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Abstract

For industrial paper drying, the entropy production from heat and mass transfer irreversibilities was determined by combining prin-
ciples of irreversible thermodynamics with information from a dryer simulator. Transport irreversibilities depend on sheet and dryer
characteristics. Entropy production for multi-cylinder paper dryer sections was compared for 5 paper machines, producing 3 grades
of linerboard, 2 of newsprint. The three major contributions to entropy production were evaluated: entropy production for evaporation
of water, for convective heat transfer between the sheet and ambient air, and for cylinder-to-sheet heat conduction. Effects on entropy
production from paper basis weight and drying cylinder steam pressure were examined.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Paper production is among the largest energy consum-
ing industries, accounting for about 4% of world energy
consumption1 according to the World Energy Council [1].
The paper machine alone accounts for 35% of the total
energy consumption in a pulp and paper mill [2]. On a nor-
malized basis, the energy use is given as the specific energy
consumption (SEC), the energy required per tonne of
paper. De Beer et al. [2] assessed the possibilities for reduc-
ing energy consumption in paper drying and concluded
that there is a long term potential for saving in the specific
consumption of heat (SECh), by up to 90% in the most rad-

ical case. Manninen et al. [3] made similar projections.
Such a radical change is not realistic as it would require
substantial increase in the specific consumption of electric
power, the highest grade of energy and the most expensive.
However the search for energy reduction by techniques
which could be implemented industrially remains a high
priority and is the basic motivation for the present study.

Although in the first law of thermodynamics electrical
and thermal energy are not differentiated, these two forms
give vastly different amounts of work. Replacement of
thermal by electrical energy should therefore also be
evaluated from a second law perspective where energies
can be expressed in terms of the ability to do useful work.
Such an analysis can also be used in process optimization
where alternative operating conditions are assessed. Thus
in order to evaluate new or improved technologies from a
perspective of how potential work is used, a second law
analysis is needed. In such analyses the lost work (lost
exergy) in excess of the minimum work needed to perform
the process is calculated. Lost work equals the entropy pro-
duction in the process times the temperature of the
environment.
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Second law analyses are receiving increased attention in

the process industries, such as in the production of alumi-
num [4] and ammonia [5]. Second law efficient design of
process units is also growing [6–8]. De Beer et al. [2]
reported the exergy losses in a paper machine, but without
determining how or where the losses occur. In order to
determine the lost work, the entropy production at each
stage in the process must be calculated. As no detailed doc-
umentation of the entropy production in the process of
drying paper has appeared, this is the objective of the pres-
ent study.

Thus the aim of this investigation is to present such an
analysis of paper drying and to consider its relevance for
improving the second law efficiency of this process. More
specifically, the scope is to determine the local and total
entropy production for two major paper products, liner-
board and newsprint. Cylinder drying, the standard tech-
nology used in the production of printing and heavier
grades, is therefore the subject of our first work, thereby
establishing a basis for subsequent studies. This objective
requires the combination of two elements. The structure

of second law analysis must be integrated with perfor-
mance data, both measured and calculated, for dryer sec-
tions of paper machines. The general procedure of
determining entropy production, as described by de Groot
and Mazur [9], has been used for second law analysis by
Nummedal et al. [8] and Johannessen et al. [7]. The mea-
sured and calculated performance data for paper dryers
are available through the work of Douglas and co-workers
for paper drying analysis and simulation [10–15]. To pro-
vide estimates for parameters required in the present work
but not available from paper machine dryer surveys, the
dryer simulator of Sadeghi and Douglas [14,15] was used.

The entropy production rate gives the lost exergy, or dis-
sipated energy, from the Gouy–Stodola theorem [4,6]:

dW lost

dt
¼ T 0

dSirr

dt
ð1Þ

Here T0 is the temperature of the environment. The entro-
py production rate can be calculated in two ways, from the
difference between the entropy flow into and out of the sys-
tem, or from the fluxes and their conjugate forces inside the

Nomenclature

B paper basis weight, dry paper mass per unit
sheet area (kg/m2)

c moisture content in paper (mol/m3)
Cv,i specific heat capacity of species i (J/(kg K))
d paper thickness (m)
dSirr

dt entropy production rate (W/K)
DH vaporization enthalpy of water from paper

(J/mol)
DsorH sorption enthalpy of water to fiber (J/mol)
DvapH vaporization enthalpy of free water (J/mol)
H(g) enthalpy of water in vapor state (J/mol)
H(p) enthalpy of water in paper (J/mol)
J molar water flux at paper surface (mol/(m2s))
J 0q heat flux (J/(m2s))

J 0q;a heat flux between paper surface and ambient
(J/(m2s))

J 0q;c heat flux between cylinder surface and paper
(J/(m2s))

M molar mass of water (kg/mol)
p0 standard pressure (Pa)
p� vapor pressure (Pa)
p�p vapor pressure in paper (Pa)
R gas constant (J/(mol K))
t time (s)
Dt time lapse of paper in the dryer (s)
T temperature (K)
u internal energy density (J/m3)
w mass-based moisture content (kg/kg dry paper)
Wlost lost work (J)
Xa, Xv thermodynamic forces defined by Eqs. (11) and

(12)

Greek symbols

lT chemical potential of water at constant temper-
ature (J/mol)

lg
T chemical potential of water at the paper surface

at constant temperature (J/mol)
lp

T chemical potential of water in paper at constant
temperature (J/mol)

ra entropy production rate for heat transfer be-
tween the paper surface and ambient air
(W/(m2 K))

rc entropy production rate for heat transfer be-
tween the cylinder and paper surface (W/(m2 K))

rs entropy production rate defined by Eq. (10)
(W/(m2 K))

rv entropy production rate of evaporation
(W/(m2 K))

