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Nomenclature

C  specific heat in kJ/kgK

E energy rate in kJ/s

Ex  exergy rate in kJ/s or kW

ex  specific exergy in kJ/kg

h  specific enthalpy in kJ/kg

Y irreversibility rate in kJ/s
LHYV lower heating value in kJ/kg
i mass flow rate in kg/s
pressure in kPa

heat transfer rate in kW
universal ideal gas constant in kJ/kgK
specific entropy in kJ/kgK
entropy generation rate
temperature in °C or K
work rate or power in kW
humidity ratio of air

exergy efficiency

constant for industrial fuels
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Subscripts

0 dead state

a  dryair

ch  chemical

cr convection and radiation
d  destruction

e exit

f fuel

i inlet

/ loss

ma  moist air

p  constant pressure

q  heat transfer related
w  water

rate

vapor

<

Application of Exergy Analysis
to Textile Printing Process

Abstract

This study reveals an exergetic analysis of the reactive and pigment printing processes.

Exergy models of the printing processes were formed and each step examined in terms of
exergetic parameters. In the printing machine, the reactive printing process led to a higher
specific exergy use due to the penetration requirement of the printing paste. The exergy
efficiency in the subsequent drying after printing was found to be independent of the print-

ing method, but affected by the fabric structure, which was calculated to be between 3.8%
and 4.8%. In the fixation step, pigment printing provided the highest exergy efficiency,

calculated to be 2.15%, due to the direct heating of the fixation air. It was observed for the
fixation step that the boiler unit of the steaming process and the burner of the hot air fixa-

tion process led to the highest exergy destruction rates. The total exergy destruction rate in

pigment printing was found to be higher than in the washing and final drying stages of reac-

tive printing alone; thus, it was shown that the exergetic improvement of the post-washing
and drying of reactive printing is of great importance.

Key words: exergy analysis, textile printing, steaming, hot air fixation, exergy destruction.

I Introduction

Exergy analysis is an efficient method to
analyze the performance of thermal sys-
tems by using the second law of thermo-
dynamics as well as the mass and energy
balances. The formal definition of exergy
is given [1 - 5] as ‘the maximum amount
of useful work that can be obtained as the
system is brought to equilibrium with the
environment’. Similar to energy, exergy
has components such as physical, chemi-
cal, kinetic, and potential; however, un-
like energy, exergy is not conserved be-
cause it is destroyed in any actual proc-
ess. Exergy destruction directly caused
by the irreversibilities is related to the
entropy production.

The method of exergy analysis defines
the irreversibilities of the system and
brings out to what extent the exergy is
destroyed in every sub-system of an ac-
tual process. The exergy analysis directly
detects the inefficiencies of the system,
and the outputs of the analysis can be
suitable for the improvement of systems
in terms of efficient energy use. There-
fore exergy analysis has begun to be used
as an advanced thermodynamic method
for thermal systems [6], which enables
the location, cause and true magnitude of
the sources destroyed [1].

Recently many studies on exergy analy-
sis have been performed. Some of the
studies (i.e. [7 - 11]) investigated sector-
specific analyses of a whole country,
while others focused on a specific sys-
tem. Exergy analysis was applied to a
variety of industrial processes such as
distillation [12], cogeneration [13], food
drying [14, 15], geothermal heating [16],
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etc. There are also methodology based
studies on exergy analysis. Szargut [17]
presented a sequence method for analysis
of exergy losses in thermal systems using
the index of the cumulative consumption
of exergy. Dincer and Sahin [18] inves-
tigated a thermodynamic model for dry-
ing processes. Textile technology appli-
cations of exergy analysis, however, are
still inadequate and limited. In previous
studies the exergy analysis of textile
drying [19 - 21] and dyeing processes
[22] were studied using exergy models.
Mozes et al. [23] investigated the con-
ventional textile washing process by us-
ing cumulative exergy consumption data.
On the other hand, no studies have ap-
peared in literature on the exergy analysis
of textile printing processes, which was
the prime motivation behind performing
the present study.

