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1. Introduction

The ultimate goal of designers of power stations wheth-
er thermal or nuclear, from the thermodynamic point of
view, is to attain the maximum possible thermal efficien-
cy. For operators thereafter, the job is to maintain and run
the station close to the rated efficiency. The low tempera-
ture sink is the heat rejected by the condenser, which is a
crucial component of power stations. Its proper operation
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Increasing the thermal efficiency in newly designed power stations is a
priority. Keeping the efficiency in existed plants close to the rated one is
of paramount importance. This research contributes to investigating the
adverse effects of changes in condenser seawater coolant characteristics,
(temperature, fouling, and salinity), on the thermal performance of a
Boiling Water Reactor Nuclear Power Plant (BWR) NPP. A mathematical
model is developed to relate seawater cooling temperature, fouling, and
salinity to output power and thermal efficiency. The model also explains the
impact of the condenser performance on power and efficiency. The thermal
efficiency of the considered BWR NPP is reduced by 2.26% for a combined
extreme increases in the condenser cooling seawater temperature, fouling
factor of seawater and treated boiler feed water, and salinity by 10 °C,
0.0002, 0.00001 m’K/W, and 100 g/kg, respectively. A rise in the condenser
efficiency from 40% - 100% results in an increase in the output power by
7.049%, and the thermal efficiency increases by about 2.62%. Conclusions
are useful for reactor’s design.

according to the design data is of paramount importance
for the station to operate efficiently. There is a desirability
of having a high temperature internally and a low tem-
perature in the external environment. This consideration
gives rise to desirably siting power plants alongside cold
water. Most power plants have higher efficiencies in win-
ter than in summer.

A power plant is designed according to pre-determined
design conditions for optimum efficiency. However, in
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practice rated conditions cannot be maintained as the time
goes by, because inlet conditions are not as per design
data, hence the efficiency and output power drop. A steam
plant and the second cycle of a nuclear plant are com-
posed of many components; each is designed for optimum
operation in order to satisfy the overall plant efficiency.
The condenser is not the largest piece of equipment in the
plant, but it is a key item in determining the plant efficiency.

Surface condensers are the types usually used in pow-
er plants. The condenser is necessarily a large piece of
equipment because more than 60% of the thermal energy
produced by a plant ends up as low enthalpy heat because
of the thermodynamic limitation of the Rankine cycle.
This reject heat is dissipated by the condenser to the en-
vironment. The heat transfer area in a power plant’s sur-
face condenser easily dwarfs any other heat exchanger in
the plant. The lower heat sink temperature means higher
Carnot cycle efficiency. The upper heat reservoir is lim-
ited by material considerations. Therefore, attaining the
lowest possible condensing temperature in the heat sink of
the Rankine cycle is a primary goal in surface condenser
design. Since the saturation temperature and pressure of
steam are proportionally related at low pressures, the ob-
jective of low condensing temperature necessitates a low
condenser operating pressure. The condenser reduces the
turbine exhaust pressure so as to increase the specific tur-
bine output.

The steam power plant performance strongly depends
on its low pressure end operating conditions, where the
condenser is the key component to do this. The thermal
efficiency of power plants mainly depends on its tur-
bine-condenser performance. Generally, as the condenser
pressure increases, due to changes in its cooling water
characteristics, both thermal efficiency and net output
power decrease and the steam consumption increases.

Condensers in power plants are usually cooled by wa-
ter. Thus, factors affecting the condenser performance are
related to characteristics of the condenser cooling water.
The present research deals with nuclear power plants
(NPPs), which are mostly located near seas, and con-
densers are cooled by seawater. Three properties of the
condenser cooling seawater are important: temperature,
fouling, and salinity. The adverse effects of these factors,
due to deviations from design values, on the thermal per-
formance of a BWR NPP are investigated. In fossil fuel
power plants (PPs), some of the heat discharged is in the
flue gases through the stack, whereas in a NPP virtually
all the waste heat has to be dumped into the condenser
cooling water. Thermal PPs have an intrinsic advantage
which enables them to run their internal boilers at higher
temperatures than those with finely engineered nuclear
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fuel assemblies which must avoid damage for safety. This
means that the efficiency of modern fossil fuelled plants
is typically higher than that of nuclear plants. A nuclear
or thermal plant running at 33% thermal efficiency, for
instance will need to dump more heat than ones with 36%
efficiency. Nuclear plants currently being built have about
34%-36% thermal efficiency, depending on the site (es-
pecially concerning water temperature). Older NPPs are
often only 32%-33% efficient.

