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Abstract

Paper drying is an exergy costly operation, so also a few percent saving may be of importance. The entropy production for the paper drying7
process was therefore optimised for a conventional multi-cylinder drying machine, the PM2 newsprint machine at Norske Skog ASA in Skogn,
Norway. The machine has 51 cylinders grouped in three drying groups; the cylinders are either heated from the inside by steam, unheated or9
operated under vacuum conditions. The same inlet drying air is supplied in all upper air-pockets of the machine. Our drying model for the
paper temperature profile was first compared with measured data from the machine. The total entropy production of the drying process was11
next calculated, and then minimised subject to a fixed outlet paper moisture content. Inlet humidity and cylinder group conditions were varied.
Optimum conditions were obtained for a range of inlet air humidities, and for different cylinder groupings. We found that it was very favourable13
to increase the inlet air humidity. Other changes had a negligible effect on the total entropy production. The results further pointed to the need
for a revision of the current paper drying model, as the second-law of thermodynamics was violated at high air humidities with this model.15
� 2006 Published by Elsevier Ltd.
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1. Introduction19

To diminish energy resource utilisation is an important task
for chemical engineers. This means that excess exergy losses21
should be avoided. Exergy analysis takes normally on a black-
box approach; it calculates the exergy loss from the input and23
output exergy streams of a definite system. A black-box ap-
proach can be used to minimise the exergy losses in a process25
or a process chain, but a local description of entropy produc-
tion gives more details. Such an approach was used to min-27
imise the entropy production in chemical reactors (Nummedal
et al., 2005) and distillation columns (RZsjorde and Kjelstrup,29
2005). We study here the paper drying process, which has been
reported as a process with high heat (Manninen et al., 2002)31
and exergy (De Beer et al., 1998) requirements. The exergy
loss of a specific paper drying machine was already presented33
(Zvolinschi et al., 2004).
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No attempts to map and minimise the entropy production of 35
a paper drying process has been done until now. Therefore, we
shall formulate, calculate and optimise the entropy production 37
for a conventional paper drying machine. The machine con-
sists of 51 internally steam-heated and un-heated cylinders, or 39
operated under vacuum.

The total entropy production is minimised by applying a con- 41
strained second-law optimisation method. The same method
was used to minimise the entropy production in chemical re- 43
actors (De Koeijer et al., 2004; Nummedal et al., 2005). In
our study, the temperatures of the saturated steam supplied to 45
the drying groups are the optimisation variables, and the paper
dryness at the dry-end of the machine is the constraint. This 47
product quality parameter is a logical constraint. The effects of
varying the inlet air conditions and of re-grouping the drying 49
groups on the total entropy production are of interest. We shall
discuss the meaning of the second-law optimal operation of the 51
paper drying machine, and advice on a more energy efficient
process. 53

The equations for the mass and heat fluxes, and the relations
for the heat transfer coefficients used in our drying model, are 55
common in paper drying modelling and simulation. Several
models have been presented in literature, the first was given by 57
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Nissan (1956). Recent works validated simulation results with1
measured data in industrial machines (Wilhelmsson et al., 1993;
Sidwall et al., 1999; Nilsson, 2004). In all these models, the3
analogy between heat and mass transfer (Incropera and DeWitt,
1985) was used to find the heat transfer coefficient. Although5
this analogy has predicted paper temperature and moisture con-
tent profiles in reasonable agreement with the measurements,7
we shall see that it also gives a negative entropy production in
several locations of the paper drying machine. This suggests9
that future work should make an effort to revise current models.
We shall suggest directions for such work.11

2. The paper drying machine

The machine that we studied, the PM2 Valmet paper drying13
machine at Norske Skog, Skogn, Norway, produces newsprint
paper with a basis weight of 45 g dry paper/m2. The production15
capacity is about 540 tonne per year. The paper furnish contains
75% thermo-mechanical pulp processed from virgin wood and17
25% de-inked pulp from recycled paper.

A schematic of the cross-section of the paper drying machine19
is shown in Fig. 1. In this high-speed machine, the paper sheet
travels with an average speed of 20.8 m/s. A closed and ven-21
tilated room, called the machine’s hood, surrounds the entire
machine, which is operated under atmospheric pressure. The23
paper sheet has the following parameters: a width of 6.65 m, a
total length of 198.8 m, a length between two cylinders of 1 m,25
and a wrap angle of 220◦.