DRa entropy production for heat transfer between
the paper surface and ambient (J/(kg K))

DRc entropy production for heat transfer between
the cylinder and paper surface (J/(kg K))

DRtot total entropy production (J/(kg K))
DRv entropy production of evaporation (J/(kg K))
H sorption isotherm, Eq. (20)

Subscripts

0 environment
c cylinder surface
g gas phase
p paper
s dry solids
w water
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system. The latter procedure is used here, which enables
obtaining information on the sources of the lost exergy.
Thus the total entropy production rate for a paper dryer
consisting of cylinder dryers is determined from the local
values of temperature and local fluxes of water vapor and
heat throughout the dryer. The procedure employed here
consists of several steps. First the system and its volume
elements are defined and the entropy production rate, r,
in a local volume element described. After establishing a
consistent set of data, within reasonable limits of uncer-
tainty, the various contributions to the entropy production
are calculated for each dryer cylinder as the paper goes
from wet to dry. Finally, the results are examined relative
to the potential for more energy efficient operation.

2. Conservation of mass and energy

For the determination of entropy production, some of
the dryer performance data required derive from measure-
ments in industrial dryers while other values must be
obtained from a microscale simulator of a paper dryer.
Data coming from either source, actual measurements or
predicted by a simulator, are subject to uncertainty. For
this reason, prior to calculating the entropy production a
short procedure is now presented concerning checking the
consistency of the data. With respect to the paper drying
simulator, the model used here is the most detailed which
has appeared [14] and has been successfully validated
against 32 dryer surveys [15] in the most extensive reported
validation of a paper drying model. The model has been
established to be very reliable in predicting dryer section
performance for a great variety of grades of paper, types
of dryers and dryer operating conditions, as demonstrated
for example by the average error for the uncalibrated pre-
diction of paper machine speed for all 32 tests being only
3%. Another particularly important validation is that the
predicted sheet average temperature was within 3 �C of
the measurements. This exceptional level of accuracy pro-
vides confidence in the simulator predictions.

In addition to the aspect of reliability of the input data,
there are two other reasons for the present section. First,
the drying model validations have been done mostly for
entire dryer sections because that is usually the only data
which can be obtained from an industrial dryer. A signifi-
cant exception is the validation against local paper temper-
ature, as noted above. The entropy production, as
presented in the following section, is calculated in incre-
ments for each dryer cylinder as the sheet goes from wet
to dry. Therefore it is relevant to check the mass and
energy balances for each such interval. The second reason
is that the paper drying model is based on a microscopic
description of transport phenomena inside the sheet during
drying, i.e. using sheet thickness direction gradients of
moisture, temperature and gas pressure. It has been shown
[14] that there can be large differences in these characteris-
tics across the sheet thickness. However, we have not
included the contribution of internal transport phenomena

to the entropy production. Results of consistency check
will demonstrate that provided correct values are used for
heat and mass transfer fluxes between the sheet and the cyl-
inder or ambient, the general heat and mass balances will
be preserved even if the internal gradients of moisture con-
tent and temperature are ignored. In fact, because the sur-
face fluxes of heat and mass transfer reported by the
simulator derive from the conditions of temperature and
moisture content at the sheet surfaces, which are in turn
influenced by the internal distributions of temperature
and moisture, the entropy production calculated in the
present study reflects the internal resistances to heat and
mass transfer. Exact determination of entropy production
from internal transport phenomena could be the subject
of a future study.

The following relations and symbols are standard in
descriptions of mass and energy conservation in process
engineering, except for the use of fluxes as defined in
non-equilibrium thermodynamics [9]. A volume element
of paper at position x in the sheet transport direction is
considered. For paper of uniform local moisture content
in the thickness direction, the relationship between the
mass-based paper moisture content w, in kg/kg dry paper,
and the volumetric paper moisture concentration c in mol/
m3 is given by:

c ¼ wB
Md

ð2Þ

where B is the paper basis weight in kg/m2, d the paper
thickness, and M the molar mass of water. Recent studies
[13,14] have shown that over some parts of the paper ma-
chine during the drying of paper, the local moisture content
across the sheet thickness direction can at times range from
a very high value, for example 1.7 kg/kg dry paper for a
case studied in [14], with the fibers saturated and water in
the pores, down to essentially dry paper, e.g. 0.05 kg/kg
dry paper. When the moisture content, w, varies substan-
tially, and nonlinearly, in the sheet thickness direction then
Eq. (2) yields some average value of the volumetric mois-
ture concentration. As explained earlier, this approxima-
tion does not have a direct effect on the entropy
production calculation. At the sheet surface the exiting
water vapor molar flux J is equal to the loss of water from
the element, so:

dc
dt
¼ � J

d
ð3Þ

Moisture diffusion in the plane of the sheet need not be in-
cluded because Hashemi et al. [16] have shown that, on the
time scale of the industrial process, lateral moisture trans-
port during paper drying is negligible compared to that in
the thickness direction. In terms of the paper moisture con-
tent this equation can be written as:

dw
dt
¼ � JM

B
ð4Þ
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By integrating Eq. (4) the moisture content is obtained as a
function of the integrated water flux:

wðDtÞ ¼ wð0Þ �M
B

Z Dt

0

J dt ð5Þ

The upper integration limit is the time from entrance into
the dryer taken by a sheet moving at paper machine speed.

