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This master thesis discusses the effects of cold seawater on the seawater heat pump process
in district heat production. This work is a literature study, so the results are based on literature
or computational results. The work investigated the properties and effects of seawater in
terms of freezing fouling, biological fouling and particle fouling. As the brackish water of
the Baltic Sea is much less salty compared to the ocean, the freezing point is close to zero.
However, the study deals with tenths of a degree, because they have a considerable effect on
the usability of heat pumps and, through this, possibly on Helsinki's energy production. This
study also dealt with various heat exchangers that are suitable as evaporators for heat pumps
of industrial size. During the study, it was discovered that the shell-and-tube heat exchanger,
could be suitable as an evaporator for a seawater heat pump. The shell-and-tube heat
exchangers are a commonly used technology in industrial-sized heat pumps, and it is
possible to manufacture the tube heat exchanger as a very pressure-resistant structure, even
in a large size. The shell-and-tube heat exchanger enables reasonably easy cleaning. The
most contaminated liquid should be placed on the side of the pipe so that it is easily
accessible for mechanical cleaning. An automatic cleaning system, Taprogge, is available
for the tube heat exchanger, so it is not necessarily open or clean chemically as often. There
are also other heat exchanger options that can be considered for an industrial-sized seawater
heat pump, for example falling film, diffusion bonded and plate-and-shell heat exchangers.
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Tama diplomityo kasittelee kylman meriveden vaikutuksia
merivesilampdpumppuprosessiin - kaukoldammon  tuotannossa.  Tama tyd  on
kirjallisuustutkimus, joten tulokset perustuvat Kirjallisuuteen tai laskennallisiin tuloksiin.
Tyossa tutkittiin meriveden ominaisuuksia ja niiden vaikutuksia jaatymisen, biologisen
likaantumisen ja partikkelilikaantumiseen. Itdmeren ollessa murtovettd ja védhemmaén
suolaista kuin valtameren vesi, jaatymispiste on lahelld nollaa. Tydssa kuitenkin kéasitellaan
lampdtiloja asteen kymmenyksien tarkkuudella, koska niillda on huomattava vaikutus
lampopumppujen kaytettavyyteen ja sitd kautta Helsingin energiantuotantoon. Tydssa
kaydaan lapi erilaisia lammonvaihtimia, jotka soveltuvat teollisuuden kokoluokan
lampopumppujen  hoyrystimiksi.  Putkilimmonvaihdin  yleisesti  kaytetty tekniikka
teollisuuden kokoluokan lampOpumpuissa ja tydssd huomattiin sen olevan sopiva myos
merivesilampopumppukayttoon. Putkildammonvaihdin on mahdollista rakentaa erittdin
paineenkestavista rakenteissa suuressa koossa ja putkirakenne mahdollistaa kohtuullisen
helpon  puhdistuksen.  Putkilammonvaihtimelle on  saatavana  automaattinen
pallopuhdistusjérjestelma, jota ei muille lammadnvaihdintyypeille vield markkinoilta 16ydy.
Putkilammonvaihdin ei kuitenkaan kestd parhaiten jaatymista, johon muut esitellyt
lammonvaihdintyypit sopivat paremmin.
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SYMBOLS AND ABBREVIATIONS

Characters

ATm average (mean) temperature difference [°C, K]
H dynamic viscosity [Pa*s]

A area [m?]

c concentration [mol/mq]
Cp specific heat [J/kgK]
d diameter [m]

D hydraulic diameter [m]

Das diffusion coefficient [cm? 7]
Ep eddy diffusion [cm? s7Y]
G Gibbs free energy [J/mol]
H enthalpy [J/mol]
h heat transfer coefficient [W/m?K]
i the van’t Hoff factor [-]

k thermal conductivity [W/mK]
Kb ebullioscopic constant [kg/mol]
Ks cryroscopic constant [kg/mol]
L length [m]

m mass flow [ka/s]

m molality [mol/kg]
N diffusion flux [cm? s7Y]

p pressure [bar, Pa]



q heat transfer rate

QL thermal energy

R resistance (convection or conduction)
S entropy

S salinity

T temperature

u mean velocity

U overall heat transfer coefficient
u* internal energy

\Y volume

W electrical work

w wall thickness

X molar fraction

y chemical potential

ATs freezing point depression

p density

v Kinematic viscosity

Dimensionless quantities
Re Reynolds number
Pr Prandtl number

Nu Nusselt number

[W]
[W]
[K/W]
[I/K]
[%o]
[°C. K]
[m/s]
[W/mK]
[J]

[m’]
[W]
[m]

[-]
[I/kg]
[°C. K]
[kg/m?]

[m?/s]



Abbreviations
CFD Computational Fluid Dynamics

COP Coefficient of Performance
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1 Introduction

Helsinki's goal is to be carbon neutral by 2030. The burning of coal in Helsinki will end in
2029, and as a result, the Salmisaari coal power must be replaced alternative energy sources.
Electricity production does not have to be done in Salmisaari, even part of the production
will stay in Salmisaari after coal is removed, for example a pellet boiler. The urban area has
a district heating network and producing district heat in another location would cause losses,
therefore local heat production must be secured in the future. One of the options under

consideration is the seawater heat pumps to which this study relates.

1.1 Background and purpose

The purpose of the study is to investigate the challenges of cold seawater (~2-0 °C) in the
seawater heat utilization process. The seawater process is related to a seawater project that
aim is to produce 475 MW thermal energy in the form of district heat utilizing seawater heat
pumps using seawater heat. The aim of the study is to find out the challenges of the seawater
process so that the operational reliability and availability of the seawater process and the

heat pump can be maintained at a good level throughout the life cycle of the plant.

The study is looking for solution to the challenges of the seawater process, such as how
freezing and fouling occur with cold seawater and how these can be prevented. The research
also gathers information about the properties of the Baltic Sea and the challenges posed by
cold seawater in the heat pump process. The study compares different evaporators because

they have a large effect on the size, power, fouling, and freezing of the heat pump.
The research questions are,
e Challenges posed by fouling in the seawater process

e Challenges posed by cold seawater and freezing in the heat pump process
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2 Heat pumps and seawater process

Normally we are used to the heat transfer from warm to cold and this happens in nature
without any auxiliaries. The reverse process, in which heat energy is transferred from a

colder state to a warmer state, cannot happen by itself, but requires a device called a heat

pump.

2.1 Overview of the seawater process

The study examines the most difficult time for seawater heat recovery, when the seawater
temperatures are at their coldest, around 0-2 °C. In winter the seawater would be taken along
a 17-27 km tunnel from a depth of 50-70 meters and in summer the seawater would be taken
from a surface. This study examines the seawater qualities at the both depths and investigate
the cold seawater challenges. The study does not consider costs or profitability calculation.
The place of seawater intake affects the seawater properties such as nutrients, salinity,
temperature and oxygen content. (Helen, 2022) Several alternative implementations have
been made for seawater tunnels and Figure 1 shows a couple of them. The water intake
tunnel leaves from the Salmisaari power plant area, where the heat pump plant is planned to
be built and ends at a depth of 50-70 meters in the Baltic Sea at 17-27 km. In the figure 1 is
the vedenottotunneli 1 which is a 17 km tunnel and a water intake point at a depth of 50
meters. The second option, vedenottotunneli 2 is a 27 km tunnel and a water intake point at
a depth of 70 meters. The third option is to use coast shore only without tunnel. The seawater
tunnel has not yet been implemented but will have to be drilled if a 475 MW heat pump plant
is to be built.
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Figure 1 Afry's report on the seawater tunnel (Helen Oy, 2022)

2.2 Heat pump process in district heating production

In the heat pump solution under consideration, a refrigerant is used as the medium and the
heat energy contained in the seawater is used as the heat source, which is fed into the district
heating network. The temperature of the return district heating water is approx. 40 °C, which
is raised to approx. 95 °C in the winter time, where the temperature difference is 55 ° C. The
study assumes that the heat taken from the sea is as low as possible and the study uses
seawater between approx. 0-2°C. The temperature of the seawater returned to the sea will be
determined in this study, as cold as possible. The seawater flow is a compromise between
the investment cost and the heat pump plant usability. The maximum seawater flow together

with the available temperature difference determines the instantaneous power available from
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the plant. Decreasing the temperature difference increases the required heat transfer area and
water mass flow. The intended district heating power is approx. 475 MW, and the efficiency

of the heat pump plant determines the power required from seawater.

In the heat pump process under the critical point, the refrigerant vapor is pressurized to a
higher pressure in the compressor and the refrigerant heats up. The refrigerant vapor is
transferred to a condenser, where the refrigerant condenses into a liquid, releasing thermal
energy to the district heating water. The high-pressured refrigerant goes to the expansion
valve, where temperature and pressure drop. The refrigerant enters the evaporator as a liquid
/ gas mixture and absorbs the thermal energy from the sea (or district cooling network). The
seawater cools and the refrigerant continue to the compressor starting from the beginning of

the cycle.

The efficiency of the heat pump is determined by the COP-value (Coefficient of
Performance). COPr determines the ratio of the amount of cooling and COPHp determines
the ratio of the amount of heating to the work used (equation 1). The aim of the case is to
maximize heat production, which means that higher COPwp lead to higher efficiencies. When
district heating water is 95 °C and seawater is 1 °C, the COP is approx. 2,6-2,7. The COP
value varies according to the type of heat pump and the refrigerant used, but this COP value
was estimated by one heat pump supplier. (Helen Oy, 2022) The COP increases as the
temperature difference between the evaporator and the condenser decreases and the COP
decreases as the temperature difference increases. As a rule of thumb, the COP rises from
two to four percent of each degree as the temperature in the evaporator rises or the

temperature in the condenser lowers. (Cengel, 2020)

COPHP = % (1)

where COPwp is Coefficient of Performance [-], Qv is thermal energy [W] and W s electrical
work [W]

Heat pumps must be suitable for the conditions of the heat source and the area to be heated

or cooled, taking into account the temperature ranges and the dynamics of the process. The
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temperature of the condenser can change due to the load on the district heating system and
rapid fluctuations in the district heating or cooling network. Those fluctuations can also
cause heat pump shutdowns. During power plant start-ups and rundowns, the flows in the
district heating network can change drastically. In particular, the rapid decrease in flow
means that the heat pump is not kept up. Industrial-grade heat pumps are often designed for
smooth operation, with continuous starts and stops straining equipment, which can lead to

shorter component life and increased failure. (Komulainen, 2022)

2.2.1 Heat pump connection with intermediate circuit

The heat pump can be connected to the seawater system directly or with an intermediate
circuit. Figure 2 shows the principle of connecting a heat pump to a seawater system using
an intermediate circuit. When the district heating capacity of a heat pump plant is 475 MW
and the COP of the heat pump is assumed to be 2,6, the required glycol flow can be calculated
to be about 50,000 m®/h. Glycol would be needed quite a bit in the intermediate circuit.
Because the pipeline would be hundreds of meters long, for example, 300 meters of this line
would require approx. 1000 m® of glycol. The amount of pumping would also increase, as
the glycol side would need its own pumps and the overall COP of the heat pump would

deteriorate due to increasing electricity need.

HEX Heat pump
Seawater in 1 °C Coolant Coolant out 0 °C Evaporator

el
> >

Seawater out 0 °C Coolant in -5 °C

< <

Figure 2 Heat pump connection with intermediate circuit

The intermediate circuit also brings benefits to the process. It would be possible to run heat

pumps with very cold seawater, as the dT of the heat pump evaporator could be kept higher
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(dT 5 Kelvin drawn in the figure) because the glycol does not present a risk of freezing to
the evaporator. In this way the operating season will certainly last longer, even if the
seawater temperature drops close to zero. In this case, minus degree glycol would go to the
seawater heat exchanger and the risk of freezing would be existing in there. However, the
evaporator of an industrial-sized heat pump has thousands of kilograms of refrigerant and
the evaporator is a more valuable component than a seawater exchanger, so there the risk of
freezing is better to have in the seawater exchanger than evaporator. When the dT of the

evaporator is higher, a smaller heat transfer area is required, resulting in a smaller evaporator.

The biggest benefit of this system is at low seawater temperatures. The main benefits of an
intermediate circuit system are the cleaning of the evaporators, the reduction of the corrosive
and the cheaper choice of materials. In this case, the fouling heat exchanger can be chosen
more from the point of view of fouling prevention (suitable type and flow technical
properties) and there is no need to consider its suitability as an evaporator. But pumping
costs increase, technology and the associated costs, the investment cost is estimated to be

higher with the glycol system and maintenance costs increase.

