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1. Introduction

The requirements of sustainable development of the economy cause that
in the energy policy of industrial plants more and more attention is paid to the
possibility of heat recovery from various types of process waste, including indus-
trial wastewater. This is mainly due to increasing costs of energy for production
purposes, as well as for heating and ventilation of production halls. In the case of
wastewater at elevated temperature, heat utilization makes it possible to achieve
greater economic effect. For comparison, the temperature of municipal
wastewater is within the range of 10-20°C, whereas in the case of industrial
wastewater it can be above 40°C. It is worth noting that lowering the temperature
by 1°C makes it possible to obtain 1.16 kW of heat from 1 m’/h of wastewater
(Gorski & Matuszewska 2013, Kosieradzki 2009, Noch et al. 2018). In some
branches of industry it is possible to recover heat even up to 60% of the plant’s
heat balance (Wodotazski 2015).

In the case of industrial wastewater disposal to a biological treatment
plant, heat recovery becomes a key and necessary element. The decrease of
wastewater temperature accompanying recovery allows for more effective re-
moval of colloidal and suspended matter from it, and thus - for further decrease
of treatment costs at the treatment plant. In addition, industrial wastewater at el-
evated temperature can constitute a significant threat to the natural environment
from an ecological point of view. Therefore, utilization of wastewater heat in in-
dustrial plants is not only economically but also ecologically justified, as it re-
duces its potentially negative impact on the environment.

In those places where wastewater is generated continuously and in large
quantities, heat utilization is economically justified. On the market there are ready-
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made devices for heat utilization. The most commonly used are heat exchangers
and heat pumps, which are used to recover heat from wastewater from various tech-
nological processes (Gorski & Matuszewska 2013). However, it should be empha-
sized that wastewater as an energy source is a resource with limited thermal poten-
tial and variable characteristics. It depends on the process in which it came from
and on the amount of water consumed. The variable physicochemical composition
of wastewater and its unspecified quantity very often makes it difficult to use ready-
made technical solutions available on the market.

2. Object, target and research methodology

The Homanit company was selected to be the object of research and the
said company is located in the town of Karlino in the West Pomeranian Province
of Poland. The plant produces thin, highly refined medium and high density fi-
berboards (MDF and HDF). Among many production cycles, a steam thermal
treatment of wood cycle was selected, which produces around 8.3 m’/h of
wastewater per day at an average temperature of 80°C. This wastewater contains
a number of chemical pollutants. The main ones are sugars that occur in the form
of disaccharides. These carbohydrates include mannose, arabinose, galactose, Xy-
lose and glucose, cellulose and hemicellulose. Organic acids, such as formic and
acetic, are also present, and in trace amounts — propionic acid. In addition, there
are contaminants from mechanical wood processing: sand and a fine fraction of
wood fiber with average dimension of approx. 1 mm. The wastewater shows
acidic reaction within the range of pH = 5.0-5.5.

Wastewater, due to its composition, tends to coagulate and stick to the
pipeline walls. For this reason, as well as to reduce the costs associated with
wastewater treatment in a station located in Kolobrzeg, the wastewater is pre-
treated at the plant. For this purpose, a centrifuge is used; its efficiency is greatly
reduced due to high temperature of wastewater. The centrifugation technology is
based on the assumption that temperature of the centrifuged medium should not
exceed 40°C. To lower the temperature, two mechanical draft cooling facilities
are currently used. Their efficiency is not always sufficient to cool the peak
wastewater stream to the required temperature. Furthermore, wastewater heat is
not utilized.

The purpose of this research work was to develop a concept for reliable
cooling of variable-flow wastewater with heat recovery for heating or production
purposes. The research methodology consisted mainly of theoretical computation
based on the initially obtained technological information and partly on the meas-
urements made.
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3. Computation results
3.1. Shell-and-tube heat exchanger for heating purposes

Water heating for the purposes of heating the production building was
considered as the first variant of wastewater heat utilization. The concept of
a shell-and-tube heat exchanger was developed, which consists of a cylindrical
shell and a bundle of straight, thin-walled tubes. The heat exchange surface is the
surface of the tubes along which the heat exchange takes place between cooling
water flowing inside these tubes and wastewater flowing around them. The deci-
sion to use such an exchanger design, which is nowadays considered obsolete, is
based on facilitating the cleaning of the area around the tubes to which wastewater
is channeled.

