm

Lamp spacing, s 2.5 mm

Lamp diameter, dl 10:020:05 mm

Lamp resistance (at 238C), R 2:320:04 O
Filament diameter, df 0:4120:01 mm

Filament coil diameter, dc 2:8920:01 mm

Filament coil length, L 29025 mm

Mass of tungsten, mf 11:320:02 g

Mass of lamp glass, ml 25:720:02 g
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ber, of the order 10, indicates that conduction is the
dominating mechanism. A numerical study of unsteady
heat conduction in the narrow gas slot in the lamp in-

dicates that the dynamics is very fast. Steady state is
reached within 0.5 s. The dynamics of this conduction
is, therefore, not considered, and the heat transfer is

described as steady state conduction, Eq. (3).

Qc � 2pLkNe

�
Tf � Tl

2

� �Tf ÿ Tl �
ln
�
dl=dc

� �3�

The energy balance for the quartz glass envelope, the
lamp glass, is given by Eq. (4), which includes
absorbed radiation, conduction and external convec-

tion.

d

dt

�
Cp,quartzhTli � Tl

� � 1

ml

�
Qrad,l �Qc

ÿhlAl

ÿ
Tl ÿ Tair,2

�� �4�

4.1.2. Re¯ector
The re¯ector is opaque and made of ceramic with

low thermal conductivity. Since the measurement avail-
able for comparison is the temperature on the back

side of the re¯ector, it is interesting to consider the
temperature di�erence between front side and back
side. The one-dimensional heat conduction equation,

Eq. (5), is used with combined radiation and convec-
tion boundary conditions at the front side and convec-

tion on the back side (x is de®ned as increasing from
the front side to the back side).

@Tr

@ t
� kceram

rCp,ceram

@ 2Tr

@x 2

x � front kceram
@Tr

@x
� hr,front

�
Tr,front ÿ Tair,2

�ÿ qrad,r

x � back kceram
@Tr

@x
� ÿhr,back

�
Tr,back ÿ Tair,1

� �5�

4.1.3. Protective glass
The protective glass also absorbs some radiation and

is cooled, on at least one side, with cooling air. The
energy balance becomes

d

dt

�
Cp,quartzhTgi � Tg

� � 1

mg

�
Qrad,g

ÿhgAg

�
Tg ÿ Tair,2

�� �6�

4.1.4. Cooling air
In Eqs. (4)±(6), di�erent air temperatures are used.

These temperatures are indicated in Fig. 2. No compli-
cated model has been developed for the cooling air.
The temperature is simply increased in two stages

according to the energy cooled o�. First, the tempera-

Fig. 3. Simpli®ed view of the IR heater cross section indicating symmetry in the width and radiation ¯ux notation.
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ture Tair,2 is calculated according to Eq. (7).

Tair,2 � Tair,1 � hr,backAr

mairCp,air

�
Tr,back ÿ Tair,1

� �7�

And ®nally, the outlet air temperature was calculated

in a similar way according to Eq. (8).

4.2. Radiation heat transfer

4.2.1. Radiative exchange
Radiation heat transfer without participating media

in enclosures with opaque surfaces is well known and

described in several textbooks, e.g., [13,14]. Examples
are also given for enclosures with partially transparent
windows [15], which makes the situation somewhat

more complicated. The enclosure indicated between the
symmetry lines in Fig. 3 is still more complicated. The
®lament is totally enclosed by the lamp glass, which is

partially transparent. The lamp is contained between
the opaque re¯ector and the semitransparent protective
glass that obstructs the view to the surroundings.
Thus, the problem is really a number of enclosures

bound and connected by semitransparent walls. The
treatment of this problem with the ordinary enclosure
theories is not straightforward. Also, due to the simpli-

®cations, the problem is not exceedingly large, and a
less elegant method can be employed without notably
increasing the computational cost. Thus, the radiation

heat transfer will be described in a manner similar to
that suggested by Lampinen and SievaÈ nen [16], making
balances on radiosity and irradiation for all the di�er-
ent surfaces in the full enclosure. The same approach

has been used by Ojala and Lampinen [10] and by
Pettersson and StenstroÈ m [11]. Radiation will be
assumed to be di�use. Since the optical properties of

the materials in the IR heater vary considerably, a
reasonable model for the radiation exchange will have
to be non-grey.

