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ABSTRACT

Heat consumption is very high in many branches of industry including paper industry. That
is why innovation trends in paper industry also include heat energy saving that can be realized
by enhancing of heat recovery efficiency. Some entertainments that produce paper in Slovak
Republic have not built the heat recovery system which could be installed near a drying cover
of a paper machine. The minor paper mills in Slovak Republic usually possess operating paper
machines which use cogeneration units for heat and electricity production with output range
between 400 and 500 kWh. Integration of innovative spiral heat recovery unit into the existing
dryer section of paper machine in a paper mill will lead to decrease of heat consumption by 25 000
up to 31 000 GJ per year that means financially up to 625 000 EURO per year.

KEYWORDS: Heat recovery, heat recovery efficiency, heat recovery unit, paper industry, paper

machine, paper mill.

INTRODUCTION

With considerations about reducing of total costs in paper mills or other large industrial
consumers of energy are often being linked two industrial solutions for the most effective
reduction of energy consumption: cogeneration units by production of heat and electricity (Qu
et al. 2014) and heat recovery systems with high heat recovery efficiency (Wallin and Claesson
2014a). A significant number of paper mills in Slovak Republic, however, do not possess any
heat recovery system which includes the heat recovery unit and ventilation pipes joining the heat
recovery unit with dryer section of paper machine. Although some larger paper mills possess the
introduced heat recovery system, it is still possible the heat recovery efficiency to enlarge because
the present amount of recovered heat in the form of low-potential heat is between 50 and 60 %
of heat energy produced in the frame of Slovak paper mills. One of the most important solutions
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of the issue is to replace the existing heat recovery units based on heat exchange in tubes with
spiral heat exchangers and this measure should increase average heat recovery efficiency by about
25 %. Today, there is a high interest in the research field of spiral heat exchangers because they
ensure the entire countercurrent flow and the heat exchange surfaces will redouble in the heat
exchange measuring unit (Roetzel and Spang 2010). An extensive research has been realized so
far, evaluating the influence of internal dimensions, channel hydraulic diameter and velocity of
airflow in spiral heat exchanger, in order to optimize the parameters of the spiral heat exchangers
for utilization in the industry, according to the desired properties for many applications in the
industry. The objective of this study is to evaluate the possibilities of location of terminal part
of ventilation tube which is joined to the spiral heat exchanger according to the horizontal
temperature profile of dryer section of operating paper machine, in order to elucidate the
suitability of utilization of heat recovery system in paper mill. The main reason of that measure
is the large heat recovery efficiency after application of the heat recovery unit into conditions of
a pilot paper machine — nearly 94 %.

MATERIAL AND METHODS

Materials

All materials used in the construction of spiral heat exchanger were commercially available.
As heat exchange wall — the crucial part of the equipment — was used aluminium spiral
shaped plate with 0.5 mm thickness and dimensions of formed area for heat transfer were
460 x 22.720 mm (Pazitny et al. 2013). The external planking was water-resistant with rubber
lining and air tightness was ensured by polyethylene sheet. The current of hot air containing
the hot aqueous vapour as a low-potential heat source was provided by dryer section of pilot or
operating paper machine (year of recommissioning: 1998; country of origin: Germany). The
paper machine included multi-cylinder dryer section with 20 cylinders. The current of cold air
had been pumped from the environment of paper mill. Additionally, the heat recovery system
was formed from pipes (2 x 10 m) and they consisted of two aluminium layers and one glass wool
embedded between them as an insulation material. The internal diameter of the pipes was 0.1 m.

Methods

Delimitation of the horizontal temperature profile of dryer section of the operating paper
machine was realized by infrared thermometer (HD 500, Extech Instruments Corporation,
USA). Velocity values of actual currents of hot and cold air for calculation of heat recovery
efficiency of the spiral heat recovery unit were measured by laboratory anemometer (GM 816,
Sinokit Enterprise Limited, China). Other data for heat recovery efficiency determination of
spiral heat recovery unit, such as the actual temperature and relative humidity of the currents
of hot and cold air — input and output, were collected by electronic equipment (KlimaLogg
Pro Cat. No. 30.3039.IT, Elso Philips Service JSC, SR). Introduced data were detected by four
specific sensors located in the spiral heat recovery unit and transferred by local wireless network
specified under IEEE 802.11: 2012 to computational device with signal receiver of the wireless
network. The recorded data from the computational device were further transferred to a computer
using included USB wireless transceiver (Cat. No. 30.3175, Elso Philips Service JSC, SR). The
data were recorded every 5 minutes and they were processed by software KlimaLogg Pro (TFA
Dostmann LLP, Wertheim-Reicholzheim, Germany). Average value of atmospheric pressure in
Slovak Republic for October 2014 was obtained from Slovak Hydrometeorological Institute and
it was 98.885 Pa.
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RESULTS AND DISCUSSION