In the textile industry, the majority of
all printed substrates are cellulosic fab-
rics [24, 25], for which pigment printing
and reactive printing methods are widely
used. Textile printing is a complex proc-
ess and it is very difficult to control all
the process parameters [26] Pigment
printing stands out with its simplicity
of application [27, 28] and it is advanta-
geous in terms of energy and water sav-
ings since the process does not involves
post-washing steps after fixation with
high temperatures of dry air. On the other
hand, reactive printing requires sequen-
tial washing and rinsing steps in order
to achieve the quality standards, which
means higher energy consumption. Reac-
tive dyes have gained an importance in
textile printing because of their high fast-
ness properties and brilliant colours [29].
In this study, exergy analyses of pigment
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Table 1. Properties of the fabrics.

Mass per unit area,

Printing speed,

Abbreviation Type kg/m2 Width, m m/min
REAC1 11.8/1 tex, single jersey 0.095 1.6 40
REAC2 29.5/1 tex, single jersey 0.200 1.8 30
PIGM1 29.5/1 tex, double jersey 0.280 2.0 50
PIGM2 19.7/1 tex, single jersey 0.150 1.5 55

Table 2. Washing recipes afier reactive printing.
Light shades Medium shades Dark shades
Rinsing, at room temp, 15 min
Washing, 95 °C, 15 min
one step two steps three steps

Rinsing, at room temp, 15 min
Neutralisation and softening

and reactive printing on cotton fabrics
were investigated. The main purpose of
the study was to create a practical model
for exergy analysis of printing processes
by using measured operational data. By
using detailed and sub-system involved

1 Fabric inlet

control volumes of each machine and
giving numerical data on exergy destruc-
tion and exergy efficiency of the units of
the printing process, the exergy map of
the total printing process could be evalu-
ated for a general overview.

2 Printing paste
—_—)

PRINTING MACHINE

3 Fabric outlet
_—

Figure 1. Control volume of printing machine.
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Figure 2. Control volume of drying units (used both for drying after printing, and after

washing) [21].
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B Analysis

Exergy analyses of the reactive and pig-
ment printing processes were conducted
with the help of actual operational data
obtained in textile printing mills. 100%
cotton knitted fabrics were used through-
out the analyses, the properties of which
are given in Table 1. The reactive print-
ing process includes printing, drying,
fixation with saturated steam, washing
and drying steps. After printing with
a Reggiani Unica rotary screen print-
ing machine, the fabrics were dried at
130 °C, and fixated with saturated steam
at 102 °C for 10 min, in a Salvade VPM
steamer. The fixated fabrics were washed
in an overflow dyeing machine and dried
at 150 °C in a direct gas heated stenter.
The washing recipes are given in Table 2.
The same machine course was used for
pigment printing; however, the pigment
printing process did not involve washing
and subsequent drying steps. The fixation
of pigment printed fabrics was carried
out at 150 °C for 10 min with hot air. The
control volumes constituted for each step
of printing including input and output
data are shown in Figures I - 5.

The following assumptions were made

during the analysis:

a) All processes are steady state and
steady flow with negligible kinetic
and potential energy effects.

b) Heat transfer to the system and work
transfer from the system are positive.

c) Ideal gas principles were applied to
the air and exhaust gases.

d) Combustion reaction in the burner is
complete.

e) The temperature, relative humid-
ity and pressure of the dead state are
taken as the actual ambient conditions
(20 °C and 101.325 kPa).

Considering the assumptions above,
mass, energy and exergy balances for any
steady-state system can be written as:

PIEDI (1

YE-YE=0 @

ZExi —Z:E.'xc :ZExd 3)

The specific flow exergy is determined
as:

ex=(h—hy)-T,(s—s,) “)

where 4 is the specific enthalpy, s the spe-
cific entropy, and the subscript zero in-
dicates properties at the reference (dead)
state.
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The exergy rate is expressed as:
Ex=1-ex %)

Considering dry air and water vapour as
an ideal gas, Wepfer et al. [30] developed
the following relation for the specific
physical exergy of the moist air:

€Xma = (Cp,a + a)sz)(T- T{) +

—TolnTl)+(I+E))RaT{,ln§+(6)

0 0

+RHT{(1+5)M“‘"” +E)lnf):|

1+o ,
where
@ =1.608w (6a)
@, =1.608w, (6b)
®=m,/Ma (6¢)

The net exergy transfer by heat at tem-
perature T is given by

) T, .
Ex, = (1—7)Q, (7

where T is the temperature at which the
heat transfer takes place and @, is the
heat transferred by convection and radia-
tion.

