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1. Introduction

Paper is principally a mixture of fiber and water,
and paper manufacturing is mostly a substantial
dewatering process. The water in the paper web
is first removed in the wet section followed by
the drying process. Dewatering in the wet
section of the paper machine consists of forming
and pressing processes and the purpose of the
drying process is to supply adequate heat to the
dryer to decrease the moisture of the wet paper
to the desired content. Multi-cylinder dryers are
the most common types of dryers in the paper

industry and steam is the main heat source in
most cases fed into the drying cylinders [1]. In
general, the multi-cylinder dryers include some
groups of steam-heated cylinders that are
entirely covered by a hood. The dryer hood
operates under slightly negative pressure and it
encloses the entire drying section, which consists
of the dryer cylinders, the ventilation system, the
dryer fabrics, and the paper web [2].
Furthermore, the air system is used to control the
drying surroundings and optimize energy
efficiency [3].
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In the studied machine, a fiber-water suspension
with an original consistency (mass percent of
fiber content in the suspension) of about 1% is
conveyed to the headbox and spread on the
forming wire; the consistency increases to about
20%, and the paper web is formed. Then much
of the free water is drained off through the press
section to achieve the dryness (percentage of
fiber content in the web) of about 40-50%. The
remaining water is removed in the drying section
to attain the final moisture content [4, 5].

The pulp and paper industry is the fourth main
energy consumer in the world [3]. The drying
section eliminates about 1% of the initial water
content, but it utilizes more than 65% of the
whole energy needed and 80% of the total steam
consumption in the paper machine [6-8].

Given that, an energy model based on the mass
and energy balances can be applied to assess the
energy performance in the paper drying section.
In 2012, a static energy model was established
by Lingbo Kong and Huanbin Liu to evaluate the
multi-cylinder drying process of a newsprint
paper machine according to the mass and energy
balance relationships. Their model can be
applied to estimate specific energy consumption
and to identify drying performance and energy-
saving opportunities [3].

The assessment of energy use in the paper drying
process can be applied to present achievable
opportunities and decrease the energy indices
based on the modeling. Few studies have been
reported to evaluate energy consumption in the
fluting drying sections.

2. Modeling description

In this study, a previously developed model was
used to determine the energy efficiency and heat
recovery performance of the drying section in a
fluting paper machine. The methodology to
attain the used model formulation, the solving
procedure of the main equations, and the
correlating methods to calculate the heat and
mass transfer coefficients and drying parameters
have been described in the published paper [9].

The developed model can be appropriately used
to evaluate the temperature and dryness of the
paper, as well as the temperature of the cylinders.
Furthermore, the model can predict the variation
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of humidity and temperature at pocket dryers and
exhaust air. Therefore, the model can be easily
applied to estimate the energy indices, drying
efficiency, and heat recovery performance of the
machine. Accordingly, some energy reduction
opportunities for the studied drying section have
been investigated.

The auxiliary relationships used in the modeling
can be represented as follows:

2.1. Paper properties

Heat capacity of the paper can be expressed as
follows [3]:

Ci+H,C, O
P 1+H,

here Hy, is the paper moisture ratio or absolute
humidity of paper. C;, Cy, and C,, are the heat
capacity of the paper, fiber, and water,
respectively. Also, T, represents the paper
temperature. In this study, the value of C; was
considered to be 1.55 kJ/kg.K.

The following relation can be applied to obtain
the moisture ratio of the paper web:

100-D m
— P _"w
"=, Ty @

p

The energy content of the paper web can be
determined as follows:

Q,=(miC; +mw C, )T, ©)
where Dy, is the dryness of the paper web. m,,
and my are the total mass of water and fiber in
the paper web, respectively. m¢ and m,, also
represent the mass flow rate of fiber and water,
respectively.

2.2. Air properties
The air enthalpy can be calculated as follows:
h,=C,+X,C,)T,+ X, 4 4)

where h, is the air enthalpy. C, and C, show the
heat capacity of air and vapor, respectively. T,
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and X, represent the temperature and moisture
ratio of air, respectively. In addition, A represents
the latent heat of water.

2.3. Steam and condensate properties:

The steam and water energy can be calculated
from Eq. (5) and Eq. (6), respectively:

Q, =ms h, %)
Q, =mu h, (6)

here Q, m, and h are the energy, mass rate, and
enthalpy, respectively. Subscripts s and w
represent the steam and water, respectively.

2.4. Mass balance equations

The paper drying process includes four main
components: fiber, water, steam and air. Mass
balance equations have been written for these
components. It was assumed that the system isin
steady state condition, therefore, the equations
used for modeling can be expressed as follows:

- for fiber:

The fiber mass rate is calculated in terms of the
moisture content of the paper as below, which is
assumed to be constant during the drying
process. The mass rate of fiber can be calculated
as follows:

M _ l'T’]p,out
mis _1+H (7)

p out

where Hp, oy IS the moisture ratio of the final
product. my, ¢ Is the mass rate of paper leaving

from the drying section and can be obtained by
the following relation:

M p out :Gdry VW (8)
here Gq, denotes the basis weight or grammage
of the dry paper which is defined as the mass of
the product per unit of area for a paper or
paperboard and can be determined with an
experimental procedure and standard techniques.
V and W represent the web speed and the paper
width in the drying section, respectively.
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- for water:

The mass flow rate of the moisture in the paper
can be computed as:

Gy WV H,

1+H o (9)

Hence, the mass balance equation for water
across the dryer can be written as:

Mw =Mt sz

100 — Dy i .
Mpin (D—) +mg inXa in
pin
100 — Dy, oyt »
=my out(Dipou)ma outXa out
p out

(10)
ma,in =X Mgq + x My, (11)
Mg, out = > Meq (12)

where subscripts sa, la, and ea refer to supply air,
leakage air, and exhaust air, respectively.