The inlet drying air is supplied with same air in all air-27
pockets, which are located between all upper cylinders of the
machine. The cylinders have a diameter of 1.5 m, and they are29
grouped in three drying groups conform with the specifications
given in Table 1. The quality of steam supplied and its distri-31
bution into the drying groups can be changed as other paper
grades are produced, or as the region between the two drying33
regimes (i.e., the constant and falling-rate drying regimes) is
modified. In addition, the supply of steam in each individual35
cylinder can be maintained off or on, the exception is for those
cylinders that are operated under vacuum.37

There are two types of felt configurations in the machine; the
single-felt configuration in the first and second drying group,39
and the double-felt one in the third group, see Fig. 1 The felt
.

Wet paper

1

2 4 6 8 10 12 14 16 18 20 22

3 5 7 9 11 13 15 17 19 21 23

Single-feltRolls

Steambox

Dry paper

1st Drying group 2nd Drying group 3rd Drying group

Double-felt

Cylinders

24 26 28 30 32 34 36 38 40 42 44 46 48 50

25 27 29 31 33 35 37 39 41 43 45 47 49 51

Fig. 1. Cross-section of the paper drying machine.41

Table 1
Drying group specifications

Drying group Cylinders Heated cylinders Unheated cylinders

First 1–8 3,5,7 1
Second 9–23 all odd numbers 16, 18, 20, 22
Third 24–51 24–30, 32–50 31, 51

Cylinders that are not mentioned are operated under vacuum.

Table 2
Operating parameters of the PM2 Valmet paper drying machine

Parameter Value

Inlet paper temperature, ◦C 40
Inlet paper moisture content, kg H2O/kg dry paper 1.20
Outlet paper moisture content, kg H2O/kg dry paper 1.07
Inlet air temperature, ◦C 45
Inlet air humidity, kg H2O/kg dry air 0.026
Inlet steam temperature and pressure, ◦C/bar
First drying group 89/1.06
Second drying group 111/1.48
Third drying group 121/2.04

configuration in the paper drying machine can be also modified.
For example, the second drying group can be operated with a 43
double-felt configuration.

The drying process occurs through repeated modes, depend- 45
ing on where the paper sheet is located in the drying machine.
We identified five types of modes that we defined by letters 47
from A to E. In the drying modes A, C and E, the paper
sheet travels on a cylinder, heated, un-heated or operated with 49
vacuum, respectively. In the drying modes B and D, the pa-
per sheet travels between two cylinders, being in contact with 51
the felt on one or two sides, respectively. The whole machine
is a combination of 102 drying modes. As we shall see, the 53
change of mode’s type throughout the drying machine leads to
a discontinuous variation in the paper temperature. Near heated 55
cylinders the paper temperature is high, away from them, it is
low. 57

Operating parameters of the drying machine considered are
given in Table 2. These data and those given in Table 1 and in 59
the text above, defined the reference system, and they were the
starting point for the optimisation. 61
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3. Balance equations1

The paper travels from the wet to the dry-end of the machine,
see Fig. 1. We defined this travel direction as the z-direction. We3
consider the balance equations for mass and internal energy in
a small element dz normal to the paper sheet. Gradients within5
the paper sheet, in the y- and x-directions of the paper sheet
are neglected. The heat radiated from the paper to air is also7
neglected.

In stationary state, conservation of mass gives9

dw

dz
= − n

vB
J (1)

while conservation of internal energy gives11

dhp

dz
= n

vB
(Jq,cyl + Jq,air − Jhin air

H2O (Tair)), (2)

where hp and hin air
H2O are the specific enthalpy of paper and13

vapour water in air, respectively, J is the evaporation flux of
water from the paper sheet, Jq,cyl and Jq,air are the heat fluxes15
from cylinder to paper, and from air to paper, respectively. The
factor n equals 1 in case of the drying modes A, C and E, or17
it equals 2 in case of the drying modes B and D.

Using the assumption that the specific enthalpy of paper is19

hp = hdry.p(Tp) + wh
in paper
H2O (Tp, w) (3)

and the derivative of this equation with respect to dz is21

dhp

dz
= �hp

�Tp

dTp

dz
+ �hp

�w

dw

dz

= Cp,p

dTp

dz
+

�
(
wh

in paper
H2O (Tp, w)

)
�w

dw

dz

= Cp,p

dTp

dz
− J

vB
hin air

H2O (Tair) + J

vB

�(w�H)

�w
, (4)

where in the last equality Eq. (1) was used, one can obtain,23
introducing Eq. (4) in Eq. (2), after some rearrangement

dTp

dz
= n

vBCp,p

(
Jq,cyl + Jq,air − J

�(w�H)

�w

)
. (5)

25

Integration of Eqs. (1) and (5) gives the change in the paper
moisture content (w) and paper temperature (Tp), respectively,27
as the paper sheet travels through the whole drying machine.
The solution of Eq. (5) can be compared with measured data.29