The specific chemical exergy of the fuel
(natural gas) was calculated by the fol-
lowing relation [2]:

ex,, =(LHV)-@ ®)
where @ is the ratio of chemical exergy to

the lower heating value of fuels, selected
as 1.04 for natural gas [2].

The entropy balance can be evaluated as:
S, =8, =8, ©)

where, (S, — S, ) is the net entropy trans-
fer rate, and S «n the entropy generation
rate. The entropy generation rate is cal-
culated as:

S gon = D18, = D 1S —z% (10)
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Figure 6. Specific exergy use values in
printing machine.
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where @ is the heat transfer rate. The
irreversibility rate, namely the exergy
destruction rate can be expressed for
steady-state open systems as

I=T,S,, (11)
where 7, is the dead state temperature.

Mass, energy and exergy balance rela-
tions for each step of the printing process
are indicated in Table 3 according to the
control volumes given in Figures I - 5.

The first law efficiency is not adequate
to measure the performance of the actual
systems. Thus the second law efficiency
is defined as the performance criteria of
systems under reversible conditions for
the same final states [31]. The exergy ef-
ficiency of the systems was calculated by
the following equation:
Ex, + Ex,

e=(1 )-100  (12)

i

I Results and discussion

The specific exergy use values (kJ/m)
of the printing machine for each type
of fabric and processes are illustrated in
Figure 6 . 1t is clear that the exergy use
in the reactive printing process is higher
than that of pigment printing. In the reac-

I (7) Steam

Figure 5. Control volume of washing [22].

tive printing process, the penetration of
the printing paste into the reverse side
of the fabric is of importance. Therefore
the fabric passing velocity is lower com-
pared with pigment printing, thus leading
to an increase in specific exergy use. The
penetration rate is directly affected by
the viscosity of the printing paste, fabric
structure and fibre type. Thus in order
to obtain adequate penetration rates, the
velocity should be decreased for high
weighted fabrics, which results in higher
specific exergy use. Since pigment print-
ing is connected with the surface of the
fabric, the difference in fabric weight
does not have a significant effect on spe-
cific exergy use in the printing machine.

Figure 7 shows the exergy destruction
rates and exergy efficiency of the subse-
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Figure 7. Exergy inlet and destruction
rate and exergy efficiency of the drying
process after printing.
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Table 3. Mass, energy and exergy balances of each step in printing processes; * The model
presented by Cay et al. [21] was used for the control volume and exergy balances of drying
processes. ** The specific exergy use and specific exergy destructions were used for the
exergy balance. The model presented by Cay et al. [22] was used.

Unit Mass, energy and exergy balance relations
. . . (13a)
m, + iy =,
Printing machine | £ E,+W=E, (13b)
Ex, + Ex; +W = Ex, + Ex, (13c)
sty + 1ty = it (142)
Bumers | £ +E, = E, (14b)
Ex, + Ex, = Ex, + Ex,, (14c)
1y + g (@g + 1)+ mg (@, +1) = m, (e, +1) (15a)
Mixing | £, +E,+ E, = E, (15b)
Ex, + Ex, + Ex, = Ex, + Ex
Drying 3 8 9 4 d.1 (15¢)
machine it (0, +1) = ity (0, +1) (16a)
Circulat- | g L7 = f
ingfans | A ] (16b)
Ex,+W,, = Ex, + Ex; (16c)
tity (@, +1) + itg = ring + 11, (@ +1) + ring (0, +1) (17a)
Dring | g 4 E =E +E,+E+E
chambers| ~ % 73T e T T RS T (17b)
Ex, + Ex; = Exg + Ex; + Exg + Ex, + Ex, , (17¢c)
ity ri, iy = 1, i (18a)
Boiler | E,+E,=E,+E,+E, +E, (18b)
Ex, + Ex, + Ex; = Ex, + Ex; + Ex, + Ex,, (18c)
Steaming
m, + 1, =M, + g (19a)
Steamer E4+Eg+W:E7+E5+Eq (19b)
Ex, +Ex, +W = Ex, + Ex, + Ex, + Ex,, (19¢)
W, + 1, = i, (20a)
Burners E, +E2 :E3 (20b)
Ex, + Ex, = Ex, + Ex,, (20¢)
ity + i1, + ity = it (21a)
Fixaton = Mixing | E; +E, +E, = E, (21b)
Ex, + Ex, + Ex, = Ex; + Ex,, (21¢)
s+ Hig =, + hg + 1, (22a)
;:;?T:Iggr E,+E,+W=E, +E+E,+E, (22b)
Exg +Ex, +W = Ex, + Ex, + Ex, + Ex, (22¢)
m, +m, +my +m, =m, +mg+mg+myg (23a)
Washing™* E+E,+E,+E,+W=E,+E,+E +E, +E, (23b)
(23c)