2.2.2 Heat pump direct connection

The evaporator of the heat pump can also be connected to the sea by direct connection (figure
3). In direct connection, seawater is taken directly to the evaporator without a separate
intermediate circuit. There is a risk of freezing and fouling in the evaporator in a direct
seawater connection. When the temperature of the incoming seawater is 1-2 °C, it should be
cooled in the evaporator close to the freezing point. The material costs of the evaporator also
increase, the evaporator must be made of a material that can certainly withstand the corrosive
properties of seawater, for example titanium. If the evaporator breaks down due to freezing
or corrosion and the refrigerants escape, this means refrigerant loss of up to hundreds of

thousands of euros, environmental harm and very high repair costs for the evaporator.
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Heat pump
(Evaporator)

User Seawater

Figure 3 Heat pump direct connection to the sea

The biggest benefit of direct connection is lower pumping costs and the energy contained in
seawater can be more efficiently transferred to the heat pump (there are no extra heat
exchangers wasting energy). There is also no need to invest in the intermediate circuit and

the intermediate circuit does not take up space.
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3 Properties of seawater

The following section shows the properties of seawater in surface water and groundwater.
The Baltic Sea is described in this work in order to understand the risk factors related to
seawater heat recovery and the resulting technical challenges at a sufficient level. The
properties of surface water are taken from the report of the Environmental Monitoring and
Control Unit of the Helsinki Urban Environment 2018-2019. Groundwater data has been
retrieved through the itdmeri.fi website, which has been implemented in cooperation with
several environmental operators. The data is read from a depth of 53 m from the Lé&nsi-
Tonttu measuring point, which is located in the Gulf of Finland near Helsinki. The study
shows the temperature and salinity distributions for February and August (data retrieved
from the reference Myrberg et al., 2006).

3.1 Temperatures in the Baltic Sea

In summer, the surface water in the high seas is usually 15 to 20 °C in the Gulf of Finland.
During long warm periods, the coastal waters can warm well over 20 °C. Surface water
temperature varies greatly depending on the season and weather conditions. Surface water
temperature ranges from 0,5 °C to 17 °C during the years 2003-2018. The measurements are
shown in the figure 4 and have been taken on the Lansi-Tonttu in Helsinki. The coldest
surface water is in February-March and warmest between July-August. The warmest surface
water is in late summer/early autumn. The measurement site is a few kilometres from
Salmisaari. However, these measurements provide direction only for temperature variations.
(Itdmeri.fi, 2022)
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Figure 4 Helsinki, Ldnsi-Tonttu surface temperatures (Itdmeri.fi, 2022)

Figures 5 and 6 shows the stratification of temperatures in the Baltic Sea in February and

August. As can be seen from the figure 5, the seawater in the Gulf of Finland at a depth of

50 meters is approx. 1 °C in February. Going deeper into the Gulf of Finland, at a depth of

70 meters the temperature is approx. 3 °C. Winter data must be examined separately for each

water intake site, because seawater temperature lowers close to freezing point. In August,

the seawater temperature in 50 meters is approx. 3 °C, but then the surface temperature of

the water is approx. 17 °C, as mentioned earlier, so it is more sensible to take water from the

surface. In this case, the pumping cost is lowered when the dT of the water is higher.

(Myrberg et al., 2006)

m Kaliegal Iso Belthi  Darssin kynnys Bormholm  Siolpen kanava Gotannin syvénne Svomeniahti

I Z
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Figure 5 Temperature stratification of the Baltic Sea in February (Myrberg et al., 2006)
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Figure 6 Temperature stratification of the Baltic Sea in August (Myrberg et al., 2006)

3.2 Oxygen content in the Baltic Sea

Oxygen is dissolved in water. In the deepest parts of the Gulf of Finland, the oxygen
concentration is often below 2 ml/I, and this is too little for many organisms. Figure 7 shows
that at a depth of 53 meters at the L&nsi-Tonttu measuring point, the oxygen concentration
is at its lowest at approx. 7 mg/l. This gives some indication that there is probably oxygen at
a depth of 50 meters although not as much as at sea level. Loss of oxygen often occurs in
winter, when ice prevents oxygen from dissolving in the water. There can also be problems
in the summer, when the temperature difference between the surface and the bottom is so
large that the water layers do not mix, and oxygen cannot reach the deepest layers. Especially
at the end of summer, oxygen can completely run out of water. The main basins of the Baltic
Sea are almost permanently oxygen-free, as shown in figure 8 and at a depth of 70 meters,
lack of oxygen is likely. (Itdmeri.fi, 2018) Oxygen is a prerequisite for life even in water. If
the bottom runs out of oxygen, benthic animals will disappear, and the bottom will become

desolate. As the situation continues, the lack of oxygen spreads to even higher water layers.
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Spring and autumn will solve the problem, then the so-called full cycle mixes the water

layers of the sea and brings new oxygenated water near the bottom. (vesi.fi, 2019)

Helsinki, Ldnsi-Tonttu
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Figure 7 Lénsi-Tonttu oxygen content, depth 53 m (Itdmeri.fi, 2018)
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Figure 8 Cross-sectional view of the oxygen content of the Baltic Sea (Suomen ympdristokeskus, 2020)

3.3 Salinity in the Baltic Sea

The surface water salinity is the highest in the outer archipelago. During the winter months
it is about 5,7 %o and decreases towards summer to 5,2 %o (figure 9). Closer to the coast
salinity is the opposite. The drain from land lowers the salinity of surface water near the
coast early in the year and the impact recently extends into the outer archipelago during

summer. After the autumn, the salinity of the surface water of the outer archipelago returns
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higher. In the outer archipelago of the Gulf of Finland, the salinity of water is affected by
wind conditions and their variations. The wind moves the surface of the sea, as the wind
blows from the east. Water flows from the Gulf of Finland to the middle of the Baltic Sea
which brings water from the deepest layers of water in the middle of the Baltic Sea. When
the winds blow from the west, the vertical stratification of the water decreases, the flow from
deep water decreases. When the vertical stratification is weaker, the salinity of the water on

the coasts is usually higher. (Helsingin kaupunki, 2020)
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Figure 9 The surface water salinity (Helsingin kaupunki, 2020)

The average salinity of seawater is 3,5 %. The low-salinity water of the Baltic Sea is called
brackish water because it has different properties from the ocean. Fresh water flows from
the rivers into the Baltic Sea, but the salty ocean water can only enter the Baltic Sea through
the shallow straits of Denmark. The inflowing water is saltier and heavier than the water of
the Baltic Sea and therefore sinks into deep layers. (Suomen ympéristokeskus, 2022). In the
deepest aquifers, relatively strong salinity stratification may occasionally occur, leading to
relatively high-density differences between surface and bottom waters (>3 kg/m-3). During
the summer, the water is also heavily stratified because of temperature. During the strongest
stratification, the water does not mix to the bottom, so that the nutrient reserves of the deepest
water layers do not end up in the surface aquifer and the oxygenated surface water does not

mix deeper. (Helsingin kaupunki, 2020) The saltiest area of the Baltic Sea is found in the
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depths of Gotland. The seawater in the Baltic Sea in the Danish Straits is about 20 %o and
will decrease further Baltic Sea. In the figures 10 and 11 is seen salt stratifications. The
figure shows the salinity stratification in the Baltic Sea. In the figure, the salinity in the Gulf
of Finland at a depth of 50 meters is about 6-7 %o, depending of the of the season. The study

uses 0-10 %o salt concentrations in the calculation and 5-8 %o salt concentrations are studied

in more detail.
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Figure 10 Salinity content of the Baltic Sea in February (Myrberg et al., 2006)
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Figure 11 Salinity content of the Baltic Sea in August (Myrberg et al., 2006)

3.3.1 Freezing point depression

The temperature when a pure liquid freezes or changes to a crystalline solid is called freezing
point. When the same happens the opposite, is called the melting point. The phase transition,

in this case freezing or melting happens in steady temperature, with pure water at 0 °C. When
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salt is added to water, freezing point decreases and this is called freezing point depression.
Freezing point depression describes why the solute adding to solvent lowers the freezing
point. When freezing starts, the molecules slows due the decrease in temperature and the

liquid turns solid.

Seawater salt is mainly sodium chloride dissolved from rock and soil. By default, the
calculations assume that the solution contains only sodium chloride and water. The amount
of sodium chloride is 5 to 8 %o. The freezing point depression can be calculated with
equations 3a and 3b.

moles of NaCl (3b)

- kilograms of water

where AT; is the freezing point depression [°C, K], i is the van’t Hoff factor, Ks is the
cryroscopic constant for the solvent (for water is 1,86 °C kg mol™) and m is the molality of
the solution [mol/kg]. Using the same equation, it is possible to determine the boiling point
elevation if the constant Kt is replaced by a constant Ky which is the ebullioscopic constant
(for water is 0,52 °C kg mol™). (Mullin, 2001)

The van't Hoff factor is the number of moles of particles when 1 mole of a solute dissolves
and it is determined according to whether the mixture contains electrolytes. For example,
sugar is not an electrolyte and does not decompose in water. Adding a mole of solid sugar
gives a mole of dissolved sugar molecules. Electrolytes such as NaCl dissociate to ions
(NaCl -> Na* + CI"). Decompose one mole of NaCl gives two moles of dissolved particles,

1 mol of Cl"and 1 mol of Na*. So van't Hoff factor is 2. (Jyvaskylan yliopisto, 2010)

With equations 3a and 3b the freezing point depression is for the water which has 5 to 8 %o
salinity content is between 0,32 °C and 0,51 °C. At normal atmospheric pressure, water
freezes at 0 ° C, with previously mentioned salt content to -0,3 to -0,5 °C. The freezing point

as a function of salinity is shown in the figure 12.
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The freezing point of salinity water
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Figure 12 The freezing point as a function of salinity

A figure 13 phase diagram is for pure solvent and solution. Impurity addition to the solvent
lowers the vapor pressure of the liquid, which lowers the freezing point T of the solution
and raises the boiling point Tp.
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Figure 13 Phase diagram (Jyvdskyldn yliopisto, 2010)

In afigure 14 is a chemical potential as a function of temperature. When an impurity is added
to a pure solvent, the chemical potential of the liquid phase decreases, resulting in a decrease
in the freezing point and an increase in the boiling point. The slope of the graph describes
the molar Gibbs energy of the system, which is always greater for gas than for liquid. At a

given temperature, the most stable phase is always the one with the lowest chemical



25

potential. The chemical potential of the solution can be calculated by the equation 4. Since
Xsolvent < |, the chemical potential of the solution is lower than the pure solvent. It is assumed
that only the chemical potential of the liquid phase decreases, as it is only affected by the
dissolved substance. In other words, the dissolved substance does not evaporate when the
liquid boils and does not crystallize when the liquid freezes. (Jyvaskylan yliopisto, 2010)

Yy = V* + RTln(xsolvent) (4)

where y is the chemical potential of the solution [J/mol], y* is the chemical potential of the
pure substance [J/mol], x is the molar fraction of solvent [-], R is the universal gas constant
8,314 [J/K mol] and T is the temperature of solution [K].
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Figure 14 Chemical potential as a function of temperature (Jyvéskylédn yliopisto, 2010)

Figure 15 shows the phase diagram for salt water with dissolved salt (NaCl). The eutectic
composition of water and salt is about 27 wt % salt dissolved in water. The eutectic point
means the melting or freezing temperature is as low as possible and with saltwater it is - 21,1

°C. A maximum of about 30% of salt can be dissolved in water, and the temperature slightly
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increases the salt's solubility. If the salt concentration is lower than the eutectic
concentration, the water freezes into salt-free ice and the salt concentration of liquid water
increases. As you can see, the red point in the figure has about 18% salt, so the liquid has
about 24% salt and the ice is salt-free. (Institutes of the Faculty of Engineering, 2022) There
IS about 5-8 %o salt in the Baltic Sea, but the same thing happens here. When salt water
begins to freeze, pure ice and water with a higher salt content than before partial freezing are
formed. The saltwater ice does not exist at these concentrations, so the density of the
resulting ice is the same as the density of ice formed from pure water. For the same reason,

the same amount of energy is released as when pure water freezes. (Laitinen, 2022)
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Figure 15 Phase diagram of salt water (Institutes of the Faculty of Engineering, 2022)

The vapor pressure of a liquid describes the tendency of liquid molecules to move from
liquid to gas. In the case of a solution with water and salt, fewer solvent molecules can be
transferred from the liquid to the gas. This is illustrated in Figure 16. In this case, the vapor
pressure of the solution is lower than that of the pure solvent. The dissolved substance also
increases the entropy of the solution, whereby the tendency of the liquid to form a gas
decreases, then the boiling point increases. Increased disorder in the solution also reduces

freezing and it causes the freezing point depression.
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a) Pure solvent a) Solution