Radiation balances will be calculated for a number
of ®nite wavelength intervals, i.e., a band approxi-
mation will be used. The emitted blackbody power, El,

in these intervals is given as the integral of Planck's
law in the interval, i.e., between the wavelengths l1
and l2:

El �
�l2
l1

2phc20
l5�ehc0=lkT ÿ 1�dl �9�

The integral in Eq. (9) can be evaluated in terms of a

rapidly converging in®nite series [17]. The three or

four ®rst terms normally give a good result. This work

has used the 10 ®rst terms.

The simpli®ed geometry is shown in Fig. 3. Surfaces

have been assigned an index, one for opaque surfaces

and one for each side of semitransparent surfaces.

Radiosity, Ji, and irradiation, Gi, for each surface have

been indicated with corresponding indices. The same
set of radiation balance equations is used for all wave-
length intervals, though the emitted power, as well as
the emissivity, e, the transmissivity, t, and the re¯ectiv-

ity, r, of each surface varies with wavelength. The
radiosities for the di�erent surfaces in Fig. 3 can be
expressed as in Eq. (10).

Jl,1 � rl,1Gl,1 � el,1El,1

Jl,2 � rl,2Gl,2 � tl,3Gl,3 � el,2El,2

Jl,3 � rl,3Gl,3 � tl,2Gl,2 � el,3El,3

Jl,4 � rl,4Gl,4 � el,4El,4

Jl,5 � rl,5Gl,5 � tl,6Gl,6 � el,5El,5

Jl,6 � rl,6Gl,6 � tl,5Gl,5 � el,6El,6

Jl,7 � el,7El,7 �10�

Note the dependence of transmissivity and irradiation
on semitransparent surfaces. Note also that the
assumption of a black surrounding has been inserted
in the balance for surface 7. The irradiation on the

di�erent surfaces is given by Eq. (11).

AiGl,i �
X
j

�
Fj±iAjJl,j

� �11�

The expressions for the Gl,i's can be inserted in the ex-

pressions for the Jl,is, which, once the El,i's have been
determined, results in a set of seven linear equations
with seven unknowns. The system can be solved using,

for example, Gaussian elimination. The Jl,is can then
be substituted back into the relations for the Gl,is. The
net heat transferred by radiation to the di�erent sur-

Tair,out � Tair,2 �
hr,frontAr

�
Tr,front ÿ Tair,2

�� hgAg

�
Tg ÿ Tair,2

�� hlAl

�
Tl ÿ Tair,2

�
mair � Cp,air

�8�
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faces is then determined as the sum of the net radiant
¯ux in all wavelength intervals.

4.2.2. View factors
The view factors, Fi±j, used in Eq. (11) are evaluated

using relations from the literature and view factor alge-
bra. The spiral winding of the ®lament is so dense that
it is essentially a cylinder. The view factors between in-

®nitely long concentric cylinders are given [18] accord-
ing to Eq. (12).

F1±2 � 1 F2±1 � dc

dl

F2±2 � 1ÿ dc

dl

�12�

A closer inspection of the ®lament will, however, indi-
cate that the `inner cylinder' has a larger e�ective sur-

face area than a smooth cylinder as shown in Fig. 4.
The surface is made up of a number of small curved
parts with diameter df . This increases the overall sur-

face area with a factor of p=2: Since the actual radiat-
ing area is larger than that indicated by the diameter
dc, the view factor must also be increased for the reci-

procity relations to be correct. Therefore, the diameter
dc has been increased to dc � p=2 to reproduce an e�ec-
tive cylinder diameter. This is, of course, an approxi-

mate way to handle the geometrical complexity. The
resulting view factors are: F1±2 � 1, F2±1 � 0:454, and
F2±2 � 0:546:
Due to the symmetry in Fig. 3, each lamp can be

considered with a view factor to itself that is equal to
the sum of the view factors to the two adjacent lamps.
The view factor between two (in®nitely long) cylinders

of diameter d with the distance s between them are
given [18] according to Eq. (13).