The mass flow rate of the paper at each point of
drying path can be written as:

1+Hp
1+H

My =Gy V W ( )
p.out (13)

for air:

Y=Y ma+Y me 14)

The proportion between the amounts of dry
supply air and dry exhaust air is named the hood
balance and it can be defined as:

HB er]sa
L (15)
Then:
. 1-HB
Z Mg =——— Msa
HB (16)
for steam:

zr;’]s = zr;]c +zr}|bts (17)

here subscripts s, ¢ and bts represent steam,
condensation, and  blow-through  steam,
respectively. The parameter ‘blow-through
steam (BTS)’ is termed as the percentage of
uncondensed steam of total steam inflowing to
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the dryer cylinders which exits from the dryer
with condensate as a two-phase flow [10]. It was
shown by Ali that the amount of blow through
steam for each steam group of the drying section
can be determined based on the type and size of
the siphon, and the differential pressure to attain
the continuous removal of the condensate
through the siphon [11]. Accordingly, regarding
the diameter of the rotary siphon pipes and the
mean differential pressure between the steam
and condensate in the drying section of the
studied machine, the blow-through steam of the
cylinder dryers can be assumed in the range of
10-12%.

2.5. Calculation of evaporation rate

The evaporation rate from the web surface in the
drying section can be determined by various
methods:

Based on the results of the developed model:

By TAPPI procedure that can be calculated as
[3]:

° Dp‘uul - Dp‘in
Mev =Gy VW ———— (18)

dry
p,out

According to the moisture balance in the web
that can be obtained by the following relation:

Mev =Mpin (1=D, ;) =Mpout 1=D, )  OF  Mey :(D ~ 5 ymy

p.in p.out

(19)

According to the air balance in the web that can
be computed as follows:

Mo = 3 Maout X gou = 3 Main Xy = 3 Mea X = (3 Mo X + X Mia X,,)
(20)

2.6. Energy balance equations

The energy streams into and out of the dryer
section are also characterized by four major
elements; fiber, steam, air, and water. In general,
the energy consumption in the drying process
can be divided into five parts as follows [3]:
The sensible heat of the web and contained water
that can be obtained by the following equation:

Ql = (mf Cf + Muout Cw)(Tp,out _Tp,in) (21)
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Latent heat to evaporate water can be calculated
as follows:

Qz = r}\ev AHev = rhe" [Cw (Tev _Tp,in) + j"Tev +CV (Tea _Tev)]
(22)

where AH, represents the needed energy for
evaporation and T,, denotes the evaporation
temperature.

Heat to supply air system:
Q3 =Msa (hsa,rec - hsa,pd ) (23)

here g, is the dry supply air mass rate, hg, rec
is the enthalpy of preheated supply air after
primary heat recovery, and hg, ,q denotes the
enthalpy of supply air out of the steam heating
system, which is blown to the pocket dryers as
ventilation air.

Required heat to raise the leakage air
temperature to the exhaust air temperature level:

Q4 = r}]la (hea - hla) (24)

where ea and la represent exhaust and leakage
air, respectively.

Heat loss due to convection and radiation
mechanism through drying section (Qs), which
is usually 3-5% of total heat [3].

2.7. Energy performance indices

The energy performance of a drying process is
described by different indices such as the
evaporation rate, specific energy consumption,
and energy efficiency [12]. A common indicator
for a paper mill is the specific energy
consumption (SEC), which identifies the
aggregate energy needed to produce one unit of
product. The SEC of the paper drying section
depends on paper grades and the type of applied
dryers. For example, the energy use in tissue
mills is somewhat higher than in grades such as
board mills, because the energy usage in Yankee
dryers is often greater than in multi-cylinder
dryers [13].

Frequently, four indices can be applied to
evaluate heat consumption in the paper machine.
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a) Specific steam consumption per unit of paper
(SSChpaper), Which is often quoted for estimation
of the energy usage in the paper drying section.
b) Specific steam consumption per unit of
evaporated water (SSCwaer) Which is more
beneficial because normalizing the impact of
moisture content enables the drying process to be
compared correctly [3].

¢) Specific heat consumption per unit of paper
(SHCpaper), Which is defined as the amount of
heat used to produce one unit of product.

d) Specific heat consumption per unit of
evaporated water (SHCwawer), Which is widely
used to estimate the drying efficiency in
industrial dryers and is determined as the amount
of required heat to remove one unit of water from
a wet web.

The specific heat consumption per unit of
evaporation is the appropriate index for
measuring the energy usage of a paper drying
section, but energy efficiency is more effective
for determining the energy utilization degree for
different paper machines. Energy efficiency is
defined as the ratio of energy utilized for water
evaporation to the total energy fed to the drying
section. On the other hand, it demonstrates the
amount of energy which is solely used, by paper
drying efficiently [2]. An energy balance can be
developed to calculate the dryer efficiency. If the
used steam was saturated, the enthalpy of the
steam would be totally transferred to the
moisture in the web, and the dryer efficiency can
be computed as follows:

a)n = Actual evaporated water per production ( )
n= Theoretical evaporated water per production

or

b) ’7:(rﬁfcf+r}1w,omcw)(Tpvom_Tpvm)H;qwl 26)

ms h

S

2.8. Machine specifications and physical
properties

The studied paper machine (PM2) is located in
the Mazandaran Wood and Paper Industry
(MWPI), in northern Iran, which produces
fluting paper. The machine was built by Voith
Company in 1998 and its production capacity is
about 300 metric tons per day. The paper furnish
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contains about 70% neutral sulfite semi-
chemical (NSSC) pulp processed from virgin
wood and 30% recycled paper. The dryer section
has 35 cylinders and it contains three steam
groups. Group 3 in this dryer section is the main
steam group. The condensate and blow-through
steam of each group are fed into the condensate
tank, where blow-through steam is fed further to
the condenser. Steam group 1 consists of the first
seven dryer cylinders. Dryer cylinders 8-18 and
19-35 belong to steam groups 2 and 3,
respectively. The cylinders have a diameter of
1.5 m. The inlet steam absolute pressure to the
machine is 6.5 bars. The dryers are equipped
with rotary siphons and closed hoods. The
scheme of the considered drying section is
shown in Fig. 1.