Figure 16 Effect of the impurity on the vapor pressure

3.3.2 The effect of pressure on the freezing point

Boiling point does change due the pressure changes, but the melting point are affected only
by large pressure changes. Figure 17 shows a phase diagram of water, and the effect of
pressure on the boiling point or freezing point can be seen from the graph. There is a
connection between temperature and pressure, when the pressure drops, the boiling point of
the water decreases rapidly, and the freezing point decreases slightly. A yellow arrow is
drawn on the graph to show the change in boiling point and a blue arrow is drawn to show
the change in freezing point as the pressure decreases. As can be seen from this figure 17,
the pressure does not affect the freezing point dramatically and in many cases, it can be

ignored.
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Figure 17 Phase diagram of water (Jyvdskyldn yliopisto, 2010)

At the liquid-gas and liquid-solid coexistence curves Gibbs free energy of one phase is equal
to the free energy of another phase. Since the Gibbs free energies are equal on the
coexistence curves, it is possible to use the change of Gibbs free energies to define pressure
or temperature changes. The Gibbs free energy is defined by internal energy and entropy in
an equation 5. (Ebbing, 2017)

G=U"+pV—TS (5)

where G is the free energy [J/mol], V is volume [m®], p is the pressure [Pa], T is the
temperature [K], S is the entropy [J/k] and U* is the internal energy [J]. (Ebbing, 2017)

By deriving the equation 6 and making the equilibrium equation from two different points
on the curve, the Clapeyron equation can be derived. The equation for Clapeyron is the

equation 6.

ap _ a1
dr ~ TAV (6)
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where H is the enthalpy [J/mol], V is volume [m®], p is the pressure [Pa] and T is the
temperature [K]. (Ebbing, 2017)

The freezing point of salinity water as a function of pressure is calculated with Clapeyron
equation and plotted in figure 18. The pressure is between 1 bar to 16 bar and the salt content
IS up to 10 %o. The salt content of the water is on average 5 %o to 8 %o and the figure 18
shows that the effect of pressure on freezing is about 0,25 °C to 0,5 °C.

Freezing point of salinity water as a function of pressure
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Figure 18 Freezing point of salinity water as function of pressure

3.4 Seawater density

The density of seawater is one of the most important quantities in physical marine research.
The seawater density is affected by salinity, temperature and pressure. It can be expressed
in a general form in the equation 2. The density of seawater does not vary much due the
Baltic sea salinity, but the density of seawater can be determined by combining the masses
of water and salt.
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p=p(s,T,p) 2)

where p is the density [kg/m?], s is the salinity [%o], T is the temperature [°C or K] and p is
the pressure [Pa]. (Myrberg et al., 2006)

The compression of seawater is approx. 0,5 - 10 bar?. At a depth of 70 meters there is a
pressure of about 7 bar, whereby the compression is about 0,35 %. In practical problems,
local vertical changes in density are important for stability, but in the Baltic Sea the effect
of pressure is not significant. Instead, the effect of pressure in the deep waters of the oceans
must be considered. The effect of pressure is largest at a Landsort depth of 459 meters,
increasing the density by about 0,2 %. The density of seawater in the Baltic Sea is about
1,000-1,010 kg / m®,

In the vertical distribution of seawater density, the pressure effects adiabatically. In the
adiabatic process, the water particle does not change heat with the environment, but its
temperature changes due to the change of pressure. As the water particle rises in the sea, the
hydrostatic pressure of the surrounding water decreases, resulting decrease in density and
the work required to expand the water particle consumes internal energy. In this case, the
temperature of the water particle decreases. Correspondingly, deeper the density and
temperature increases. This is important when researching the stability of the water body.
Potential temperature refers to the temperature that a water particle is moved adiabatically
to a surface without changing its salinity. The potential density is the density determined by
the potential temperature. In the Baltic Sea, water is stratified, but stratification varies
according to water stability, which depends on the vertical distribution of water density. The
stratification is usually stable or neutral. In a stable situation, lighter water is on top of
heavier water, and in a neutral situation the potential density is constant. In an unstable
situation, the density of the water surface increases, it tends to sink, and light water rises.

The mixing of the water continues until the stratification has become stable or neutral.

3.5 Thermocline and halocline

The boundary layer between two different bodies of water is called the leap layer, i.e. the

clinic. In a layer, the density changes strongly over a few meters, so the change is abrupt in
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nature. The temperature leap layer is called the thermocline. In the spring, after the ice melts,
the sun heats the thin layer of seawater and the energy balance on the sea surface is positive,
meaning the sea gets more heat than it gives up. The water then reaches the maximum density
temperature (with Baltic seawater at a temperature of approx. 2-3 °C). After that, the
warming surface water is lighter than the water below it. Convection ceases and a
thermocline is formed between the warm surface water and the colder deeper water. The
thickness of the thermocline is about 5-10 meters. The thermocline will become strong in
the summer and the temperature may drop by ten degrees within a few meters. As the
summer progresses, the thermocline thickens due to wind-induced mixing. The thermocline
also helps the freshwater brought by the rivers to remain in the surface layer and this
reinforces the density difference above and below the thermocline. It can be seen from figure
11 that in August the surface water is considerably less saline than the deeper water. At the
end of August, the sea level energy balance will turn negative and the surface water will
cool. As surface water cools, it becomes heavier and it sinks. The surface layer thickens, and
the thermocline weakens. The heat is transferred downward by convection and the process
continues as the fall goes forward. Although the maximum density temperature of the Baltic
Seawater is about 2-3 °C, the temperature of the entire cover layer usually decreases to close
to 0 °C due to wind-induced mixing. (Myrberg et al., 2006)

Halocline cannot be removed by convection or wind. The salinity of surface water in the
Baltic Sea is generally constant. The salinity increases rapidly as you go deeper at 60-80
meters and this leap is called the halocline. Halocline isolates deep water from surface
waters and impairs or completely prevents the transport of oxygen into deep water. In the
Baltic Sea, oxygen is usually depleted from deep waters, after which hydrogen sulphide
begins to form. In areas with low stratification (vertical ones are small), the halocline may
disappear during autumn and winter storms. This can happen, for example, in the western
Gulf of Finland. The halocline goes away completely, if saltwater replenishment does not
regularly flow into the Gulf of Finland from the main basin of the Baltic Sea. During the
history of marine research, periods of weakened or almost disappeared haloclines of various
lengths have been observed in the Gulf of Finland. The most recent and best-documented
period began in the early 1980s and continued for almost two decades. The reason for the
weakening of the saltwater inflow was a long period without salt pulses coming from the
North Sea through the Danish straits. Due to the river water pressure, the direction of the

flow is mainly outward towards the North Sea. In certain special situations, the flow
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direction reverses and salty water flows from the North Sea to the Baltic Sea. This
phenomenon is called a salt pulse. The first condition for the creation of a salt pulse is a
long-term easterly air flow, which promotes the flow of water out of the Baltic Sea. Lower-
than-average river flows are also an advantage for the development of a favorable situation.
As a result of these, the surface of the Baltic Sea temporarily drops below the surface of the
North Sea. When the wind turns back to the west, water starts to flow towards the Baltic Sea.
If this situation is combined with a strong storm from the west or southwest, a strong salt
pulse can flow into the Baltic Sea. Generally, the biggest salt pulses have entered the Baltic
Sea in the winter season. The last significant salt pulse arrived in the Baltic Sea in 1976,
after which the cod population became abundant so that cod fishing off Helsinki became
almost a popular pastime. However, the cod quickly disappeared. The Baltic Sea received
its next salt pulse only in 1993. A significant amount of salty water was added only in the
21st century. (Myrberg et al., 2006)

The seawater temperature has a leap layer in the summer called the thermocline. It separates
the surface layer from the much colder intermediate layer. The summer thermocline is
usually formed to a depth of 10 to 20 meters. The water in the warm surface layer does not
mix with the cold water below the thermocline. The water in the surface layer is evenly warm
in the depth direction due to the mixing caused by the wind, but the water below the
thermocline mixes only occasionally. In the fall, when the surface water cools, the
thermocline disappears. Autumn storms and flow due to temperature differences, i.e.
convection, confuse the water masses. In the Baltic Sea, water mixes only up to a permanent

halocline.

3.6 Characteristics of the seafloor

In the Gulf of Finland, the Finnish coast is shallow and archipelago, with an average depth
of 20-40 meters. Figure 19 shows the Gulf of Finland and the Helsinki area marked in blue.
from which you can see that in the Gulf of Finland it is possible to reach depths of 80 meters,
but depths of 100 meters are encountered when going towards the main basin of the Baltic
Sea.
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Figure 19 Depth of the Gulf of Finland (Myrberg et al., 2006)

Figures 20 and 21 show the depth curve retrieved from the retkikartta.fi service. The map
shows that near Isosaari there are 50-meter depths, which is the water intake point discussed
in the study. The distance is about 17 km, which is given in the initial data of the study. The
study also provides a longer tunnel option, approx. 27 km and approx. 70 meters deep. It is

not shown in figure 20.
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Figure 20 Depth of the Helsinki area (retkikartta.fi, 2022)
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Figure 21 Depth of 50 m in the Helsinki area (retkikartta.fi, 2022)

The deposits on the bottom of the Baltic Sea vary a lot between different areas. Sediments
can be divided according to the way they are formed into two, glacial and post-glacial
deposits. Glacier-born sediments are deposited on the bottom or in front of the glacier. They
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are moraines, glacial rock deposits such as ridges and loamy clays. Post-glacial deposits are
mainly fine-grained sediments such as clay and silt. Coarse-grained sediments deposited by
erosional forces also belong to this group. Figure 22 shows a typical layer arrangement from
the western Gulf of Finland. (Itdmeri.fi, 2017)

Unstructured silt loam

Layered silt loam

MEmpTes Sediment rich in iron sulfide (FeS,).

Unstructured clay

Loamy clay (Yoldia Sea)

% Loamy clay (Baltic Ice Lake)

Figure 22 Typical seabed deposits of the Gulf of Finland (Itdmeri, 2017)

These sediments are briefly introduced in this study because they affect seawater filter
placement and design. If there is, for example, 10 meters of clay or silt on the seabed, placing
the filters on the seabed may require modification of the bottom and/or piling.

3.7 Characteristics of sea surface

There is a small crustacean in the sea called sea pox, which lives as a larva in open water.
The larvae are difficult to see before they attach to surfaces because they are less than a
millimeter in size. When the sea pox attaches, it no longer moves but grows on the surface
to become an adult. A single larva looks like a centimeter-sized calcareous formation, but
usually there are a group of them. According to current knowledge, there are no other species
of sea pox in the Baltic Sea. Sea pox larvae usually attach to surfaces for a few weeks
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between July and August. A couple of weeks after being attached, they can be easily
removed from the surfaces, for example with a pressure washer or by brushing by hand with
a coarse sponge or root brush without detergents. Later removal is more difficult because
after the development of the calcareous shell of the sea pox, they are firmly attached to their
surface. (Vieraslajit.fi, 2012)

havaintoja karttanakymassa yli 2000
havaintoja, joita ei ole varmistettu

havaintoja, joista ainakin osa varmistettu

Figure 23 Sea pox in the Baltic Sea (Vieraslajit.fi, 2012)

The sea pox occurs everywhere in the Baltic Sea where the water salinity is at least 3 %o, so
it is away from the Bothnian bay. Sea pox lives on solid surfaces in groups or colonies from
the water line to a depth of about 15 m, sometimes even deeper. Close to the water line, sea
pox forms very dense deposits under favorable conditions. (Luontoportti, 2022) The sea pox
usually attaches to surfaces in the Baltic Sea when the water temperature has exceeded 18
°C. (Myrkyttomastivesilla.fi, 2022) Ice limits the presence of sea pox near the surface, but
the species can withstand low temperatures. However, constant low temperatures (5-10°C)

inhibit reproduction. (Luontoportti, 2022)
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As we discussed, sea pox needs the right conditions to survive. The seawater intake can be
too deep, too less salt or too cold for sea pox. Although the seawater intake is at a depth of
70-50 meters, the sea pox will be a challenge because surface water is used in the summer
months. In addition, sea pox larvae are less than a millimeter in size, so they can pass through
the seawater intake channel. The filter/net of the seawater surface water intake channel will
probably be larger than 1 mm hole size. The following sections show how these aspects
affect the utilization of seawater heat in heat pump processes and how the challenges can be

solved.