The water temperature in oceans, lakes, seas, and
rivers differs significantly from one site to another. The
seasonal variations of water temperature differ depending
on the location. The design of the condenser in a power
station depends on the inlet cooling water temperature.
Therefore, the station should be sited carefully, according
to the cooling water temperature of the source; low tem-
perature sites with less seasonal variations are preferable
if in hand. Sometimes it is unavoidable to locate the plant
on a high temperature water source like in the Arabian
Gulf region. As the temperature of the condenser cooling
water changes, the condenser pressure is directly affected,
and this reflects on the plant performance. Cooling water
temperature increase means condenser pressure increase,
and consequently plant efficiency decrease. It has been
concluded that for a proposed PWR NPP, the output
power and the thermal efficiency of the plant decrease by
approximately 0.3929% and 0.16%, respectively, for 1 °C
increase in the temperature of the condenser cooling sea-
water "', It is shown that an increase in the inlet cooling
seawater temperature of 15 °C reduces the efficiency and
the output power by 2% and 6%, respectively, of the 1450
MW power cycle of the APR 1400 PWR NPP in the Unit-
ed Arab Emirates located on the Arabian Gulf . A study
on the effect of cooling water temperature on the thermal
efficiency of a PWR NPP, found that an increase of 1 °C
of the coolant water results in a decrease of about 0.45%
and 0.12% in the power output and thermal efficiency of
the plant, respectively . For nuclear power plants, a rise
in temperature of 1 °C reduces the nuclear power by about
0.5% through its effect on the thermal efficiency . For a
225 MW steam PP, every 1 °C increase in the condenser
cooling seawater temperature, the output power of the
plant decreased by about 0.171%, the condenser pressure
increased by about 5.146%, and the plant efficiency de-
creased by approximately 0.168% . Reference
gated, by a thermodynamic model, the impact of flow rate,
temperature and velocity of the cooling water on the heat
transfer and condenser effectiveness, for a coal fired plant,
and found that 1 °C increase in the inlet temperature of
cooling water leads to deviation of the condenser pressure
by 0.59 kPa, which reduces the cycle heat transfer rate

investi-
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by 0.36% and the unit generation by 33 MW. An experi-
mental work on the performance of a steam condenser in
a 600 MW thermal PP depicted that the plant efficiency
increased from 38.83% to 39.45% by reducing the con-
denser pressure to 65.21 bar . A research on the effect
of the condenser ™. For an increase of 30 °C in the inlet
cooling water temperature, the annual cash flow decreases
by million 3.6 Dollars, and the electricity production cost
is increased to 0.148 cent/kWh ™. A Rankine cycle model
for the secondary cycle of a VVER 1200 NPP showed a
decrease in the thermal efficiency from 37.44% to 33.65%
due to an increase in the condenser pressure from 4 kPa -
15 kPa, which was attributed to increase in the condenser
cooling temperature and atmospheric temperature .
Fouling of heat exchangers may be defined as the ac-
cumulation of undesirable deposits on heat transfer sur-
faces. The fouled layer creates an additional resistance to
heat transfer, and the contraction of the flow area, due to
fouling, results in an increased flow velocity for a given
volumetric flow rate. Furthermore, the deposit is usually
hydro dynamically rough so that there is an increased re-
sistance to the fluid flow across the deposited surface. In
shell and tube steam condensers, the cooling water flow
velocity is usually low, and this gives rise to more fouling
accumulation in the tubes. Thus, the problems associ-
ated with condenser fouling will be more pronounced.
Therefore, the consequences of fouling are, in general, a
reduction in the exchanger efficiency and other associat-
ed operating problems including excessive pressure drop
across the exchanger. This affects the plant thermal per-
formance. In order to cope with the expected fouling, the
heat exchanger should have an additional area over that
required to give the same heat rate in the clean condition.
A model for studying the effect of changes in the condens-
er cooling seawater fouling on the thermal efficiency and
output power of a PWR NPP, indicated that an increase in
the condenser cooling seawater fouling factor in the range
0.00015 m’K/W-0.00035 m’K/W had led to a decrease in
the plant output power and thermal efficiency of 1.36%
and 0.448%, respectively '’ The effect of the thermal
resistance of fouling on the power output of a condens-
ing turbine, after one year of operation, indicated that for
old condensers the fouling resistance could reach 0.0007
m’K/W, and this reduced the turbine power output by up
to 4.1%, whereas for new condensers, the power output
drop did not exceed 1.5% """, A model to predict the effect
of fouling effect of fouling on the thermal performance of
evaporative coolers and condensers showed that the maxi-
mum decrease in effectiveness due to fouling was 78% for
condensers !"?. Research published " showed that unde-
sirable design procedures and operation problems of heat

exchangers typically oversize them by 70%-80% of which
30%-50% is attributed to fouling. It has been stated that if
the overall heat transfer coefficient for the fouled condi-
tion is Y4 the coefficient for clean condition, then the heat
transfer area is doubled, and that the choice of the fouling
resistance is crucial not only for efficient operation of
the heat exchanger and its operating cost, but also on its
capital cost "'*. A study on the impact of water fouling
properties on the thermal and hydraulic parameters of the
shell and tube heat exchanger tubes demonstrated that mi-
nor change in the fouling layer thickness has direct effect
on the heat transfer compared to the pressure drop for the
heat exchanger "), A model has been provided to study
the effect of fouling on the effectiveness and water outlet
temperatures of cooling towers demonstrated about 0.6%
decrease in effectiveness and about 1.2% increase in the
water outlet temperature ', Reference !'” studied the bio
fouling control of seawater to achieve efficient operation
of a power station, and reported that it is important for
power plant designers to choose the most suitable control
method to combat bio fouling in practical, economical,
and environmentally acceptable manners.