Ex) + Exy + Exy + Exg+ W= Exq + Exs + Exg + Exg + Exgq

quent convective drying after the printing
step. A small amount of water is trans-
ferred to the textile fabrics during the
printing process as compared with other
application methods, such as exhaustion
or impregnation. Hence energy consump-
tion in the subsequent dryer integrated
into the printing machine step is quite
low. On the other hand, it is important
that a considerable amount of the exergy
inlet to the drying process be destroyed,
as shown in the figure. Appropriate re-
duction possibilities of exergy destruc-

40

tion rates in textile dryers were studied
extensively in previous studies [20, 32].

Since the water is removed by heat en-
ergy, the fabric structure and moisture
content in the fabric are the basic pa-
rameters in the energy consumption of
drying processes. It was observed that
the exergy use and destruction rates are
similar for single-jersey fabrics, although
they were treated with different printing
methods. The double-jersey fabric re-
sulted in higher exergy destruction rates.

As expected, subsequent drying process
after printing were not affected by the
printing method in terms of exergy,with
the fabric structure being the dominant
factor. The exergy efficiency of the sub-
sequent drying after printing was calcu-
lated to be between 3.8% and 4.8%, and
the double-jersey fabric led to the lowest
exergy efficiency value.

The fixation of the reactive printed sam-
ples was processed in a steamer connect-
ed to a steam boiler. Thus not only the
steamer but also the boiler were included
in the analysis, and it was observed that
a drastic amount of exergy was destroyed
in the boiler compared with the steamer
unit, as shown in Figure 8, which is
because the combustion process is an
important source of irreversibility. Con-
versely, in the steamer unit, steam con-
tacts with the fabric and leads to an ir-
reversibility simply due to heat transfer
by both convection and condensation. It
is clear that the exergy destruction rate of
the boiler constitutes the main part of the
total destruction resulting in the steaming
system.

Figure 9 shows the exergy destruction
and exergy loss rates of the hot air fixa-
tion process after pigment printing. The
burner causes the highest exergy destruc-
tion rates due to the irreversibilities of the
combustion process. The exergy destruc-
tion rate in the mixing unit of the system
is also high. It was observed that the ir-
reversibility in the fixation process with
hot air was affected by the fabric weight,
with the exergy destruction rate increas-
ing with an increase in the weight of the
fabric.

Along with the exergy destruction rate,
that of the exergy loss is an also impor-
tant factor for exergetic investigation of
the processes. The steaming process led
to a higher exergy loss compared with
hot air fixation, due to both the stack
gases from the boiler and exhaust steam
from the steamer.

Figure 10 represents a comparison of the
total exergy destruction rates and exergy
efficiencies of the fixation processes. It
is obvious that exergy destruction in the
steaming of reactive printing was higher
than in the hot air fixation of pigment
printing. The difference occurs due to the
variation in the heating elements. In hot
air fixation, the energy required for the
heating of fixation air is produced within
the machine due to the direct gas heating

FIBRES & TEXTILES in Eastern Europe 2012, Viol. 20, No. 6A (95)
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Figure 8. Exergy destruction and exergy
loss rate of the steaming process of reac-
tive printing.
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Figure 9. Exergy destruction and exergy
loss rate of the hot air fixation process of
pigment printing in each component.

system, whereas indirect heating is used
in the steamer system. The exergy de-
struction rate of the boiler system is quite
high compared with the burner of hot air
fixation, because in addition to the com-
bustion process, steam production leads
to irreversibility due to the indirect heat
transfer as well. The exergy efficiencies
of the fixation processes were found to be
0.25 - 0.58% for the steaming of reactive
prints and 2.15% for the hot air fixation
of pigment prints.

