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Abstract

A model for an electric infrared (IR) paper dryer 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. Such heat transfer calculations are combined with energy balances to provide a system of
equations that simulates the behaviour of an electric IR dryer. Using IR module voltage as the only input, the
model predicts the temperature of dryer components and cooling air, as well as the net radiation heat transfer to the
paper sheet at steady state and transient conditions. The model has been used to investigate trends in e�ciency and

component temperature with changing voltage and paper grade. Emphasis has been on back re¯ector temperature
and dryer e�ciency. Also, the transients during start-up of an IR paper dryer have been investigated. The study
indicates that the transients of the back re¯ector is important for the time needed to reach steady state heat ¯ux at

the paper sheet. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The most successful applications of electric infrared
(IR) heaters include drying/curing of paint on metals
and di�erent drying operations in the pulp and paper

industry. In our previous paper [1], a mathematical
model for an electric IR heater was derived. For a
given voltage the model was able to predict the tem-

perature of the di�erent heater components and also
the transient behaviour when voltage changed. The

model was compared with measurements on a lab

scale heater in order to determine some heat transfer
coe�cients, as well as for model validation.
The model describes the IR heater working in a

black environment, which is close to the experimental

conditions. However, this is far from the ordinary situ-
ation in an industrial application. The in¯uence of an
industrial environment, however, can be studied if the

black surrounding in the model is replaced with a
more typical con®guration. Such a study will also pro-
vide some information about the e�ciency and transi-

ent behaviour of the IR heater in an industrial process.
This work will extend the IR heater model with fea-
tures typical for applications in the paper industry.
The model will be used for a numerical investigation

of electric IR dryer characteristics.
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Since paper is partially transparent in the near IR

range of the spectrum, short-wave IR heaters are nor-
mally used with back re¯ectors to redirect transmitted
radiation back to the paper sheet. The back re¯ector

also absorb some radiation, heats up and start to radi-
ate some energy. Ojala and Lampinen [2] have shown
that the temperature of the back re¯ector is important

for the overall system e�ciency. They also show that
higher basis weight of the paper sheet increases the ef-
®ciency at a speci®c back re¯ector temperature.

However, it is well known that the back re¯ector tem-
perature depends on the basis weight; a thicker paper
transmits less radiation, which decreases the tempera-
ture of the back re¯ector. Their model does not pro-

vide any way of determining the back re¯ector
temperature, and thus the in¯uence of basis weight on
e�ciency. Extending our previous model to include a

paper sheet and a back re¯ector will provide such in-
formation. As the optical properties of the paper sheet
depend on moisture content and thickness, the in¯u-

ence of these properties will be studied.

2. Mathematical model

The parts of the model describing the interior of the
heater will, of course, not change; only the exterior

parts will change. All assumptions from our previous
paper [1] remain unchanged, including the simpli®ed,
essentially one-dimensional geometry. The lamp, the

re¯ector, and the protective glass are just as before,
while a paper sheet and a back re¯ector have been
added. The paper sheet is semitransparent, while the

back re¯ector is assumed to be opaque. In Fig. 1, the

principle of the extended model is illustrated and

radiosities and irradiances are indicated for the di�er-
ent surfaces.
The back re¯ector is a structure using a re¯ecting

ceramic on top to re¯ect radiation and an insulating
mineral wool underneath to increase the surface tem-
perature by reducing losses. The back re¯ector struc-

ture is cooled with cooling air to maintain the steel
frame. Some of that cooling air is also blown out in
the gap between the back re¯ector and the paper sheet

in order to improve mass transfer and paper sheet
stability. As the temperature increase of the paper
sheet is limited and of no importance for the radiation
heat transfer, a constant temperature of 608C is

assumed. Thus, the paper sheet will only be a `radi-
ation heat sink', and is not modelled in any other
respect.

Since the equations for the heater will remain
unchanged, not all parts of the model will be reviewed.
Only the `new' parts and some minor changes in the

original model will be discussed. For a detailed discus-
sion of the IR heater model, notes on assumptions,
physical properties, view factors, etc., the reader is

referred to our previous paper [1].