Salinity is the saltiness or the quantity of salt dissolved
in water, which is called saline water. This is usually
measured in g salt/kg seawater. Salinity is a thermody-
namic state variable that, along with temperature and
pressure, governs physical characteristics like the density
and heat capacity of saline water. Thus, changes in the
salinity of the condenser cooling seawater could affect its
performance. Salinity in closed seas, like the Dead Sea is
much higher than that in oceans and large area seas, riv-
ers and lakes have very lower salinities in comparison. A
model was provided to obtain the effect of salinity of the
condenser cooling seawater of a PWR NPP on the ther-
mo-physical properties of seawater on the thermal perfor-
mance of the plant revealed that increasing the condenser
cooling seawater salinity by 10 g/kg, 50 g/kg, and 100 g/kg
resulted in losses in the thermal efficiency of the plant by
0.011%, 0.06%, and 0.14%, respectively with respective
reductions in the output power for the same salinity values
of 0.033%, 0.039%, and 0.044% ", An investigation on
the effect of changing the salt content on many properties
of seawater, such as density, thermal expansion, tem-
perature of maximum density, viscosity, speed of sound,
vapor pressure, etc. gives that knowledge of the way these
parameters change, as well as the processes that cause the
changes, are essential for the design of systems that will
effectively operate in the ocean !"”. A model relating the
condenser cooling seawater salinity and temperature and
the thermal efficiency of a PWR NPP reported a loss of
0.2% in the efficiency, for temperature and salinity values
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of 5 K, and 10000 ppm *. Reference *! investigated the
thermal performance of a seawater cooling tower exper-
imentally and theoretically, and found that the air effec-
tiveness decreased with increasing the seawater salinity,
with a maximum decrease of 15% for a salinity of 85 g/kg.
A work connected with injecting seawater into the nuclear
reactors of the Fukushima disaster (Japan, 2011), in order
to cool down fuel elements, illustrated that seawater af-
fects the heat transfer due to changes in salinity and other
physical properties of the coolant *.

We could not detect research work concerning the com-
bined effect of temperature, fouling, and salinity of the
condenser cooling seawater on the thermal performance of
NPPs except that by Ibrahim et al. . This study focused
on a proposed PWR NPP, and showed that a significant
loss in the plant output power and thermal efficiency of
up to 8.242% and 2.77%, respectively, can result from an
increase in the condenser cooling seawater temperature
from 15 °C-30 °C, fouling factor from 0.00015 m’K/W-
0.00035 m’K/W, and salinity from 0 g/kg.-100 g/kg.

Since the efficiency of NPPs is lower than that of ther-
mal PPs, therefore, it is important to mitigate or prevent
if at all possible all factors that reduce their efficiency. To
achieve this, relations between such factors and the ther-
mal efficiency and output power of NPPs should be stud-
ied and analyzed. The current research contributes to the
adverse effects of variations in the condenser inlet cooling
seawater temperature, fouling, and salinity on the thermal
efficiency and power output of a proposed BWR NPP. The
paper includes the individual effects of these properties
as well their combined impacts. We developed a model,
based on thermodynamic and heat balance considerations,
to calculate the required effects, and numerical solutions
were performed by a computer program. The work is re-
lated to a BWR NPP, since there is no research conducted
on this type of plant relevant to the subject of the current
research.

2. The Selected BWR NPP

The present study is concerned with the complete cycle of
a typical BWR NPP. An OKG’s Oskarshamn 3 (O3) NPP is
selected as a case study of such a plant. Oskarshamn is one
of three active nuclear power plants in Sweden. The plant
is located about 30 kilometers north of Oskarshamn, on
the Baltic Sea coast. In 1985, Oskarshamn 3 was phased
in online and reached its full power of 1050 MW. In 1989,
the power of O3 was scaled up to a maximum of 1200 MW.
In 2012, the power was further increased to 1450 MW,
making O3 one of the largest BWRs in the world.

The plant consists typically of a BWR, reactor cool-
ant pump, high-pressure steam turbine (HPST), three
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low pressure steam turbines (LPST), moisture separator
and reheater (MS/R), deaerator feed water heater, two
high-pressure feed water heaters (HPFWH), and three low
pressure feed water heaters (LPFWH), condenser, bypass
valve (BPV) which is essential to keep the pressure inside
the reactor at 70 bar to ensure good and stable moderation,
and necessary pumps (feed water and condensate pumps).
Figure 1 is a schematic diagram showing the main compo-
nents of the proposed plant **..

N

élﬁd

Figure 1. A Schematic of main components of the pro-
posed BWR NPP

Technical design data of the Oskarshamn 3 NPP are
given in Table 1.

Table 1. Design data of the Oskarshamn 3 BWR NPP

Vapor data
before high pressure turbine MPa/°C  6.5/283
after high pressure turbine MPa/°C 0.97/179
in condenser kPa/°C 4.0/30
Number of preheating steps 6
- low pressure preheating stages 4
- high pressure preheating 2
Feed water temperature °C 218
Generator power MW 1450
Gross efficiency % 36.5
Aggregate net power MW 1400
Steam flow rate Kg/s 2115
Condenser cooling water flow rate m'/s 55
Condenser cooling water inlet temperature °C 5
Condenser cooling water temperature increase °C 10.5

3. The Present Theoretical Model
3.1 Model Calculation Data

The present calculations were made for these values:

e The range of change of cooling water temperature is
5°C-15°C.

e The range of change of the fouling factor, F is
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0.00015 m’K/W-0.00035 m’K/W.
e The treated boiler feed water range is 0.00005 m’K/W-
0.00015 m’K/W.
e The change of cooling seawater salinity S is 0 g/kg-
100 g/kg.
The combined effect of cooling seawater temperature,
fouling factor, and salinity was calculated for the above
given values.