4. The entropy production

The local entropy production (�) is found from the entropy31
balance of a small element dz with unit cross-sectional area.
The result is33

� = b

(
vB

dsp

dz
− Jq,cyl

Tcyl
− Jq,air

Tair
− J sin air

H2O (Tair)

)
. (6)

Using the assumption that the specific entropy of paper is35

sp = sdry.p(Tp) + ws
in paper
H2O (Tp, w) (7)

and the derivative of this equation with respect to dz is37

dsp

dz
= �sp

�Tp

dTp

dz
+ �sp

�w

dw

dz

= Cp,p

Tp

dTp

dz
+ �(ws

in paper
H2O (Tp, w))

dw

dw

dz

= Cp,p

Tp

dTp

dz
− J

vB
sin air

H2O (Tair) + J

vB

�(w�S)

�w
(8)

(where in the last equality we have used again Eq. (1)), one 39
can obtain after some rearrangement

� = nb

[
Jq,cyl

(
1

Tp

− 1

Tcyl

)
+ Jq,air

(
1

Tp

− 1

Tair

)

+J

(
− 1

Tp

�(w�H)

�w
+ �(w�S)

�w

)]
. (9)

41

Here, �H and �S are the enthalpy and entropy change, re-
spectively, for water between the states in the paper sheet and 43
the surrounding air. The thermodynamic relations for �H and
�S are given in Appendix A. The value of � must be always 45
positive according to the second-law of thermodynamics. The
first two terms on the right-hand side give the contributions to 47
the entropy production from the heat transport, while the last
term gives the contribution from the mass transport. Thermody- 49
namic forces and fluxes acting in the paper drying process can
now be identified, referring to Eq. (9). The two driving forces 51
for heat transport are (1/Tp − 1/Tcyl) and (1/Tp − 1/Tair),
and the driving force for mass transport is the expression that 53
is multiplied with J in Eq. (9).

Integration of Eq. (9) over the total length of the paper sheet, 55
from the wet to the dry-end of the drying machine, gives the
total entropy production in the drying machine, 57(

dS

dt

)
irr

=
∫ L

0
� dz (10)

This is the objective function to be minimised subject to a fixed 59
outlet paper moisture content, wout=0.07 kg H2O/kg dry paper.

4.1. Flux equations for the paper drying process 61

The heat fluxes for paper drying are normally written as

Jq,cyl = hcyl.p(Tcyl − Tp) = hcyl.pTcylTp

(
1

Tp

− 1

Tcyl

)
(11)

63

and

Jq,air = hp.air(Tair − Tp) = hp.airTairTp

(
1

Tp

− 1

Tair

)
, (12)

65

where hcyl.p and hp.air are the heat transfer coefficients from
cylinder to paper and from paper to air, respectively. The rela- 67
tions of hcyl.p and hp.air are given in Appendix B.

Sherwood (1930) did pioneering work in the area of the dry- 69
ing of pulp and paper products. He showed that the resistance to
mass transport was located in the air boundary layer surround- 71
ing the paper sheet, a layer which has a laminar flow. Start-
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ing from this, Incropera and DeWitt (1985) derived the evap- 1
oration flux of water using the analogy of the heat and mass
transfer. The analogy gave heat transfer coefficients instead of3
mass transfer ones in the evaporation flux. Accordingly, sev-
eral authors (Soininen, 1995; Yeo et al., 2004; Nilsson, 2004)5
calculated the evaporation flux of water from the paper sheet
surface using7

J = 1

Cp,dry.air + X∗Cp,H2O
hp.air(X

∗ − Xin,air). (13)

Here, Cp,dry.air and Cp,H2O are the heat capacities of dry air9
and vapour water, respectively, X∗ is the saturation humidity
above the paper sheet, and Xin,air is the inlet air humidity.11

More sophisticated models are available for the paper–cylinder
contact heat transfer coefficient. In the model used here, only13
the paper moisture content is important for the contact heat
transfer coefficient (Rhodius and Gottsching, 1979), while it15
is known from Wilhelmsson et al. (1994) that also the paper
travelling speed and the felt tension and topography have in-17
fluence on the contact heat transfer coefficient. An expression
for this coefficient as function of the paper moisture content,19
paper speed, and felting type has been proposed by Yeo et al.
(2004). However, their measurements on different drying ma-21
chines have shown that this coefficient can greatly vary from
machine to machine. This is a reason why we have not used23
the expression proposed by Yeo et al. (2004).

By comparing Eqs. (9) and (13), one can see that the driving25
forces for the mass transport are not the same. In the expression
of J in Eq. (13), the driving force is (X∗ − Xin,air), while the27
expression of � in Eq. (9), will give a different relation for
the mass transport driving force. So far, the entropy production29
has not been used to define flux equations for paper drying.
Because data are available only for the fluxes given above, we31
shall proceed with these.