2.1. Energy balances

2.1.1. Protective glass
The protective glass is the only part of the original

model that is changed. In the industrial enclosure there
will be considerable cooling on both sides of the glass.
The cooling of the exterior face of the protective glass,

induced by the high speed of the paper sheet, is

Nomenclature

A area (m2)
Cp speci®c heat (J/kg K)
E blackbody emissive power (W/m2)

el,i emissivity of surface i at wavelength l
Fi± j view factor from surface i to surface j
G irradiation (W/m2)

h heat transfer coe�cient (W/m2 K)
J radiosity (W/m2)
k thermal conductivity (W/m K)

l wavelength (m)
m mass (kg)
Qrad radiation heat transfer rate (W)
qrad radiation heat ¯ux (W/m2)

rl,i re¯ectivity of surface i at l
r density (kg/m3)
T temperature (K)

t time (s)
tl,i transmissivity of surface i at l

Subscripts
air cooling air

back back side
br back re¯ector
ceram ceramic
front front side

g protective glass
insul insulation
l wavelength or wavelength interval

quartz quartz
s surrounding

M. Pettersson, S. StenstroÈm / Int. J. Heat Mass Transfer 43 (2000) 1223±12321224



assumed to be equal to the cooling of the back re¯ec-

tor surface. The energy balance becomes

d

dt

�
Cp,quartzhTgi � Tg

� � 1

mg

�
Qrad,g

ÿhgAg

ÿ
Tg ÿ Tair,2

�ÿ hbr,frontAg

ÿ
Tg ÿ Tair,s

�� �1�

2.1.2. Back re¯ector
The back re¯ector will reach high temperatures,

sometimes above 6008C. The temperature depends on
the radiation absorbed and the convective cooling of

both the front side and the back side. Since the cer-
amic material is insulated on the back side, the tem-
perature gradients are expected to be large. A correct

description of the temperatures and the heat loss will
need to consider these gradients. The temperature in
the back re¯ector is described according to Eq. (2),

with combined radiation and convection boundary
conditions on the front side (the side facing the paper
and IR lamps) and convection on the back side. In

order to keep the model simple, the temperature
dependence of the physical properties is ignored.

@Tbr

@ t
� k

r � Cp

@ 2Tbr

@y2

y � front kceram

@Tbr

@y
� hbr,front

�
Tbr,front ÿ Tair,s

�ÿ qrad,br

y � ceram=insul ÿ kceram
@Tceram

@y
� ÿkinsul

@Tinsul

@y

y � back kinsul
@Tbr

@y
� ÿhbr,back

�
Tbr,back ÿ Tair,s

� �2�

The convective cooling on the back side of the back

re¯ector is due to a cooling air ¯ow, whereas the cool-
ing on the front side is a combination of some cooling
air and the movement of the surrounding air induced

by the high speed movement of the paper sheet. The
movement will be similar on the outside of the protec-
tive glass.

2.1.3. Cooling air
The temperature of the cooling air in the IR heater

has been calculated based on energy balances as

described previously [1]. The air in the surroundings is
a mixture of cooling air from the IR heater, cooling
air from the back re¯ector, and ambient air in the

paper machine. As the temperature of such air will dif-
fer from case to case and from day to day, a constant
value of reasonable magnitude was chosen. The tem-

perature of the surrounding air, Tair,s, was set to 508C.

2.2. Radiation heat transfer

2.2.1. Radiative exchange

The simpli®ed geometry is shown in Fig. 1. Surfaces
have been assigned an index, one for opaque surfaces

Fig. 1. Schematic of the extended model.
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and one for each side of semitransparent surfaces.
Radiosity, Ji, and irradiation, Gi, for each surface have

been indicated with corresponding indices. As in our
previous work [1], one set of radiation balance
equations is used for all 40 wavelength intervals, only

the optical properties of each surface are changed with
the wavelength. The radiosities for the additional sur-
faces in Fig. 1 can be expressed as in Eq. (3), whereas

the equations for surface 1±6 are unchanged. The ir-
radiation on each surface is determined as previously
[1].

