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Abstract: The energy efficiency of the drying section of paper machine is determined by the
technology of heat flows arrangements in it. Paper drying is the most energy-consuming stage of
paper production. The thermal mode of the drying section is provided by the steam condensate
system which is a part of it. Analysis of exergy increments shows that almost all elements of the
drying thermal process are characterized by low exergy efficiency. The main ways for increasing
the degree of thermodynamic perfection of the processes occurring in the drying section of the
paper machine are identified based on the exergy analysis. It is assumed that the deep internal
heat recovery of the steam-air mixture for heating the source air will increase the exergy efficiency
of the heat recovery plant and reduce heat removal to the environment. The effectiveness of
development and implementation of a closed cycle use of steam-air mixture in the drying section
was examined. Building a closed cycle provides that the air mainly has a process duty, that is, it is
a transport agent for the transfer of moisture and heat along a closed circuit. The calculations
show that the exergy efficiency of the processes in the recovery unit of the drying section of the
paper machine of the existing production is 28.6% against 66.29% for the proposed method.
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Pe3ome: Dnepeemuueckas spgexmusnocmos  OyMaco0eniamenvHol MAuuHbl ONpeoensemcs
mexHoI02uell Opeanu3ayuL Meniosblx NOMoKo8 6 ee cywunbhou yacmu. Cywra oymazu s61semcs
Hauboiee JHEP2eMUYECKU 3aMpPAmHbIM IMANOM NPOU3BOOCMEA OYMAICHOU NPOOYKYUl, MAK KAK
HaubobUlee KOIUYECMBO GOOSHBIX NAPO8 GbIOCIAEMCS UMEHHO 6 cyuwunvhot yacmu bBJ/IM.
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Payuonanvruoe pacnpedenenue nomoxog 8030yxa u nAposo30YULHOU CMecU 8 CYUWUNbHOU Yacmu
Ccnocobcmeyem noGbleHUIo NPOU3B0OUMENbHOCIU U CIAOUTU3AYUU PAOOMbL MAUUUHDL.
JTumepamypnuutit 0630p. TennoBoil pexuM CYIMIMIBHONH 4YacTH oOeclieuyMBaeTCs BXOISIIEH B e
cocmae napoxkonoencamuou cucmemou. Cywecmeyowue cucmemvl MenI0CHAbNICEHUs C
KACKAOHbIM — pacnpedenenueM OAGNeHus, 6 COCMAs KOMOpblX 6X00sm, KaK H‘pasuio,
08YXCMYneH4amovie MeniopeKynepayuontblie YCMaHo8KU NO360AI0M YACMUYHO YMULUIUPOBANb
HU3KONOMEHYUATbHYIO MENJony ompabomasuiezo napa u CyuuibHo20 6030yXd.

Mamepuanvt u memoodvt: Asmopamu Oviiu NPOU3GEOEHBL PACHEMbl  CYWUILHOU Y4acmu
Oeticmgyioweti bymazooeramenvHoli mawiunsl. Pacnpedenenue suepeuu no @yHKYUOHANLHBIM
yacmsam B/IM 6 ciyyae mpaouyuoHHOU mMexHOI0SUYECKOU cXxeMbl NO360seN COelamb CLeOyIouuli
8bIB00. NPU HEZHAYUMENbHOU Oole Yyoansemou erazu 6 cywunvhoi yacmu BAM (0,7 %),
nompebaenue Hepeuu 30ecb MAKCUMATbHO. AHATU3 NpUpaujenull dKcepeuu noKazviéaem, umo
npaKkmuyecku 6ce INeMEHmbl MeNnni08o20 Npoyecca CYWKU XaApaKmepusViomcs HUKUMU
sHavenuamu sxkcepeemuueckux KIIJ[. Ha ocnosanuu sxcepzemuueckozo amaiusa 6 cmambve
8b10€1A10MCsl OCHOBHbBIE HANPABNEHUSA NOBLIUUEHUS CINENneHU MePMOOUHAMULECKO20 COBEPULEHCNEA
MexXHONI02UYeCK020 Npoyecca 8 CYWUNbHOU Yacmu 6ymMazo0enramenbHOU MauluHbl.