Fcyl±cyl � 1

p

24 ���������������������������
1� s

d

�2
ÿ1

s
� sinÿ1

�
1

1� s=d

�

ÿ
�
1� s

d

�35 �13�

Since there is one cylinder on each side, the view factor
is twice the result of Eq. (13), i.e., F3±3 � 0:272: Since
half of the remaining radiation emitted from the lamp

will hit the re¯ector and half the protective glass, the
following view factors are determined: F3±4 � F3±5 �
1=2�1ÿ F3±3� � 0:365: Reciprocity and summation re-
lations then give: F4±3 � F5±3 � 0:915 and F4±5 �
F5±4 � 0:085: The view factor from the protective glass
to the surroundings is assumed to be unity. All other
view factors are zero.

4.3. Physical properties

In Eqs. (1), (4) and (6) the speci®c heat of tungsten
and quartz as a function of temperature is needed.
Also, the temperature dependence of the resistivity of

tungsten and the conductivity of neon are required.
Relations for these properties are summarised in Table
2. For the speci®c heat, these correlations have been
collected from literature [19,20] and seem to be in

agreement with other available data. The resistivity
and the conductivity has been ®tted to data from the
literature [21±24]. In both cases, the coe�cient of de-

termination is above 0.999 even though there are some
minor inconsistencies in data. Note that the linear re-
lation often used to describe the resistivity of metals is

inadequate for use over such large temperature inter-
vals as considered here. The speci®c heat of the re¯ec-
tor material is Cp,ceram � 800 (J/kg K).

The optical properties, i.e., re¯ectivity, emissivity,
and transmissivity, of tungsten, gold, and quartz as
function of wavelength are needed for evaluation of
the radiation heat transfer in the IR heater. The emis-

Fig. 4. Detail of ®lament geometry.

Table 2

Temperature dependence of properties (units according to notation list)

Property temperature dependence Range Source

t � T
103

Cp,W� �23:9593�2:63968t�1:25775t
2ÿ0:25364t3ÿ�0:048407�=t2 �

183:84�10ÿ3 298 < T < 1900 [20]

t � T
103

Cp,W� �ÿ22:5764�90:2798tÿ44:2715t
2�7:17663t3ÿ�24:0974�=t2 �

183:84�10ÿ3 1900 < T < 3680 [20]

Cp,quartz� �55:98�15:4�10
ÿ3Tÿ�14:4�105 �=T 2 �

60:085�10ÿ3 298 < T < 1300 [21]

rW�ÿ5:0134� 10ÿ9�7:3070759� 10ÿ11T 1:1796583 300 < T < 3655 This work

kNe�ÿ3:6018021� 10ÿ3�1:4290623� 10ÿ3T 0:63362378 100 < T < 2500 This work
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sivity of tungsten at di�erent temperatures and short
wavelengths (0.25±3 mm) is quite well explored and can

be found in several sources, e.g., [21,25]. At longer
wavelengths, the data becomes more scarce, rep-
resented by few wavelengths and few temperatures. In

order to interpolate between the data at longer wave-
lengths, a three-term approximation of the Hagen±
Rubens emissivity relation [25,26], Eq. (14), has been

used. The agreement between the relation and data
above 2.5 mm is good.

el,1 � 0:365

�
rW

l

�1=2
�0:0667

�
rW

l

�

� 0:0061

�
rW

l

�3=2
�14�

The optical properties of gold and quartz have been
collected from the work by Ojala and Lampinen
[10,27], the data for clean parts are used in this work.

Fig. 5 shows the emissivity of tungsten at three di�er-
ent temperatures, as well as the re¯ectivity of gold and
the emissivity (i.e., the absorptivity) of quartz glass. In
the original reference no data was given for the thick-

ness of the quartz glass, but as it was collected from
an IR heater it should be some 3±4 mm. Note that an
emissivity for a glass material can only be de®ned if it

has a uniform temperature throughout its thickness.
All model equations implicitly assume a uniform tem-

perature in all semitransparent parts which is a pre-
requisite for the approach to radiation heat transfer.