Similarly, the energy balance for a volume element of
paper is given by:

du
dt
¼ �

J 0q þ JDH

d
ð6Þ

Here u is the energy density of the paper, J 0q is the net heat
flux out of the paper, DH is the vaporization enthalpy of
water from its state in the paper (p) to water vapor (g).
Water is adsorbed more or less strongly in the paper,
depending on the moisture content, and this effect is trea-
ted. The vaporization enthalpy is therefore:

DH ¼ HðgÞ � HðpÞ ¼ DvapH þ DsorHðwÞ ð7Þ

Here DvapH is the vaporization enthalpy of free water, and
DsorH(w) is the water adsorption enthalpy. At low moisture
content, the latter term is important and is a sensitive func-
tion of moisture content. With the specific heat capacity at
constant volume, Cv in J/(kg K), Eq. (6) leads to:

dT p

dt
¼ � 1

BðCv;s þ Cv;wwÞ ðJ
0
q þ JDHÞ ð8Þ

It is assumed that the specific heat capacity of paper is a
linear combination from the dry solids, Cv,s, and from
water Cv,w. By rearranging and integrating Eq. (8), the inte-
grated heat flux can be expressed as a function of the sheet
thickness direction average values of temperature and
moisture content:

1

B

Z Dt

0

ðJ 0q þ JDHÞdt ¼ Cv;sfT pðDtÞ � T pð0Þg

þ Cv;w

Z Dt

0

w
dT p

dt
dt ð9Þ

Eqs. (5) and (9) are used in the analysis of consistency of
the mass balance and energy balance, respectively (Section
4.2).

3. Local entropy production

Before presenting the entropy production analysis, it is
appropriate to briefly introduce multi-cylinder drying, the
universally used system for producing printing and heavier
grades of uncoated paper. The dryer section of a paper
machine could include from 40 up to 90 cylinders, depend-
ing on the thickness of the paper grade in production. A
common configuration of cylinders is demonstrated in
Fig. 1 where the sheet of paper follows a serpentine patch
between the successive cylinders. Synthetic screens, termed
dryer fabrics or felts, support the moist, low strength sheet
and press it against the cylinders, thereby enhancing the

contact heat transfer coefficient and reducing the frequency
of sheet breaks. Cylinders are heated by steam from inside.
Based on the position of the sheet in dryer section, four
phases of drying, identified in Fig. 1, are distinguished:

Phase I: One side of sheet is in contact with cylinder.
Heat is transferred by conduction from the
heated cylinder surface to the sheet. Heat and
mass transfer (evaporation) occur at the oppo-
site side of the sheet by convection.

Phase II: Sheet is covered by the felt. Heat conduction is
active at the cylinder contact side while evapo-
ration and heat transfer occur at the felt sur-
face in touch with ambient air.

Phase III: Felt is removed from the sheet. Transport
mechanisms are identical to those of Phase I.

Phase IV: Sheet is passing from one cylinder to the next,
with both sides exposed to the ambient air in
what is termed the dryer pocket. Evaporation
and heat transfer by convection are active on
both sides of the sheet.

The drying simulator used in this study takes the pres-
ence of the felt into account by incorporating a reduction
factor for convective heat and mass transfer coefficients.
Therefore the heat and mass transfer fluxes from the
sheet, reported by the simulator and used in the entropy
production analysis, already include the effect of felt.
Consequently, we will need to consider only two general
cases:

Case 1: A hot cylinder surface on one side of the sheet
and air on the other side.

Case 2: Air on both sides of the sheet, with convective
transport of heat and of water vapor between
the moist sheet and the adjacent dryer pocket air.

Now the equations are developed for entropy produc-
tion calculation. The details of the derivation are available
elsewhere [17]. For the case of paper drying, the following
assumptions are employed:

Fig. 1. Serpentine path of paper sheet through a multi-cylinder dryer
section. Numbers on the picture refer to the four phases of drying.

G.J.M. Koper et al. / International Journal of Heat and Mass Transfer 50 (2007) 1344–1355 1347
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� Entropy production due to transport phenomena within
the sheet is considered negligible.
� Entropy production is considered only due to the heat

and mass transfer fluxes between the sheet and the cylin-
der surface or ambient air.
� Ambient humid air is considered ideal gas.
� Work against the external pressure from volume

changes in the paper and from heat flux in the plane
of the sheet are neglected.

With the internal entropy production being negligible,
we only need to consider the sheet surface temperature,
T(x), and the chemical potential of water at this tempera-
ture, lT(x). The differences in temperature and chemical
potential between the values in the paper and those in the
adjacent vapor phase provide the driving forces used in
non-equilibrium thermodynamics for the transport of heat
and mass, respectively.