Pesynomamor u oocyscoenue: Ilpeononazaemcs, umo 2nyOoKas. 6HYMpPEHHAs pe2enepayusl
meniomsl NApo8o30YWHOU CMecU OAf HAzpe8d UCXOOHO020 B030YXad HNO360IUM  YEeaUdUums
axcepeemuyeckuti KII[] mennopexynepayuoHHol YCMAHOBKU U CHU3UMbL OMB00 Meniomvl 8
oxpyarcaiowyro  cpedy. Paccmampueaemcs  a¢pgexmusnocms - paspabomxu u - pearuzayuu
3AMKHYMO20 YUKLA UCHONb308AHUS NAPOBO3OYWHOU cMecu 8 cyuunbHoli yacmu. Opeanusayust
3AMKHYMO20 YUuKia npedycmampugdaem, 4mo 8030YX, 8 OCHOBHOM, Hecem MEeXHONO0SUUECKYIO
HA2py3Ky, MO ecmb AGNAEMCA MPAHCNOPMHBIM ACEHMOM 6 NepeHoce 61dzu U Meniomsl no
3AMKHYIMOMY KOHMYDY.

Buoi6oowi: Ilposedennvie pacuemuvl noxaswvigarom, umo axcepeemudeckuti KIIJ[ npoyeccos 6
PEKYNepayuoHHoOl YCMAaHoBKe CYUWUTLHOU Yacmu 0yMazo0eiamenbHol Mauunbl O0eticmayiouux
npouszeodcme cocmasiiem 28,6 % npomus 66,29 % 6 npednodcennom cnocobe. B yenom,
axcepeemuueckuit KIIJ] cywunvnou uyacmu BJ/M 6 cayuae peanuzayuu 3aMKHYMO20 YUKIA
naposo30ywHoi cmecu 6ydem pasen 72,4 %.

Kniouesvie cnoea: OGymacodenamenvHas Mawiuna, cywxa Oymasu;, IKCepeemuyecKuti aHauuz,
anepeocbepesicenue; sxcepeemuveckui KI/[; cucmemvl genmunsiyuu ¢ pekynepayuel menjiomvl,
MENIOPEeKynepamop,  dKCepeusi;,  MeXHONOSUYeCKas —GeHMUIAYUs, NPoUsgoOCcmeo  bymazu,
VIMUIU3AYUsL MEnionvl; JHEPLeMuUiecKas 3QPexmueHoCmp.

Introduction

The energy efficiency of a paper machine (PM) is largely determined by the technology for
heat flows arrangement in the drying section.

Modern paper machines are equipped with rather complex and high-performance
ventilation systems and installations that ensure successful running of the paper manufacturing
process. Along the entire paper motion from the headbox to the reel the necessary thermo-humid
regime of the air surrounding the paper sheet is created using ventilation systems. PM includes
wire, press and drying sections. The wire section is designed to remove the main part of moisture
and formation of the paper web, the press part is aimed at removing the additional moisture by
pressing. The remaining part of moisture is removed by drying in the drying section of the
machine [1].

A large amount of moisture is released from the surface of the wet web. Ventilation units
are used to remove the forming water vapors from the wire section outside the hall. At the same
time, their condensation on the surrounding surfaces is prevented, and the necessary sanitary
conditions for the staff are created. The highest water vapor emissions occur in the drying section
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of the machine. The supply and removal of heat in this part of PM determines the heat
consumption from external sources. That is why the drying section has long been the object of
close attention of scientists and engineers as the object of the greatest expenditure of thermal
energy.

Ensuring the necessary parameters of the air environment is achieved by the arranged
supply of fresh and exhaust air.

The rational distribution of air flows, the optimal choice of parameters and the frequency of
air exchange in the drying section contribute to increased productivity and stabilization of the
machine operation, alignment of the moisture profile of the paper web.

Literature review

The thermal regime of the drying section is provided by the steam condensate system which
is a part of it. Currently, the group heat supply system with cascade pressure distribution and steam
bypass over individual groups of cylinders has gained predominant use. Such a heat supply system
prevents the passage of steam into the condensate system [2,3].

The thermal circuit of the drying section consists of three functional groups: drying
cylinders, water separators and heat recovery unit. A heat recovery unit is an integral part of the
existing paper machines and includes three units, each of which consists of two recovery stages
(heat exchangers) and a scrubber for heating the process water. The first stage of recovery
provides pre-heating of the process (drying) air, the second one provides heating of the outside
(ventilation) air. Thus, the low-grade heat of the exhaust steam and the drying air is partially used.
From the press section of the machine, the wet paper web enters the first paper dryer cylinder.
After passing 46 drying cylinders, 92% of the paper web dried to dryness is removed from the
drying section for further processing.