The data for glass and gold are presented in wave-
length intervals in the references and are presented in
that way in Fig. 5. Thus, the graph also illustrates

some of the wavelength intervals used in the numerical
solution, which, however, was performed over the
range 0.4±20 mm. The data for tungsten was arranged

into the same bands, with the emissivity taken at the
mean wavelengths. The properties for glass and gold
are in rough agreement with other sources. However,

the data are measured and collected at one tempera-
ture. This is a possible limitation when it comes to the
lamp glass. The other parts are not heated to such an
extent that the temperature dependence on the optical

properties is needed.

4.4. Solution procedure and parameter estimation

The mathematical model described above consists of
three very sti� and non-linear ordinary di�erential

equations (ODE), (1), (4), (6), and one partial di�eren-
tial equation (PDE), (5), governed by changing com-
bined radiation and convection boundary conditions.

The solution of the radiation heat transfer necessitates
the solution of the radiation balances for each of the
40 wavelength bands employed. These wavelength
bands cover the spectral range from 0.4±20 mm. The

temperature dependence of the speci®c heat results in a

Fig. 5. Optical properties of tungsten at di�erent temperatures, the re¯ectivity of gold and the emissivity of quartz (3±4 mm thick).
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solution of the ODEs for the speci®c heat times the
temperature. Since the temperature is needed in the

heat transfer calculations, this adds the solution of a
number of non-linear equations during each iteration.
There are also a number of additional algebraic re-

lations. The tool for solution of the model has been
Matlab 5.1 [28].
The PDE, Eq. (5), underwent discretisation into a

set of ODEs using a method of lines and a centred-
di�erence approximation. The boundary conditions
were introduced using the method of false boundaries

[29]. The resulting ODEs are solved together with the
ODEs of the model using a variable order, sti� di�er-
ential equation solver in Matlab (ode15s) [30]. The
relative error tolerance for each iteration was set to

10ÿ4 (0.01% in each iteration) and the absolute error
tolerance to 10ÿ8. The `linear' equation system is
solved, 40 times for each iteration, using Gaussian

elimination. The non-linear equations involving the
speci®c heat are transformed into higher-order poly-
nomial equations and solved using standard routines

and a root selected as being positive and real.
The model contains four heat transfer coe�cients

yet to be determined, hr,back, hr,front, hg, and hl. As the

¯ow is rather complex, there are hardly any corre-
lations available for these heat transfer coe�cients.
Using engineering rules of thumb, based on ¯ow rate
and cross section of the channels, the heat transfer

coe�cient should be of the order of 50 W/(m2 K), but
a more accurate estimation must be based on the tem-
perature measurements performed. Since only the tem-

perature on the centre of the back re¯ector and the
®lament temperature can be considered as accurate for
the model geometry, only two measurements are avail-

able. It was, therefore, decided to simplify the model
somewhat. The heat transfer coe�cients for all the ¯at
surfaces was set to be equal, i.e., hr,back � hr,front � hg:
These coe�cients are probably similar and will sub-

sequently be denoted hr. The heat transfer coe�cient
for the tube-shaped lamp, hl, is probably somewhat
di�erent, but of the same order of magnitude as hr.

In order to estimate the values of the two heat trans-
fer coe�cients, three di�erent voltages (159, 249, and
393 V) were chosen, with experimental results available

for both ®lament temperature and re¯ector tempera-
ture at steady state. Then, the steady state model out-
put was compared to the experimental data while

varying the heat transfer coe�cients. An attempt was
made to minimise the sum of the squared normalised
di�erence between model and experiment. As it turned
out, there were several local minima to this function

with very similar residual error. De®nite values for the
best choice of heat transfer coe�cients thus were not
obtained. When disregarding unrealistic values for the

heat transfer coe�cients and values resulting in un-
realistic output (e.g., lamp glass temperatures well

above 10008C) most of the minima found were in the
range hr � 55±65 W/(m2 K) and hl � 35±45 W/(m2 K).