Consider first Case 2 above. It was shown by Bedeaux,
Kjelstrup and coworkers [17,18] that the entropy produc-
tion rate per unit area, rs, has two terms, one for the mass
flux and one for the heat flux between the vapor phase and
the phase where there is liquid water. Accordingly, evapo-
ration is accompanied by entropy production:

rs ¼ J 0q;a
1

T g

� 1

T p

� �
� J

1

T p

ðlg
T � lp

TÞ ð10Þ

The heat flux between the moist paper and the vapor phase
is J 0q;a. Only this flux enters the entropy production rate.
The heat flux on the moist paper side of the interface has
been eliminated by means of the energy balance [17]. From
non-equilibrium thermodynamics the driving force for heat
transfer, Xa, defined by the entropy production rate, is the
difference in inverse absolute temperatures from the moist
paper into the vapor phase:

X a ¼
1

T g

� 1

T p

ð11Þ

The driving force for mass transfer, likewise defined from
the entropy production rate, is the negative of the differ-
ence in chemical potential of water from the moist sheet
to the water vapor, divided by the absolute temperature
of the paper. These chemical potentials are evaluated at
the moist sheet temperature and moisture content:

X v ¼ �
1

T p

ðlg
T � lp

TÞ ð12Þ

The heat and mass fluxes are coupled linearly, i.e. each
flux is proportional to each of the forces. It is not necessary
to write the flux equations for transfer of heat and mass, as
the contributions to rs may be calculated directly. Thus the
contribution to entropy production from heat transfer is:

ra ¼ J 0q;a
1

T g

� 1

T p

� �
ð13Þ

and the entropy production from mass transfer is:

rv ¼ �J
1

T p

ðlg
T � lp

TÞ ð14Þ

With the ideal gas assumption the chemical potential differ-
ence for water from the moist sheet to the adjacent water
vapor is:

DlT ¼ lg
T � lp

T ¼ RT p ln
p�

p�p
ð15Þ

where p�p is the vapor pressure of the water in the moist
sheet at the values of Tp and w at the sheet surface obtained
from the dryer simulator, and p� is the vapor pressure in
the adjacent air. For Case 2 boundary conditions these
equations apply with an area equal to the two sides of
the sheet.

For Case 1 boundary conditions it is necessary to distin-
guish between the two sides of the paper. On the cylinder
contact side of the sheet there can be no water vapor trans-
port so here the entropy production rate, rc, is due to heat
transfer alone:

rc ¼ J 0q;c
1

T p

� 1

T c

� �
ð16Þ

with J 0q;c the heat flux from the cylinder to the paper and Tc

the temperature of the cylinder surface. At the vapor trans-
port side of the sheet while on the cylinder, the entropy
production is due to both heat and mass transfer. The cor-
responding expression is the same as for Case 2 boundary
conditions given in Eq. (13), but now with an area of trans-
fer that is half that for Case 2.

The above expressions are now used to calculate the
contributions to the total entropy production during dry-
ing. It is convenient to separate the entropy production
between the contribution while the sheet is in contact with
the cylinder, Eq. (16), and that when the sheet is passing
through the dryer pocket between cylinders, the two terms
in Eq. (10). The entropy produced when the sheet is in con-
tact with the drying cylinders is:

DRc ¼ rc

Dt
B

ð17Þ

This equation has been divided by B, the mass of dry paper
per unit area (kg/m2), in order to have the entropy produc-
tion per kg of paper J/(kg K). Summing over all cylinders
provides the total specific entropy production for cylinder
heating. The corresponding contributions to specific entro-
py production from the heat flux and force, Eq. (13), and
the mass flux and force, Eq. (14), are respectively:

DRa ¼ ra

Dt
B

ð18Þ

DRv ¼ rv

Dt
B

ð19Þ

These expressions apply to the transfer area provided by
one cylinder. Summing over all cylinders provides the total
specific entropy production per kg dry paper due to heat
transfer between the sheet and the air, and due to the evap-
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oration of water. It will subsequently be seen that the first
of these terms is small relative to the second. The equations
in this section also demonstrate the combined effect of sev-
eral factors controlling the rate of entropy production.
Therefore it is not possible to follow the effect from only
one parameter, such as sheet temperature, when other fac-
tors such as cylinder surface temperature or ambient tem-
perature are involved.

4. Methodology

4.1. Data inputs and calculations

Data are used for two grades of paper, linerboard and
newsprint, produced on five paper machines. These
machines all use steam heated cylinder conduction drying.
Table 1 lists the main characteristics of the paper machines
for which the entropy production analysis was applied.
Each paper machine is identified with a code, LB for liner-
board, NP for newsprint. For the linerboard machines the
identification code indicates the basis weight of the prod-
uct. The number of cylinders for each steam section and
the corresponding steam pressures are recorded. Within
each such steam section the condensing steam pressure
can be assumed constant. Complete information on dryer
surveys for these five cases is available [14,15].

The dryer simulator [14] has been used to provide the
following performance parameters required for the present
study: (i) local heat flux from the cylinder to the paper, (ii)
local heat flux between the paper and the ambient air, (iii)
surface temperature of each cylinder as well as sheet sur-
face and average temperature, (iv) sheet surface and aver-
age moisture content, (v) water vapor flux from the paper

for both types of boundary conditions. These data came
in a time stream of values. The fluxes obtained from the
simulator were used without modification. The thermody-
namic forces of heat conduction required for entropy pro-
duction calculations were obtained according to Eqs. (13)
and (16). In order to calculate the thermodynamic driving
force for evaporation, Eq. (15), the expression used for
vapor pressure of moist paper was:

p�p ¼ Hðw; T pÞp� ð20Þ

where p�p is the equilibrium vapor pressure at sheet surface
Tp and w. For the sorption isotherm of moist paper,
H(w,Tp), an empirical relation [14] based on the extensive
desorption data from Prahl [19] was used:

Hðw; T pÞ ¼ expðb1T p � b2Þ ð21Þ

with

b1 ¼ expð�15:03w� 1:37
ffiffiffiffi
w
p
� 3:41Þ

b2 ¼ expð�13:53w� 2:90
ffiffiffiffi
w
p
þ 2:90Þ

ð22Þ

According to Prahl [19] the sorption isotherms for paper
made from various types of pulp are not significantly differ-
ent. For vapor pressure of water, the correlation used in
[14] was:

p�ðT pÞ ¼ 133:322 exp 18:3036� 3816:44

T p � 46:13

� �
ð23Þ

The enthalpy of vaporization is derived from the above
equilibrium vapor pressure correlation using the following
expression derived from the Clausius–Clapeyron relation
[19]:

DvapH ¼ �R
oðln p�=p0Þ

oð1=T Þ ð24Þ

with standard pressure p0. Similarly, the sorption enthalpy
is found from Eq. (21) with:

DsorH ¼ �R
oðln HÞ
oð1=T Þ ð25Þ

4.2. Mass and energy balances

The internal consistency of the data was checked, as
described in Section 2. The mass balance was checked using
Eq. (5) with the moisture content data and the integrated
evaporation flux data. As can be seen from that equation,
if the values of mass flux are integrated over a time interval
and plotted against the relevant values of sheet moisture
content, the sheet basis weight can be computed from the
slope of the resulting line. The line presented in Fig. 2 is
for the 337 g/m2 linerboard case, identified as LB337.
The basis weight computed this way could then be com-
pared to the actual sheet basis weight as a measure of data
consistency. Such calculations, performed for all cases,
demonstrated that the average difference between the mea-
sured and calculated basis weight for the three linerboard

Table 1
Main characteristics of dryer sections used in this study

Paper
machine

Grade Basis
weight
(g/m2)

Cylinder
no.

Steam pressure
(kPa gauge)

Speed
(m/min)

LB183 Linerboard 183 1–11 335 378
12–27 381
28–43 405
44–55 394

LB205 Linerboard 205 1–11 573 391
12–27 674
28–43 496
44–55 685

LB337 Linerboard 337 1–18 600 374
19–38 700
39–71 725
72–85 800

NP1 Newsprint 48.8 1–16 13.8 542
17–30 62.1
31–46 121

NP2 Newsprint 48.1 1–16 69 539
17–30 124
31–46 166

G.J.M. Koper et al. / International Journal of Heat and Mass Transfer 50 (2007) 1344–1355 1349
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cases was only 3% and that of the two newsprint cases was
10%, providing an acceptable consistency check.

Next the energy balance, Eq. (9), was used with Eq. (7)
for the enthalpy of vaporization. The assumptions used for
Eqs. (7)–(9) were noted earlier. The two contributions to
the vaporization enthalpy were calculated, using Eq. (23)
for bulk water vapor pressure, Eq. (21) for water desorp-
tion, and Eqs. (24) and (25). The desorption enthalpy con-
tributed up to 10% of the enthalpy change, but the
contribution was only significant towards the dry end of
the paper machine, as is well known.

In Fig. 3 the integrated heat flux, the left-hand side of
Eq. (9), is compared cylinder by cylinder with the right
hand side, demonstrating acceptable agreement for the
same case as used for Fig. 2. These values of Fig. 3 line
are seen to overestimate those of Fig. 3 points, obtained
from the right side of Eq. (9), over the intermediate part
of the dryer section while providing an underestimate
towards the end of the dryer section. In a system as com-
plex as this, it is not possible to identify the sources of
the differences seen in Fig. 3. One unavoidable source

of these differences is that Eq. (9) assumes that there is a
uniform sheet temperature and moisture content across
the sheet thickness although the drying simulation work
[10,12,14,15] has clearly established that there are fre-
quently large differences in the thickness direction which
are by no means linear with thickness. As the use of
representative values in Eqs. (8), (9) and (20)–(25) intro-
duces approximations into the procedure, it is reassur-
ing that the final differences are as small as identified in
Fig. 3.

5. Entropy production results

5.1. Three drying regimes

For the paper machine producing 337 g/m2 linerboard,
identified as LB337, Fig. 4 presents the development over
its 85 cylinders of the three contributions to entropy pro-
duction per kg dry paper from Eqs. (17)–(19). The contri-
butions DRc, DRv and DRa are due, respectively, to
cylinder conduction, evaporation and paper-ambient con-
vection. Fig. 4 shows the discontinuities which occur at
the boundaries of the four sections of cylinders because
of the changes in steam pressure between sections, as
recorded in Table 1. Not only are there step changes in cyl-
inder temperature at the boundaries between the sections,
but in addition the length of sheet from one cylinder to
the next is different at the three break points between the
sections. These various effects give rise to the discontinu-
ities between cylinders 18–19, 38–39 and 71–72 in Fig. 4.
The contributions to specific entropy production from
evaporation and from cylinder heat transfer are generally
of comparable magnitude, while that from the heat transfer
between the sheet and ambient is negligible by comparison.
The low level of entropy production by the latter term, i.e.
by sheet-ambient air interaction, is not a general character-
istic but applies for the specific LB337 machine. In the pres-
ent case this term is relatively low for two reasons: this
paper machine used an ineffective dryer pocket air ventila-
tion system, providing only low temperature air, and the
basis weight is very high, at 337 g/m2. With a high flow rate
of hot, relatively dry pocket air, this term would be higher.
As an example for effective pocket ventilation, the pocket
air temperature without the injection of hot air could be
around 40 �C while the injected air temperature could be
as high as 120 �C. Likewise, for lower basis weight sheets
this effect relative to other two terms would be proportion-
ally higher.