As shown, there are two axial exhaust air fans
and two centrifugal supply air fans in the PM2
dryer section. This machine has two air-to-air
heat exchangers, at the wet end and at the dry
end. The supply air is heated in the heat
exchangers with hood exhaust air, then with
steam in the air heating system to the desired
temperature. Typical paper properties in the
studied machine are presented in Table 1. In the
considered machine, the dryness of the web inlet
to the forming and press sections was 1% and
20%, respectively.

The sheet moisture content at the end of the press
section was 40% (1.5 kg water/kg fiber), and the
sheet has been dried to a 9% moisture target
(0.099 kg water/kg fiber).

To atmosphere
Fresh Air Air
air _m—f heatin H.E. heating

Fresh
air
Exhaust air Supply Exhaust air

To atmosphere

Supply air
Leakage
—| Closed hood ory
v Drying section v paper
Group 1 Group 2 Group 3 —>
Wet Steam for
— cylinders
——

Condensate and l
BTS

Fig. 1. The studied drying section and its heat
recovery system.
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Table 1. Properties of the paper in drying section.

Parameter Value

Paper basis weight (g/m?) 113-140
Inlet dryness to drying section (%) 40-43
Inlet temperature (°C) 35-45
Final product moisture (%) 7-11
Paper width in drying section (m) 4.47

Despite the high energy consumption in the
drying section, it can be easily demonstrated that
only a small percentage of the water content of
the original web is removed in the drying section
[14].

Table 2 shows the proportion of water removed
in each of the three sections of the studied
machine. As can be seen, the dryer section of the
PM2 removes almost 1.27 kg of water per kg of
paper, but the water removal in the press and
forming sections is about 2.27 kg and 86.4,
respectively. This is about 1.4% of the total
water contained in the original stock. Average
data for the considered paper machine in a given
period are presented in Table 3. The exhaust
hood air is a mixture of the supply air (76%) used
as pocket ventilation air and leakage air (24%)
which is infiltrated into the hood due to the poor
tightness or improper condition of the hood.

Table 2. Proportion of water removed in forming,
press and drying sections of paper machine.

Parameter Forming Press Dryer Machine
Water removal per
inlet pulp 950 25 14 989

(kg H20/ton pulp)
Water removal per
produced paper

(ton H2O/ton 86.4 227 127 89.94
paper)
Water removal
%) 96.1 25 14 100
Table 3. The properties of the studied paper machine.
Parameter Value
Average basis weight (g/m?) 127.8
Average web speed (m/min) 440
Average inlet paper dryness (%) 40
Average inlet web temp. (°C) 45
Production rate (ton/hr) 15.1
Product moisture target (%) 9
Supply air flow rate (kg dry air/s) 235
Hood balance (kg supply air/kg exhaust air) 0.76
Leakage air flow rate (kg dry air/s) 7.4
Exhaust air flow rate (kg dry air/s) 30.9
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The proportion between the supply air and
exhaust air amount means hood balance.

Based on the technical report of the process
ventilation survey in the studied paper machine,
the supply air amount compared to the exhaust
air seems to be enough to keep the hood air
balance at the correct level [15]. The properties
of air used in the modeling are represented in
Table 4.

3. Results and discussion

The main results applying the applied model are
illustrated in Figs. 2-4 [15]. Temperatures of the
paper web and cylinder surfaces, according to
the modeling results, are presented in Fig. 2. The
specific drying rate and dryness variations of the
paper web are presented in Fig. 3, as well. As
illustrated in Figs. 2 and 3, the model determines
the temperature and dryness of the web and
evaporation rate variations of each cylinder.
Also, Fig. 4 shows the variations in the humidity
and temperature of pocket dryers in the drying
section. In addition, the developed model tracks
the operating data with appropriate accuracy
[15]. The mass balance results for the drying
section were tabulated in Table 5, based on the
applied model.

Table 4. Properties of air in drying section.
Average

Humidity
Parameter Temg%r)ature (g water/kg dry air)
Supply and leakage 35 16
air
Preheated supply air 65 16
Supply air blown to
the pocket dryers 125 16
180 | ==== Steam -Cylmder surface Paper web | i
160+ gmmm————————
S 140} i
E :
z
g z
=
5 10 15 20 25 30 35
Cylinder No.

Fig. 2. Temperature variations of the paper web and
cylinder surface (modeling results).
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Drying rate (kg H,O/m’.hr)
Paper dryness (%)

Cylinder No.

Fig. 3. Drying rate and dryness variations of paper
web through paper length.

350

300

250}

200

Pocket dryer humidity (g H,O/kg dry air)
Pocket dryer temperature (°C)

[} 5 1.0 1.5 2l0 2I5 30 35
Pocket dryer No.

Fig. 4. Temperature and humidity variations of

drying pocket dryers.

Table 5. The modeling results of mass balance for
drying section.