It was decided to use the values hr � 62 W/(m2 K) and
hl � 40 W/(m2 K) as given by one minimum. The sen-
sitivity of these values on steady state results is illus-

trated in the results section below.

5. Results

5.1. Steady state

The model described above uses voltage as the only
input while predicting several outputs, including tem-
perature of ®lament, lamp glass, re¯ector, protective
glass, and cooling air. Fig. 6 shows the agreement

between simulated and experimental values for the ®la-
ment temperature at steady state, in the range of
voltages studied. Because the ®lament temperature is

directly connected to lamp resistance, which in turn is
connected to electric power, the electric power per
lamp has also been plotted. Note that the voltage

given is the voltage to the IR heater, not to the indi-
vidual lamps. The agreement is good in the entire
range of voltages; the ®lament temperature is predicted

within 25 K (1.5%), the largest deviations being at low
voltage. The sensitivity to changes in the heat transfer
coe�cients has also been indicated. These coe�cients
have a limited in¯uence on ®lament temperature and

thus on electric power level, as long as they are the
correct order of magnitude. Another interesting result
is that roughly 16% of the electric power at 400 V is

transported by conduction through the lamp gas. At
130 V this lost fraction is as high as 45%. At reduced
voltages, the IR lamp is not an e�cient radiator. If it

used a gas with lower thermal conductivity, such as
argon, these losses might be reduced.
In Fig. 7 the steady state temperature on the back

side of the re¯ector, from simulations and experiments,

is shown. Though there is a spread in experimental
data, the agreement with the simulation is satisfactory.
The spread in data is probably due to variations in

cooling air inlet temperature and ¯ow rate. It is also
possible that the contact conditions between re¯ector
and thermocouple changed during the series of exper-

iments. Again, the sensitivity to a 20% increase or
decrease in the heat transfer coe�cients has been illus-
trated with dotted lines. Increasing only hl decreases

the re¯ector temperature by 0.5±28C, and the extensive
changes shown in the graph can be attributed to the
change in hr. The in¯uence of the heat transfer coef-
®cient obviously increases with increasing voltage.

The outlet air temperature was measured but not
used for the estimation of the heat transfer coe�cients.
It was not used because in this small module the in¯u-

ence of side walls and ends is much larger than for a
full scale heater, which adds relatively large areas to be
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Fig. 6. Experimental and model steady state results for the ®lament temperature and electric power at di�erent voltage. The in¯u-

ence of a 20% increase or decrease in hr and hl is indicated with dotted lines.

Fig. 7. Steady state temperature on the back side of the re¯ector as a function of voltage from experiments and model. The in¯u-

ence of a 20% increase or decrease in hr and hl is indicated with dotted lines.
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cooled that are not included in the model. Thus, the
model is not expected to give accurate predictions of

the cooling air outlet temperature, but the order of
magnitude should be correct. The experimental results
on cooling air are generally within 58 from the model

predictions though with some di�erences in trend.
No experimental measurements on the temperature

of lamp glass and protective glass were performed.

Evin [7] somehow measured the lamp glass tempera-
ture in a similar heater and indicated a temperature a
little over 8008C. The temperature of the lamp glass as

predicted by the model is, at high voltage, in rough
agreement with this measurement.
So far, the steady state results have been compared

and found to be in satisfactory agreement with exper-

imental data. More information about the accuracy of
the physical description can be obtained by comparing
the dynamic response to load changes as measured on

the actual heater and as predicted by the model. All
comparisons below will be based on hr � 62 W/(m2 K)
and hl � 40 W/(m2 K).