Structural computation of the shell-and-tube heat exchanger were made
based on the following initial assumptions for the medium streams:

e hourly wastewater flow: ¥; = 8.3 m*/h,

initial wastewater temperature: ¢;' = 90°C,

expected wastewater temperature after cooling: #;"” = 40°C,
initial temperature of cooling water: #,' = 20°C,

expected temperature after cooling: #,"= 80°C.

The physical properties of the wastewater were adopted as for water at
an average temperature of #" = 65°C: specific heat ¢, = 4183 kl/(kg:K); density

p = 980.5 kg/m’. The above data shows that the recovered heat flux is:

Vi Lo 8.3
0 = 3600 pc,(t,'-1,") = 3600 980.5-4.183(90—40) = 472.8 kW.

From the enthalpy balance under the above assumptions, mass flow rates
of the mediums were determined: for wastewater M; = 2.26 kg/s; for water M; =
1.89 kg/s.

The exchanger shell is expected to be made of steel seamed pipe 114x2.5
mm with an internal diameter of 109 mm, while the tube bundle will consist of
seamless steel tubes 12x1 mm with internal diameter of 10 mm. The recom-
mended flow rate of mediums for such exchanger design was adopted (Piotrowski
1973): for the inter-tube area (cooled wastewater) - 0.45 m/s; for a tube bundle
area (cooling water to be used as a heating medium) - 0.65 m/s.

Fig. 1 shows the exchanger cross-section obtained as a result of the de-
sign on the condition that the inter-tube area is optimally filled. The number of
tubes in the bundle was 37. For such a design, the actual flow rates of mediums
were: for inter-tube space w, = 0.45 m/s; for tube bundle area w, = 0.66 m/s.
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The following physical properties of mediums were applied in further
thermal computation (Szkarowski et al. 2017):

e For wastewater at average temperature ¢ = 65°C:
- Prandtl number: Pr; = 2.765,
- specific heat: ¢, = 4.183 kJ/(kg-K),
- kinematic viscosity coefficient: v, = 0.447-107° m%/s,
- thermal conductivity coefficient: A, = 66.35-107 W/(m-K),
- density p,=980.5 kg/m’,
e for cooling water at average temperature #," = 50°C:
- Prandtl number: Pr; = 3.54,
- specific heat: ¢, =4.174 kJ/(kg-K),
- kinematic viscosity coefficient: v, = 0.556-107° m?/s,
- thermal conductivity coefficient: A, = 64.8-107 W/(m-K),
- density p,= 988.1 kg/m’.

1.7

Fig. 1. Cross-section of the wastewater-water heat exchanger

Based on the above values of physical properties and velocity of medi-
ums, the value of Reynolds number was determined for the adopted exchanger
design:

- for wastewater in inter-tube area: Re; = 12100,
- for water in pipes: Re, = 11870,
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which proves the developed turbulent movement of both mediums. This gives an
opportunity to determine the Nusselt number, which characterizes heat transfer
on the surface of the tube bundle, from the universal formula (Szkarowski et al.
2017): for wastewater on the outer surface of tubes Nu; = 61.23; for water on the
internal surface of tubes Nu, = 67.06.

The above premises were used to determine the value of the heat transfer
coefficient, which for the wastewater side is a; = 3385 W/(m>K), and on the
water side a2 = 4295 W/(m*K). The value of the heat transfer coefficient, taking
into account the material and wall thickness of the tubes, is 1681 W/(m*K).

The nature of the variation of temperature of the mediums along the heat
exchange surface allows the active temperature difference to be taken as the arith-
metic mean (Ortowska 2018), which amounts to Az = 15°C. The required surface
of the tube bundle with the above heat exchange characteristics was about 18.52
m?, and the length of the tubes in the bundle was 13.28 m. In order to shorten the
heat exchanger length, the series connection of three sections of 4.5 m long each
was suggested.

Hydraulic computation were also performed to determine fluid pressure
loss during flow through the exchanger. The required power to drive the
wastewater pump was approximately 260 W, while the power required for the
water pump — approximately 540 W.

Dimensions and basic characteristics of the designed heat exchanger are
shown in Fig. 2. Inspection hatches are provided for cleaning the space between
the tubes. An annular collector is provided at each wastewater inlet and outlet. Its
dimensions were chosen so that the medium velocity in the connector, in the an-
nular channel and in the inter-tube area be similar.

It should be emphasized that several Polish companies manufacturing
heat exchangers would propose ready-made solutions for the obtained prelimi-
nary results. However, a certain problem would be the need to periodically
quickly clean the inter-tube area.