From under the hood cap of the PM drying section the air-steam mixture / (Fig. 1) with a
temperature of 100 °C is fed into the first recovery stage 2 (TU-1). The air-steam mixture gives
some part of heat to the process (drying) air /7 supplied from the machine room with a
temperature of 28 °C, and heats it up to 42 °C. Drying air from the recovery stage 2 is fed into the
air heater /2 by centrifugal fan &, where it is heated to 100 °C, and after it is sent under the hood

cap of the drying section of the machine /4.
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Fig. 1. Technological scheme of a traditional heat recovery unit:
1 - air-steam mixture; 2 - heat exchanger (heat trap) TU1;

3 - heat exchanger (heat trap) TU2; 4 - outside air;
5 - scrubber; 6 - axial fan; 7 - shutoff valve;

8 - air heater; 9 - centrifugal fan; 10 - check valve;

11 - ventilation air; 12 - air heater; 13 - steam; 14 - drying air;
15 - condensate; 16 - scrubber water and condensate from the exhaust air;
17 - air supplied from the machine room
Condensate 15 is discharged to the CHP, and scrubber water 16 is used to dilute the paper
26
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pulp. Outside air in the winter period is heated in the second recovery stage 3 up to temperature of
0 °C, and then it is heated to 20 °C in a heater 8 by steam from the thermal power plant. From the
heater 8, the heated air is supplied to the machine hall 11, where it assimilates the heat of
equipment and reaches temperature of 28 °C, at which it enters the first recovery stage 2.

The partially cooled air-steam mixture flows from the first recovery stage 2 (TU-1) to the
second recovery stage 3 (TU-2), where it gives some part of its heat (up to the saturation
temperature) to the outside air 4. Next, the air-vapor mixture enters the scrubber 5. The purpose of
the scrubber is to separate moisture from the steam-air mixture by cooling it. The steam in it
condenses. The temperature of the air discharged from the scrubber is 45 °C.

Materials and methods

The authors have calculated the drying section of the existing paper machine.

The drying section of the paper machine under consideration consists of 46 paper drying
and one refrigerating cylinders. The drying cylinders are arranged in two rows, staggered, and are
heated by condensing steam. Its dryness before drying is 43.5%, final dryness of paper is 92%.
The temperature of the pulp after the wire frame is 50 °C. The consumption of drying air is 12 kg
per 1 kg of evaporated water. The productivity is 13.1 tons of paper per hour.

Energy supply and dehumidification for various parts of PM are given in table 1.

Table 1
Energy distribution at PM
Wire section Press section Drying section
No. Characteristics . Vacuum- . Vacuum- Electrical
Driver Driver Steam
pumps pumps energy

Energy
! distribution, % 6 5 6 1 3 69
, | Removed 97.2 2.1 0.7

moisture, %

Analysis of the results given in table 1 shows that only 0.7% of the total moisture removed
in the paper machine is removed in the drying section of the machine. The amount of energy
consumed to remove this moisture is 72% of the total energy supplied, of which 69% is energy
consumption in the form of low pressure steam.

From table 1 it can also be concluded that, despite the relatively small amount of moisture
removed in the drying section of the PM (0.7%), the energy consumption here is maximum, and
the amount of heat input in the form of saturated steam from the CHP is determined by this
particular section of PM.

During the study of the drying section of the existing paper machine it was established [4]
that its exergy efficiency is only 52.6%. The low exergy efficiency of the drying section is
determined by the exergy efficiency of the heat recovery unit of the drying section (57.5%) with
the spent exergy amounted to 30% of the total exergy supplied.

This process is characterized by high irreversibility and, accordingly, low exergy
efficiency. Analysis of the components of the exergy balance made it possible to identify the main
directions for increasing the degree of thermodynamic perfection of the technological process in
the drying section of PM.

1. Increasing the exergy efficiency of the heat recovery unit. Analysis of the exergy balance
items shows that the exergy efficiency and the share of exergy spent in this process to the total
exergy in the system are: = 57.5% and y = 30%, respectively.

2. Reducing the heat flux discharged into the environment. As it follows from the heat
balance, 60% of the heat flux is removed to the environment.

3. Increasing the potential of the drying air during the process of its absorption of the steam
of the PM drying part.

4. Increasing the dryness of the paper web entering the dryer.
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The practical implementation of the modernization of the drying section of PM in these
areas becomes possible on the ground of the development of the following technical solutions [5,
6]:

- Intensification of the work of heat exchangers with a corresponding reduction in
underheating between the heated air and the steam-air mixture (SAM). This measure will increase
the exergy efficiency of the heat recovery unit;

- Development of a closed or almost closed SAM cycle of the PM drying section;

- Application of heat pump units in the PM ventilation system [7];

- Increasing the potential of drying air by optimizing the temperature of air directed under
the PM cap, and the temperature of the source air [8];

The proposed technical solutions are not exhaustive. They can be considered as possible
options for the modernization of the PM drying section.