Three drying regimes can be identified, and these do not
coincide with the steam pressure sections of the dryer. The
first drying period occurs over cylinders 1–10, where
entropy production from heating the sheet starts at a very
high level and decreases steadily, cylinder by cylinder, to
approach the average level at about cylinder 10, which
marks the end of this drying regime. Correspondingly, in
this drying regime the entropy produced by evaporation
of water rises from zero to reach, by cylinder 10, about
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the average level for the rest of the dryer. By the end of the
first drying regime the entropy produced by cylinder heat-
ing and by evaporation are comparable. During the second
drying regime, over about cylinders 10–53, all contribu-
tions to entropy production are relatively steady. In the
third drying regime, from about cylinders 53–85, the
entropy produced by cylinder heating remains stationary
while that from evaporation decreases to a low value.

Fig. 5 presents the sheet moisture content, cylinder by
cylinder, as determined by the dryer simulator [14,15] at
the sheet surface, sheet centerline and thickness direction
average. Fig. 5 shows that for much of the dryer, large
moisture gradients develop across the sheet thickness, pro-
ducing conditions with a region near the sheet surface
where the pores are empty of free water and with some
bound water in the fibers at moisture content below
0.2 kg/kg dry paper, while the interior of the sheet may
have saturated fibers and abundant free water in the pores.
The first drying regime corresponds to the warm-up period
which is the period of increasing drying rate where most of
the heat added appears as sensible heat, increasing the
sheet temperature substantially. This well-recognized per-
iod of increasing drying rate is seen on Fig. 4 to correspond
to that for increasing entropy production. It is now seen

from Fig. 5 that this regime ends when, at the sheet sur-
faces, the free water has been removed from the interfiber
pores and the fiber walls.

Between cylinders 10 and 53, Fig. 5 shows that over the
sheet thickness the local conditions range from fairly dry
fibers at its surfaces, to saturated fibers at its centerline with
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free water in the pores at moisture contents above that of
the fiber saturation point (FSP), about 0.7 kg/kg dry paper
for this grade of paper. This pore water is transported by
capillary action towards the surface, evaporates, and leaves
as water vapor. In this period, commonly designated the
period of constant drying rate, the evaporation rate is
roughly constant, with the rate of water supplied from
the interior being roughly constant. Fig. 5 shows that the
second drying regime ends, at about cylinder 53, when
the moisture content at the middle of the sheet has
decreased to the FSP, thus ending the ready supply of
water to the sheet surfaces.

Over the cylinders 53–85 sector towards the dry end of
the paper machine, the period of falling drying rate corre-
sponds to the third entropy regime, that of decreasing
entropy production as seen in Fig. 4. Here the drying rate
decreases because there is no free water remaining in the
interfiber pores to provide rapid capillary transport of
moisture to the sheet surface where heat is received from
the hot drying cylinder surfaces. In this drying region, the
water in the fiber walls is being removed [20–22]. At about
cylinder 53 it is seen from Fig. 4 that the total entropy pro-
duction, DRtot, ends its approximately constant period and
starts a steady decrease towards the end of the dryer sec-
tion. The average paper temperature rises in this third
drying regime. The specific entropy production from evap-
oration is seen from Fig. 4 to decrease substantially dur-
ing this regime, although that for heat conduction from
the cylinder decreases only moderately. This combination
of effects results from the increasing enthalpy of evapora-
tion of the remaining water as it is increasingly strongly
sorbed to the fibers. Below a moisture content of about
0.15 kg/kg dry paper the sorption enthalpy of the water
on the fibers, determined by Eqs. (21) and (25), starts to
become significant, i.e. more than 10% of the bulk water
value.

Although the detailed results, cylinder by cylinder, are
shown in Fig. 4 only for the case of the 337 g/m2 linerboard
machine, the same three drying regimes according to
entropy production are distinguishable also for the other
4 dryer sections tested.

5.2. Entropy production and drying process operations

The entropy production components per kg dry paper
for the 5 paper machines are compared in Table 2. Unlike
the values of Fig. 4, which represent the contributions to
entropy prediction for individual cylinders, Table 2 records
the total entropy production for the entire dryer section of
each paper machine. It is a characteristic common to these
5 paper machines that the entropy production for evapora-
tion and for heat conduction to the sheet are of the same
order of magnitude while the contribution due to convec-
tion heat transfer between the sheet and the ambient air
is of minor importance. As noted earlier, this last charac-
teristic would not apply for machines with efficient dryer
pocket ventilation systems.

In order to compare the total entropy production values
for the 5 machines we include, in Table 2, the lost work per
kg dry paper, which is derived from the Gouy–Stodola
equation (1) using 300 K as environment temperature.
These values can be compared with the energy requirement
(the energy required to heat and evaporate water from
50 �C to 100 �C) given by de Beer et al. [2] who present
the value of 2.63 MJ/kg dry paper for an ingoing sheet of
45% dry solids. The lost work values presented in Table 2
constitute less than 20% of this value. The exergy loss (lost
work) in the dryer section was given by de Beer et al. as
1.9 MJ/kg dry paper, well above our values in Table 2. This
difference might be due to the higher efficiency of dryer sec-
tions studied here, although de Beer et al. do not provide
enough information to make a direct comparison possible.