Jl,7 � rl,7Gl,7 � tl,8Gl,8 � el,7El,7

Jl,8 � rl,8Gl,8 � tl,7Gl,7 � el,8El,8

Jl,7 � rl,9Gl,9 � el,9El,9 �3�
The corresponding area of the paper sheet and the

re¯ector are taken equal to the area of the protective
glass. No radiation is assumed to have escaped the sys-
tem, i.e., the view factors F6±7, F7±6, F8±9, and F9±8 are

taken to be unity. Anyone who have seen an IR paper
dryer in operation knows that radiation does leave the
dryer, and the last assumption is thus slightly inaccur-

ate. In view of the assumptions that must be made
regarding the heat transfer coe�cients on the back
re¯ector surfaces, the model results will be correct only

in magnitude and trends. There is no point in taking
radiation losses into account in order to improve the
predictions.
The equations for irradiance and radiosity are solved

and the net heat transferred by radiation to the di�er-
ent surfaces is determined as in our previous paper [1].

2.3. Properties and estimations

The physical properties of the heater components
have been discussed in our previous paper [1], as have
the heat transfer coe�cients associated with the cool-

ing air ¯ow inside the IR heater. The optical properties
of a `used dirty back re¯ector' have been collected
from the work by Ojala and Lampinen [2]. The optical

properties of paper and paper coating have been taken
from the work by Ojala [3]. As before [1], the spectral
range 0.4±20 mm has been divided into 40 ®nite wave-
length bands. Other properties of the back re¯ector are

taken at 4008C, as given by the suppliers. For the cer-
amic part, the density 2500 kg/m3, the speci®c heat
1150 J/kg K, and the thermal conductivity 2.0 W/m K

are used. For the insulation, the density is 128 kg/m3,
the speci®c heat is 1130 J/kg K, and the thermal con-
ductivity is 0.1 W/m K.

The present extended model introduces some more
elements in the radiation balances and one more PDE

to be solved. The numerical solution is obtained by the
same principles and techniques as described for the

heater model [1].
Two more heat transfer coe�cients are also needed,

one for the back side of the back re¯ector and one for

the front side of the back re¯ector. The latter is also
used for the external cooling of the protective glass.
The heat transfer coe�cient on the back side of the

back re¯ector, hbr,back, was estimated to be roughly 20
W/m2 K. As it turned out, the solution was rather
insensitive to the value of this number. An increase by

150% resulted in only few degrees change in back
re¯ector surface temperature and in even less on other
components.
The result was more sensitive to the heat transfer

coe�cient on the front side of the back re¯ector,
hbr,front. This heat transfer is dependent on a large
number of di�erent variables, such as machine speed

and the direction and speed of cooling air blown out
from the IR heater and the back re¯ector in order to
improve paper sheet stability and improve drying. It is

thus very hard to estimate this heat transfer coe�cient.
It is known, however, that the back re¯ector heats up
to a bit over 6008C for a typical coated ®ne paper

quality [4]. It was noted that at hbr,front � 45 W/m2 K,
the steady-state back re¯ector surface temperature was
just above 6008C when performing simulations with
estimated paper properties for a 70 g/m2 base sheet

coated with 11.7 g/m2. Therefore, that value will be
used as a base case, and the in¯uence of a 33%
increase and decrease in this value will be illustrated in

the results below. Such changes are not only attributed
to the uncertainty in the numerical value of the coef-
®cient, but can also be interpreted as the result of

increasing or decreasing the machine speed.

3. Results

3.1. Steady state

When introducing non-black surfaces in front of the
IR heater, radiation is re¯ected back to the heater.
This results in increased absorption by the heater com-

ponents and increased temperatures, when compared
to a heater working in a black environment. The
increase will depend on the properties and the tem-

perature of the re¯ecting object. In the case of a paper
sheet and a back re¯ector, the situation is even more
complex, since the properties of paper depend on the
speci®c grade, coating, moisture ratio, etc.