Parameter Value
Outlet paper temperature (°C) 105
Outlet exhaust air temperature (°C) 94
Web mass rate to the dryer (ton/hr) 34.3
Fiber mass rate (ton/hr) 13.7
Inlet water mass rate (ton/hr) 20.60
Outlet water mass rate (ton/hr) 1.37
Average humidity of exhaust air 192
Water contained in inlet air (ton/hr) 1.78
Water contained in exhaust air (ton/hr) 20.20
Required steam to the dryer (ton/hr) 25.8
Total outlet condensate mass rate (ton/hr) — 22.7
Total BTS mass rate (ton/hr) 3.1

Table 6 compares the evaporation rate computed
by different methods for the represented
properties. Tab. 6 also represents indices of
steam utilization for the studied drying region.
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Table 6. The evaporation rate and steam utilization
indices in the studied drying section.

Parameter Value
Evaporation rate based on water balance 5.34
Evaporation rate based on operating air 512
Evaporation rate based on TAPPI method 5.33
Evaporation rate based on modeling result 5.44
Modeling inaccuracy (%) 2
Steam group 1 35
) Steam group 2 9.3
Steam consumption Steam group 3 105
(ton/hr) - -
Air heating 25
Total 25.8
Evaporated water per production (ton/ton) 1.27
SSChaper (kg steam/kg paper) 1.71
SSCuwater (kg steam/kg water evap.) 1.34

As shown in Table 6, the specific steam usage
per production (SSCpaper) and per evaporated
water (SSCwater) Were estimated to be 1.71 kg
steam/kg paper and 1.34 kg steam/kg water,
respectively. In the literature, the SSCpaper for
newsprint paper drying in Canadian mill ranges
from 1.2 to 3.0 tons of steam per ton of paper,
with an average of 2.0 tons of steam per ton of
paper [3]. However, the value of these indices
varies from mill to mill.

The variation of evaporation rate and steam
demand depending on various paper basis
weights for constant web speed and initial web
dryness are shown in Fig. 5. As shown, if the
paper grammage is raised from 100 to 140 g/m?,
the evaporation rate should be increased from
4.18 to 5.85 kg/s to get the desired paper
moisture target.

6 ‘ 29
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o
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125

o

4124
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Evaporation rate (kg/s)

»
>

123

4122

o
FS

Estimated steam demand (ton/hr)

121

o
N

1&0 1l05 1;0 1;5 1’;’0 155 1:'40 1.’;5 1430
Paper grammage (g/m’)

Fig. 5. Evaporation rate and steam demand for drying

section vs. paper grammage.
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The steam demand for the considered drying
section with 40% initial dryness and 9%
moisture target was about 25.8 tons/hr. Also, as
shown in Fig. 5, if the paper basis weight is
increased from 100 to 140 g/m? the required
steam will be increased linearly from 20 to 28
tons/hr. It can be easily calculated that steam
consumption will be reduced by about 1% for a
1% reduction in original consistency or web
basis weight.

Decreasing the web basis weight at the same
conditions also enables the machine speed to
increase. Fig. 6 demonstrates the web speed
variation depending on the paper grammage for
40% web dryness in the dryer and 9% final paper
moisture.

As illustrated in Fig. 6, machine speed will be
about 560 m/min for the grammage of 100 g/m?,
and it should be reduced to about 400 m/min for
the grammage of 140 g/m? to achieve the desired
moisture target at same conditions of Table 3.
Table 7 represents the water removal from the
web in various sheet moistures to the dryer for
the original 1 kg of stock inlet to the forming
section. As seen, if the web moisture in the dryer
is decreased by 5%, the water removed will be
reduced from about 14 to 11.2 g. Therefore, a 5%
reduction in the inlet web moisture content to the
dryer leads to a 20% saving in dryer load and
steam use. On the other hand, as mentioned in
most popular literature, it can be easily
confirmed that a 1% increase in the inlet sheet
dryness results in a reduction in the dryer steam
demand of about 4%.

600 T T T

Paper machine speed (m/min)

35?00 1;3 12;0 1‘27 140
Paper grammage (gx‘m")
Fig. 6. Paper machine speed variation vs. paper
grammage.
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The required energy for different initial dryness
of the web is also represented in Table 7. As
shown, when the initial dryness of the web in the
drying section is increased from 40 to 45%, heat
utilization per produced paper can be reduced by
around 17%.

For the same steam usage, the paper machine
speed can be increased by raising the inlet web
dryness to the dryer. Accordingly, the changes in
web speed against the initial web dryness for
grade 127 g/m? are depicted in Fig. 7. It can be
found that if the initial paper dryness is raised by
5%, web speed can be increased by about 25%
to achieve 9% moisture target, at the same
conditions of Table 3.

The SSC changes based on different initial web
dryness for web basis weight 127 g/m? are also
illustrated in Fig. 7. As demonstrated, increasing
the initial paper dryness by 1% corresponds to an
SSC reduction by about 4%.

The required steam in the drying section at
different initial web dryness is presented in Fig.
8. As shown in Fig. 8, by increasing the inlet web
dryness from 37.5 to 45%, the total required
steam can be reduced from about 27.6 tons/hr to
around 22.5 tons/hr.

Table 7. Water removal and required energy for
various initial dryness of web.

Inlet web dryness to dryer (%) 40 45

Final moisture (%) 9 9
Contained water in inlet web (g) 15 12.2
Water removal in drying section (g) 14 11.2
Evaporation rate (kg/s) 533 4.28
Steam use reduction (%) - 20
SHCwater (GJ/ton evap.) 3.7 3.7
SHCpaper (GJ/ton paper) 4.7 3.9

560 1.75

117
540 .
<] 11.65
520 N
S / 16

500 i '\_\ 41.55

11.5

SSC (kg steam/kg paper)

11.45

Paper machine speed (m/min)

S 14

| | 1.
44910 L)l 42 43 44 45 %

Input paper dryness (%)
Fig. 7. Paper machine speed and SSC variation vs.
web dryness to the dryer.
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Fig. 8. Steam usage in drying section at various inlet

web dryness.