Horizontal temperature profile of dryer section of operating paper machine

Determination of the temperature profile of dryer section of operating paper machine was
realized by temperature measurement of individual cylinders which were forming the main part
of the multi-cylinder dryer section of the paper machine. The resulted values of temperature
for determination of the temperature profile of dryer section of operating paper machine were
measured in 2013 and 2014 (Tab. 1). The paper mill was working with cogeneration and the
results also include the measurements of temperature values without utilization of cogeneration.
The results show that the most suitable location of terminal part of ventilation tube which was
joined to the spiral heat exchanger was in the middle region of the dryer section of the operating
paper machine. The measurements of heat recovery efficiency were realized at that location of the
terminal part of ventilation tube joined to the spiral heat exchanger.

Tab. 1: Horizontal temperature profile of dryer section of operating paper machine measured in 2013
and 2014.

Average temperature Average temperature Average temperature
Rank of.cylmder (measufed infune 2013 (measufed infune 2013 (measugred inPOctober
of operating paper K R X i i X
machine / without cogeneration) | /with cogeneration) |2013/ with cogeneration)
49 49 4
Cylinder 1 40.3 53.2 64.4
Cylinder 2 39.6 45.3 47.0
Cylinder 3 38.5 49.7 76.8
Cylinder 4 39.6 46.8 80.4
Cylinder 5 38.9 48.6 51.3
Cylinder 6 46.9 66.7 56.5
Cylinder 7 59.7 59.4 64.9
Cylinder 8 56.1 52.7 116.0
Cylinder 9 50.1 771 53.2
Cylinder 10 49.4 579 89.3
Cylinder 11 103.2 116.4 114.5
Cylinder 12 102.5 92.3 85.2
Cylinder 13 104.0 110.6 137.0
Cylinder 14 108.0 119.2 121.4
Cylinder 15 107.0 120.4 135.3
Cylinder 16 113.5 121.9 125.2
Cylinder 17 114.3 95.2 89.1
Cylinder 18 133.4 130.6 82.0
Cylinder 19 94.3 90.5 46.4
Cylinder 20 52.0 66.4 45.9

Using of cogeneration in paper mill was very effective as also average temperature of tray water
30.1°C was higher compared to 14.2°C in the case when cogeneration was used. Cogeneration
means that the paper mill uses cogeneration unit for production of heat and electric energy. The
cogeneration unit produces heat and electricity by natural gas combustion. As the results show
(Tab. 1), using of cogeneration promoted the enhancement of average temperature values almost
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in the entire horizontal profile of dryer section of operating paper machine. In both cases, the
most suitable location of terminal part of ventilation tube joined to the spiral heat exchanger was
in the middle region of dryer section of operating paper machine. The technical possibilities of
the drying cover of the paper machine allowed the location of terminal part of ventilation tube
above the cylinder 11. The average temperature in the region between the drying cover of the
paper machine and the eleventh drying cylinder of the dryer section of paper machine was 54.7°C.
In that case, the cogeneration was also helpful because otherwise the average temperature value
was 41.0°C. It is very important to mention that the maximum output of the cogeneration unit
was 400 kWh, the maximum of heat output was about 340 kWh (average of 85 % of maximum
output) and the residual energy was used for electricity production and losses of energy were
included too in the residual energy. The large ratio of partial energy used as heat energy is very
important because the paper making process is essentially a very large dewatering process where a
diluted solution of pulp suspension with less than 0.5 % fibre solid is used and water is a material
with large value of the specific heat of vaporization. The heat in the form of low-potential heat
is the biggest potential energy waste which could be vented out into the atmosphere or to heat
exchanger (Ghosh 2011). Our solution for such energy conservation in paper mill is spiral heat
exchanger with countercurrent heat exchange.