Furthermore, di�erent properties of the paper will
result in di�erent back re¯ector temperatures, which
also a�ects the heater. It is also obvious that all these

e�ects will depend on the voltage, i.e., on the electric
power. As the focus of the discussion below will be on
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the back re¯ector and the fraction of power transferred
to the paper sheet, i.e., the process e�ciency, only a

rough indication of the steady state temperatures in
the IR heater will be given. Note that voltages given
refer to the voltage supplied to the IR module, not to

the individual lamps.
The temperature of the ®lament will increase by ap-

proximately 258C at 130 V and 1158C at 400 V. Thus,

the ®lament temperature is increased to more than
2330 K at 400 V. The temperature increase means that
the resistivity, and thus the resistance of the lamp, will

increase for the same voltage compared with the IR
heater with a black surrounding, which results in a
lower electric power. However, the decrease is less
than 6%. The temperature of the lamp glass will

increase about 258C at 130 V. At 400 V, the increase is
about 2508C. Thus, the temperature of the lamp glass
is unrealistically high for some of the results presented

below, which might indicate that the convective heat
transfer coe�cient for the cooling of the lamp has
been chosen too low in the previous paper [1]. As

pointed out in the conclusions of that work, the cool-
ing of the lamp glass can be increased noticeably with-
out causing large errors when comparing it with the

available measurements. The temperature of the re¯ec-
tor and the protective glass is increased by about 58C
at 130 V, but at 400 V the temperature increase is
about 1508C. The increase in the temperature of all

these components also results in a higher temperature
of the cooling air at the outlet. The increase is only 1±

28C at lower voltages, but as much as 25±308C at the
higher voltages. At 400 V, the energy carried o� with
the cooling air has thus increased more than 35%, i.e.,

from roughly 32% of the electric power to 48%. This
means that the net fraction of energy leaving the IR
heater as radiation has been drastically reduced. This

result is in good agreement with experimental ®ndings
[6].
Fig. 2 shows the fraction of electric power trans-

ported to the paper sheet by radiation and the back
re¯ector temperature at steady state at di�erent vol-
tages. The simulations have been done for a coated
®ne paper grade, 70 g/m2 base paper and 11.7 g/m2

coating. The properties for such a sheet have been esti-
mated from the data presented by Ojala [3], according
to the model presented by Pettersson and StenstroÈ m

[5]. Note that a coated paper has di�erent re¯ectivity
on the di�erent sides. At high voltage, the back re¯ec-
tor temperature is just above 6008C and the e�ciency

is 38%, with both these ®ndings in accordance with ex-
perience [6]. Both the e�ciency and the back re¯ector
temperature drop as the voltage is reduced. The dashed

lines indicate the in¯uence of a 33% increase or
decrease in hbr,front. An increase in hbr,front results in
lower back re¯ector temperature and lower e�ciency,
i.e., a lower fraction absorbed in the paper sheet.

Fig. 2. Fraction of electric power absorbed by a coated ®ne paper sheet and the back re¯ector temperature at di�erent voltages.

In¯uence of a 33% increase or decrease in hbr,front is indicated with dashed lines.
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Based on some assumptions, Ojala and Lampinen
[2] showed that the e�ciency of an electric dryer

should increase when reducing the power level. In view
of the results presented in Fig. 2, these assumptions
should be questioned. It is also possible that the results

presented in Fig. 2 can explain some of the spread in
experimental data on infrared dryer e�ciency. These
results are normally given without reference to IR

dryer power level, which is clearly a very important
parameter.
Ojala [3] presents the optical properties of bleached

paper at ®ve di�erent basis weights. These properties
have been used in the model at 400 V to see how the
e�ciency and the back re¯ector temperature are
a�ected. Generally, a higher basis weight means a

higher re¯ectivity and lower transmissivity. There is
also an increase in the absorptivity. The in¯uence of
basis weight is shown in Fig. 3. Increasing basis weight

means less transmitted radiation, and thus the back
re¯ector temperature decreases. At the same time, the
e�ciency increases due to the higher absorptivity. The

heater components also increase some 5±158C due to
the increased re¯ections from the thicker paper sheets
and are also partly responsible for the increased ef-

®ciency. The increase in e�ciency is weaker, however,
than indicated by Ojala and Lampinen [2], who

assumed constant temperature of both back re¯ector
and IR heater components.