3.2 Model Assumptions

(1) Thermodynamic conditions of the steam at exit of
the nuclear reactor are fixed.

(2) Thermal power of the BWR changes slowly to
provide constant thermodynamic properties of the
steam at exit from the nuclear reactor, since the
variation in the cooling water temperature occurs
seasonally and very slowly.

(3) Constant cooling water temperature difference.

(4) The condenser vacuum pressure varies with the
temperature of cooling water extracted from the
sea at fixed mass flow rate into the condenser.

(5) Constant mass flow rates of condensate and cool-
ing water.

(6) Fixed total surface area of condenser tubes and
material properties.

(7) There is no pressure drop across the condenser.

(8) Constant condenser heat transfer area and heat
load.

(9) Potential and kinetic energies of the flow and heat
losses from all equipment and pipes are negligible.

3.3 Model Formulation and Equations

3.3.1 Thermodynamic Analysis

The energy balance equations for the various processes
involving steady flow equipment such as the nuclear reac-
tor, turbine, pumps, and condenser are:

¢ Heat added to steam from reactor, Q,q is
Quaa = e (hgye — i) KW ey
where m,= mass flow rate of steam exit from reactor or
steam generator, kg/s, h;, = enthalpy of feed water inlet to
reactor or steam generator, kJ/kg, and h,,, = enthalpy of
steam outlet from reactor or steam generator, kl/kg.

¢ Total turbine work, W is

Wi =Wipr + Wi kW 2
WHPT = n.’lst (hin - hout) kW (3)
WLPT = mst (hin - hout) kW (4)

where m,, = mass flow rate of steam inlet to turbine, kg/s,
h,, = enthalpy of steam inlet to turbine, kJ/kg, h,, = en-

thalpy of steam outlet from turbine, kJ/kg, W= high
pressure turbine work, kW, and W, = low pressure tur-
bine work, kW.

¢ Pump work, W, is

W, =W,, + Wy, kW G)
wap = rhfw ( hin - hout) kW (6)
ch = rhfw ( hin - hout) kW (7)

where m;, = mass flow rate of feed water inlet to pump, kg/s,
h;, = enthalpy of feed water to pump, kJ/kg, h,, = en-
thalpy of feed water outlet from pump, kl/kg, Wy, = feed
water pump work, kW, and W, = condensate pump work,
kW.

¢ Heat rejected from condenser, Qg,; is

QRej = (mmix * hin - mfw * hout) kW (8)
where m,,,, = mass flow rate of mixture inlet to condenser, kg/s,
h,, = enthalpy of mixture inlet to condenser, kJ/kg, and

h,,. = enthalpy of feed water outlet from condenser, kJ/kg.
¢ Net work done, W, is
Wiee = Wy — W, kW Q)
¢ Cycle efficiency, 1, is
Whet

(10)

o
N = Qadd /o

3.3.2 Heat Balance Equations
Heat Balance of Feed Water Heaters

A lower temperature than that of natural environment
cannot be utilized, therefore, the large amount of heat re-
jected from the condenser is wasted. To mitigate such heat
waste, regenerative feed water heaters (FWHs) are em-
ployed in which feed water is heated to its final tempera-
ture by extracted steam from various stages of turbines.

There are two different types of FWHs commonly used
in power plants: open FWH, and closed FWHs, where
a heat exchanger is used to transfer heat between two
streams, which can be maintained at different pressures.

¢ Closed feed water heaters

Most feed water heaters are shell-and-tube heat ex-
changers, although some are of the header type. A few
employ straight tubes, although the majority uses U-tubes,
which are relatively tolerant to the thermal expansion dur-
ing operation.

In shell and tube closed FWHs, the condensed steam,
on the shell side, from each feed water heater drains suc-
cessively to the next lower pressure heater and is returned
to the feed water by means of heater drain pumps or
through the condenser. The heat balance equation is

ri’151: * (hl - hZ) = mfw * (hout - hin) (11)

where m, = steam mass flow rate extracted from turbine
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to feed water heater, kg/s, mg, = feed water mass flow rate
inlet to feed water heater, kg/s, h; = enthalpy of steam in-
let to feed water heater, kJ/kg, h, = enthalpy of steam out-
let from feed water heater, kJ/kg, h;, = enthalpy of mixture
inlet to feed water heater, kJ/kg, and h,,= enthalpy of feed
water outlet from feed water heater, kJ/kg.

¢ Deaerator

Dissolved oxygen and carbon dioxide in the feed water
fed to the boiler cause internal corrosion of pipes. Thus,
it is extremely important to get rid of all dissolved gases
from feed water, and this is achieved by using a deaera-
tor, which is an open feed water heater. Equipment life
can be extended at little or no cost by limiting the oxygen
concentration to 5 ppb. Dissolved CO, is essentially com-
pletely removed by the deaerator.