Calculation of parameters of moist air flowing from operating paper machine

The relative humidity of an air-water mixture is defined as a ratio of the partial pressure of
water vapour (p ) in the mixture to the equilibrium vapour pressure of water (p 4) or saturation
vapour pressure, respectively, at a measured temperature. Relative humidity is dimensionless
function of temperature and is calculated by using the following equation (Perry and Green 1999):

P4 (Pa) (1)

¢ = Pao (Pa)

where:  p, — partial pressure of water vapour in pascals (Pa),
.40 — saturation vapour pressure in pascals (Pa).

According to the Dalton’s law of partial pressures which states that in a mixture of non-

reacting gases, the total pressure exerted is equal to the sum of the partial pressures of the
individual gases, in the mathematical notation is written as follows (Silberberg 2009):

p=Xp =ptpt -t D, 2)
For moist air pressure, following equation is suitable:
P = Ppat Pa ©))

where:  p — pressure of moist air or atmospheric pressure, respectively, in pascals (Pa),
pDA — pressure of dry air in pascals (Pa).

The classical ideal gas law may be written (Florio 2014):
pv=RT )

where: v — specific volume of the gas, mole based in m3.mol?,
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R — universal gas constant in J.K-1.kmol,
T — thermodynamic temperature in kelvins (K).

According to the equation (4), the following relationships for the density calculation of the
moist air as an ideal gas can be concluded as follows:

VMW MW

pv =7p =RT )

m s
where: V' — volume of the moist air in m3,
MW — molecular weight of the moist air in kg.kmoll,
m — weight of the moist air in kg,
¢ — density of moist air in kg.m3,
ks

— — constant for a particular substance in JkglK1

For both constants of dry air (rDA) and water vapour (rA), it can be concluded:

o4 = MWps = B PR (6)
_ _F _ -1 pr=1
= g = 46150 Lkg UK )

where:  universal gas constant = 8314.3 J.kmol 1. K-,
molecular weight of dry air MW p, ;= 28.96 kg.kmol-,1
molecular weight of water vapour MW, = 18.02 kg.kmol1.

Density of moist air is calculated by using the equations (3), (5), (6) and (7):

= = PDA . P4 _ P"PPao , PPac _ 1 P _ I
S =¢pat Sa rp/.T+fAT AT + e T T<’DA @ Pao ("DA "A)) (8)

where:  gpa — density of dry air in kg.m3,
g — density of water vapour in kg.m3.
Final equation for density calculation obtained by substitution with numerical values of the

individual variables then can be written (Kalensky 2014):

-3
= T (2650 — @ Pa) ©

Properties of moist air were calculated from the measured values of actual temperature and
actual relative humidity. In calculation, as convenient basis of calculation the modified Antoine
equation for water was used (Antoine 1888a; b; Langrish 2010):

sg2648 K

Pao (Pa) = 1333 x &\ 53 T -weus®) (10)
Combination of equations (9) and (10) is resulted in the equation (11):

-3 { 322644 K )
¢ = (z.es p - 1333 @ x e\ 123%% T -weus®) ) (kg.m) 11)

105



WOOD RESEARCH

Calculation of heat recovery efficiency of a spiral heat recovery unit

Calculation of important parameters of a spiral heat recovery unit (Fig. 1) dimensioned
pursuant to the previous papers (Picon-Nufiez et al. 2007; 2009; 2012) is based on the known
parameters of moist air including the density calculated by using the equation (11). The
calculation base for the heat recovery efficiency calculation is formed by the temperature and
relative humidity values of the currents of hot and cold air in the spiral heat recovery unit,
recorded by the system of four sensors located on input and output of this equipment and the
computational device with signal receiver of the wireless network. As the spiral heat recovery unit
was used for heat recovery in operating conditions of paper mill, it is also necessary to calculate
the exact value of specific heat capacity of the moist air by following equation:

_ _Pac MW

Cp = P-DPac MWpy Cpa iy Cppa (12)
where: pd— specific heat capacity of water vapour Jkgl K1
¢, - specific heat capacity of dry air in Jkgl KL

Dependence of specific heat capacity of pure water vapour and dry air on temperature
is negligible. The specific heat capacity of pure water vapour (c,) for temperature between 0
and 80°C is equal to 1.93 J.kg™. K. The specific heat capacity of dry air (¢, ) for the same
temperature range is equal to 1.01 J.kg 1. K-1.