The in¯uence of hbr,front is indicated with dashed
lines. A low value of hbr,front results in a higher back
re¯ector temperature and a higher e�ciency. It is inter-

esting to note that the in¯uence of basis weight on ef-
®ciency is more pronounced when the higher value of
the convective heat transfer coe�cient is used.

The results in Fig. 3 are interesting in that they sup-
port the experience [4] that at really low basis weights
the back re¯ector design needs to be reconsidered in

order to reduce temperature-induced stresses in the
back re¯ector material. The results indicate that at
basis weights below 60 g/m2 the temperature of the
back re¯ector becomes higher than 700±8008C, which
could result in severe temperature stresses.
Ojala and Lampinen [7] present data on the optical

properties of a 41.1 g/m2 dry weight bleached paper

sheet at di�erent moisture ratios. Generally, the re¯ec-
tivity decreases with increasing moisture ratio and the
absorptivity increases. The transmissivity depends in a

more complicated way on the moisture ratio. At some
wavelengths the transmissivity increases, and at others
decreases, with increasing moisture ratio. In some

wavelength ranges, the transmissivity ®rst decreases
and then increases again. The properties of the paper

Fig. 3. Fraction of electric power absorbed and the back re¯ector temperature at di�erent dry basis weights at 400 V. In¯uence of

a 33% increase or decrease in hbr,front is indicated with dashed lines.
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sheet at the four di�erent moisture ratios investigated
were used in the model at 400 V to see how the ef-

®ciency and the back re¯ector temperature are a�ected
by changes in moisture ratio. The steady state results
are shown in Fig. 4.

Fig. 4 shows that the e�ciency increases with
increasing moisture ratio, though the increase is limited
to some percentage of the total electric power. The

relative increase is still important. The back re¯ector
temperature decreases as the moisture ratio increases,
but at high moisture ratio the temperature increases

again. This means that at low-moisture ratio, the
increased absorption by the paper sheet reduces the
energy transferred to the back re¯ector. The e�ective
transmissivity is obviously increasing again at the high-

est moisture ratios, resulting in the increase in back
re¯ector temperature. Because this temperature
increase results in higher e�ciency, it can be expected

that the increase in e�ciency at the highest moisture
ratios is not only due to the increase in absorptivity.
The reduction in paper re¯ectivity with increasing

moisture ratio also results in a decrease in temperature
of the IR heater components. From moisture ratio
0.06 to 1.02, the ®lament temperature decreases with

over 308C at the same voltage. The temperature of
lamp glass, re¯ector, and protective glass decreases
with 50±808C. This results in a lower cooling air outlet
temperature and thus lower energy losses with the

cooling air. The in¯uence of hbr,front is roughly con-
stant on both back re¯ector temperature and e�ciency.

Increasing the heat transfer coe�cient results in lower
back re¯ector temperature and lower e�ciency, and
vice versa.

3.2. Transient conditions

The step response of the combined system with the
IR heater, paper, and back re¯ector is indicated in Fig.
5, when increasing the voltage from 0 to 400 V. The

heat transfer coe�cient hbr,front has been set to 45 W/
m2 K. Data for the coated ®ne paper described above
was used. Fig. 5 shows the temperature of the ®lament
and lamp glass, the temperature on both sides of the

re¯ector in the IR heater, and the temperature on both
sides of the back re¯ector. As before, the ®lament tem-
perature increases rapidly to a very high temperature,

though a small ®nal increase occurs over 1±2 min. The
temperature of the lamp glass and the re¯ector
increases noticeably during 4±5 min before reaching

steady state values. As indicated, the di�erence in tem-
perature between the front side and the back side of
the re¯ector is only some 208C. The temperature of the

back re¯ector takes an even longer time to develop a
steady state, about 10 min. This is due mainly to the
mass of the ceramic layer. The low density of the insu-
lation results in a quite small additional time lag due