4 Fouling of heat exchangers

Fouling is a typical issue in heat exchangers that contains impurities. The heat exchanger
should meet the process requirements after fouling. If possible, the heat exchanger should
be designed to self-clean or that the growth rate of the fouling layer slows down and
eventually stops at a certain level. Before the annual maintenance or the cleaning of the heat
exchanger, the exchanger must be able to transfer heat according to process values. An extra
heat transfer surface area or an extra heat exchanger can be added to help with fouling
process. (Saari, 2010) However, oversizing the heat exchanger can accelerate fouling
because oversizing lowers flow rates and probably accelerates fouling. If the heat transfer
deteriorates, the cold current does not heat up or the hot current does not cool down
sufficiently, this might require additional heating or cooling. This is not always noticed, or
this is ignored if the process works anyway. Sometimes the decrease in the heat transfer
coefficient is compensated by increasing the flow rates, resulting in increased pressure
losses. In this case, the energy required for pumping increases exponentially. Pressure losses
also increase without an increase in flow rates, as the cross-sectional area of the flow

channels decreases, and the flow resistance increases. (Motiva, 2022)
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4.1 Prevention of fouling

Heat exchangers can be prevented from getting unclean and energy efficiency can be
improved by proper use, cleaning during operation and flushing of the system before
commissioning. As one basic principle, it can be stated that heat exchangers should be run
continuously at full power, if that is possible. In that case the flow rates remain high, which
prevents fouling and deterioration of energy efficiency. If the temperature levels can be

influenced, the general guideline is to keep them low.
The means of reducing fouling problems are
e the operations during use,

e the procedures during a maintenance shutdown (in practice thorough cleaning of heat

exchangers) and

e heat exchanger design methods.

Mechanical filtration of the flowing medium to remove excess material is a typical
mechanical cleaning method. Momentarily increasing the flow speed removes dirt,
especially from points where the speed decreases locally. There are also flow direction
changers that help heat exchangers stay clean. A flow direction changer is practically a valve
that turns the flow in a different direction. Some of the heat exchangers can be opened and
cleaned mechanically. There are ball cleaning systems for tube heat exchangers that clean

the tubes mechanically. These will be reviewed later in this study.

Chemical cleaning is used when it is not possible to dismantle the heat exchanger or the
dismantle takes too much time. CIP washing (cleaning in place) is a chemical cleaning
method. In chemical cleaning, a cleanser solution is directed to the heat exchanger through
the pump and pipeline. A cleanser solution it is circulated for the necessary time inside the

heat exchanger, usually few hours.



39

4.2 Heat transfer

There are four basic variables in the calculation of heat exchangers, they are the heat transfer
rate, heat transfer area, heat capacity rates and the overall heat transfer coefficient. However,
this work does not provide an in-depth introduction to the sizing of the heat exchanger, only
from the point of view of fouling. The equations used to calculate the heat transfer have been
determined with these assumptions. The basic equation for heat transfer rate is in the

equation 7.

q =mc, AT (7)

Cp is the specific heat (for water 4184 J/kgK), m is the massflow [kg/s], where q is the heat

transfer rate [W], AT is the temperature difference of the two fluids in the heat exchanger
[K].

The heat exchanger's dimensioning uses the mean temperature difference, according to
which the area of the heat exchanger is decided. The temperature difference changes
continuously throughout the heat exchanger; for this reason, the selection of a mean value
must be carefully done. The mean temperature difference is calculated using the equation
8a.

— ATin_ATout
AT,, = —n——out

N In(AT i, /ATout) (83.)

where ATm [°C, K] is the mean temperature difference, ATin [°C, K] is the temperature
difference one side and ATout [°C, K] is the temperature difference other side (figure 42).
(Saari, 2010)
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By using the mean temperature difference, the heat transfer rate can be calculated with the

equation 8b.

q = GAT,, (8b)

where q is the heat transfer rate [W], 47m [°C, K] is the mean temperature difference and G
[W/°C] is the conductance.

There are two kinds of fluid flow, laminar and turbulent flow. Laminar or turbulent
conditions it can be determined using the Reynolds number and it can be calculated with
equation 9. Below Re = 2000 the flow is laminar and above Re 3000 the flow is turbulent.
The region between Re = 2000 and 3000 is more unclear and often referred to as the
transition zone. Velocity is distributed differently in laminar and turbulent flow. In laminar
flow, the velocity profile is a parabola, in which case the mean flow velocity is half of the
velocity in the middle of the pipe (maximum velocity). In turbulent flow, the velocity profile
IS no longer a parabola but for turbulent flow the mean velocity of the fluid in the pipe is
0,82 x the velocity in the middle of the pipe. Even in turbulent conditions, there is a thin,
slowly moving laminar layer on the surface of the pipe (usually referred to as the viscous

sub-layer).

It is possible to calculate the heat transfer coefficient of the liquid flowing inside the pipe
using the numbers of Reynolds (equation 9), Prandtl (eguation 10) and Nusselt (eguation

11). D is the hydraulic diameter of the pipe (the inside diameter if the pipe is circular).

Re = — 9)

where v is the kinematic viscosity [m?/s], D is the hydraulic diameter [m] and u is the mean
velocity of the fluid [m/s].

pr=%2 (10)
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where [ is the dynamic viscosity [Pa*s], cp is the specific heat [J/kgK] and k thermal
conductivity [W/mK]. (Saari, 2010)

For pipe flow in the turbulent region (Re < 3000) the Nusselt number and be calculated with
equation 11. The eguation often considered the most accurate is the Gnielinski correlation.
(Aittoméki, 2012)

Nu = (g)(Re—looo)Pr

f— (11a)
1+12,7(§)2(Pr§—1)

f =1(0,791In(Re) — 1,64)72 (11b)

With these equations, the heat transfer coefficient for the liquid flowing in the pipe can be
calculated using the equation 12.

_ Nuk
h== (12)

where h is the heat transfer coefficient [W/m2K], ds is the pipe inside diameter [m] and k
thermal conductivity [W/mK]. (Saari, 2010)

Determining the U-value of the total heat transfer coefficient is a key thing in the design of
a heat exchanger, but often designers use an inaccurate value in the heat exchanger design,
and this brings design problems. Fouling resistances must be assessed when dimensioning
the heat exchanger. The determination of U is affected by the geometry of the heat

exchanger, the directions of the flows and the quantities.

The overall resistance to heat flow increases as the surfaces of the heat exchanger foul.
Figure 24 shows how the dirt layer affects the temperature distribution. Tn and T. are the

temperatures of the hot fluid and cold fluid and in this case, we investigate the seawater as a
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hot fluid and the refrigerant as a cold fluid. Temperatures reach almost to the boundary layer
in turbulent conditions, because the good mixing occurs rather than solids or slow-moving
fluids. The thermal conductivity of foulants are usually lower than of metals, which have
relatively high thermal conductivity. For these reasons, relatively large temperature
differences are needed to conduct heat through the deposits, while the temperature difference
across the metal wall is comparatively small. The fouling is also affected by flow rate,
temperature, and concentration. From the literature the fouling resistance in shell and tube
heat exchangers with seawater is 0,000175-0,00035 m?K/W when maximum seawater outlet
temperature is 43 °C. This study deals with the Baltic Sea, which is brackish water, and it
has a larger fouling resistance 0,00035-0,00053. These values assume: “For tube side, the
velocity of the stream is at least 1.22 m/s for tubes of non-ferrous alloy and 1.83 m/s for
tubes fabricated from carbon steel and other ferrous alloys. For shell-side flow the velocity
is at least 0,61 m/s.” (Bott, 1995)
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Figure 24 Effect of fouling on heat transfer (Saari, 2010)
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Figure 25 Multilayer pipe heat flux (Aalto University, 2019)

The increased heat transfer resistance can have two effects. When deposit thickness is
notable, area of fluid flow is reduced. For the flow, the fluid velocity and the Reynolds
number will increase, and the higher number of Reynolds increases the turbulence of the
flow. In addition, the roughness of the pipe change which will change the turbulence
particularly near the surface. Usually, the roughness is greater due fouling when turbulence

of the flow increases. Greater turbulence will increase the heat transfer. (Bott, 1995)

Considering the heat transfer resistance created by the dirt or ice layer. The heat transfer rate

can be shown also with the thermal resistance, without U-value or area. (Saari, 2010)

Tp—T,
q =2 (13)

Rtot

where q is the heat transfer rate [W], Tn is the temperature inside the pipe [°C, K], Tc is the
temperature outside the pipe [°C, K], Rt [K/W] is the sum of surface convection resistances
and the conduction resistances through the heat exchanger wall material and layers of fouling
material on both sides of the surface.

Convection resistances outside Rc and inside Rn the pipe are calculated from the definition of

convection resistance and area, equation 14.

Reony = TA = TdLh (14)
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where the convection heat transfer coefficient h [W/m?K], the area is A [m?], L is the length

[m] and the d is the diameter [m].

The wall conduction resistance can be calculated from equation 15,

w
R, =—=
kyA 2nky, L

d
ln(d—?)

(15)

where the convection heat transfer coefficient h [W/m?K], the area is A [m?], w is wall
thickness [m], L is the length [m], k is the thermal conductivity [W/mK], do is the outer

diameter [m] and di is the inner diameter [m].

Fouling resistance is usually not calculated from the thickness or thermal conductivity of the
fouling layer, as these are not generally known. Typical fouling resistances are available in
the literature for various fluids and heat exchangers, but these are indicative only. Figure 26
shows the fouling resistances with different mediums. Fouling resistances are nearly 10
times lower in plate heat exchangers than in shell-and-tube heat exchangers. (Awad, 2011)
From the literature the fouling resistance in a shell and tube heat exchangers with seawater
is 0,000175-0,00035 m?K/W when maximum seawater outlet temperature is 43 °C. This
study deals with the Baltic Sea, which is brackish water, and it has a larger fouling resistance
0,00035-0,00053 m?K/W (in figure 26 the rives has the same fouling resistance). (Bott,
1995)

Tl Ry, (m? - K/kW)
Process Fluid PHES TEMA
Soft water 0.018 0.18-0.35
Cooling tower water 0.044 0.18-0.35
Seawater 0.026 0.18-0.35
River water 0.044 0.35-0.53
Lube oil 0.053 0.36
Organic solvents 0.018-0.053 0.36
Steam (oil bearing) 0.009 0.18

Figure 26 Typical fouling resistances R”f for PHEs THEs (Awad, 2011)
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The fouling layer resistance then obtained from equation 16. (Saari, 2010)

_Rr _FRy
Rf_A_TEdL (16)

where the area is A [m?], L is the length [m] and the d is the diameter [m].

From the above thermal circuit analogy and equations, we can now write U total heat transfer
coefficient. (Saari, 2010)

1 _ 1 _ 1 + R“f,h
UnAn  UcAc  hpAn  Ap

Rife 1
+ Ry + L+ (17)

The assumption above is that both fluids are either liquids or non-radiating gases. If one or
both fluids is a gas with significant emissions or absorption of radiation due to particles,
droplets or gas components, the effect of radiation heat transfer between the heat transfer
surface and the gas must also be considered. The calculation of other type of heat exchangers
are done according to the same principles, but the calculation changes slightly when the

geometry changes.

Heat transfer depends on the properties of the refrigerant and temperature differences.
Dependence is expressed by experimentally determined equations, i.e. correlations.
Correlation for bubble boiling of oil-free refrigerant on the surface of a horizontal tube is
presented below. This correlation is presented by Stephan and Abdelsalam, which can be

represented as equation 17. The coefficient C> can be seen in figure 27. (Aittomaki, 2012)

h=C,* (Tp - Tsatf)z'922 17)

where h is the heat transfer coefficient [W/m?K], T, is the pipe surface temperature [°C] T

is the refrigerant saturation temperature [°C] (Aittoméki, 2012)
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Figure 27 The coefficient C, for the equation 17 (Aittomdki, 2012)

4.3 Methods of fouling

The fouling mechanisms of heat exchangers are particulate deposition, crystallization
freezing, corrosion, chemical reaction, biofouling and mixed systems. (Bott, 1995) This
study focuses on the fouling mechanisms relevant to the perspective of the research problem,
freezing, particulate deposition and biofouling. The formation and development of fouling
is affected by the properties of the medium, such as salinity, temperature and solids. Also,

the heat exchanger material and construction affect fouling mechanisms.