Fig. 1: Spiral heat recovery unit with depicted countercurrent flow of fwo currents (left) — hot air current
(ved colour) and cold current (blue colour); detail of spiral in the heat recovery unit (right).

Heat recovery efficiency of the spiral heat recovery unit also depends on mass flow rate of air
current which can be calculated according to the following equation (13):

m=%5¢ (13)

where:  ¥7— average velocity of air current measured on input or output to the spiral heat
recovery unit in m.s’l,
S — area of pipe cross-section on input or output of the spiral heat recovery unit in m2,
G — density of moist air calculated by using the equation (11) in kg.m™3.

Heat flow rate is defined as a function of mass flow rate, specific heat capacity and
temperature difference between two points of the unit (Wallin and Claesson 2014b). In some
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cases, the heat recovery efficiency can be defined as a ratio of temperature differences of the air
currents on the input and output of the unit (Wang et al. 2014) because the difference between
mass flow rate values of the air currents and the difference between specific heat capacity
values of the air currents are negligible. In our case, however, heat flow rate of both air currents
depended on different mass flow rate value and specific heat capacity value. That is why, finally,
resulting mathematical relationship — equation (14) can be applied for the heat recovery efficiency
calculation:

5] Sz ¢ (;—-7,)
¢ \ J ;
cac> Scac peac \'s 4‘ x 100 (] 1)

n 5 ¢ (T.—T
SHRU Pnac S Shac Cphac (Ta— T2)

where:  Teac  — average velocity of cold moist air current measured on input or output to the

spiral heat recovery unit in m.s,

Ceac — average density of cold moist air current calculated by using the equation (11)
in kg.m3,

Covac: — average specific heat capacity of cold moist air current calculated by using the
equation (12) in J.kg1.K1,

Vnae — average velocity of hot moist air current measured on input or output to the
spiral heat recovery unit in m.s,

Snae — average density of hot moist air current calculated by using the equation (11) in
kg.m3,
Conac — average specific heat capacity of hot moist air current calculated by using the

equation (12) in J.kg1.K1,
T; — thermodynamic temperature of hot moist air current recorded on input into the
spiral heat recovery unit in kelvins (K),
T, — thermodynamic temperature of hot moist air current recorded on output from the
spiral heat recovery unit in kelvins (K),
T'; - thermodynamic temperature of cold moist air current recorded on output from the
spiral heat recovery unit in kelvins (K),
T, — thermodynamic temperature of cold moist air current recorded on input into the
spiral heat recovery unit in kelvins (K),
§ — area of pipe cross-section on input or output of the spiral heat recovery unit in m2 —
used pipes with internal diameter 0.1 m had cross-section 7.85 x 103 m2.

In general, for thermodynamic temperature is known relationship:
T(K) = T(°C) + 273.15 (15)

where: T (K) — thermodynamic temperature in K,
T (°C) — Celsius temperature measured in degrees Celsius (°C).

It was found that values of average specific heat capacity of both moist hot and cold air
current for each measurement was almost constant (1.01 J.kg"1.K) and were the same (¢c. = ¢pac
=1.01 J.kg'1. K1), the heat recovery efficiency was calculated according to the following equation
(16):

— PeacS%ac (T - T4)
: = x 100 % (16)
"Isury Yhac S Shac (Ta— Tz)
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Tab. 2 summarizes recorded data of average velocity, relative humidity and temperature of hot
air current and cold air current recorded by four electronic sensors located in heat recovery unit.
The obtained data show that relative humidity value reached the maximum difference in case of
the hot moist air current coming from the drying cover of the paper machine by the pipe system
into the heat recovery unit (72 %) what means the lowest stability of the air current parameter
influenced by cyclic paper production. In contrast, the highest stability was in case of the cold
moist air current coming from the environment of paper mill by the pipe system into the heat
recovery unit. In context of the previous affirmations, the stability or instability of parameters of
both moist air currents were mutually influenced as the difference between the lowest and the
highest value of the relative humidity reduced rapidly in case of the hot moist air current coming
from the heat recovery unit to the environment of paper mill (11 %) and increased dramatically
in case of the cold moist air current coming from the heat recovery unit to the environment
(48 %). Additionally, the results show that the relative humidity values decreased with increasing
temperature which can be seen at each air current (Tab. 2).