We shall see that the use of Eq. (13) can give a negative local33
entropy production, which means that Eq. (13) cannot correctly
predict the evaporation flux for the entire range of operating35
conditions of the paper drying machine.

5. Calculations37

We first analysed the PM2 paper drying machine as it is
now operated, i.e., the reference system. The distribution of39
paper moisture content (w) and temperature (Tp) were found by
numerical integration of Eqs. (1) and (5), over the total length41
of the paper sheet in the drying machine. The input data used
for the calculation are given in Tables 1 and 2 and in the text43
in Section 2. Physical properties and heat capacities of the air
and vapour water were taken from Pakowski et al. (1991).45

The optimisation was then performed numerically using the
Matlab� 6.1.0 (R12.1) optimisation toolbox function fmin-47
con, which uses a sequential quadratic programming method
to find a minimum of the objective function. The tempera-49
tures of the saturated steam supplied to the drying groups were
the optimisation variables, and the paper moisture content of51
0.07 kg H2O/kg dry paper was the constraint in the optimisa-
tion. The following lower and upper bounds were applied to53

the steam temperatures: 65 and 120 ◦C for that supplied in the
first drying group, and 85 and 130 ◦C for that supplied in the 55
second group. The temperature in the third group was chosen
such that the specified outlet paper moisture content was ful- 57
filled for a given choice of temperatures in the first two groups.

We studied the effects of varying the inlet air humidity and of 59
re-grouping the drying groups, on the total entropy production.

6. Results 61

We first present the results that characterise the reference
system, namely its profiles of paper temperature and mois- 63
ture content (Fig. 2). The calculation is compared with sev-
eral temperature measurements for the paper sheet (Fig. 3). We 65
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E (�) in the reference system.

proceed with the results that show the entropy production along1
the machine (Fig. 4), and its distribution on drying modes in
the reference and optimal systems (Figs. 5 and 6). Finally, we3
give the response of entropy production to changes in the inlet
air and steam conditions (Fig. 7), and to re-grouping of the5
drying groups, are shown for the optimal system.

6.1. Profiles of paper temperature and moisture content7

Fig. 2 shows the variation of Tp and w in the z-direction of
the actual paper drying machine. The temperature profile shows9
clearly the increase and decrease of Tp as the paper sheet passes
from one to another mode; it has a zig-zag pattern. The rise of11
Tp corresponds to the modes of type A. This rise is common
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Fig. 6. Entropy production rate per mode A (�), B (©), C (�), D (•), and
E (�) in the optimal system.
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Fig. 7. Total entropy production as a function of inlet air humidity in optimal
systems (©). The reference system is also given (�).

to all drying groups. Immediately after the paper sheet leaves a 13
mode of type A, and meets mode B or D between two cylinders,
Tp drops because the paper sensible heat gained from the heated 15
cylinder is largely used for surface water evaporation.

In the first drying group, the overall cooling of the paper 17
sheet is about 7 ◦C, while it is about 16 ◦C in the second drying
group. The presence of an unheated cylinder (cylinder 31) is 19
the reason for the big shift in Tp profile at z=140 m. The grad-
ual increase in the heat required for the evaporation of sorbed 21
water, which starts to be important from the beginning of the
third drying group, causes an overall decrease of paper temper- 23
ature of about 13 ◦C until the paper sheet reaches cylinder 31.
After this location, Tp increases with few degrees, and then it 25
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decreases until reaches the temperature of 50 ◦C at the dry-end1
of the machine.

The moisture content profile in Fig. 2 shows a constant de-3
crease of w in the first and second drying groups, which cor-
responds to the constant drying rate regime. The falling drying5
rate regime starts at the beginning of the third drying group.
The presence of a moisture control device under cylinder 40 at7
z= 160 m, i.e., the steam box that showers the paper sheet sur-
face with steam (see Fig. 2), explains the jump in the profile of9
w at this location. This device is used for correcting smoothness
and moisture content of the paper sheet in the width direction11
of the drying machine.

6.2. Comparison with measured data13

The paper temperature profile was compared to paper tem-
perature measurements, which were taken by means of an in-15
frared pyrometer. Local moisture content data of the paper sheet
were not available. Fig. 3 compares the paper temperature pro-17
file (line) with the readings of paper temperature (square sym-
bols). The measurements were taken at all locations where the19
paper sheet leaves a heated cylinder, and they were proceeded
on 14th of June 2001, at the PM2 Valmet paper drying machine21
(Norske Skog’s Internal Report, 2001).