4.3.1 Freezing

The flow does not affect the freezing temperature, but it does affect the rate of heat transfer.
Depending on the temperatures of the surfaces on the opposite side, the flow can either slow
down or speed up freezing. When the water is flowing in a river, the water mixes between
the layers, so the ice layer does not form as quickly as in the case of static water. Warmer
groundwater can move to the surface. Eventually, the entire body of water cools down

enough and at some point, ice blocks start to form. In this case, the entire mass of water cools
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close to the freezing temperature and freezing occurs faster. If an ice layer started to form
on the surface of the pipe, the water moving inside pipe would transfer its heat to the ice
layer/pipe surface more efficiently (forced convection) and help prevent the ice layer from
thickening, because new water is constantly replacing it. There is no critical speed after
which there is an abrupt transition from fast freezing to slow freezing. So, in theory the
moving water freezes faster, it’s just that freezing is delayed longer, and the static water

freezes sooner, not faster. (Laitinen, 2022)

When a liquid is flowing and other side of wall temperature is below the freezing point of
the liquid, solidification of the liquid can appear. The solid layer of ice works as a thermal
resistance and heat removal decreases from the flowing liquid. It is a similar process than a
crystallisation, but mass transfer to the surface does not happen, the depositing molecules
are already at the surface. (Bott, 1995)

Figure 28 shows how an ice layer is formed under static conditions when the temperature of
the metal surface is below the freezing point (0 °C with water). Sensible heat and the latent
heat (phase change) are removed from the water at the liquid/solid interface. In a static
conditions heat pass from the water to the cold metal surface by conduction. The ice
thickness increases with the associated increased in thermal resistance. When ice thicknesses
the heat transfer decreases and this will represent an exponentially decreasing rate of growth
of the ice layer. Boundary between the liquid water and the solid changes, it is called
transient condition. With transient condition and complex ice structure, which depend on

rate if cooling, make severe problems of mathematical analysis. (Bott, 1995)

Ice layer

Heat flow

Metal surface

<

Figure 28 Ice formation at a surface below freezing point
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Figure 29 shows the freezing time-temperature relationship of pure water. Supercooling
occurs first, so the temperature goes below the freezing point Ts before induction of freezing
(b). Pure water can be subcooled several degrees before the nucleation begins. Liquid water
below the equilibrium freezing point is in a thermodynamically metastable state. It is called
supercooled water and the degree of supercooling given by Ts-Tt (Ta is the nucleation
temperature and Tr is the freezing temperature). The metastable state lasts until the nucleation
occurs and the dendritic ice start growing in the supercooled water region (c). At the end of
this dendritic ice growth process, the water temperature returns to its freezing point (0 °C)

and phase change starts (d) and later the solid sensible heat is released (e). (Braga, 2012).
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Figure 29 The process of crystallization of water (Braga, 2012)

The phase change of water is characterized by the formation of dendritic ice. Many
theoretical solutions often ignore the presence of a dendritic ice zone. Theoretical predictions
often do not correspond to reality closely. Gilpin (Gilpin, 1977) stated that many calculations
of the time taken for a pipe to become clogged by ice are incorrect because they assume that
ice grows from the walls of the pipe as a solid ring. These do not consider that dendritic ice
is formed during freezing. Clogging refers to the state of the pipe when a large resistance
has formed in the pipe that the water supply is completely interrupted. After the end of the
dendritic growth phase, the formation of a solid ice ring begins, which begins to grow
radially inward from the pipe wall. When all the water in the pipe is frozen, the pipe begins
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to cool below the phase change temperature and eventually approaches the temperature of
its surroundings. The pipe can break when it freezes, this usually happens when the water
freezes, it causes a blockage inside the pipe, which shrinks, letting more water in between
the ice and the inner surface of the pipe, freezing the pipe completely. When the pipe gets
heat, the ice thermally expands, and the pressure causes the pipe to crack. (Akyurt, 2002)

Figure 30 shows a cross-section of a 150 mm pipe that was placed in the cold chamber. There
is no flow in the pipe, so this represents the situation in the static case of water. The water in
the pipe was supercooled just before the ice formed and pictures b-d show the growth of ice
dendrites from the nucleation center near the top of the pipe. In picture e, it can be noticed
that the cross-section is almost completely blocked by dendrites. This dendritic ice only took
about 30 seconds in total to form. In the final stage, the temperature of the liquid returned
(raised) to 0 °C. The author of the study found that dendritic ice no longer grew after the
water temperature returned to zero. After this, a solid ring of ice began to form inwards, very
slowly from the inner wall of the tube, photos e was taken 3 hours and photo f 18 hours after
the end of dendritic ice formation. Dendritic ice can cause pipe blockage much faster than
an ice ring, up to 5% of the time. When nucleation starts, it can be noticed by a rapid increase
in the tube surface temperature to 0 °C. Small tubes are much more likely to be blocked by
dendritic ice than large tubes. (Gilpin, 1977)
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Figure 30 Formation of dendritic ice in a 150 mm pipe under static conditions (Gilpin, 1977)

The situation is further complicated by the flowing liquid. Figure 31 illustrates a situation in
which the freezing flowing liquid is cooled by flowing medium on the other side of the metal
wall. As a result of the temperature difference between the two liquids, there is a heat transfer
that passes through the metal wall and any layer of ice or dirt. Heat transfer rate is affected
by liquid type, flow resistance and dirt / ice layer. Before any ice layer is formed, the warm
liquid (in this case ~2 °C) flows in contact with the metallic surface. When sensible heat is
removed across the metal wall to the coolant, the temperature of the liquid in contact with
the cold metal surface will eventually fall to the freezing temperature of the liquid. Freezing
is possible under this condition. The heat transfer continues until the interface between the
ice layer and the flowing (in this case seawater) liquid is just at the freezing point
temperature. Under these conditions, steady state is reached when the ice layer remains at
constant dimensions. Freezing is modified by changes in velocity as the freezing reduces the
flow area and changes in surface roughness. The combination of these effects changes the
heat transfer coefficient and affects the temperature distribution. The effects of the increased

shear force on the surface can also affect the thickness of the solidified layer. The thickness
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of the ice layer is unlikely uniform throughout the pipe because the temperature difference
varies between inlet and outlet. (Bott, 1995)
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Figure 31 Freezing in a flowing system

In the case of a heat exchanger, the water passing through is constantly changing and new
warm water is constantly replacing it. This slows down the freezing process. However,
freezing must be taken seriously, because the heat exchanger can become blocked, for
example due to dirt, in which case the flow can stop, for example, in one of the heat
exchanger pipes. The previously mentioned dendritic ice begins to form in the pipe, followed

by an ice layer and finally an ice plug forms in the pipe.

4.3.2 Particulate fouling

The most common type of fouling in heat exchangers is particulate fouling. The particles
form deposits on the heat transfer surfaces and they weaken the heat transfer. Typically, the

particles are water-insoluble particles such as sand, silt or sludge.

Particle fouling can be understood as a process where a particle travels near the surface,
attaches to the surface and possibly later detaches from the surface. Particles can arrive on
the surface in two ways, either due to gravity or the particles come to the heat transfer surface
along with the moving fluid. Deposition caused by gravity occurs in a static situation.

However, in this study, a flowing fluid is studied. First, the particle travels to the surface by
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one or more mechanisms. The size of the particle determines the mechanism, very small
particles are prone to brownian diffusion and eddy diffusion and larger particles move due
to their mass due to momentum forces. When a liquid has a certain concentration gradient,
the liquid tends to move to reduce the concentration gradient. The process is known as mass
transfer. In laminar flow, mass transfer occurs as a result of random motion of molecules,
brownian motion. The situation is different in turbulent flow. Under turbulent conditions,
eddy diffusion superimposes Brownian motion. Eddy diffusion is caused by the random
physical movement of particles of fluid brought about by the turbulent conditions. A particle
arriving at the surface must adhere to the surface in order to be part of the dirt layer. (Bott,
1995) When small particles and turbulent flow are put together, the fouling mechanism
would be eddy diffusion. It must be remembered that even under turbulent flow conditions
there is a laminar sublayer of slow-moving fluid next to the wall. Transport of material across

this "boundary layer" is usually only possible through brownian or molecular motion.

If the mixture component A is diffusing through a fluid B towards a surface. Diffusion is at
fight angles to the general flow of fluid B, and by Fick's Law [Fick 1855].

dcy

Ny = —Pyp dx (18)

where ca is the concentration of A at a distance x from the surface [mol/mq], Na is the rate
of diffusion of molecules of A [mol m?2 s™] and Pag is the “diffusivity” of A through B [m?s”
]

The diffusion of A into B will depend not only on the physical properties components but

also the prevailing fluid flow conditions. Since the flow is turbulent, the diffusion of A in B

is increased by eddy diffusion. Under these conditions, equation 18 becomes equation 19.

dcy
dx

Ny = —(Dup + Ep) (19)

where Ep is the eddy diffusion [m?s]
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In general, for turbulent flow Ep >> Dag and the latter can often be neglected in the

assessment of mass transfer.

The amount of seawater solids 0,4 um (NPC) is about 1-4 mg/l, depending on the sampling
depth. (Helen internal documents, 2022) From figure 32 can be seen that with particles of
size 0,4 um, mass transfer to the surface occurs the least when the speed is about 2 m/s.
(Bott, 1995)
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Figure 32 Effect of particle on deposition mass transfer (Bott, 1995)

4.3.3 Biofouling

Biological fouling means the attachment and growth of various macro- and micro-organisms
on heat transfer surfaces. Microorganisms also include algae, yeasts, fungi, moldy bacteria,
and macro-organisms include mussels, flagellates and vegetation. In practice, biological

fouling appears on the heat transfer surface as a biofilm that is tough and sticky. The most



54

typical places where biological fouling occurs are heat exchangers where natural waters are

used for cooling. (Motiva)

Microfouling occurs quickly when the surface of the heat exchanger is in contact with
seawater. Bacteria colonize a surface within hours and form a biofilm, which is a
combination of attached cells commonly called slime. This biofilm slime layer can grow to
a thickness of 500 um. Macrofouling includes soft and hard fouling that grows microfouling
slime. Soft macrofouling includes algae and invertebrates such as sponges. Hard
macrofouling is caused by invertebrates such as mussels and tube worms. The specific
organisms that develop in a fouling depend on water chemistry, geographic location, season,
and factors such as predation. Macrofouling is a dynamic process, and it can achieve a
considerable biofouling thickness on concrete or metal surfaces. Over long periods of time,
fouling accumulates in several layers and leads to a significant reduction in the available
flow area. It increases the plant's flow resistance and pumping costs. In figure 33 can see the
different stages of biofouling. (Brandt, 2017)
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Figure 33 Biofouling formation (Hayek, 2021)

A typical biofilm growth curve for constant speed conditions is shown in figure 34. There
are three areas. The first is the initial stage, when colonization takes place. The second phase
includes a period of exponential growth until a third more or less stable state is reached. The
thickness of the biofilm at the plateau may vary from a few micrometres to several
millimetres depending on the prevailing conditions, particularly the velocity and nutrient
availability. (Bott, 1995)
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Figure 34 An idealised growth curve for a biofilm on a surface (Bott, 1995)

Figure 35 shows an example of how speed can affect biofilms. Here the Reynolds number
is 12,200 and it can be seen that the speed affects the thickness of the biofilm. According to
this, the biofilm gets the thickest value at speeds of 0,26-0,9 m/s. When the speed is 2 m/s,
it is noticed that the biofilm no longer thickens at the same rate. This may be due to flow
shear forces. This depicts the growth of Pseudomonas fluorescens on an aluminium surface
through which water containing nutrients flowed. Pseudomonas fluorescens was chosen as
the test organism because it is a slime-forming bacterium that represents the micro-
organisms found in cooling water. With lower speeds the biofilm thickens faster than at
higher speeds. It is often said a "rule of thumb" that in order to minimize biological fouling,
the flow velocity should be kept above 1 m/s in steam condensers. When the speed increases,
although higher turbulence increases the mass transfer of nutrients, the shearing forces also
increase and at higher speeds it is difficult for a thick biofilm to remain on the surface. Even
at a relatively low speed, it is possible for biofilm areas to detach from the surface. (Bott,
1995)
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Figure 35 The development of biofilm with time at a Reynolds number of 12,200 and at different velocities (Bott, 1995)

Figure 36 show how the oxygen concentration fell at the metal-biofilm interface as the
biofilm developed. (Bott, 1995) Microbiological corrosion is electrochemical corrosion
acting between the biofilm and the pipe, which is controlled by the action of microbes.
Microbes affect corrosion by producing corrosive compounds, breaking down the protective
layer of the pipe, influencing the progress of cathode and anode reactions and creating
concentration differences on the surface of the pipe. Sometimes in cold seawater, microbial

corrosion can be more significant than chloride corrosion. (Outokumpu, 2009)
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Figure 36 The change in oxygen concentration through a growing biofilm (Bott, 1995)
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5 Case: Utilization of cold seawater in district heating production

The case deals with the utilization of seawater in district heating production. The seawater
system, which is an estimated to be 17 km - 27 km long seawater intake tunnel and 9 km
long discharge tunnel. (Helen, 2022) This study does not take a position on tunnel drilling
but deals more with the seawater heat pump section and the challenges of seawater when

seawater is brought to the heat pump plant.