Tab. 2: Measured values of average velocity, relative humidity and temperature of hot air current and
cold air current recorded by four electronic sensors located in heat recovery unit.

Time | Vyac Voo 01 92 93 04 T, T, T, T,
(min) | (m.s?) | (ms?) | (%) (%) (%) (%) (%) (%) (%) (%)
0 2.0 1.5 29 39 65 45 35.6 29.5 279 23.0
5 2.0 2.0 27 38 63 47 36.4 29.5 26.9 22.5
10 21 2.5 27 38 60 47 36.4 29.3 26.6 22.5
15 21 2.5 27 38 55 47 36.3 29.2 26.6 22.5
20 21 2.5 26 38 52 46 36.1 29.0 26.6 22.4
25 2.2 2.5 27 38 50 47 35.4 28.7 26.4 22.2
30 21 2.5 27 38 51 47 35.3 28.4 26.3 221
35 2.1 2.8 27 38 51 46 35.8 28.4 26.2 22.2
40 2.1 3.2 26 38 50 46 36.1 28.6 26.1 221
45 2.2 3.6 26 37 51 46 36.1 28.5 26.1 22.0
50 1.9 3.3 26 37 49 46 36.3 28.6 26.0 22.0
55 2.0 3.5 26 37 49 46 36.3 28.5 26.0 22.0
60 21 3.5 26 37 49 46 36.2 28.5 26.0 219
65 1.6 3.4 25 36 51 46 38.2 28.8 259 219
70 1.8 3.5 34 40 61 46 38.6 29.6 26.1 22.0
75 1.9 3.5 24 35 49 45 37.8 29.3 26.2 221
80 1.7 3.5 24 35 51 46 39.4 29.6 26.2 22.0
85 1.6 3.5 22 33 50 45 41.0 30.1 26.3 22.0
90 1.4 3.5 20 32 52 45 44.0 311 26.5 22.0
95 1.4 3.5 18 30 50 45 45.7 321 26.8 221
100 1.6 3.5 18 31 49 45 45.4 325 27.0 219
105 1.8 3.5 19 31 48 45 44.3 32.4 27.2 21.8
110 1.9 3.5 19 31 48 45 43.6 32.2 27.2 21.7
115 1.9 3.5 19 30 47 45 43.6 32.0 27.2 21.6
120 1.8 3.5 18 31 48 45 44.6 32.3 27.3 21.7
125 1.7 3.5 18 30 48 45 45.5 32.7 27.4 21.8
130 1.6 3.5 22 30 55 45 46.8 33.2 27.6 21.8
135 1.8 3.5 90 29 95 45 47.6 34.0 28.4 21.8
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Tab. 3 shows the calculated thermodynamic quantities of hot and cold air current and resulted
heat recovery efficiency calculated from average velocity values (Tab. 2) and other quantities by
using the equation (16). It was found that the system of heat recovery did not have such a high
level of stability as in our previous papers when the heat recovery unit was experimentally tested
(Pazitny et al. 2013) but the system was stabilized at analogical trend. We believe that low
stability of the heat recovery system was caused by the cyclic production of paper and unstable
heat supply in the frame of operating paper machine. However, the heat recovery efficiency of the
heat recovery unit reached high level (88.53 %) which is much higher than by heat recovery units
normally used in operating paper machines.

Tab. 3: Calculated average thermodynamic quantities of hot air current and cold air current and heat
recovery efficiency of heat recovery unit.