3.2. Ventilation heater

An air heater was developed as a second way to cool the wastewater and
recover its heat. Currently, an oil heater is used to heat the outside air for venti-
lation of the factory boiler room. Most of this air is used to burn fuel in boilers.

A two-row tube type "wastewater-air" exchanger with cross flow of me-
diums and cross-section of 5x5 m was chosen. The vertical ribbed tubes consti-
tute the heat exchange surface. Heat exchange takes place between wastewater
flowing inside these tubes and air flowing across them - horizontally. Due to the
large stream of heated air and expected expansion of the plant, a decision was
made to calculate the maximum daily wastewater flow.



Utilization of Process Wastewater Heat 1079

WASTEWATER-WATER HEATER

COOLING .., .
WATER W AS{T}LE\(\ATER
80 80 Revision manhole i
T T Revision manhole
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M 4500 o o
- | - 126 =
"1 =
NGB : all dimensions are indicated in mm |80 20
= Number of tubes in the shell: 37, Diameter: 12x1. material: steel 1 4404 {}
o Shell outer diameter: 114x 2.5 internal, dia: 109, COOLING
material: steel 1. 4301 WASTEWATER WATER

o Inlet and outlet ferrule diameter: 80

s Annular collector diameter: 126

o Annular collector height: 20

v Required mimber of sections depending
on the wastewater mass stream volume:
For Q=8 3m*h - number of sections 3
For Q=30m>h - number of sections 3x4

Fig. 2. Basic characteristics of one section of the wastewater-water heat exchanger

Design-verification computation of the cross-flow exchanger was made
based on the following initial assumptions for the mediums streams:
¢ initial wastewater temperature: ¢,'= 90°C,

e expected waster water temperature after cooling: ¢ "= 40°C,
e hourly wastewater flow: ¥, =30 m’/h,
e hourly air flow: V,= 485,000 m’/h,

e initial external air temperature ¢,'=-10°C.

Physical properties of wastewater were assumed initially as for water at
arithmetic average temperature ¢ = 65°C C: specific heat c¢,= 4183 kJ/(kg-K);

p =980.5 kg/m’. The above data shows that the recovered heat flux is:

v, 8.3
= c (t'—t")=—"980.5-4.183(90—40) =1702 kW.
2 3600p"(‘ ) 3600 ( )

This allowed for the determination of the final air temperature: ¢,"= 0°C.

The nature of mediums temperature variation along the heat exchange surface
requires the use of active temperature difference as the logarithmic mean
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(Ortowska 2018), which was Ar=68.12°C. In this conditions the average
wastewater temperature is:

-10+0

17 = 4 At = +68.12=63.12°C.

For this temperature we have the following properties of wastewater: ¢,

= 4181 kJ/(kg-K); density p = 981.5 kg/m?, which needs slight correction of the
recovered heat flux:

0, =£981.5.4.181(90—40) =1703 kW.
3600
From the enthalpy balance under the above assumptions, mass flow rates of
mediums were determined: for wastewater M, =4.52 kg/s; for air M ,=33.8 kg/s.
The design of the double-row "wastewater-air" heater obtained as a result
of computation is shown in Fig. 3. For the selected diameter of vertical tubes
33.7x2.0 mm, dimensions of the square ribs are 7.4x7.4 cm. Thickness of the
metal plate is 1 mm, and the distance between the rib axes is 3 mm.
The assumed wastewater velocity in the tubes was 0.45 m/s, while real
air velocity in the inter-tube area was 14.2 m/s.
The following physical properties of mediums were adopted for further
thermal computation (Szkarowski et al. 2017):
e For wastewater at average temperature ¢ = 63.12°C:
- Prandtl number: Pr; = 2.846,
- specific heat: ¢,; = 4.181 kJ/(kg-K),
- kinematic viscosity coefficient: v, = 0.458-10"°m?s,
- thermal conductivity coefficient: A, =66.18-107 W/(m-K),

- density p, = 981.5 kg/m’,

e for cooling air at average temperature ¢, ==5°C:
- Prandt]l number: Pr, = 0.71,
- specific heat: ¢,2 = 1.007 kJ/(kg-K),
- kinematic viscosity coefficient: v, =12.855-10" m?/s,
- thermal conductivity coefficient: A, =2.4-107 W/(m-K),
- density p,= 1.318 kg/m’.
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Based on the above values of physical properties and velocity of medi-
ums, the value of Reynolds number was determined for the adopted exchanger
design:

e for wastewater in tubes in the inter-tube area: Re; = 32424,
e for air in the inter-tube area: Re; = 170000.