The contributions to the total entropy production per kg
dry paper listed in Table 2 derive from the intrinsic nature
of the paper making process. For example, the results pre-
sented on Fig. 4 show that the highest entropy production
occurs during the sheet warm-up period which starts at the
wet end of dryer section. This contribution to total entropy
production is unavoidable because the wet sheet reaches
the dryer relatively cool and must be warmed before evap-
oration can start. Numerous other constraints also limit
the type of changes that could be made to minimize
entropy production. Thus dryer sections are typically
divided into several steam subsections, in each of which
the steam pressure inside the dryer cylinders is constant.
There are several important product quality and opera-
tional reasons why the steam pressure in the cylinders must
be increased from the wet end towards the dry end of the
dryer. Thus the thermal driving force, which is the differ-
ence between the inverse of condensing steam temperature
in the cylinder and the inverse of the temperature of moist
sheet in contact with the cylinder, changes throughout the
dryer.

Although process limitations such as the one described
above might limit the type of changes favored by entropy
production analysis, several studies on the second law opti-
mization of process equipment have been reported [7,8,23].
Johannessen and Kjelstrup [23] used optimal control theory
to minimize the entropy production in a plug flow reactor
and showed that high energy efficiency could be achieved
when driving forces for entropy production are kept con-

Table 2
Total entropy production per kg dry paper, its components and the lost
work assuming an environmental temperature of 300 K

Paper
machine

Evaporation
(kJ/kg K)

Conduction
(kJ/kg K)

Convection
(kJ/kg K)

Total
(kJ/
kg K)

Lost
work
(kJ/kg)

LB183 0.75 0.90 0.04 1.69 507
LB205 0.79 0.90 0.01 1.69 507
LB337 0.94 1.20 0.11 2.26 678
NP1 0.37 0.59 0.10 1.06 318
NP2 0.58 0.81 0.03 1.42 426
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stant in particular sections of the reactor. They used the
temperature of cooling/heating medium and the reactor
length as control parameters and devised several scenar-
ios which could reduce the entropy production by up to
25% while maintaining the production requirements.
The concept of keeping the driving forces of entropy pro-
duction constant could be applicable to paper drying. For
example, while the condensing steam temperature through-
out the cylinders is usually dictated by process consider-
ations, the temperature and humidity of dryer pockets
could be controlled by effective pocket ventilation as dis-
cussed before. Therefore it could be possible to devise
scenarios, through adjusting the temperature of injected
air to the pockets, which would result in constant entropy
production over certain parts of dryer section and, conse-
quently, higher energy efficiency. Such process optimization
based on the results of the present study is the subject of
future work.

There is considerable difference between the entropy
production of the 5 dryer sections. For example, the total
entropy production per kg dry paper for the NP2 case,
Table 2, is 35% higher than that for NP1. These two cases
are for the same paper machine at different times, for which
the difference in paper basis weight is unimportant: 48.8
and 48.1 g/m2. However from the NP1 to NP2 case there
was an increase in the moisture content of the sheet enter-
ing the dryer section, from 1.53 to 1.63 kg/kg dry paper,
and a corresponding increase in the amount of water
removal per kg dry paper. Thus this difference in amount
of water removed per kg dry paper has the natural conse-
quence of contributing to the increase in specific entropy
production per kg dry paper from 1.06 to 1.42 kJ/K kg
paper, as seen in Table 2. Different grades of paper enter
different dryer sections at widely varying moisture con-
tents, over the approximate range of 1.2–1.7 kg water/kg
dry solids, with variation also in moisture content of the
sheet exiting the dryer section. It follows that normalizing
entropy production per kg dry paper mixes the entropy
production coming from different variables. Thus,
expressed per kg dry paper, the entropy production from
the irreversibilities in the processes of heat and mass trans-
fer detailed in Section 3 includes the entropy production
proportional to the amount of water removed per kg dry
paper. To clarify the entropy analysis the latter effect on

entropy production should be allowed for. This may be
achieved by normalizing entropy production to ‘‘kg water
removed” rather than to ‘‘kg dry paper”. This alternative
basis of normalization is done by division of the Table 2
values, expressed per ‘‘kg dry paper”, by the ratio ‘‘kg
water removed/kg dry paper”. The latter quantity is known
precisely for any paper machine, being the difference
between the dry basis moisture contents entering and leav-
ing the dryer section, win–wout. Table 3 provides the two
bases for total entropy production.

A more rational analysis may now be obtained for the
total entropy production in the NP1 and NP2 dryer sec-
tions. With the specific entropy production normalized in
these alternative ways, the NP2 machine shows an entropy
production which, per kg dry paper, is higher by 35% but,
per kg water removed, is higher by 25%. The 35% difference
includes the entropy production associated with the
removal in NP2 of significantly more water per kg dry
paper.

With respect to the differences in heat and mass trans-
port process irreversibilities, it should be noted it was nec-
essary that, from the NP1 to the NP2 case, the paper
production rate be reduced as little as possible in spite of
the increase in evaporation load on the dryer section. Con-
sequently the condensing steam pressure in the cylinders
was increased for the NP2 case. Thus as recorded in Table
1 the steam pressures of the NP1 case, 13.8, 62.1 and
121 kPa, were increased significantly for the NP2 case to
69, 124 and 166 kPa (gauge pressure values). These
increases in steam pressure produce corresponding
increases in cylinder surface temperature, hence higher
thermal driving forces throughout the dryer section and
thereby higher entropy production for NP2 than NP1.
Thus the higher specific entropy production for the NP2
operating conditions is an unavoidable consequence of
techno-economic constraints on the industrial operation.
These results illustrate the impact of choice of operating
conditions on the total entropy production.