5.1 Evaporator types

This section compares different heat exchangers that could be suitable as evaporators for
large size heat pumps. The evaporator medium is seawater and refrigerant. The produced
heat by means of compression of the refrigerant is transferred through the heat exchanger
(condenser) directly to the district heating network. The cooled down refrigerant passes
through the heat exchanger (evaporator), where excess heat from the seawater is transferred
into the refrigerant.

The freezing point of seawater is -0,3 °C... -0,5 °C depending on the salinity and pressure
(in this case, varies according to the place of water intake), when the salinity and the pressure
decrease, the risk of freezing increases. Avoiding the risk of freezing by reducing dT linearly
increases the surface area of the evaporator and increases the amount of refrigerant charge
required. Freezing occurs only in the evaporator, unless the ambient temperature of the

process tubes is below the freezing point of the seawater.

One heat pump supplier keeps a margin of 0,7 Kelvin towards the water freezing point.
During operation they control the freezing protection via compressor speed control and
therefore an accurate control of the refrigerant evaporation pressure by low temperature
seawater temperature conditions. By very low seawater temperature the evaporator is limited
by the max possible or designed seawater flow. An oversized evaporator is possible but it
makes the heat pump unit more expensive and higher electrical consumption for the seawater

feed pump. In a direct evaporator connection where seawater enters the evaporator without
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an intermediate circuit, the low seawater temperature requires a very even distribution of

water on the evaporator. (Helen Oy internal document, 2022)

During operation there will be no freezing, because the water is constantly moving, and the
water is over freezing point and there is a constant supply of new energy. The main risk is if
the seawater stops moving for reasons such as, pump failure or valve failure. This would
cause a zero-water flow through the heat exchanger. The delay time between seawater flow
stopping and begin of freezing (risk) depends on many factor, evaporator heat exchanger
design, minimum seawater outlet temperature, salinity and seawater flow system. It can't be
generalised for all the systems and must be calculated and designed for case by case
situations. The delay time in worst case conditions are in the order of some tens of seconds,
therefore the evaporator must be designed, integrated and operated with a fast enough.
(Helen Oy internal document, 2022)

5.1.1 Shell and tube heat exchanger

The Shell-and-tube heat exchangers are available technology and used in industrial size heat
pumps. Although plate heat exchangers are generally smaller, lighter and cheaper, shell-and-
tube heat exchangers have held their ground in industry. The tube heat exchanger consists
of a bundle of tubes that is attached inside a cylindrical shell. Figure 37 shows the flow
patterns and the construction of the heat exchanger. There are many different variations of
structures for shell-and-tube heat exchangers. Several structures from different
manufacturers follow the standard known by the TEMA abbreviation, supplementing
country-specific standards. In the case of a seawater heat pump, seawater would flow inside

the pipes and refrigerant outside the pipes. When the tubes are immersed in the refrigerant
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liquid, it is a wet tube evaporator. If the refrigerant flows in the pipes, it is a dry tube
evaporator. (Aittomaki, 2012)

Figure 37 Shell and tube heat exchangers (Saari, 2010)

In a wet evaporator, when the refrigerant is on the shell side, the shell must be pressure
resistant. It is possible to manufacture the tube heat exchanger as a very pressure-resistant
structure, even in a large size. In this case, the seawater flows in the pipes, where the flow
rate is limited by erosion corrosion and pressure loss. The surface level of the refrigerant
must be kept constant and the liquid droplets are separated at the top of the evaporator or in
a separate droplet separator, because liquid refrigerant must not reach the compressor. In a
pipe heat exchanger, the heat transfer can be improved with flared pipes, figure 38. A
common one is a low-ribbed tube, which improves heat transfer by up to 50-100% compared
to a smooth tube. (Aittomaki, 2012)
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Figure 38 Surface structures for evaporator tubes to improve heat transfer (Aittomdki, 2012)

The shell-and-tube heat exchanger enables reasonably easy cleaning. The most contaminated
liquid should be placed on the side of the pipe so that it is easily accessible for mechanical
cleaning. But the refrigerant can also be on the shell side if contamination is not taken into
account. Straight pipes should be used instead of U-pipes to make cleaning easier. This
makes the evaporator longer and it does not fit everywhere due to space requirements. An
automatic cleaning system, Taprogge, is available for the tube heat exchanger (more on this
in section 5.2.1.3). If fouling is also a concern on the shell side, the pipe placement should
be either 45° or 90° square and there should be at least 6-7 mm clearance between the pipes,
so that the cleaning channels remain for mechanical cleaning. Fouling is not a problem on

the refrigerant side, so there is no need to think about cleaning methods on the shell side.

5.1.2 Falling film heat exchanger

A falling film evaporator is designed to cool water close to its freezing point. In the falling
film evaporator, the water is pumped into the distribution manifold, so that the water is
evenly distributed vertically on the panels. Water flows as a thin film on the surface of the
panels. In order to avoid freezing on the panels, the evaporator pressure must be adjusted.
The system is open, so it is possible to clean it, mechanically, even while the machine is in
use. When approaching the freezing point, the risk of ice formation increases, and the falling

film evaporator has been used to reduce these risks. A falling film evaporator is not as
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sensitive to ice formation as, for example, a tube heat exchanger. If ice forms on the panels
for a few minutes, it will not result in mechanical destruction, it will only reduce the
performance of the evaporator. The ice melts automatically when the internal temperature

of the panels has risen to normal operating values. (Heat transfer technology, 2022)

With a Falling film evaporator, the flow distribution might be challenging to implement on
heat exchanger surfaces and it also requires refrigerant flow control. Falling film evaporators
also have disadvantages. An automatic cleaning system is not available for falling film
evaporators. Falling film evaporators also take up much more space than, for example, plate
heat exchangers. With seawater, the evaporator must be made of corrosion-resistant material,

and the material costs are then higher. In the figure 39 is a falling evaporator.

Figure 39 Falling film evaporator (Omt-triaca, 2022)

5.1.3 Diffusion bonded heat exchangers

Figure 40 shows the diffusion bonded heat exchanger. The diffusion bonded heat exchanger

withstands high pressure and temperature. It has lower volume, weight and structural support
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requirements. The diffusion bonded heat exchanger can operate in temperatures ranging
from cryogenic to 900 °C and pressures up to 1,000 bar. Photo-chemically etched fluid
channels enable an exceptionally high heat transfer rate, which enables compact design. A
diffusion bonded evaporator takes up much less space than a falling film evaporator, up to
85% less, according to the manufacturer Heatric. (Heatric, 2022) In the channels of the
diffusion bonded evaporator, water goes in every other row and refrigerant in every other

row, so it works like plate heat exchanger, but it has channels.

Figure 40 Diffusion bonded heat exchanger (Heatric, 2022)

In this process, the plates are joined to the stack by high pressure and temperature, without
melting or deformation the material. The shape and size of the flow channels remain the
same during the manufacturing process. The interface area between the two metal flow plates
is bonded together as the atoms intertwine, allowing for an accurate structure of the flow
channels within the block. In the figure 41 can be seen the interface of two metal plates, as
we can see, the plates are bonded together carefully, and the interface is not seen. The plates
form a metal block and it is possible to weld these steel blocks together to create a larger
heat exchanger. (Heatric, 2022)
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Figure 41 Grain pattern at a diffusion bonded joint (Heatric, 2018)

Ultra-high-pressure cleaning uses a diffusion bonded heat exchanger. In UHP cleaning, the
high-pressure water is sprayed on fouled areas, and no chemicals are used in this cleaning
method. The heat pump requires an interruption of operation and opening the end of the heat
exchanger. (Heatric, 2018) Diffusion bonded heat exchangers are resistant to freezing. (VPE,
2022)

5.1.4 Plate and shell heat exchanger

A plate and shell heat exchanger consist of plates stacked on top of each other with a suitable
pattern pressed into them. The plates are connected to each other either by sealing, soldering
or welding. The soldered or welded structure can only be cleaned chemically, and it is
possible to open the sealed one. Refrigerant goes in every other gap and the fluid to be cooled
in every other gap. The power can be increased by adding plates, which increases the surface
area. The plate heat exchanger is more compact in size than the tube heat exchanger. A plate
heat exchanger resists freezing better than a tube heat exchanger, the heat exchanger can be

dimensioned close to the freezing point. (Aittoméki, 2012)

One type of plate evaporator is a shell and plate heat exchanger built inside a steel shell. The
plates are welded together in pairs. One flow passes between the plates and the other inside
the plates. The structure can also be made resistant to high pressure, e.g. suitable for carbon
dioxide. This heat exchanger is heavier due to the thick shell, compared to soldered or



64

welded plate packages. (Aittoméki, 2012) Figure 42 shows an example of Vahterus plate

and shell heat exchanger.

These heat exchangers have not yet been widely used in heat exchangers of industrial size,
and seawater causes high material requirements. For example, a Vahterus type plate and
shell heat exchanger made of titanium may still be difficult to find, but this plate heat
exchanger has great potential and may be a solution for many heat pump assemblies in the

future.

Figure 42 Plate and shell heat exchanger (Vahterus, 2022)

5.2 Evaporator the Degree of approach

The Degree of approach refers to the approach temperature, which is the difference between
the required outlet temperature of the process fluid and the temperature at which utility fluid
is available in the inlet. In this case, the intention is to utilize the heat of the seawater, without
causing freezing in the heat exchanger. So here the degree of approach is the temperature
difference between the outgoing seawater and the refrigerant. It is possible to get the degree

of approach to 0,5 °C, often itis closer to 3 °. In fact, 0,5 °C is a very efficient heat exchanger.



65

Because seawater is an unclean liquid, it makes the degree of approach even more difficult
to achieve. The figure 43 shows evaporator temperature profile and the figure 44 illustrates
the evaporator flows. The temperature profile is without considering any pressure drops
effect and refrigerant superheating/subcooling. The refrigerant side is isothermal because the

refrigerant phase change and the seawater temperature is kept above the freezing point.

Evaporation
Tseaii.n
A
A Tin Tsea_nut
I ATnut
v P <
Tref_sat Tref_sat
Figure 43 Evaporation temperature profile
Tref_sat
I
Evaporator
Tsea_om Tsea_i.n
— —

Figure 44 Evaporator flows
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Figure 45 shows the seawater outlet temperature, if the temperature difference of the
seawater outlet and the refrigerant is 0,5 K and it is assumed that the Baltic Sea freezes at -
0,3 °C and water is taken from 50 meters depth with salinity 5 %o (see the section 3.3, figure
11). Then it would be possible to lower the seawater outlet temperature to 0,2 °C. However,
the situation cannot be brought this close to the freezing point of seawater, it would be too
risky. Figure 46 also includes a tolerance of 0,5 K for the freezing point, which was
determined in accordance with the safety tolerances of one heat pump supplier. (Helen
internal documents, 2022) In this case, the seawater temperature could be at least 0,7 °C.
However, it should be noted that the surfaces of the evaporator pipes must not go below the

freezing point, so that ice does not start to form. This is calculated in section 5.2.1.

Theoretical minimum seawater temperature (salinity 5 %o)
Tsea_in 2,0
sea_out 0,2
AT, 2,3
AT, 0,5
Tref_sat (seawater freezing temperature) -0,3
AT, 1,2

Figure 45 Theoretical minimum seawater temperature

Minimum seawater temperature with safety tolerance (salinity 5 %o)

Tsea in 2,0
Tsea_freezing temperature -0,3
ATiglerance to avoid freezing 0,5
AT, 1,8
JAY 0,5
Tref sat 0,2
Tsea_out 0,7
AT, 1,0

Figure 46 Minimum seawater temperature with safety tolerance

If the water is taken from the surface, its salinity is 2-6%o., depending on whether the water

is taken from the shore or the open sea. The freezing point drops only a little, but even tenths
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of a degree matter. When the salinity is 2 %o, the minimum seawater outlet temperature is

0,32-0,82 °C, depending on the safety tolerance. In figures 47 and 48, the temperatures of 2

%o seawater have been calculated.