Fig. 3 shows that the simulated paper sheet temperatures are23
higher by about 10 ◦C than those measured in the first two
drying groups, while it is lower than those measured in the25
last group. A zig-zag pattern is not found because the number
of measurements was not enough to show this pattern. The27
discrepancy between the calculated and measured temperatures
indicates the deficiency of the flux equations that are used in29
the model and the inaccuracy in the measurements.

6.3. Entropy production profile31

The profile of entropy production rate (�) in z-direction of
the machine is shown in Fig. 3. The integral under the curve33
is the total entropy production in the machine. The integral is
also the objective for our minimisation.35

Similar to the paper temperature profile, the profile of � has
a zig-zag pattern, which reaches peak values at the beginning of37
each drying group. At these locations, the heating conditions are
changed. In the third drying group, when the falling drying rate39
regime starts, the value of � is falling steadily to the end of the
machine. The same zig-zag pattern, but with different locations41
of peak values, was obtained when the separate contributions
from mass and heat transport to � were studied (not shown).43

6.4. Entropy production per drying mode

The entropy production rate per drying mode in the reference45
system is shown in Fig. 4. As expected, the highest values of
entropy production are found at the heated cylinders (i.e., the47
drying modes A, square symbols). Un-heated cylinders (i.e., the
drying modes C with diamond symbols) and cylinders operated49
under vacuum (i.e., the drying modes E, star symbols) have a

Table 3
The total entropy production and its contributions to the reference and optimal
states, four air inlet humidities

Inlet air humidity, kg H2O/kg dry air 0.026 0.026 0.065 0.13
System ref opt opt opt

Total entropy production, kW/ K 15.5 15.0 12.5 10.0
Contributions from
Heat transport, kW/K 7.9 7.3 7.7 6.8
Mass transport, kW/K 7.6 7.5 4.8 3.2

Inlet steam temperatures, ◦C
First drying group 89 84 88 94
Second drying group 111 89 94 99
Third drying group 121 126 131 133

The corresponding steam inlet temperatures are also shown.

smaller entropy production. When the paper travels between 51
two cylinders, i.e., in drying modes B (circle symbols) or D
(point symbols), the contributions are among the lowest ones. 53
It is due to the mass transport that takes place at these locations.

The entropy production rate per drying mode in the optimal 55
system is shown in Fig. 5. As response to the condition of min-
imum entropy production, all drying modes in the first drying 57
group show lower entropy production in the optimal system
compared with the reference. The most significant change oc- 59
curs at the heated cylinders located in the first drying group.
These modes almost halved their entropy production, compare 61
the square symbols in Fig. 5 with those in Fig. 4. The entropy
production rate of modes C–E, which are located in the first 63
two drying groups, approached the same value of 60 W/K per
drying mode. By contrast, the corresponding modes in the ref- 65
erence system showed a larger variation in entropy production
rate, between 30 and 150 W/K per mode. 67

6.5. Operating conditions and entropy production

Table 3 gives the total entropy production, and the contribu- 69
tions from the heat and mass transport, in the reference (ref)
and optimal (opt) systems. The outlet paper moisture content 71
was the same for all optimisations (wout = 0.07 kg H2O/kg dry
paper). 73

In the first optimisation, we changed the inlet steam temper-
atures. The inlet air conditions were then not allowed to vary, 75
they were the same as in the reference system. A reduction of
3% in total entropy production was achieved from the reference 77
to the optimal system. This improvement can be accomplished
if the saturated steam temperature is reduced by 14 and 22 ◦C 79
in the first and second drying group, respectively, while it is
increased by only 5 ◦C in the third drying group, see the third 81
column in Table 3. The same response was also found in the
entropy produced by heated cylinders, see Fig. 6. 83

The second optimisation was performed to see the effect of
changing the inlet air conditions on the total entropy production. 85
Fig. 7 shows the minimum entropy production as a function of
inlet air humidity, while the last two columns in Table 3 gives 87
the optimal temperatures of the steam supplied to each drying
group. The curve (Fig. 7) gives a clear message: it is possible 89

CES6557



UNCORRECTED P
ROOF

ARTICLE IN PRESS
A. Zvolinschi et al. / Chemical Engineering Science ( ) – 7

to reduce the total entropy production up to 35% by a five-fold1
increase in the inlet air humidity, and by changing the inlet
steam temperature according to the values given in Table 3.3
As the inlet air humidity was set higher and higher, the values
for the inlet steam temperatures in the first and second drying5
groups became closer and closer to the corresponding values
in the reference system. The origin of the reduction is the large7
reduction in the driving force for mass transport, while the heat
transport contribution remains on the same level.9

The curve in Fig. 7 was not drawn beyond the point given
by Xin,air = 0.13 kg H2O/kg dry air. A minimum point on the11
curve was expected and found in Fig. 7, but this is not shown
because in that area the local entropy production was negative13
in some locations in the paper drying machine.