The pigment printing process ends after
the fixation step; however, the washing
step should be applied for reactive print-
ed fabrics in order to remove unfixed and
hydrolysed reactive dyes. As mentioned
before, the number of washing steps is
directly related to the shade of the print-
ing. Figure 11 shows the specific exergy
use, specific exergy destruction and spe-
cific exergy loss of washing processes for
the fabrics in different shades. It was ob-
served that the shade of printing is analo-
gous with the exergetic values by a linear
relationship.

Figure 12 represents the specific exergy
use in each step of the reactive and pig-
ment printing processes. It is shown that

FIBRES & TEXTILES in Eastern Europe 2012, Vol. 20, No. 6A (95)

the highest specific exergy use in reac-
tive printing occurs due to the steam-
ing, washing and final drying steps. For
pigment printing, the fixation step is the
most energy intensive of the whole proc-
ess. As is known, the total energy con-
sumption in pigment printing is lower
compared with reactive printing, because
the process does not involve washing and
final drying steps. It is interesting that the
total specific exergy use in the washing
and final drying processes in reactive
printing alone is substantially higher than
the specific exergy use in the whole pig-
ment printing process.

@ Conclusions

This study comprised an exergy analy-
sis of the reactive and pigment printing
processes. For this purpose, the control
volumes of each step were constituted
and exergy balances formed. The main
conclusions drawn from the results of the
study are listed as follows:
The specific exergy use in the printing
machine is higher for reactive print-
ing due to lower passing velocities,
providing adequate penetration of the
printing paste into the reverse side of
the fabric.

The exergy use and destruction rate in
the drying stage after printing mainly
depend on the fabric structure and are
not affected by the printing method.
The exergy efficiency of the subse-
quent drying after printing was calcu-
lated to be between 3.8% and 4.8%.

In the steaming of reactive prints, the
boiler unit formed the highest exergy
destruction rates. The burner unit of
the hot air fixation led to the highest
exergy destruction rates for the hot air

®
3
3

@
3
3

N
8
Exergy efficiency (%)

Exergy destruction rate (kJ/s)
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Saturated steam fixation
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Figure 10. Total exergy destruction rate
and exergy efficiency of fixation proc-
esses.
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Figure 11. Exergetic evaluation of wash-
ing processes.

fixation process. Thus optimization of
the combustion processes and reduc-
ing fuel use are of great importance
for reduced irreversibility.

The exergy efficiencies of the fixa-
tion processes were found to be
0.25 - 0.58% for the steaming of reac-
tive prints and 2.15% for the hot air
fixation of pigment prints. The hot
air fixation process is more efficient
because the exergy destruction in
the steaming of reactive printing was
higher than in the hot air fixation of
pigment printing due to the indirect
heat transfer in the boiler.

Specific exergy use (kJ/kg fabric,

Printing

Fixation
Printing

Reactive Printing

Fixation

Printing
Fixation
Printing
Fixation

Pigment Printing

Figure 12. Specific exergy use in each step of printing process.
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The exergy destruction and loss rate
in the washing step have a linear rela-
tionship with the shade of the printing.

The total specific exergy use is rather
higher for reactive printing. The total
specific exergy use in the washing
and final drying processes in reactive
printing alone is substantially higher
than the specific exergy use in the
whole pigment printing process.

It was concluded that the fixation and
drying steps of the printing process
generally caused the highest irrevers-
ibilities, thus in practice more atten-
tion should be given to this equipment
in terms of energy consumption. By
developing an energy management
system and applying energy efficiency
measures to thermal printing equip-
ment such as improving the combus-
tion efficiency, decreasing heat loss by
inslulation, heat recovery, etc., the ex-
ergy destruction and exergy loss could
be decreased.
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