Theoretical minimum seawater temperature (salinity 2 %o)

Tsea in 2,0
Tsea out 0,32
AT, 2,2
AT 0,5
Tref sat (seawater freezing temperature) -0,18
AT, 1,14

Figure 47 Theoretical minimum seawater temperature

Minimum seawater temperature with safety tolerance (salinity 2 %)

Tsea in 2,0
Tsea freezing temperature -0,18
AT olerance to avoid freezing 0,5
AT, 1,7
AT 0,5
Tref sat 0,32
Tsea_out 0,82
ATy, 0,97

Figure 48 Minimum seawater temperature with safety tolerance

As mentioned earlier, as the salt concentration increases, the freezing point decreases.

However, it must be noted that the properties of seawater vary depending on the season, so

seawater cannot be too close to the freezing point without a safety tolerance. The salinity of

the water also varies depending on whether the water is taken from the bottom or the surface,

and it is the Baltic Sea, which is brackish water and not an ocean.

5.2.1 Tube wall temperature and ice layer

The temperature of the inner wall of the evaporator tube or the ice layer surface temperature

is calculated using the equations of the section heat transfer 4.2. In the calculation, it is

assumed that the pipe material of the evaporator is titanium, the pipe inner diameter is 19
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mm, the pipe wall thickness is 1 mm, there are 1770 pipes in total and the seawater volume
flow 1717 m3/h. The calculation has been made for seawater outlet temperature of - 0,29
°C, which is just below the seawater freezing temperature with 5 %o salinity. In the
calculation, the temperature of the refrigerant is lowered from -0,6 degrees to -4 degrees and
it is determined under what conditions the temperature of the ice surface was brought close
to the freezing temperature. When the surface temperature of the ice is just below the
freezing point, it is assumed no more ice is formed. In the calculations, it is assumed that
there is only one pipe, inside which seawater flows and outside the pipe refrigerant pool

boils.

Fouling factor was not taken into account in this calculation, because it would only improve
the final result of the calculation. When the evaporator is clean, even then we don't want to
freeze to occur, because the dirt layer acts as an insulator. However, we are dealing with a
clean surface here. Dirt prevents heat transfer, so the suction pressure of the heat pump must
be increased in order to transfer the same power due to the weakening of heat transfer. If the
power is kept the same and the suction pressure of the evaporator is increased, fouling can

even increase the risk of freezing.

The heat transfer coefficient of the refrigerant changes continuously as the water temperature
decreases, and the correlation is uncertain with small temperature differences. In any case,
as the difference between the pipe surface temperature and the refrigerant saturation
temperature decreases, the heat transfer deteriorates quickly. The temperature difference
with 2 °C seawater may be too small for bubbling to start with smooth-surfaced pipes, the
formation of bubbles can be facilitated by different surface structures and geometry of the
pipes. The study analyzed the cooling of one pipe and more accurate estimates also require
better correlation equations that take into account the effect of bundles of pipes. In addition,
the use of ribbed pipes should be considered in the design of the evaporator, because the
temperature difference between seawater ant the refrigerant it is low and the heat transfer on

the water side is better than on the refrigerant side. (Aittoméki, 2022)

Applying the section 4.2, the equations can be written as,

In| == Su
o n(E)
Rs = — +

mxdj*hy 2xmrxk 2%TxKp

(20)
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where the convection heat transfer coefficient of seawater is h, [W/m?K], k; is the thermal
conductivity of ice [W/mK] and k, pipe [W/mK], d is the diameter (see figure 49) and Rs is

the resistance from the seawater to the outer surface of the pipe [1/(W/mK)].

1
mxdy*hy

Ru = (21)

where the convection heat transfer coefficient of sea refrigerant is hy [W/m?K], d is the
diameter (see figure 49) and Ru is the resistance from the outer surface of the pipe to the
refrigerant [1/(W/mK)].

We can write a balance, the resistance from the seawater to the outer surface of the pipe,

which is the same as the resistance from the outer surface of the pipe to the refrigerant.

Ty—=Tk — Tr=Tsat (22)

where T is the temperature (see figure 49) [°C, K].

du ds
Tsat

Figure 49 Explanations for equations 20, 21 and 22
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Table 1 shows the surface temperature of the inside of the pipe/ice layer and the thickness
of the ice layer at different refrigerant saturation temperatures and seawater outlet

temperatures.

As mentioned earlier, the correlation used in the calculations is inaccurate at low
temperatures and does not take into account bundled pipes. However, the figures are
indicative, and it can be noticed that an ice layer starts to form when the temperature of the
refrigerant drops below -1 degree and the outlet temperature of the seawater is almost at the

freezing point temperature.

T sat (°C) T ice/T pipe surface (°C) [T seawaterout (°C) |ice layer (m)
-4,0 -0,2983 -0,29 0,007
-3,0 -0,3019 -0,29 0,005
-2,0 -0,3015 -0,29 0,001
-1,0 -0,2912 -0,29 0
-0,6 -0,2905 -0,29 0
-0,6 -0,0010 0,00 0
-0,6 0,1973 0,20 0
-0,6 0,3960 0,40 0
-0,6 0,5940 0,60 0
-0,6 0,7907 0,80 0
-1,0 0,6798 0,80 0
-2,0 0,6131 0,80 0
-3,0 0,5463 0,80 0
-4,0 0,4795 0,80 0

Table 1 Tube wall temperatures and ice layer

5.2.2 Effect of seawater temperature on power

The seawater inlet temperature directly affects the district heating power. Because of the
small temperature differences, seawater must be pumped in large quantities (approx. 160,000
m3/h) and for this reason the pumping power takes a lot of megawatts electricity (approx.
24 MW). Since the pumping costs are so high, with a small dT it is not necessarily worth
using heat pumps. Then it is more efficiency to produce energy in another way. In this figure
50, a rough examination has been made of how the inlet temperature of seawater affects the
output of district heating. Only the electricity used by heat pump compressors and by

seawater pumps are considered. When the plants' energy consumption is greater than the



71

available district heating power, it makes more sense to produce the energy for example
directly with electricity.

The changes in seawater temperatures are within 2 degrees, so it has been assumed that the
COP is a constant 2.6. Also, the need for seawater pumping would be lower when dT is

greater than needed, but the table assumes that 24 MW is constantly used for seawater

pumping.

The figure shows that the district heating output is greater than the electricity consumption
at a seawater temperature of 0,85 °C. Although it has been stated in previous sections that it
is possible to reach 0,7 °C with a safety tolerance and close to zero degrees without safety
tolerances, with 0,85 °C seawater, more district heating can be produced than the plant

consumes electricity.

Heat pump: seawater temperature vs district heating power and seawater power
- seawater min temperature 0,7 °C

- max district heating power~ 475 MW

- max. massflow™ 46620 kg/s

- seawater pump ™~ 24 MW

- COP,,.is assumed to be constant 2,6 (carbon dioxide)

350,0

300,0

250,0

200,0

Power MW

150,0

100,0

50,0

0,0
06 0,8 1 1,2 1,4 1,6 18 2 2,2
Seawatetr temperature °C

KJ-teho MW KL-teho MW P-sahkd MW P-sahkd + MV-pumppaus

Figure 50 Seawater temperature vs district heating power
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5.3 Filters

There are many different filtration methods for water and the choice of filter depends on the
need for cleanliness. There are coarse filters, fine filters, self-cleaning filters and passive
filters. Generally, a seawater system has, for example, coarse filtration and then fine

filtration.

In this case, coarse filtration is possible in the open sea and its purpose would primarily be
to prevent fish from entering the system, so the filtration implemented in a heat pump plant
can be a self-cleaning filter with a finer degree of filtration. Relying only on self-cleaning
filtration can be ecologically and due to the accumulated biowaste something that should be

paid special attention to.

5.3.1 Seawater filtration methods

Seawater is taken from the deep sea, so seawater is not what we are used to use, for example
in the condensate circuits of power plants. The quality of the seawater must be considered
in the filter choices, as well as the location of the seawater filter, whether the seawater filter
is at the heat pump plant or on the seabed. The flow of seawater would also be massive, like
the seawater system of nuclear power plants. The total seawater flow is approx. 160,000 m®
/ h. What makes filtration difficult is that the filters are located 17-27 km away and at a depth
of 50-70 meters, or the filtration is located at a heat pump plant that is approx. 60 meters
below ground. Seawater is brought to the plant in a pipe/tunnel and the pipe is full of water,
i.e. it is not in open flow. There are for example traveling band screen and Multi-disc screen
systems, but the water is not intended to be brought to the surface of the earth to be filtered,
these systems do not work on the ground because the seawater flow is not open flow. The
heat pump plant is located at a depth of 60 meter, so hydrostatic pressure prevails there, and
the filters must be tight and pressure-resistant (pressure class PN10 or PN16). This pressure
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requirement can also be too high for most of the drum filters, but there are pressure drum

filters from a supplier Andritz, that work at 10 bar.
There are three different ways to take in seawater from a filtration point of view:

- an open hole in the seabed without filter, and carry out course and fine filtration at the heat

pump plant,

- coarse net on the seabed, and coarse and/or fine filtration (depend seabed coarse net hole

size) at the heat pump plant,
- or a filter on the seabed and fine filtration at the heat pump plant.

The choice of filtering is influenced by e.g. organisms, seawater purity, maintenance needs,
size class, price and existing technology. Following section describes the seawater filter
solutions. In this study the intention is to utilize the heat of deep seawater during the coldest

times of the year, so surface intake is not discussed.

5.3.11 Seawater intake without subsea filtration

Offshore velocity cap intakes are used for large flows. The cover placed over the intake pipe
is called a "velocity cap”, it is the most common design type for offshore intake. The cover
turns the vertical flow into a horizontal one, which reduces the fish getting caught in the flow
at the intake opening. It has been found that fish avoid rapid changes in horizontal flow and
caps have reduced fish entrainment by 80-90% at two California power plants and 50-62%
at two New England power plants. (Pankratz, 2022) This cap has only been shown to reduce
fish entering the intake, but fish can still enter the intake. This works better for some species
of fish. Acoustic and optical (e.g. flashing lights or air bubbles) repellents also exist and are
used to prevent fish from entering the intake, but their effectiveness has been shown to be

limited and species-specific. (Brandt, 2017)
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Uncapped intake Capped intake
attracts fish discourages fish

Figure 51 The difference in intake velocity between capped and uncapped cooling water intakes (Brandt, 2017)

Water is brought to the heat pump plant through the offshore intake structure and a tunnel.

The Structures includes:
- offshore velocity cap (with or without coarse screen);
- tunnel (and pipelines);
- bed protection around the intake structure;
- onshore reception pipe/chamber for incoming water;
- coarse and fine screening;

- isolating structures for dewatering the onshore structure for maintenance;

and seawater pumps for seawater heat pump plant.

The threshold of the waterway intake should be above the seabed level by sufficient distance
to ensure that the sediment is not drawn in with the flow to the heat pump plant during larger
seawater flowrates or storms. Where necessary the bed should be suitably protected with
gravel or rock. Coarse screening on the intake requires regular inspection and maintenance
to ensure there is no growth or damage, and the structures should be such that it can be easily
removed for maintenance. (Brandt, 2017) Even though the water intake is 50-70 meters
below sea level, the seawater maximum flow is approx. 29-32 cm/s and an average flow is

approx. 3.5-5.8 cm/s. (Helen internal documents, 2022)
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The incoming flow velocity must be less than 0,15 m/s. A typical intake structure is shown
in figure 52. The width (W) of the threshold must be at least 1,5 times the height (H) of the
opening. (Brandt, 2017)

Coarse screens (removable) //ACCGSS cover

\ | :TH Dosing chemical for

biogrowth control

Local scour protection

Sea bed Stone mattress over pipe

Structure on spread -
footing or piles

/ N "__

Pipe in trench or on sea
Note: bed with weight blocks

WH = 1.5

Figure 52 Velocity cap type intake for offshore use (Brandt, 2017)

5.3.1.2 Subsea filtration

At the subsea filtration can be done using a passive screening system. Passive screens are
static devices using wedge wire or perforated cling free plates mounted in cylindrical cans
or polyhedral units (Taprogge/Tapis type). This Taprogge system will be introduced later in
this study and will be used as an example. These filters have no moving parts and those seal
out debris and aquatic life. In static water or where the flow rate is low, as in this case with
seawater, compressed air backflushing should be considered. Backflushing with compressed
air would remove the debris that has accumulated in the filter. Such cleaning does not
completely remove seaweeds or fibrous material that has accumulated in the net. Therefore,
care must be taken to ensure that the sieve units can be removed and cleaned if the back-
flushing is not able to remove all the dirt. A compressed air backwash system can be

challenging in some places due to noise, safety or local recreational use. Therefore, several
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small units may be better than one large one. But this should always be investigated on a
case-by-case basis. Air bubbles can reduce the buoyancy of a floating object; therefore, it

would be necessary to plan a protection zone in the affected area. (Brandt, 2017)

In the section 3.7. it was said that sea pox larvae attach in summer, when the surface water
temperature is around 18 °C. Also, the sea pox larvae live from the water surface to a depth
of about 15 meters. Sea pox does not multiply at low temperatures (5-10 °C). Based on these
findings, sea pox should not become a problem with subsea filters/nets. Surface water intake

is used in summer, so sea pox must be cleaned from surface filters/nets one in the year.