The negative entropy production observed in Fig. 7 is of15
course an unphysical situation. The following locations in the
machine gave a negative local entropy production: at heated17
cylinders 3, 21, 23, 41–44, and 48–51, and their adjacent drying
modes, when the inlet air humidity was 0.26 kg H2O/kg dry19
air. The reason was that the last term in the right-hand side of
Eq. (9) was negative. We know that J and its corresponding21
force in Eq. (13) have same positive sign, so, it means that the
thermodynamic driving force for mass transport, given in Eq.23
(9), has a negative sign.

Regrouping of the drying groups may be an industrial alter-25
native to vary the heating conditions in the paper drying ma-
chine. The last optimisation was therefore done to see the ef-27
fect of regrouping on the total entropy production. When the
second drying group was extended from 15 to 17 cylinders, or29
contracted from 15 to 13 cylinders, the total entropy production
was reduced less than 0.1% compared to the reference system.31
The same small reduction was obtained when the first drying
group was contracted from 8 to 6 cylinders, while the second33
drying group was extended from 15 to 17 cylinders.

7. Discussions35

We discuss the results for the entropy production and its re-
duction, before we discuss the practical and theoretical consid-37
erations that emerge.

7.1. The entropy production of paper production and the state39
of minimum entropy production

The goal of the present investigation was (1) to map the41
entropy production in a real paper machine and (2) to find the
state of minimum entropy production for the machine and see43
how it depends on changes in operating conditions.

A mapping of the entropy production of paper drying has not45
been carried out from information of fluxes and forces before.
Unlike in exergy analysis, detailed information about the cause47
and location of entropy production can be obtained, see Fig.
4. The integral of the function in this figure gives, at steady49
state, the entropy flow into the surroundings, or the dissipation
of energy as heat in the surroundings. In the stationary state,51
entropy does not accumulate in the paper. We can see where
this loss of useful energy arises from Fig. 4, and its major53

contributions from Figs. 5 to 7. In the case of Figs. 4–6, with low
inlet air humidity, the major causes of loss are almost equally 55
distributed between heat and mass transfer (Table 3) while in
Fig. 7, the loss due to heat transfer remains, and the loss due 57
to mass transfer is reduced (Table 3 last two columns). Drying
mode A is, not surprisingly, by far the most dissipative one Fig. 59
5.

The steam temperature is a variable in these studies, and is 61
the outcome of the calculation. These temperatures should be
changed to achieve the effects presented. The inlet air humidity 63
and a re-grouping the drying groups are realistic targets for
variation. The optimisation rendered the entropy production 65
from heat transfer, relatively unaltered. A significant reduction
possible was obtained by increasing the inlet air humidity. This 67
can be understood as follows; energy is supplied to the system
as thermal energy, and a certain supply must be there to keep 69
the desired product quality; thus only a small variation is in the
supply parts is seen, also in a regrouping of cylinders. With the 71
set of variables chosen here, a possibility for a large reduction
in entropy production lies in operating the evaporation process 73
nearer to equilibrium.

To summarise, we have observed the following interesting 75
feature: if the inlet air humidity approached the saturation limit,
the total entropy production of the drying machine can be re- 77
duced with 35% compared to the reference system. The state
of minimum entropy production is percentwise little affected 79
(3%) by the variations in steam temperatures or by regrouping
the drying groups. 81

7.2. Practical considerations

The absolute value of the entropy production of paper dry- 83
ing is very large. Per kg newsprint, we find from Table 3 that
2400 J/K kg entropy is produced. With a typical yearly produc- 85
tion capacity of 5 × 108 kg, it is then easy to see that even a
small reduction in percent of the losses, may be worth while 87
pursuing. From this perspective, the 3% reduction, obtained by
changing the temperature of the inlet steam can be interesting 89
(compare Tables 2 and 3). A change in the inlet temperature is
possible to implement and also to control. 91