Water content and water removed for increased
moisture targets for 1 kg original stock and 40%
initial dryness are shown in Table 8, as well. As
represented in this table, due to raising the final
moisture of the paper by 1%, the dryer steam
demand can be reduced by about 0.8%.
Correspondingly, when the initial dryness is
assumed to be 45%, the dryer steam demand will
be diminished by about 1.1% for a 1% increase
in the moisture target. Similarly, calculations
show that for a 50% initial web dryness, a 1%
increase in the sheet moisture content can reduce
the dryer steam use by about 1.34%.

4. Energy performance evaluation

According to the defined parameters and the
modeling results, the amounts of energy
consumption in the five divisions of the dryer are
represented in Table 9. This table also shows the
various indices of energy utilization for each
studied drying region.

Specific heat consumption per production
(SHCpaper) and per evaporated water (SHCuwater)
for the considered drying section were 4.7 and
3.7 GJ/ton, respectively.

Table 8. Water content and water removed for
increased moisture target (for 1 kg original stock and
40% dryness into the dryer).
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Table 9. The energy consumption in various sections
of dryer.

Value SHCpaper  SHCuater Percentage
Energy oy (kUKo  (kikgwater o0 g
paper) evap.)
Ser?s'b'e 414 99 78 2.1
eat
Latent heat 13511 3224 2535 68.5
Supplyair 4,4, 345 271 73
heating
Leakage o0, gog 672 18.1
air heating
Heat loss 789 188 148 4.0
Total 19699 4711 3704 100

Parameter Value
Sheet moisture target (%) 9 10
Contained water in sheet (g) 0.99 1.11

Water removed in drying section (g)  14.01  13.89

The value of SHCpyper ranges from 3.5-6.7
GJ/ton in Canadian newsprint machines and 2.4—
5.5 GJ/ton in Sweden [3]. However, reliable data
for a similar fluting paper drying section is not
accessible.

As mentioned, the steam used in the PM2 multi-
cylinder drying section was determined from the
model to be about 25.8 tons/hr or 1.71 tons/ton
of produced paper. Steam is supplied at 6.5 bar
and 162°C. Accordingly, each ton of steam
supplied had about 1.22 times the enthalpy
required to evaporate 1 ton of water. Therefore,
25.8 tons steam/hr can be used to evaporate
about 8.74 kg H2O/s or 2.1 kg water/kg paper.
However, the actual evaporated water per
production during the studied period was about
1.27 tons of water/ton of paper. The
temperatures of the inlet and outlet paper in the
drying section were 45 and 105°C, respectively.
Thus, the dryer efficiency based on the two
mentioned methods, was calculated to be around
61 and 63%, respectively. Given that, the PM2
dryer section operates somewhat more
efficiently than other comparable machines [16].
The details of the energy balance for the entire
drying section of the considered paper machine
are represented in Table 10.

The Sankey diagram, in which the width of the
arrows is shown proportionally to the flow
quantity, is a significant aid in recognizing
ineffectiveness and the saving potential of
streams throughout the drying process. The
energy distribution in the paper drying process
can be demonstrated via this diagram [3].
Sankey diagrams put a visual emphasis on the
main transfers or flows within a system. A
Sankey diagram of PM2 is displayed in Fig. 9.
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Table 10. Detailed energy balance for paper machine
drying section.

SHCpaper
Energy \(/;\I/\L;)e (kJ/kg Per(EOe/g)t age
paper)
Input energy
Input paper 1340 320 5.7
Steam to cylinders 17881 4269 75.9
Steam to heater 1919 458 8.1
Fresh Supply air 1763 421 7.5
Leakage air 555 132 24
Cold water to condenser 84 20 0.4
Total input energy 23542 5620 100
Output energy
Output paper 720 172 3.1
Conder_\sate from 3419 817 146
cylinders
Condensate from heater 476 114 2
Condensate from H.E. 84 20 0.4
Exhaust air 16286 3890 69.6
Hot water from 290 69 12
condenser

Heat IOSSHO.]ICE.hOOd and 2141 511 91
Total output energy 23416 5593 100

Uncertainty percent -0.6 %

Exhaust air: 16196 kW

S air: 695 kKW
Condensate: 4112 kW Supplyair: 695 kW

Heat loss: 2141 kW Hot water:

290 kW
Paper web: 1340 KW Dryerseaion

—_—
5.44 kg HXO/s Paper web:

Cold water: 84 kW 720 kW
3902 kW

Leakage air: 555 kW

2458 kW
Fresh supply air:
1763 kW

Steam: 19800 kW
Fig. 9. Sankey diagram of studied drying section of
fluting paper machine.

As shown in Fig. 9, a considerable amount of
energy is utilized to heat the supply air and a
significant amount of energy content in the hood
air is exhausted to the atmosphere. The recovery
efficiency of the heat recovery system is very
low compared to the maximum available value.
The simulation results for the mass and energy
balance of the paper machine drying section are
presented in Fig. 10.

56

Shaaban Ghodbanan, et al.

Vol. 14, No. 1

The main characteristics, which have an
important effect on the dryer’s efficiency are the
dryer hood type (open or closed hood), the
pocket dryer dew point and the heat recovery
performance. Dryers have the highest energy
efficiency when they are equipped with a closed
hood, the dew point of the pocket dryer is high
and the heat recovery system performs
efficiently [13].