Deaerators in steam generating systems of most ther-
mal power plants use low pressure steam obtained from
an extraction point in their steam turbine system. The heat
balance is
(g, + 1hg,) * hy,e = (g * hy) + (g, * hyy) (12)
where m,, = mass flow rate of Steam extracted from tur-
bine to deaerator, kg/s, mhy, = mass flow rate of Feed water
inlet to deaerator, kg/s, h; = enthalpy of steam inlet to de-
aerator, kJ/kg, h,, = enthalpy of feed water inlet to deaer-
ator, kJ/kg, and h,, = enthalpy of feed water outlet from

out

deaerator, kJ/kg.

Heat Balance of Moisture Separator and Reheater

During expansion through the HP section, the moisture
content in the steam increases to approximately 12% at
the HP turbine exhaust. Moisture in the steam reduces the
mechanical efficiency in the LP turbines and causes ero-
sion of LP turbine blades.

The separator may be separate from the reheater or
integral with it. Separate separators usually employ cen-
trifugal principles.. In integral ones, sudden changes in the
steam direction, by means of vanes or baffles, causing lose
in the moisture momentum, thus falls down and get sepa-
rated from the steam. The heat balance of the separator is
1, * (h, -hy) = (@ +hy + (@ — 1) *hy, ) — @y +hy,) - (13)
where m, = mass flow rate of steam inlet to moisture
separator and reheater, kg/s, m, = mass flow rate of water
drained from moisture separator and reheater to deaerator, kg/s,
m, = mass flow rate of reheating steam inlet to moisture
separator and reheater, kg/s, h;, = enthalpy of steam with
moisture inlet to moisture separator and reheater, kJ/kg,
h,,. = enthalpy of superheated steam outlet from moisture
separator and reheater, kJ/kg, h, = enthalpy of water drained
from moisture separator and reheater to deaerator, kl/kg,
h, = enthalpy of reheating steam inlet to moisture sep-
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arator and reheater, kl/kg, and h, = enthalpy of reheating
steam outlet from moisture separator and reheater to steam
generator, or feed water heater, kJ/kg.

Heat Balance of Cooling Water System (condenser)

The rise in cooling water temperature and mass flow
rate is related to the heat rejected in the condenser as

QRej = (M * hy, ) — (Mg, * gy ) (14)
Qgej = Mgy * C x AT (15)
AT = (Topo — Tewi) (16)
Qge;= U+ AxLMTD (17)
LMTD =(1Tl,$—f§;) (18)

where = cooling water mass flow rate of condenser, kg/s,
= feed water mass flow rate of outlet from condenser, kg/ s,
m,,,= mixture mass flow rate inlet to condenser, kg/s,
h,, = enthalpy of mixture inlet to condenser, kJ/kg, h,, =
enthalpy of feed water outlet from condenser, kl/kg, T, =
Condenser saturation temperature, °C, T,,,= tempera-
ture of cooling water outlet from condenser, °C, T,,; =
temperature of cooling water inlet to condenser, °C, AT=
temperature different between the cooling water exit and
inlet temperature, °C, U = Overall heat transfer coefficient,
W/m’K, C = specific heat of water, kJ/kgK, A = heat transfer
area, m’, and LMTD = log mean temperature difference, °C.

3.4 Important Factors Affected by Changes in
Cooling Seawater Temperature, Fouling Factor,
and Salinity

¢ Inside overall heat transfer coefficient, U, is
1 2
Ui = A+ (R Ry #Ro* Ry *R1 o)) W/m'K

(19)

where A, = inside tube surface area, m’, R, = thermal re-
sistance of inner seawater, K/W, R_= thermal resistance
of outer condensation film, K/W, R,= thermal resistance
of tube wall, K/YW, R;; = fouling factor thermal resistance
inside condenser tubes, K/W, and R;,= fouling factor ther-
mal resistance outside condenser tubes, K/W.

¢ Outside overall heat transfer coefficient, U, is

1
2
U, = (Ag * (Rj#Ryy+Ry+Re i+ Re o)) W/m'K (20)

where A = outside tube surface area, m’>, R= thermal re-
sistance of inner seawater, K/W, R =thermal resistance of
outer condensation film, K/W, and R, =thermal resistance
of tube wall, K/W, R;; = fouling factor thermal resistance
inside condenser tubes, K/W, and R;, = fouling factor
thermal resistance outside condenser tubes, K/W.

¢ Thermal resistance of inner seawater, R, is
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1

Ri:A-lsh-l K/W

@n

where A= inside tube surface area, m’, and h=heat trans-
fer coefficient for flow inside circular tubes, W/m® K.
¢ Thermal resistance of outer seawater, R, is

1

R():ADshD K/W
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where A = outside tube surface area, m’, and h = film con-
densation heat transfer coefficient in bundles of horizontal
tubes, W/m’K.

¢ Thermal resistance of tube wall, R, is

R, = ") g w 23)

2nLk
where k= thermal conductivity of tube, W/m K, r,= outer
radius, m, r;= inner radius, m, and L= tube length, m.

¢ Thermal resistance of seawater fouling factor, R, is
R,==K/W (24)

where A= tube surface area, m’, and F= fouling factor, m’ K/W.
¢ Heat transfer coefficient of flow inside circular tubes,

h,
h, = 225 WimK 25)
where:
N, = 0.023 * RI® *p* (26)
_ Paw® Vad
Re T Hsw (27)
Pgyy * Cp gor
P=""m (28)

where p,,= seawater density, kg/m’, V= flow velocity, m/s,
d= tube diameter, m, p,,= seawater dynamic viscosity, N/m’ s,
k.= seawater thermal conductivity, W/m K, and C, =
seawater specific heat capacity, J/kg K.