Fig. 4. Fraction of electric power absorbed and the back re¯ector temperature at di�erent moisture ratios at 400 V for a 41.1 g/m2

dry weight sheet. Dashed lines indicates the in¯uence of a 33% increase or decrease in hbr,front.
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to the insulation. The temperature gradient within the
ceramic part is small, some 15±208C, whereas the tem-
perature gradient in the insulation is very large, almost
4008C.
The corresponding normalised step response in heat

transported to the paper sheet is illustrated in Fig. 6.
As with the IR heater alone, the energy transferred

increases rapidly over the ®rst 5±10 s, but then a
period of almost 10 min is required to reach steady
state, the full operating capability of the dryer system.

For the IR heater alone, about 82% of full power is
reached within seconds. For the transfer of heat from
IR heater to paper with a back re¯ector, only 57% is
reached within seconds. The increased thermal mass of

the system due to the introduction of the back re¯ector
delays the response. At the same time, this is an excel-
lent illustration of the importance of the back re¯ector.

The e�ciency of the system is improved as the back
re¯ector comes into operation. It is clear, however,
that the term `instant on' often used by suppliers needs

some moderation.

4. Conclusions

The model for an electric IR heater [1] has been
extended with features typical for an IR paper dryer,

and the in¯uence of power level and paper grade has
been investigated. The results for the lamp glass tem-
perature indicate that the value for the cooling air heat

transfer coe�cient for this component estimated pre-
viously [1] is too low.
When extending the model to include a paper sheet

and a back re¯ector, the same kind of physical descrip-

tion as in the basic model has been used. It is reason-
able to expect this to be an equally good description,
even though no experimental results are available for

determination of heat transfer coe�cients. The results
can thus represent only trends and magnitude.
However, it is an interesting feature not to have to set

the temperature of the di�erent components of the IR
dryer a priori, as has been done in all previous work.
For example, Ojala and Lampinen [2] performed a
number of simulations with di�erent radiative proper-

ties of the back re¯ector. They were still not able to
determine the e�ect of these changes since they did not
know how the change a�ects the back re¯ector tem-

perature. In the present model, the temperature is part
of the solution. Studies indicate that the e�ciency is
rather insensitive to the re¯ectivity of the back re¯ec-

tor. A lower re¯ectivity results in a higher temperature
and the absorbed radiation is re-emitted. The increased
convective losses are cancelled by the improved

absorption by the longer wavelengths emitted from the
back re¯ector. As no energy balances have been used
for the paper sheet, the model is more or less a study
of the e�ect of changing the properties of an isother-

mal semitransparent window between the IR heater
and the back re¯ector. This does not signi®cantly
reduce the usefulness of the model.

Fig. 5. Step response of IR heater and back re¯ector temperatures when increasing the voltage from 0 to 400 V. Properties of

paper sheet as for a coated ®ne paper.
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In agreement with the assumption of symmetry in
all directions, no radiation was allowed to escape the
system. This means that the temperatures of most com-

ponents are probably somewhat overestimated. The
combined assumption of a clean protective glass in
combination with the assumption of no radiation
losses, would result in an overestimation of the ef-

®ciency as well. The e�ciency at high voltage is nor-
mally in the range of 35±45%, even with very varying
values for the heat transfer coe�cients. This is also in

rough agreement, though somewhat higher, with exper-
imental work [6,8,9]. It must be remembered, of
course, that all this modelling work relies to a large

extent on optical properties in the IR of various ma-
terials. Especially in paper, the optical properties are
likely to vary a great deal between qualities based on

di�erent pulps and production parameters.
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