The heat recovery systems have considerable
potential for energy efficiency enhancement in
the drying section. Hence, heat recovery systems
are mostly used in modern paper machines to
heat supply air, process water, and machine hall
ventilation in the dryer section which leads to
significant amounts of energy recovery [17]. The
most common heat exchanger types in the heat
recovery systems of a paper machine are air-air,
air-water, or scrubber-type air-water, which can
be run based on the operating conditions.
Typically, the maximum heat recovery from air-
to-air heat exchangers is less than 10%. Higher
energy recovery levels can be available with air-
to-water heat exchangers [15]. According to Fig.
1, in the studied drying section, the supply air
was heated with hood exhaust air at the wet end
and dry end section to 63 and 66°C, respectively.
The final temperature was 128°C at the wet end
and 122°C at the dry end sections. The total
energy transferred to the supply air due to heat
recovery can be calculated from enthalpy
differences between the exhaust hood air and the
supply air blown to the pocket dryers:

Aha = hea - hsa (27)
here he, and hg, are the enthalpy of exhaust
hood air and supply air blown into the pocket
dryers, respectively.

4.1. Energy performance of heat recovery system
The theoretical and actual air usage for pocket

ventilation can be obtained according to the inlet
and outlet humidity:

1
M =Y v (28)
: Xea - xsa
m
ma,act = . = (29)
Mev
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Fig 10. The simulation results for the mass and energy balance of paper machine drying section.
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Fig. 11 depicts the theoretical required supply of
air and exhaust air for the studied drying section
at various exhaust humidities. As can be seen,
for the exhaust air humidity in the range of 130-
250 g H.O/kg dry air, the total airflow can be
changed from about 9 to 4 kg dry air per
evaporated water. Fig. 12 also presents the
theoretically required supply and exhaust air
usage at different exhaust air humidity and hood
balances.

Maintaining the hood at a higher amount of
humidity can lead to a lower required energy of
supply air and a higher heat recovery potential
from the exhaust air, as presented in Fig. 13.
Consequently, the specific heat consumption per
evaporated water in the drying section at
different exhaust air humidity is presented in
Fig. 14. As shown, if the exhaust air humidity
increases from 0.13 to 0.215 kg H2O/kg dry air,
the specific heat consumption in the drying
section can be decreased from about 4 GJ to
around 3.67 GJ per the evaporated water.

-
o

—6— Exhaust air flow
—8— Supply air flow

©

Hood air mass flow (kg d.a./kg evaporated water)

?20 140 160 180 200 220 240 260
Exhaust air humidity (gH:O/kg d.a.)

Fig. 11. Theoretical supply and exhaust air usage at
various exhaust humidity.

Required air (kg d.a./kg evaporated water)

Fig. 12. Theoretical required air usage at various
exhaust humidity and hood balance.
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Fig. 13. Supply air energy and potential heat recovery
at various supply air temperature.
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Fig. 14. SHCwater at various exhaust humidity.

As shown, if the exhaust air humidity increases
from 0.13 to 0.215 kg H.O/kg dry air, the
specific heat consumption in the drying section
can be decreased from about 4 GJ to around 3.67
GJ per the evaporated water.

The optimal energy performance and
condensation prevention in pocket dryers can be
obtained at the higher humidity of the exhaust
air. As a result, the maximum heat recovery in
the drying section can be attained. However,
concerning the limitation of the evaporation rate
and the maximum permissible range of the
surrounding and pocket dryers air humidities, the
modeling results show that the maximum
humidity and the optimal humidity levels for the
exhaust air in the studied machine can be
predicted to be about 0.2 kg H.O/kg dry air and
0.15 kgH»O/kg dry air, respectively [18, 19].
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The temperature efficiency of the heat exchanger
in the primary heat recovery system can be
computed as follows [8]:

T, . —T..
77t — sa,rec sa,in (30)
Tea _Tsa,in
where 1 is the thermal efficiency and Tgg rec IS
the temperature of supply air out of the heat
exchanger. Tg,;, and Te, represent the fresh
supply air and exhaust air temperature,
respectively.
Also, the recovery efficiency of heat energy in
the drying heat recovery section can be
examined by the following equation:

Qsa,rec _Qsa,in

31
Q. (31)

Mee =

here n.ec IS the recovery efficiency of the heat
recovery section and Qgurec IS the energy
content of outlet supply air from the heat
exchanger. Qg,in and Q, represent the fresh
supply air and exhaust air energy content,
respectively.

Table 11 shows the results of the heat recovery
evaluation in the studied paper machine. The
total recovered energy in the supply air was 695
KW (328 kW in the wet end and 367 kW in the
dry end section) and average recovery efficiency
has been obtained to be 4%. The temperature
efficiency of the heat exchanger was estimated
to be 50%.

Table 11. The results of drying heat recovery
evaluation.

Parameter Value
Average fresh supply air enthalpy (kJ/kg) 75
Average exhaust air enthalpy (kJ/kg) 570
Average temp. of preheated air (°C) 64.5
Average thermal efficiency of heat exchanger
%) 50

Total energy content of exhaust air to
atmosphere (kW)

Total energy content of inlet supply air (kW) 1763

Total energy content of preheated air (kW) 2458

Total recovered energy of exhaust air (kW) 695

16196

Average recovery efficiency (%) 4.1
Theoretical air usage (kg d.a./kg evap.) 5.65
Actual air usage (kg d.a./kg evap.) 5.8
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The outlet temperatures of exhaust air after the
primary heat recovery system were measured to
be 76°C at the wet end and 68°C at the dry end
[15]. Fig. 10 indicates the temperature and
humidity of the exhaust hood air are
considerable and it still has a lot of energy to be
recovered. The exhaust air humidity is as high as
possible; therefore, reducing the energy
consumption in the drying section can be
attained by decreasing the temperature of the
supply air.