The value of inlet air humidity at minimum entropy pro-
duction, 0.13 kg H2O/kg dry air, is near the saturation point 93
for the air located in some machine’s air-pockets. To operate
the machine under such a high inlet humidity, may be difficult 95
in practice, because the likelihood for condensation increases,
and condensation must be avoided everywhere in the machine’s 97
hood. The results should be seen in this context: the thermo-
dynamic limit that we find gives a clear message of which di- 99
rection to move to save on the quality of energy. Operating
practice and economy limit how far it is possible to go in this 101
direction. We did not include economic considerations in the
above analysis. Such are needed for implementation of results. 103
It is nevertheless interesting to know the pure thermodynamic
limit of operation, given that a particular production must be 105
maintained. This limit exists, independent of the price of power
supply. 107
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The drying rate pictured in Fig. 2, has a turning point1
about 0.55 kg H2O/kg dry paper. The point was located to
the boundary between the two last drying groups. This point3
has been associated with the paper’s critical moisture content
point (Wilhelmsson et al., 1993; Sidwall et al., 1999). In most5
newsprint drying machines, the critical moisture content has
been found to be higher (i.e., 0.7 kg H2O/kg dry paper), but it is7
usually located within the second drying group (Wilhelmsson
et al., 1993; Sidwall et al., 1999). At this point, the evaporation9
of sorbed water becomes the limiting factor for mass transport.
The most intensive heating conditions are therefore often used11
at the start of the last drying group. This is also the case here,
as evidenced by the temperature profile in the same figure.13

A key to good performance in modern paper drying is to avoid
over-drying before the critical moisture content. Overdrying15
was clearly avoided in the state of minimum entropy production.
This can be seen from the temperatures of the steam supplied17
in the first two drying groups: they dropped in the optimisation.

7.3. The model19

To model the paper drying process, we have used balance
equations and common flux equations for heat and mass trans-21
fer, see Eqs. (1), (5) and (11)–(13). The model captures the ma-
jor temperature trends in the real machine only with a relatively23
large uncertainty (Fig. 2). The results obtained in connection
with Fig. 7 shows that the model needs further attention. By in-25
creasing the inlet air humidity far enough, negative values were
obtained for the local entropy production. This situation is of27
course unphysical. The entropy production was formulated us-
ing an entropy balance over the system, with given values for29
the heat and mass fluxes into and out of the system.

The theory of nonequilibrium thermodynamics gives a sys-31
tematic way to put up the fluxes in the system (FZrland et al.,
2001; Bedeaux and Kjelstrup, 2005). For our case, they are33

Jq,air = − lqq

(
1

Tp

− 1

Tair

)

− lq�

(
− 1

Tp

�(w�H)

�w
+ �(w�S)

�w

)
(14)

and35

J = − l�q

(
1

Tp

− 1

Tair

)

− l��

(
− 1

Tp

�(w�H)

�w
+ �(w�S)

�w

)
. (15)

Here lqq , lq�, l�q and l�� are transfer coefficients for the in-37
terface. They have been evaluated by Bedeaux and Kjelstrup
(1999), in the absence of a flow parallel to the evaporation39
surface. The coefficients depend on the flow conditions at the
surface, and therefore on the paper speed, etc.41

By comparing these equations to the flux equations (12) and
(13) we see first that the coupling terms are lacking in Eqs.43
(12) and (13), and that the driving force for mass transfer is
different; it is the ideal approximation of the chemical potential45
difference. We have recently shown that it is not in agreement

with the second-law, to neglect coupling coefficients for trans- 47
port across phase boundaries (Bedeaux and Kjelstrup, 2005).
The present model can thus be made to agree with the second- 49
law by developing further Eqs. (14) and (15).

This investigation has been done as a first step in the direction 51
of obtaining more correct equations for phase transformations.
It is important to first see predictions from state-of-art equations 53
actually used in literature, and find the entropy production in a
large-scale drying machine. The drying model used here uses 55
the well-established heat and mass transfer analogy (Incropera
and DeWitt, 1985). This work shows that these equations may 57
not be sufficient. The presence of coupling (Bedeaux and Kjel-
strup, 2005) means, e.g. that mass transport can have a different 59
direction than its main driving force, provided that a thermal
driving force exists and is large enough. The coupling coeffi- 61
cients can thus affect the magnitude of the fluxes. By including
the proper thermodynamic driving force, and coupling coeffi- 63
cients, we expect that the local entropy production will always
be positive for all conditions. We argue therefore that there is 65
a need for improving the model at this point. Such work is in
progress. 67

8. Conclusions

We have used a standard model for a paper drying machine, 69
which produces newsprint, and characterised the paper drying
process of a real machine, through its profiles of paper temper- 71
ature and moisture content. The model was validated by some
measurements. We argue that also the local entropy production 73
is needed in an validation of the model.