Analysis of the three cases for linerboard production
provides another perspective on factors related to entropy
production. The values of condensing steam pressures for
these three cases, detailed in Table 1, show that higher
steam pressures were used for the LB337 case which, as
discussed above, would lead to higher entropy production.
There are also large differences in basis weight, covering
the range 183–337 g/m2. The sheet thickness covers a cor-
respondingly wide range, from 258 to 475 microns for the
dry sheet. The heat and mass transfer resistance to drying
increases with sheet thickness. Thus there is an increase in
the resistance for heat conduction from the heated cylinder
surfaces into the interior of the sheet where analysis shows
that all evaporation occurs [14]. With increasing sheet
thickness there is likewise an increase in the resistance
for mass transfer of the water vapor from the interior of
the sheet to the vapor transport side. With increasing
basis weight there is then an increase in the resistance to
the basic transport processes of drying. The dynamics of

Table 3
Alternative normalization of specific entropy production of paper dryers

Paper
machine

win � wout
kg water removed

kg dry paper

� �
Specific entropy production
(kJ/kg K)

Per kg dry
paper

Per kg water
removed

LB183 1.16 1.69 1.46
LB205 1.16 1.69 1.46
LB337 1.15 2.26 1.97
NP1 1.45 1.06 0.73
NP2 1.55 1.42 0.91
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transport phenomena inside the sheet are reflected in the
entropy production calculation. In contrast to the case of
NP1 and NP2 where the differences included a significant
increase in the amount of water removed per kg dry paper,
for the three linerboard machines there is no significant
difference in this respect, the water evaporated being in
the range 1.15–1.16 kg/kg dry paper for the three
machines. With this aspect being the same, the specific
entropy production for the 337 g/m2 sheet is 34% higher
whether it is normalized to kg dry paper or kg water
removed.

These perspectives for the three linerboard and two
newsprint machines are summarized in Fig. 6 with the
specific entropy production displayed with both alternate
bases of normalization. It is apparent that there is less
scatter of the results when specific entropy production
is normalized to ‘‘kg water removed”, as this basis
removes the source of difference in entropy production
due to difference in the amount of water removed per
kg dry paper. Thus, the R2 correlation value for the
results in Fig. 6 is 0.91 for normalization to kg dry
paper, 0.97 for entropy production relative to kg water
removed.

Even with specific entropy production normalized to the
amount of water removed, paper basis weight on Fig. 6 is
of course not the only factor relevant to entropy produc-
tion. For the NP1 to NP2 cases of the same basis weight
the above analysis noted the increase in entropy production
with the increased irreversibility from use of higher cylinder
surface temperatures. However when the entropy produc-
tion is normalized to allow for the higher water removal
from newsprint, the specific entropy production for news-
print averages about 0.8 kJ/K kg while that for the liner-
board grades averages about 1.6 kJ/K kg water removed.
Thus the irreversibilities associated with heat and mass
transfer across moist paper during drying are reflected in
the high sensitivity of specific entropy production to basis
weight that is apparent in Table 3 and Fig. 6 representation
of results.

6. Conclusions

For the process of drying paper by the cylinder drying
technique the present study presents the first analysis based
on irreversible thermodynamics, with linerboard and news-
print used as specific examples. The variation in the
entropy production from the inlet to the exit of the dryer
permits identification of three entropy production regimes
for drying, which have been related to the recognized peri-
ods of increasing, constant and falling drying rate. This
approach extends the process engineering modeling of the
drying of webs [24]. The procedure developed here for
entropy production analysis could be used as a benchmark-
ing tool, providing a quantitative measure for the energy
efficiency of a dryer section and to assist mills in improving
energy efficiency.

The total entropy production for a paper dryer derives
from irreversibilities in the transport processes involved
in drying. The magnitude of these irreversibilities depends
in turn on the characteristics of the sheet and on the design
and operating conditions of the dryer. Of the numerous
sheet characteristics the present study enabled determina-
tion of effect of paper basis weight on specific entropy pro-
duction. Of dryer operating characteristics the test data
used showed the sensitivity of specific entropy production
to condensing steam pressure in the dryer cylinders.

When the specific entropy production is normalized per
kg water removed rather than per kg dry paper, the effect
on entropy production coming from the variation in mois-
ture content into and from paper dryer is allowed for,
enabling clear identification of the sensitivity of specific
entropy production to sheet and dryer characteristics.
However both bases of normalizing entropy production
have their role. In this process, dry solids into the dryer =
dry solids out, so that what the process accomplishes is ‘‘kg
water removed per kg dry solids”. Specific entropy produc-
tion per kg water removed thereby provides the more scien-
tific basis, one which relates more directly to the process.
However as the objective of a paper mill is to produce
dry paper, specific entropy production per kg dry solids
relates to the overall objective of the process. Thus depend-
ing on the focus of interest, either of the bases presented
here for specific entropy production may be employed.

Although cylinder drying is currently the dominant pro-
cess in the production of printing and heavier grades, there
is gradual recognition in the paper industry that better dry-
ing techniques with higher capacity are needed in the
future. An attractive alternative is the combination of con-
ductive cylinder drying with convective impingement dry-
ing, the latter already in use for tissue and toweling,
thereby producing hybrid dryer sections for printing and
heavier grades. The present work has therefore the poten-
tial to be used as a tool not only for assessing the efficiency
of existing dryer sections but also to evaluate new drying
technologies and to provide an additional technical basis
for the current debate on the choice for dryer technology
of the future.
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