As demonstrated in Fig. 15, increasing the
supply air temperature decreases the required
ventilation air, but instead, the required steam
will increase.

Fig. 16 shows the paper dryness profile based on
the modeling results at various supply air
temperatures.

~126

25.5

25

24.5

24

Total required steam (ton/hr)

5.68

5.66 4" 23.5

5.64 v s " - 3
90 100 110 120 13%

3
o

T'heoretical required air (kg d.a/kg evaporated water)

Supply air temperature (°C)
Fig. 15. Air and steam usage variation vs. various
supply air temperature.

100

meme Tsa=80 °C

S Tsa=110 °C 1 ' T2 1

w— Tsa=140 C
80— b — ..’,,,

70

Paper dryness (%)

60

50 -

40 -

0 5 10 15 20 25 30 35
Cylinder No.

Fig. 16. Paper web dryness profile at various supply
air temperature.
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As shown in the figure, increasing the supply air
temperature in the pocket dryers, although
increasing the steam use, does not
proportionately help in the paper drying process.
In the earlier studies of the paper machine, it was
observed that there was no observable rise in the
evaporation rate with higher supply air
temperature and would hence only be loss of
energy [20].

Higher temperatures in the pocket dryers do not
provide extra gain to the paper drying process
[15]. Therefore, excessive increases in the
supply and exhaust air temperature raises the
energy usage in the drying section. The optimum
range for the supply air temperature after the
steam heater can be kept to 100-120°C. This
guarantees a temperature level of the inlet supply
air not less than 90-100°C in the pockets [15,
18].

The PM2 average supply temperature was 125°C
and the supply air was heated unnecessarily too
hot. If the supply air temperature is assumed to
be 100°C, the Sankey diagram of PM2 is shown
as Fig. 17. It can be seen that after decreasing the
supply air temperature to 100 °C, nearly 0.215
kg/s (0.77 tons/hr) of saturated steam with
pressure 6.5 bars can be saved in the heat
recovery section. Therefore, the total input
energy can be reduced by about 4% and the total
savings would be 335 and 265 kW for wet end
and dry end, respectively.

Exhaust air: 15525 kW

Supply air: 695 kW

Hot water:
290 kW
Dryer section

L s | —————— —
5.38 I\g H»0/s Paper web:

705 kW

Condensate: 4054 kW

Heat loss: 2098 kW

Paper web: 1340 kW

Cold water: 84 kW
3302 kW

Leakage air: 555 kW
2458 kKW
Fresh supply air:

1763 kW
Steam: 19180 kW

Fig. 17. Sankey diagram of studied drying section
after optimization.
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Consequently, for about 8000 hours in a year, the
total amount is about 4800 MWh. The cost of
steam generation in MWPI in 2016 was about
4.2 $ per ton. Thus with correct temperatures for
supply air, the total money saved in the dryer
section will be around 26,000 dollars every year.
In addition, about 0.04 tons/hr steam can be
saved in the cylinder dryers which causes a slight
reduction in the evaporation rate. Although by
decreasing the supply air temperature and
reducing the evaporation rate, the dryness of the
outlet paper can nearly reach the desired value,
meanwhile the total energy supplied to the
drying section could be decreased and the energy
utilization for water evaporation almost
remained constant, increasing energy efficiency.
Accordingly, if the supply air temperature is set
to 95°C, about 0.95 tons/hr steam usage and
5.2% input energy can be decreased and the total
savings would be about 31,000 $ per year. Also,
the calculation shows that the dryer efficiency
can be increased from 63% to about 67%.
Furthermore, in MWPI nearly 65 Nm? of natural
gas must be consumed to produce each ton of
required steam. Hence, due to optimization in the
heat recovery system, about 496,000 Nm? gas
can be saved every year, which corresponds to a
reduction of about 925 tons CO; per year.

5. Conclusions

In this study, a developed model has been
applied to study the multi-cylinder fluting paper
machine at Mazandaran Wood and Paper
Industries (MWPI) in Iran. The modeling
parameters have been utilized in inclusive mass
and energy balances and heat use calculations
and assessing of energy efficiency in the drying
section. Also, the energy performance of the heat
recovery system has been analyzed, depending
on the energy balance calculations and modeling
results.

The considered drying section removed about
1.4% of the total water contained in the original
stock. Calculations show that for grade 127
gr/m?, a 1% rise in initial web dryness results in
a 4% decrease in dryer load and about a 6% web
speed increase. Also, a 1% increase in moisture
content corresponds approximately to a 1%
reduction in dryer load.
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The specific energy consumption per production
unit (SHCpaper) and specific steam consumption
per production (SSCpaper) Were about 4.7 GJ/ton
of paper and 1.71 tons of steam per ton of paper,
respectively.

For 40% initial dryness and a 9% moisture
target, steam consumption will be reduced by
about 1% for a 1% reduction in web basis
weight.

The dryer efficiency was calculated to be
approximately 63%. The temperature efficiency
of the heat exchanger was estimated to be 50%
and the heat recovery system had nearly 4%
efficiency. Energy use in the heat recovery
system can be decreased by reducing the supply
air temperature to the optimal value.
Accordingly, by adjusting this temperature to
about 95°C, about 0.95 tons/hr of steam
consumption can be decreased, which can lead
to approximately 31,000 $ savings per year and
about a 4% rise in dryer efficiency. Also,
calculation shows that the consumption of
natural gas can be decreased by nearly 496,000
Nm? per year, resulting in a reduction of about
925 tons CO; emission every year.