Time Chiss Coais T, T, T, T, Heat recovery
(min) (kg.m-3) (kg.m-3) (K) (K) (K) (K) efficiency (%)

0 112 1.15 308.75 302.65 301.05 296.15 58.84
5 112 1.15 309.55 302.65 300.05 295.65 62.04
10 112 1.15 309.55 302.45 299.75 295.65 66.87
15 1.12 1.15 309.45 302.35 299.75 295.65 66.89
20 1.12 1.15 309.25 302.15 299.75 295.55 68.57
25 1.13 1.15 308.55 301.85 299.55 295.35 69.42
30 1.13 1.15 308.45 301.55 299.45 295.25 70.64
35 1.12 1.15 308.95 301.55 299.35 295.35 70.20
40 1.12 1.16 309.25 301.75 299.25 295.25 79.07
45 1.12 1.16 309.25 301.65 299.25 295.15 85.88
50 1.12 1.16 309.45 301.75 299.15 295.15 87.71
55 1.12 1.16 309.45 301.65 299.15 295.15 87.26
60 1.12 1.16 309.35 301.65 299.15 295.05 86.29
65 1.12 1.16 311.35 301.95 299.05 295.05 87.55
70 1.12 1.16 311.75 302.75 299.25 295.15 85.50
75 1.12 1.16 310.95 302.45 299.35 295.25 86.11
80 1.12 1.16 312.55 302.75 299.35 295.15 85.20
85 1.11 1.16 314.15 303.25 299.45 295.15 83.06
90 1.10 1.15 317.15 304.25 299.65 295.15 83.40
95 1.10 1.15 318.85 305.25 299.95 295.25 82.33
100 1.10 1.15 318.55 305.65 300.15 295.05 82.40
105 1.10 1.15 317.45 305.55 300.35 294.95 84.25
110 1.10 1.15 316.75 305.35 300.35 294.85 84.98
115 1.10 1.15 316.75 305.15 300.35 294.75 85.04
120 1.10 1.15 317.75 305.45 300.45 294.85 84.52
125 1.10 1.15 318.65 305.85 300.55 294.95 85.82
130 1.09 1.15 319.95 306.35 300.75 294.95 88.53
135 1.07 1.15 320.75 307.15 301.55 294.95 87.77

Due to the high values of heat recovery efficiency, the introduced heat recovery unit or
analogous equipments can be utilized in wood-processing and furniture industry. It is known
the production of agglomerated materials such as medium-density fibreboard (MDF) or high-
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density fibreboard (HDF) which can be used in production of many types of furniture. According
to the patented technology (Haas and Melzer 2009), high temperature is used in the process
of fibreboard production. In this technology, the temperature is 210°C in the first stage of the
fibreboard production and the second stage utilizes the temperatures ranging from 230 to 270°C.
By that manner, strength of the fibreboard material is enlarged and the fibreboards are less prone
to swelling (Haas and Melzer 2009).

CONCLUSIONS

Spiral heat recovery exchanger was used for the study of possibilities for enhancement of
heat recovery efficiency of the operating paper machine. The moist hot air was withdrawn from
the drying cover of the paper machine and the moist cold air was withdrawn from the paper mill
environment. Both currents were led through the pipe system and they met in the spiral heat
recovery exchanger with countercurrent flow of the currents.

We found that heat recovery efficiency depended on change of parameters of moist air
currents. The monitored values of parameters such as the relative humidity and thermodynamic
temperature of both moist hot and moist cold air currents were used in calculation of
thermodynamic quantities such as density and average specific heat capacity of both moist air
currents. For each measurement the average specific heat capacity values were almost constant
(1.01 J.kgL.K1) and they were the same for both moist hot and moist cold air current. Changes
of density values of both moist hot and moist cold air currents were not significant. However,
reached changes of relative humidity values were rapid for each measurement and the maximum
difference for relative humidity values was in case of the hot moist air current coming from the
drying cover of the paper machine by the pipe system into the heat recovery unit (72 %). In
contrast, the highest stability of the relative humidity values was in case of the cold moist air
current coming from the environment of paper mill by the pipe system into the heat recovery unit.
The stability or instability of parameters of the moist air currents were mutually influenced as
the difference between lowest and highest value of the relative humidity reduced rapidly in case
of the hot moist air current coming from the heat recovery unit to the environment of paper mill
(11 %) and increased dramatically in case of the cold moist air current coming from the heat
recovery unit to the environment (48 %).

Due to the high values of heat recovery efficiency with peak value 88.53 %, the introduced
heat recovery unit or analogous equipments can be utilized in wood-processing and furniture
industry which use some processes with high heat consumption.
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