¢ Film condensation heat transfer coefficient in bundles
of horizontal tubes, h, is *
h, = 0.725 (M}“ W/m’K

by (Tgp— Ty Je Ny wdy (29)
where pi=liquid density, kg/m’, p,= Steam or vapor density, kg/n1’,
= liquid dynamic viscosity, N/m’.s, T,= steam or vapor
saturation temperature, °C. N,= number of horizontal
tubes, hg,= latent heat for condensation, kl/kg, k= thermal
conductivity of liquid, W/m K, g = acceleration of gravity, m/s’,
and T,= condenser tube surface wall temperature, °C.

¢ Seawater density, p,,

The density of seawater, p, as a function of tempera-
ture, pressure, and salinity is a fundamental oceanographic
property. The thermo-physical seawater density correla-
tion is given as *°

_( (a, + a,T + a;T? + a, T + a,TH + )k m* (30
Pow =\ (b8, + b,S,T + b,5,T + b,5,T° + bs, 1% ) K& /M (30)

where:

a,=9.999x10%, a,= 2.034x107%, a,=—6.162x10"",
a,=2.261x10"°, a;=—4.657x10 %,

b,= 8.020x10%, b,= —2.001, b,=1.677x10, b,=—3.060
%107, bs=—1.613x10"", and valid for p, in (kg/m’) for 0 <
T<180°C, and 0<S,<0.16 kg/kg, with accuracy + 0.1 %.

¢ Seawater specific heat, C,,

The specific heat of seawater, C
tion of both temperature and salinity. The thermo-physical
seawater specific heat correlation is **
Coy=A+BT+CT +D T ki/kgK
where:

A=5328-9.76x10" S, +4.04x10 'S 7,
B=-6.913x10"+7.351x10"S, ~3.15x10° S %,
C=9.6x10°~1.927x10°S, +8.23x10° S ?,
D=2.5x10"+1.666x10" S, — 7.125x10 "* S.*, and
the validity of C, in (kJ/kg K) is for 273.15 <T < 453.15
K, and 0 < S, <180 g/kg, with accuracy of + 0.28%.

¢ Seawater thermal conductivity, k,

The thermal conductivity, kg, is an important property
of seawater and one of the most difficult liquid properties
to measure. Consequently data on seawater thermal con-
ductivity is very limited. For aqueous solutions containing
an electrolyte, such as seawater, the thermal conductivity
usually decreases with an increase in the concentration
of dissolved salts. The thermo-physical seawater thermal
conductivity correlation is **

logy, (k) = log,, (240 +0.0002 S)) + 0.434
(2.3 __ 343540.087 sp) (l _ )0.333 Wim K

T+273.15

changes as a func-

psw

€2)

(32)

T+273.15
647 +0.03 SP

where the validity is for k, in W/m K, is for 0 < T < 180
°Cand 0 < S,< 160 g/kg, with accuracy of + 3%.

4 Seawater dynamic viscosity, .,

The dynamic viscosity of seawater, pg, changes as
a function of both temperature and salinity. The ther-
mo-physical seawater dynamic viscosity correlation is >
Ho =M, (IFAS +BS) keg/ms
where:
A=1.541+1.998 x 10°T —9.52 x 10°T?,
B=7.974—7.561 x 10°T + 4.724 x 10 *T*,
1, =4.2844 x 107+ (0.157 (T + 64.993 )* —91.296 ), and
the validity is for p, and p,, in (kg/m.s) for 0 <T < 180 °C
and 0 < S, <0.15 kg/kg, with accuracy: + 1.5%.

(33)

3.5 The Effect of Condenser Performance on the
Thermal Performance of the Plant

The present model studies the effect of the condens-
er efficiency, 1, on the exhaust steam temperature and
pressure, condenser loss factor (LF), and output power
and thermal efficiency of the power plant. The condenser

27
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loss factor is defined as the ratio of the heat released by
the steam entering the condenser to the heat gained by its
cooling water. The loss factor, output power and thermal

efficiency are related to the condenser efficiency, 1, as .

I:TE'\'.\‘D_ Tcwi)
n= (25 % (34)
_ QRej st)
LF (Qst oW (35)
':l"l'lmi_x * h-m) — (i, e F Py )]
LF = ( Hipyr+ C .'_E.T : } (36)

where Qg = heat rejected from condensate steam, kW,
Qrej = heat rejected from condensate steam to cooling
water, kW, m, = mass flow rate of mixture inlet to con-
denser, kg/s, mg,= mass flow rate of feed water outlet
from condenser, kg/s, m.,= mass flow rate of cooling wa-
ter inlet to condenser, kg/s, h,= enthalpy of mixture inlet
to condenser, kJ/kg, and h,,= enthalpy of feed water outlet
from condenser, kJ/kg.