References

[1] VY. K. Yeo, K. S. Hwang, S. Yi and H.
Kang, “Modeling of the Drying Process in
Paper Plants”, Kor. J. Chem. Eng., Vol.
21, No. 4, pp. 761-766, (2004).

[2] S. A. Reardon, “Simulation of Paper
Drying Energy Consumption”, Ph.D.
Thesis, University of Tasmania, (1995).

[3] L. Kong and H. Liu, “A Static Energy
Model of Conventional Paper Drying for
Multicylinder Paper Machines”, Drying
Tech., Vol. 30, No. 3, pp.276-296, (2012).

[4] C. H. Heo, H. Cho and Y. K. Yeo,
“Dynamic Modeling of Paper Drying
Processes”, Kor. J. Chem. Eng., Vol. 28, No.
8, pp. 1651-1657, (2011).

[5] C. Huh and Y. K. Yeo, “Dynamic
Modeling of the Steam Supply System for
a Paper Drying Cylinder”, Kor. J. Chem.
Eng., Vol. 27, No. 5, pp. 1384-1390,
(2010).

Improving energy efficiency and . . .

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Vol. 14, No. 1

Technical Paper  Series, Process
Engineering — Metso As Your Drying
Partner”, Metso Co., (October 2012).

J. Goran, T. Nikola, S. Mirjana and A. 1.
Vuk, "Waste Heat Potentials in Drying
Section of the Paper Machine in UMKA
Cardboard Mill", Ther. Sci., Vol. 15, No.
3, pp. 735-747, (2011).

J. Laurijssen, F. J. De Gram, E. Worrell
and A. Faaij, “Optimizing the Energy
Efficiency of Conventional Multi-
Cylinder Dryers in the Paper Industry”,
Energy, Vol. 35, No. 9, pp. 3738-3750,
(2010).

Sh. Ghodbanan, R. Alizadeh and S.
Shafiei, “Steady-State Modeling of Multi-
Cylinder Dryers in a Corrugating Paper
Machine”, Drying Tech., Vol. 33, No. 12,
pp. 1474-1490, (2015).

A. K. Ghosh, “Fundamentals of Paper
Drying — Theory and Application from
Industrial Perspective. Principal”, AKG
Process Consulting, 33 McFarlane Court,
Highett, Australia, (2009).

A. Ali, “Improving dryer performance:
converting from rotating siphons to
stationary siphons with turbulence bars"
TAPPI Proc. Int.Eng. Conf., No. 3, pp.
1069-1072, (1998).

T. Kudra, “Energy Aspects in
Drying”. Drying
Tech., Vol. 22, No. 5, pp. 917-932, (2004).
J. Laurijssen, A. Faaij and E. Worrell,
Benchmarking Energy Use in the Paper
“Industry: a Benchmarking Study on
Process Unit Level”, Energy Eff., Vol. 6,
No. 1, pp. 49-63, (2013).

P. C. Austin, J. Mack, M. McEwan, P.
Afshar, M. Brown, and J. Maciejowski,
Improved Energy Efficiency in Paper
Making Through Reducing Dryer Steam
Consumption Using Advanced Process
Control”, TAPPI Paper Conference,
Covington, Kentucky, USA, pp. 1-4,
(May 2011).

E. Rissanen, “Metso Technical Paper
Report, Testing and Analyzing of PM2

61



JCARME

[16]

[17]

[18]

62

Machine”, Mazandaran Wood & Paper
Industries, Iran, (August 2008).

Sh. Ghodbanan, “Comprehensive Study
and Steady State Modeling of Multi-
Cylinder Dryers and Optimization of
Energy Consumption in Drying Section of
Chemical Engineering Faculty, Sahand
University of Technology, Tabriz, Iran,
(January 2016).

L. Sivilla, P. Ahtila and M. Taimisto,
"Thermodynamic simulation of Deyer
Section Heat Recovery in Paper
Machines”, App. Ther. Eng., Vol. 25, No.
8-9, pp. 1273-1292, (2005).

Sh. Ghodbanan, R. Alizadeh and S.

Shaaban Ghodbanan, et al.

[19]

[20]

Vol. 14, No. 1

Shafie, “Optimization for Energy
Consumption in Drying Section of Fluting
paper Machine”, Ther. Sci., Vol. 21, No.
3, pp. 1419-1429, (2017).

Sh. Ghodbanan, R. Alizadeh and S.
Shafiei, “Thermodynamic and Heat
Transfer Evaluation of Pocket Drying
Section in the Multi-Cylinder Dryers of
Paper Machine”, Iran. J. Chem. Eng., Vol.
13, No. 2, pp. 57-70, (Spring 2016).

E. Lam, “Energy Analysis of the Drying
Hood in Paper Machine 1 at Stora Enso,
Nyméolla Mill”, M.Sc. Thesis, Department
of  Chemical Engineering, Lund
University, (June 2016).

Copyrights ©2024 The author(s). This is an open access article distributed under
the terms of the Creative Commons Attribution (CC BY 4.0), which permits
unrestricted use, distribution, and reproduction in any medium, as long as the
original authors and source are cited. No permission is required from the authors

or the publishers.

Ot

How to cite this paper:

Shaaban Ghodbanan, Reza Alizadeh, Sirous Shafiei and Javad Rahbar
“Improving energy efficiency and heat
performance in paper machine drying section,”, J. Comput. Appl. Res.
Mech. Eng., Vol. 14, No. 1, pp. 47-62, (2024).

Shahrouzi,

DOI: 10.22061/jcarme.2024.8365.2128

URL.: https://jcarme.sru.ac.ir/?_action=showPDF&article=2059

recovery