In Finland, all professional divers have that 50-meter working limit and the maximum diving
time for one dive to this depth is 5-10 minutes. For example, a group of three divers may be
on consecutive dives for 15-30 minutes, followed by a surface time of 4-5 hours. This can
be followed by one additional dive with a dive time of about 15 minutes for three people.
The third dive cannot be performed during the same day. Increasing the diving group gives
a diving time of about 5-10 minutes per person. For this reason, it is a good idea to design
the structures simple to install and maintain as possible. The world is dived to a depth of 70
meters, for example in Norway, England and Germany. These are saturation diving

companies. (Onjukka, 2022)

Below is a sketch of Taprogge's filter solution (figures 53 and 54). A sufficient number of
Tapis filters have been installed on the seabed to keep the flow rate low enough so that the
fish do not get caught in the filter net. An air backwash system is connected to the filters,
which gives air pressure shocks to clean the filter mesh. The design of the compressed air
system must consider the distance of many kilometers from the shore and the sea depth of

tens of meters.
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Taprogge

Figure 53 Seawater filter system from Taprogge (Gille, 2022)

Figure 54 Seawater filter system from Taprogge (Gille, 2022)

There are also tubular filtration solutions for the seabed. Figure 55 shows an illustrative
picture of a tubular filter. These have the same fouling problems as the filter solutions
mentioned above, and an air backwash system is recommended. Filters of this type also have
the goal of keeping the fish in the sea.
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Figure 55 Subsea filtration (Andritz, 2022)

5.3.1.3 Seawater filters at the facility

Seawater filtration removes particles from the water that would otherwise cause blockages.
Heat exchangers clog easily and lose efficiency, especially in terms of heat transfer and
pressure losses. If there was coarse filtration in the seawater intake channel, it may not be
sufficient for screening the sand/stone, algae, mussels, and other marine animals contained
in the seawater. Without proper filtering, the heat exchangers can become completely
blocked and it can even cause device breakdowns. As mentioned earlier, there are active and
passive filters. The active filter automatically cleans, and it is a good solution in this case,
because the plant has electricity easily available and we want to avoid additional downtime

due to clogging of the filters.

The hole size of the filter depends on the desired quality of seawater purity. The generally
used minimum hole size is about 1,5...2 mm. A smaller hole size can cause a pressure
difference that is too large when the filter gets fouled and there is a risk of the plate tearing
and breaking. Heat pump shell-and-tube evaporators often have an inner tube diameter of
about 18...25 mm. In this case, filters with a hole size of 5-10 mm are sufficient. The main

thing is that a piece of the right size does not get into the heat transfer pipe, causing the pipe
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to get stuck. The plate gaps of plate heat exchangers are usually around 2 mm, in which case

the hole size of the filter must be less than 2 mm. (Noponen, 2022)

Many different manufacturers have filters intended for the seawater process, but Taprogge's
solution is used as an example. Taprogge has a combined system with seawater filters and a
pipe cleaning system for a shell-and-tube heat exchanger. This system can be obtained even
for very large water flows, up to 90,000 m3/h. The Taprogge ball cleaning system is used,
for example, in power plant condensers and heat pump evaporators. In this case, the total
water flow is approx. 160,000 m® / h, which is distributed over several heat pumps, so a
sufficiently large tube cleaning system is available. The water goes to a seawater filter, which
automatically removes solids. The water that passed through the filter goes to the evaporator,
where is the tube cleaning system. In a tube cleaning system, taprogge balls are fed into a
stream of water before to heat exchanger. The system consists of a recirculation pump, a ball
collector and piping and the system is controlled by programmable logic. Figure 56 shows
the operating principle of the cleaning system and the figure 57 seawater filter structure.
Flow is an important factor in the sizing of a tube cleaning system. When the flow rate is
higher than the dimensioned, the balls can enter the sea through the ball collector. If the flow
rate is too low, the balls can get stuck in the tubes. Taprogge balls are defined according to
the application. The determination is influenced by water quality. The balls can also be
changed according to the season, if the flow rate is lower in summer, slightly smaller balls

can be put in the system. (Taprogge Group, 2022)

Figure 56 Tube cleaning system PR-BW 800 (Taprogge Group, 2022)
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Figure 57 Seawater filter PR-BW 800 (Taprogge Group, 2022)

6 Conclusions

The properties of the seawater in the Baltic Sea, such as temperature and salinity, have an
influence on the design of the seawater heat pump plant. When the seawater is at the coldest
2-0 degrees, even tenths of the temperature matter. The research questions were; challenges
posed by fouling in the seawater process and challenges posed by cold seawater and freezing
in the heat pump process. The seawater temperature at a depth of 50-70 meters can go low
as 2 and 0,5 degrees in the Baltic Sea Gulf of Finland. Then the seawater is already close to
the freezing point when it arrives at the heat pump. Salinity varies with depth, seasons and
the physics of the Baltic Sea. Baltic Seawater is brackish water and the salt content at depths
of 50-70 meters is about 5-8 %o and sometimes even lower. Salinity affects the freezing point
and by calculation the freezing point of Gulf of Finland seawater is -0,3...-0,5 degrees. The
heat pump plant is designed to be placed underground, where the seawater has an estimated
pressure approx. 10 bar. However, pressure does not affect the freezing point as much as
salt, but pressure also has a small effect, for example, with a salt concentration of 5%,
seawater freezes at air pressure at about -0,3 degrees, when the pressure is 10 bar, it freezes

at about -0,35 degrees.
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Freezing can be prevented in a heat pump by using a separate intermediate circuit between
the seawater exchanger and the evaporator. With the intermediate circuit the risk of freezing
is transferred to the seawater exchanger from the evaporator, where the glycol with negative
temperature enters. The evaporator would also not get unclean as easily and it would be
possible to make the evaporator from cheaper material. However, the glycol circuit would
be massive and would increase investment costs and the seawater heat exchangers would
cause more losses and even a small amount of energy should be recovered. It is more
reasonable to connect the evaporator directly to the sea, which would save project from extra
glycol circuits and temperature losses. For these reasons, it is compared different kind of
heat exchangers that are suitable as evaporators for industrial-sized heat pumps and
discussed how the evaporators differ from each other in terms of fouling. Evaporators have

the good sides and the weaknesses, which makes it hard to say which evaporator is "best".

Four different evaporators were introduced in the study, the shell-and-tube, falling film,
diffusion bonded and plate-and-shell heat exchanger. The shell-and-tube heat exchangers are
a commonly used technology in industrial-sized heat pumps, and this study revealed why. It
is possible to manufacture the tube heat exchanger as a very pressure-resistant structure,
even in a large size. The shell-and-tube heat exchanger enables reasonably easy cleaning.
The most contaminated liquid should be placed on the side of the pipe so that it is easily
accessible for mechanical cleaning. An automatic cleaning system, Taprogge, is available
for the tube heat exchanger, so it is not necessarily open or clean chemically as often. The
shell-and-tube type heat exchanger is a lot of larger than for example plate-and-shell heat
exchanger. The falling film evaporators are used in industrial-sized seawater heat pumps.
They are more resistant to freezing than tube heat exchangers, but they need much more
space than the other heat exchangers presented in this work. Since falling film heat
exchangers are larger the material costs are higher. The diffusion bonded heat exchangers
are compact. They take up to 85% less space than falling films heat exchanger. Ultra-high-
pressure cleaning uses a diffusion bonded heat exchanger. In ultra-high-pressure cleaning,
the high-pressure water is sprayed on fouled areas, and no chemicals are used in this cleaning
method. The heat pump requires an interruption of operation and opening the end of the heat

exchanger.

The freezing temperature of seawater in the Baltic Sea is approx. -0,3 degrees, so could be
imagined that a heat pump could let seawater get that cold. Ice should never form in the
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evaporator pipes, i.e. the inner surface of the pipe must not reach below the freezing point.
However, it must be remembered that heat exchangers, in this case the evaporator, do not
transfer heat with 100% efficiency. The degree of approach is usually a few degrees, in this
study the very minimum the degree of approach is studied, which is about 0,5 degrees. In
addition, when a safety tolerance for freezing of 0,5 to 0,7 degrees is taken, eventually the
minimum seawater temperature rises to 0,7 to 0,8 degrees, depending on the salinity of the
seawater. As dT is reduced, the required mass flow of seawater increases. Also, the full
power is not got from the heat pumps when the seawater temperature difference decreases.
When seawater is around 0,85 degrees, more district heating can be produced than electricity
is consumed. At colder temperatures, other energy production methods can be more efficient.

For further investigation, CFD modeling and an experimental test of freezing should be done.
In addition, it would be necessary to find out in more detail the various measurement
techniques to detect freezing quickly enough, so that we dare to keep the tolerance for
freezing as close to the freezing point as possible. Among the measurements, pressure
difference measurement and temperature measurements were mentioned. In addition, the
heat pump's compressor should react quickly to a possible freezing situation, for example by

increasing the suction pressure.
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Appendix 1. Example calculation of the heat transfer in evaporator pipe

du ds
Tsat

Tsqr = saturated refrigerant temperature = —0,6 °C

T,1 = water inlet temperature = 2 °C

T,, = water outlet temperature = —0,3 °C

AT, = 2°C — (0,6 °C) = 2,6 °C

AT, = —0,3°C — (—-0,6°C) =0,3°C

ATy —AT,,  2,6°C — 0,3°C
In(AT;,, /AT,,) In(2,6°C — 0,3 °C)

AT,, = mean temperature dif ference = = 2,76 °C

k; = ice thermal conductivity = 2,22 W /mK

k,, = pipe thermal conductivity = 19 W /mK

k, = pipe thermal conductivity = 0,56 W /mK

h, = refrigerant heat transfer coef ficient =?



dj = ice layer inside diameter = 0,015 m

dg; = pipe inside diameter = 0,019 m

d, = pipe outside diameter = 0,021 m
3
V = volume flow = 0,000269% - u = flow velocity = 1,52 m/s — m = masslow = 0,269 kg/s

v = water kinematic viscosity = 0,0000017919 m?/s
u = water dynamic viscosity = 0,001788 Pa * s
¢p = specific heat capacity = 4184 ] /kgK

Q = heat transfer rate =m * cp * AT = 0,269 kg/s * 4184 J/kgK * (2°C — (—0,3°C))
= 25886 W

Q  25886W

— == 9374W/°C
AT, 2,76 °C /

G = conductance =

_pxcp 0,001788 (Pa * s) * 4184 ] /kgK

p = 13,36
"T Tk, 0,56 W/mK
u*dj 1,52%* 0,015 m
Re=——= —5 =12723,9
?0,0000017919 -
(g) (Re — 1000)Pr
Nu = =131,2

14127 (é)% (Prs—1)

f = (0,79 xIn(Re) — 1,64)"2 = (0,79 * In(12723,9) — 1,64)~2 = 0,03139

Nu * kv _ 131,2 * 0,56 W /mK
d 0,015m

h, = water heat transfer coef ficient = = 4898,75 W /m?K



d
()

Rg = resistance from the water to the outer surface of the pipe = wrdjvho  Zxmekj 2 kp

0,019 m 0,021 m
1 In (0,015 w) In (0,019 ) 1
= w T W w = 0022y
n*0,015m*4898,75m Z*H*Z,ZZW 2*”*19W mK

R, = resistance from the refrigerant to the outer surface of the pipe = m
T

Tv—Tk _ Tk — Tsat
Rs Ru

hk = C2 * (Tk — Tsat)%°%?

Used as T is the average temperature

Tv—Tk _ Tk — Tsat Tv—Tk _ Tk — Tsat
Rs 1 Rs 1
7+ dj * hk o dj * (C2 * (Tk — Tsat)>°?2)
1,15°C Tk _ Tk — (0,6 °C)
0,022 1 1

W/mK 70,015 m« (6 * (Tk — —0,6 °C)2922)

—> hk = 28,3 W/m?K and Tk = 1.10 °C

1 1 1
Ru = - =0,274 ——
YT dj«hk  m+0015m=223W/m2K W

mK
U=—t = ! — 3379 %
" Rtot 1 17 mK
0,274 75—+ 0,022~
mK mK

,_G_9374W/°C
U g W
3,379W

=277m