Results and discussion

In this article, the authors considered one of the most promising ways to increase the exergy
efficiency of the PM drying section, which also allows one to reduce energy costs in the steam-
condensate system of the existing plants, namely the development of a closed cycle of a steam-air
mixture.

Fig. 2 shows a scheme of a heat recovery unit of a paper machine with a closed drying air
cycle.

/
/ Condensate

Lo \
Outside air ' To the hall / :
/. to the boiler house

Fig. 2. The ventilation scheme of the drying section of the paper machine with a closed cycle of the drying air
motion: 1 - closed hood over the drying part; 2 - air heater; 3 - aftercooler; 4 - mixing heat exchanger (MHE);
5 - centrifugal fan circulating air in a closed hood (drying chamber); 6 — moisture, removed from paper web
during contact drying

The air-steam mixture (Fig. 2) with a temperature of 100 °C, removed from under the
insulated hood 1 that covers the drying section of the machine (drying chamber), is sent to the heat
exchanger TU 2.

The air-steam mixture leaves the TU 2 heat exchanger at a saturation temperature of 45 °C
and is sent to the mixing heat exchanger - aftercooler 3, from where, at a temperature of 25 °C,
dried and cooled, the air returns to TU 2. Some part of the dried air, equal to the mass of cold air,
used in the mixing heat exchanger is removed to the hall of the paper machine. In the heat
exchanger TU 2, the air is heated to 80 °C, then it enters the air heater (AH) 4, where its
temperature rises to 100 °C, i.e. the temperature necessary for the ventilation process of the
considered drying unit [9, 10].

In the aftercooler, the air temperature decreases due to the addition of outside air with an
average annual temperature of 7 °C. In summer, a cooling machine is used [11].

Moisture released from the web during contact drying is absorbed by the drying air and
removed from heat exchangers [12, 13]. All the heat released during condensation of the heating
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steam in the cylinders, besides the heat carried away by the heated paper web, is absorbed by air
and is used in heat exchangers of the regenerative circuit 2 and 3. The air is circulated by a
centrifugal fan 5.

The thermodynamic process carried out in the proposed heat recovery unit is shown in Fig.
3asani-—ddiagram.
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Fig. 3. Thermodynamic process of ventilation of the drying section of the machine for a closed cycle of air
movement

The diagram (Fig. 3) shows the following processes:

1-2 - Cooling of the drying (technological) air in the heat exchanger TU to 45 °C, d = 60
g/kg of dry air;

2-3 - Cooling of the drying (technological) air in the aftercooler;

3-4 - Heating of dried and cooled air in a heat exchanger TU to 80 °C, d = 20 g/kg of dry
air;

4-5 - Heating of the dried air in the heater t = 100 °C;

5-1 - Change of air parameters in the drying chamber t = 100 °C, d = 103 g/kg of dry air.

Exergy characteristics of the thermal process of heat and moisture transport by the proposed
method are given in table. 2.

Analysis of thermal processes of functional groups by the proposed method shows that
exergy efficiency is quite high [14, 15]. So the processes in the heat exchanger of the regenerative
circuit and the heater, where 91% of the exergy of the total in the system is supplied, are
characterized by exergy efficiency of 73.73% and 63.60%, respectively.
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Table 2
Exergy characteristics of the heat recovery unit of the PM drying section for a closed cycle of drying air
Exergy characteristics Regenerative circuit heat Aftercooler Air heater
exchanger
Heat flow, AQ; kKW 2947.98 1071.99 1071.99
Thermodynamic heating 3255 289 363
temperature, Ty, K
Received exergy,
AE,, KW 412.08 33.38 245.11
Thermodynamic cooling 3455 308 43717
temperature, To;, K
Spent exergy,
AEo,, KW 558.88 97.45 385.4
Exergy efficiency,
73.73 34.26 63. 60
Ni=AEyi AEi %

Thus, the exergy efficiency of processes in the recovery unit of the existing PM drying
sections is 28.6% versus 66.29% for the proposed method.

Conclusions

Analysis of the exergy characteristics of the PM drying section during the implementation
of the proposed method for heat arrangement in a heat recovery unit allows us to draw the
following conclusions.

The smallest exergy efficiency have the third group of drying cylinders (59.6%), air heater
(63.6%) and terminal cooler (34.3%). However, the total share of spent exergy in them is about
12% of the total spent exergy. Therefore, their influence on the overall efficiency of the PM drying
section is not significant. In general, the exergy efficiency of PM drying section is 72.4%. As was
indicated above [4], the exergy efficiency of the PM drying section for the existing modern plants
is 52.6%. Such a significant increase in exergy efficiency was achieved by scientifically based heat
technology in a heat recovery unit with a closed cycle of air movement.
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