5.2. Transient conditions

The dynamics of the ®lament are very fast and is, in
combination with the slower time response of the
other components, the main reason for the numerical

sti�ness of the system. Fig. 8 shows the step response
when increasing the voltage from 0 to 308 V, as pre-

dicted by the model and from measurements. The
agreement seems to be fair. Because data could not be
logged for longer than 6 s, it was not possible to fol-

low the response all the way to steady state, about 1±2
min. The time, however, is su�cient to follow 97% of
the change. From Fig. 6 it can be seen that the steady

state values also are in good agreement.
Because it is not possible to measure voltage and

current if the heater is turned o�, the cooling down of

the ®lament was compared when decreasing the
voltage from 397 to 222 V instead. The result is indi-
cated in Fig. 9. We can see that measured and simu-
lated temperature is in excellent agreement at steady

state. Again it is not possible to follow the response all
the way to steady state, but the most important data is
there, and the agreement is good. The temperature

decrease is slightly faster in the measured curve, but
given the noise level the di�erence is not very important.
In Fig. 10, the temperature on the back side of the

re¯ector is illustrated when increasing the voltage from
0 to 249 V, and after 1000 s, back to 0 V again. The
agreement is good in the heat-up as well as in the

cool-down stage of the cycle. As with all components
except the ®lament, the step response is rather slow, in
the order of minutes. The cooling air temperature,

Fig. 8. Step response of ®lament temperature when increasing the voltage from 0 to 308 V. Solid line is measured and dashed line

is simulated.
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Fig. 9. Step response of ®lament temperature when decreasing the voltage from 397 to 222 V. Solid line is measured and dashed

line is simulated.

Fig. 10. Temperature on the back side of the re¯ector when increasing the voltage from 0 to 249 V and back to 0 V. Solid line is

measured and dashed line is simulated.
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though not presented here, is in equally good agree-
ment for the same cycle.

Finally, the output of the heater, the radiation heat
¯ux to the surroundings, is compared in Fig. 11. Since
the measurement with the radiometer is the output at

a speci®c point at a speci®c distance, and the model
predicts the total radiation to the surroundings, the
results have been normalised. The measured curve is

slower to increase than the simulated curve, but when
considering the time response of the radiometer the
agreement is good. Both curves increase rapidly and

then make a sharp bend into a much slower increase.
The intensity increases rapidly, within seconds, to
about 82% of the steady state result. Then it takes sev-
eral minutes to actually reach the steady state output.

The normalised curves are almost identical at a wide
range of power levels. This illustrates that the fast
dynamics of the ®lament results in about 82% of the

®nal output, but the full output is not reached until
the other components have reached their steady state
temperatures after several minutes. Suppliers of IR

heaters often talk about instant on and instant o�, but
that is only about 80% accurate.

6. Conclusions

It must be concluded that the model describes the

physics of the IR heater well, with respect to steady
state temperatures, as well as transient behaviour.

Also, the agreement in radiation intensity is a strong
argument for the proposed model. The overall physics
included in the model seems to be a rather accurate

description of the important phenomena. Altering only
the voltage gives a good prediction of operating con-
ditions at di�erent power levels. Even though the heat

transfer coe�cients involved in the model have not
been decisively determined, the magnitude is likely to
be correct. The heat transfer coe�cient for cooling the

lamp body is especially uncertain since there are no ex-
perimental data available sensitive to this variable.
Actually, this heat transfer coe�cient can be varied ap-
preciably without causing large errors in any measured

temperature. Measurements on the temperature of the
lamp glass and the protective glass would make im-
portant improvements in the model parameter esti-

mation possible. Such measurements are, however,
associated with large experimental problems. As it is,
the model still indicates that a large fraction of the

supplied electricity is lost due to conduction through
the lamp gas, which is eventually cooled o� by convec-
tion at the exterior of the lamp glass.

The most limiting assumption used is the geometric
simpli®cation into essentially one dimension. For
large-scale applications, the assumption of symmetry

Fig. 11. Normalised step response in radiation intensity when increasing the voltage from 0 to 307 V. Solid line is measured using

the radiometer and dashed line is simulated.
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in the width direction is probably satisfactory, but
there is no symmetry at all in the length direction. The

assumption allows determination of properties in the
centre of the heater, but experimental work [8] indi-
cates that the in¯uence of the length scale is important

for the overall properties and e�ciency.
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