WASTEWATER-AIR HEATER
TOP VIEW CROSS-SECTION A-A CROSS-SECTION B-B
[
=
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[
10|
il
A T
-
(vy]
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T
CHARACTERISTIC:
o Heater width: 5m o« Number of tubes in the second row: 65
# Heater height: Sm * Vertical tubes diameter: DN25: DN25 (33.7x2mm)
* Number of tubes in one row: 66 ® Collector diameter: DN50 (60.3x2.9mm)

Fig. 3. Cross-section of the designed "wastewater-air" heater

The above allowed for the opportunity to determine the Nusselt number
from appropriate formulas (Szkarowski et al. 2017): for wastewater on the inner
surface of tubes: Nu;= 189.22; for air on the outer surface of ribbed tubes:
Nu, =368.2.

From the above premises, the value of the heat transfer coefficient was
determined, which on the wastewater side is a; = 4216.4 W/(m*K) and on the
water side a2 = 50.3 W/(m?>K). The value of the heat transfer coefficient, taking
into account the material and wall thickness of the tubes, is 15.64 W/(m?*-K).

The required ribbed surface at this heat exchange intensity is about
1374 m?, with an area of one row equal to 1023 m”. Such design of the exchanger
in the assumed computation conditions will provide air temperature behind the
heater of about 0°C, which will reduce the strain on heaters generating heat for
the boiler by up to 50%. As the outside temperature increases, the designed ex-
changer will be able to provide more heat and even cover 100% of the demand
for ventilation purposes.
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4. Summary

The possibility of process wastewater heat recovery was estimated at
Homanit plant located in Karlino, Poland. To determine the volume of heat re-
covered, a steam thermal treatment of wood cycle was selected, which currently
generates about 8.3 m*/h of wastewater at average temperature of 80°C. The need
to cool down wastewater in order to improve the efficiency of wastewater pre-
treatment by centrifugation provided an additional motive.

A shell-and-tube heat exchanger was developed, the purpose of which is
both cooling wastewater to the desired temperature and heating water, which will
then serve as a heating medium for heating a production building. The heat ex-
change surface consisting of straight, thin-walled tubes is approximately 18 m?.
The recovered heat flux with an average daily wastewater flow is 473 kW.

A cross-flow heater was developed, the purpose of which is to cool
wastewater and heat outside air for ventilation of the boiler room. The heat ex-
change surface of vertical ribbed tubes is approx. 1532 m” The theoretical ther-
mal power recovered from the wastewater stream with a maximum daily flow is
1703 kW.
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Abstract

This papers presents the results of computation of two heat exchangers used for
heat utilization of industrial wastewater generated in a refined fiberboard production
plant. The basic task was to cool wastewater to a temperature of approximately 40°C
enabling efficient centrifugation of suspended matter at the stage of wastewater pretreat-
ment. A shell-and-tube heat exchanger with the power of 473 kW for water heating was
developed for heating the production hall. A cross-flow exchanger was also developed
for heating ventilation air in the boiler room building, power of which is 1703 kW.
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Thermal and hydraulic computation was performed, the required heat exchange surface
was selected, the main structural characteristics of both exchangers were determined.

Keywords:
process wastewater, heat recovery, shell-and-tube heat exchanger,
cross-flow heat exchanger

Utylizacja ciepla Sciekow poprodukcyjnych
Streszczenie

W niniejszym artykule przedstawiono wyniki obliczen dwoch wymiennikoéw
ciepta typu stuzacych do utylizacji ciepta Sciekow przemystowych powstajacych w za-
ktadzie do produkcji uszlachetnionych ptyt pilsniowych. Zadaniem podstawowym byto
schiadzanie $ciekow do temperatury ok. 40°C umozliwiajacej sprawne odwirowanie za-
wieszonych substancji na etapie wstgpnego podczyszczania sciekow. Opracowano wy-
miennik plaszczowo-rurowy podgrzewajacy wodg na cele ogrzewania hali produkcyjnej
o mocy 473 kW. Opracowano rowniez wymiennik krzyzowy na cele podgrzania powie-
trza wentylacyjnego w budynku kottowni, ktérego moc wynosi 1703 kW. Wykonano ob-
liczenia cieplne i hydrauliczne, dobrano wymagang powierzchni¢ wymiany ciepta, okre-
slono gtéwne charakterystyki konstrukcyjne obu wymiennikow.

Stowa kluczowe:
Scieki produkcyjne, odzysk ciepta, wymiennik ptaszczowo-rurowy,
wymiennik krzyzowy
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