In several studies of optimal second-law performance, we 75
kept the paper moisture content at the dry-end of the machine
constraint, while the inlet steam temperatures to the drying 77
groups were optimisation variables. We found a large effect on
the total entropy production by changing the inlet air humidity. 79
The total entropy production was reduced by 35% compared
to the reference system, if the inlet air humidity was five-fold 81
increased. Smaller changes (i.e., 3%) were obtained when lower
temperature was maintained for the steam supplied in the first 83
drying groups. Both variations may be technically interesting
because the entropy production by paper drying is so large. 85

Notation

b paper sheet width, m
B basis weight of paper, kg/m2

Cp specific heat capacity, J/kg/K
Dcyl diameter of drying cylinders, m
h heat transfer coefficient, W/m2/K
�vapH vapourisation enthalpy of the free water, J/kg
�sorH sorption enthalpy of the water to paper, J/kg
J evaporation flux of the water, kg/m2/s
Jq heat flux, W/m2

L total length of the paper sheet in the machine, m
MH2O molar weight of the water, kg/mol
n factor in Eqs. (1), (2), (5) and (9) 87
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p� standard pressure, bar
p∗ equilibrium vapour pressure, bar
p∗

p equilibrium vapour pressure over paper, bar
Pr Prandtl number
R gas constant, J/mol/K
Re Reynolds number
(dS/dt)irr total entropy production, W/K
�vapS vapourisation entropy of the free water, J/kg/K
�sorS sorption entropy of the water to paper, J/kg/K
T temperature, K
Tcyl steam temperature in drying groups, K
Xin,air inlet air humidity, kg H2O/kg dry air
X∗ saturation humidity of air above the paper sheet,

kg H2O/kg dry air
v travelling speed of paper through the machine,

m/s
w paper moisture content, kg H2O/kg dry paper

Greek letters

�1,�2 coefficients in Eqs. (20) and (21)
� desorption isotherm function in Eqs. (18) and

(19)
� thermal conductivity, W/m/K
� dynamic viscosity, kg/m/s
� kinematic viscosity, m2/s
� local entropy production for unit cross-section,

W/m/K
� paper sheet wrap angle on cylinder, ◦1
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Appendix A. The thermodynamic relations used in model3

The enthalpy and entropy changes for water between the
states in the paper sheet and the air near to the paper sheet5
surface, are

�H = �sorH + �vapH +
∫ Tair

Tp

Cin air
p,H2O dT , (16)

7

�S = − �sorH

Tp

− R

MH2O
ln(�(w, Tp)) + �vapH

Tp

− R

MH2O
ln

(
pin air

H2O

p∗

)
+
∫ Tair

Tp

Cin air
p,H2O

T
dT . (17)

The sorption enthalpy of liquid water to paper is9

�sorH = −R
� ln �(w, Tp)

�(1/Tp)
. (18)

The desorption isotherm of paper (Prahl, 1968) is11

�(w, Tp) = p∗
p

p∗ = exp(�1Tp − �2), (19)

where �1 and �2 were determined by Karlsson and Soininen13
(1982)

�1 = exp(−15.03w − 1.37
√

w − 3.14), (20) 15

�2 = exp(−13.53w − 2.90
√

w + 2.9). (21)

Using Clausius–Clapeyron’s relation, the evaporation enthalpy 17
is

�vapH = −R
� ln(p∗/p�)

�(1/Tp)
, (22)

19

where the equilibrium vapour pressure was given by Pakowski
et al. (1991) as 21

p∗(Tp) = 0.133 × 103 exp

(
18.303 − 3816.44

Tp − 46.13

)
. (23)

The heat capacity of paper is taken as 23

Cp,p = Cp,dry.p + wCp,H2O, (24)

where Cp,dry.p is the specific heat capacity of dry paper. 25
Wilhelmsson et al. (1994) suggested that the heat capacity of
newsprint is 1256 J/K kg. 27

Appendix B. The heat transfer coefficients used in model

The heat transfer coefficients between cylinder and pa- 29
per were calculated with a relation given by Rhodius and
Gottsching (1979) 31

hcyl.p = 1556.6w + 52.87. (25)

The heat transfer coefficients between the paper sheet and air 33
were calculated from the following relations given by Incropera
and DeWitt (1985). When the paper sheet is located between 35
two cylinders, the heat transfer coefficient is

hp.air = �

Dcyl

⎧⎨
⎩0.3 + 0.62Re1/2

D Pr1/3

[1 + (0.4/Pr)2/3]1/4

×
[

1 +
(

ReD

282000

)5/8
]4/5

⎫⎬
⎭ . (26)

37

When the paper sheet is in contact with cylinder, the heat
transfer coefficient is 39

hp.air = �

l
(0.664 Re1/2

l Pr1/3) (27)

when Rel < 5 ×105, and it is 41

hp.air = �

l
Pr1/3(0.037 Re4/5

l − 871) (28)

when Rel > 5 × 105. 43
The Reynolds and Prandtl numbers are determined by

ReD = vDcyl

�
, Rel = vl

�
, Pr = Cp�

�
. (29) 45

All physical properties of the gas phase (Cp, �, � and �) are
calculated at the film temperature (average of Tair and Tp). 47
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