4. Results and Discussion

4.1 Thermodynamic Data and State Diagrams of
Plant Components

Classical thermodynamic heat balance calculations are

performed using computer software engineering equation
solver (EES) to determine the thermodynamic properties
at inlet and exit of each component in the steam cycle of
the assigned BWR NPP. Thus, it will be easy to calculate
and quantify all key parameters which indicate the state of
the plant such as heat added to steam, heat rejection, tur-
bine output power, and the overall thermal efficiency.

These analyses represent the base to evaluate the im-
pact of climate changes on the thermal performance of the
proposed BWR plant. Figure 2 represents the designed
heat balance model of the proposed plant at a cooling wa-
ter temperature of about 5 °C, as obtained from the com-
puter software Probera **.

Figure 3 illustrates the simplified design heat balance
model of the proposed plant at a cooling water tempera-
ture of about 5 °C, as created by EES.

Table 2 summarizes the inlet and exit thermodynamic
properties for each component in the cycle of the O3 NPP
at design conditions.

Figure 4 shows the thermodynamic state of each point
and heat balance analysis of the studied plant on the T-s
and h-s diagrams of the steam Rankine cycle.
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Figure 2. Approximation of the heat balance of the O3 plant at a cooling water temperature of about 5 °C
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Figure 3. The EES model equivalent of thermodynamic and heat balance analyses for the proposed O3 BWR NPP
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Table 2. Thermodynamic data of the plant

Point No. Temperature, T (°C) Pressure, p (MPa)  Enthalpy, h (kg/kJ) Entropy, s (ki/kg K) Quality, X Mass flow rate, (kg/s)
1 282.8 6.693 2771 5.827 0.997 2108
2 277.2 6.15 2771 5.857 0.9929 1833
3 280.5 6.46 2771 5.84 0.9952 1906
4 223.7 2.487 2612 5.876 0.8968 70.75
5 206.4 1.775 2559 5.888 0.8759 101.5
6 177.3 0.9408 2462 5912 0.8453 1733
7 177 0.935 2462 5914 0.8455 143
8 177.3 0.9408 2462 5912 0.8453 1590
9 177.3 0.9408 751.2 2.113 0 237.7
10 176.4 0.9219 2764 6.592 0.995 1353
11 273.1 5.773 1200 3.004 0 181.6
12 262.5 0.9018 2973 7.028 100 1356
13 135.4 0.2418 2735 7.112 100 107.1
14 86.84 0.06217 2497 7.083 0.9314 69.28
15 51.45 0.01328 2342 7.274 0.8941 42.17
16 30.7 0.004419 2245 7.411 0.8716 1137
17 28.85 0.004419 120.9 0.4206 -100 1185
18 29.08 2.851 124.4 0.4229 -100 1185
19 48.33 1.759 203.9 0.6813 -100 1185
20 81.85 1.491 343.8 1.096 -100 1185
21 123.6 0.9342 519.6 1.566 -100 1361
22 174.6 1.079 739.6 2.087 -100 2113
23 176 8.375 749.7 2.091 -100 2113
24 196.7 7.684 840.2 2.29 -100 2113
25 217.4 7.554 933.2 2.484 -100 2113
26 222 2.474 952.8 2.536 -100 271.2
27 206.4 1.775 952.8 2.54 0.03722 271.2
28 204.9 1.775 874.5 2.377 -100 371.3
29 177.3 0.9408 874.5 2.387 0.06094 371.3
30 122.8 0.2383 515.7 1.558 -100 106
31 86.84 0.06217 515.7 1.578 0.06639 106
32 83.92 0.058 351.4 1.122 -100 176
33 83.65 1.491 351.4 1.117 -100 176
34 25.77 0.012 108 0.3778 -100 42.17
35 30.71 0.004421 367.2 1.231 0.09826 46.96
36 82.08 1.491 344.8 1.099 -100 1361
37 223.7 2.487 2771 6.196 0.9832 19.04
38 223.7 2.487 2646 5.944 0.9152 89.79
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Figure 4. (a) T- s diagram and (b) h-s diagram of the O3
BWR NPP

4.2 The Effect of Condenser Inlet Cooling Water
Temperature on W and 7,

The results show that as T, increases both T, and T,
increase. The relation between T, and T, is found to be
linear, since the temperature difference (T,,.—T,,;) is con-
stant with nil effect of the condenser terminal temperature
difference TTD. (TT,,.). Also, the variation of T, and
T.,; exhibits a linear relationship, with approximately 1 °C
difference in T for subsequent values of TTD. at any
constant value of T_,.

Variations of P, corresponding to the saturation
temperature T, with T, resulted in increases in P,
of 0.000259 MPa, 0.000530 MPa, 0.001429 MPa, and
0.003242 MPa, for increases in of 1 °C, 2 °C, 5 °C, and
10 °C, respectively.

When P, increases, the enthalpy of the extracted steam
from low pressure turbines also increases and consequent-
ly the output power of turbines decreases. Figure 5 depicts
the variation of W, with T,,;. It is clearly seen that W,
decreases as T,,; increases. A decrease in W, by 0.4123%,
0.8247%, 2.0618%, and 4.1927% are the result of increas-
esin T, of 1 °C, 2 °C, 5 °C, and 10 °C, respectively.
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Figure 5. Relation between W,, and T,

Figure 6 presents the variation of n, with T,. As
shown, n,, decreases as T,,; increases. Decreases in 1, by
0.16%, 0.32%, 0.8%, and 1.58%, are due to increases in
T.i0of 1 °C,2°C, 5 °C, and 10 °C, respectively.
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Figure 6. Relation between 1, and T,

Figure 7 is a summary of the negative impact of varia-

tions in T,,; on 1, and W, of the plant.
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Figure 7. The impact of T,,; on W, and n,, of the O3 NPP
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4.3 The Effect of Condenser Cooling Water
Fouling on W, and 1,

Many factors are affected by changes in T, and F,,
such as the inside overall heat transfer coefficient U; the
outside overall heat transfer coefficient U,, the condenser
temperature T, and the condenser vacuum pressure P.

It is found that U; and U, decrease with increase in F; and
decrease in T, U, decreases by 24 W/m’K, and 200.4 W/m’K
for increases in F,; of 0.00002 m’K/W, and 0.0002 m’K/W,
respectively for constant T,;. U, decreases by 22.4 W/m’K,
and 185.7 W/m’K as F, increases by 0.00002 m’K/W, and
0.0002 m’K/W, respectively for constant T,,;. These are
significant decreases in U;and U,

Tc increased by 0.3 °C and 3 °C for F, increases of
0.00002 W/m’K, and 0.0002 W/m’K, respectively for con-
stant T_,;. P. went up to 0.000076 MPa and 0.000816 MPa
as F, increased by 0.00002 m’K/W, and 0.0002 m’K/W,
respectively for fixed T,

Figure 8 represents the relation between W, and F; for

net

1.460x10°

different values of T,,. It is observed that W, decreases as F,
and T, increase. W, , decreases by 0.1374% and 1.2371% of
the nominal power due to increases in F; by 0.00002 m’K/W,
and 0.0002 m’K/W, respectively for fixed T,.;.

Figure 9 indicates changes in n, with F; for different
values of T,,;. The results show a decrease in n,, by 0.05%
and 0.48% due to increases in F; of 0.00002 m’K/W, and
0.0002 m’K/W, respectively at constant T,;.

Any increase in F; and T,,; leads to increasing the foul-
ing thermal resistance of the condenser and these lead to a
reduction in U; and U,. These decreases in the overall heat
transfer coefficients cause a decrease in the amount of the
heat transferred to the seawater coolant, thus the steam
turbine exhaust temperature increases and accordingly the
corresponding pressure, which is a power loss.

Figure 10 shows a summary of the effect of F, on W,
and n, of the proposed NPP for a constant value of T,;.

The combined effect of condenser cooling secawater
fouling and temperature on, W, and 1, of the O3 plant
are exhibited in Figure 11.
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4.4 The Effect of Condenser Cooling Water
Salinity on W, and n,,

The model demonstrates that the seawater density p,,
increases as S, increases, and decreases with T, increase.
p,, increases by 8 kg/m’ and 79 kg/m’ as S, increases by
10 g/kg, and 100 g/kg, respectively for constant T

The results depict that the seawater specific heat, C,,
decreases with S, and T,,; increases until the salinity
reaches 20%, thereafter the increase in S, damps out this
decrease and the effect of temperature takes over, i.e.,
Cp,, increases with increasing T,;. It is depicted that Cy,
decreases by 0.063 kJ/kg.K and 0.525 kJ/kg.K for S, in-
creases of 10 g/kg, and 100 g/kg, respectively at the same
Teowir

The results give that p, increases for S, increase, and
decreases as T,; increases. [, increases by 0.000026 kg/m.s

32

and 0.000364 kg/m.s for increases in S, of 10 g/kg, and
100 g/kg, respectively for unchanged T,,,.

The results revealed that the seawater thermal conduc-
tivity k,, decreases as S, increase, and increases with T,
increase. k,, decreases by 0.0006 W/m.K and 0.0058 W/m.K,
as S, increases by 10 g/kg, and 100 g/kg, respectively at
constant T,.

Thermal resistance and heat transfer coefficients of
the condenser change with changes in all the above
mentioned thermo-physical properties of the condenser
cooling seawater. The inside tube heat transfer coefficient
of the condenser h, decreases as S, increases, and increas-
es with increase in T,,;. h; decreases by 39 W/m’K and
454 W/m’K as S, increases by 10 g/kg, and 100 g/kg, re-
spectively for fixed T,;.

The change in h; results in changing both U; and U,. In
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fact U; and U, decrease as S, increases, and increase as T,
increases. U, and U, decrease by 2 W/m’K and 1.7 W/m’K
for a 10 g/kg increase in S, respectively, and by 21 W/m’K
and 19.1 W/m’K, for S, increase of 100 g/kg, respectively
at constant T,;.

The decrease in overall heat transfer coefficients of
the condenser reduces the output power and thermal effi-
ciency of the plant. Figure 12 shows the relation between
W, and S,, at different values of T,;. It is seen that W,
decreases as S, and T, increase. W, decreases by about
0.0343% and 0.4123% of nominal power, for increases in
S, of 10 g/kg, and 100 g/kg, respectively for a given T;.

Figure 13 exhibits the relation between n,, and S, for
some values of T_,. It is seen that 1, decreases approxi-

mately by 0.02% and 0.16%, as S, increases by 10 g/kg,

nets

The adverse effects on hi, which lead to reductions in
U, and U, are the result of the effects of increased seawater
salinity on the thermo physical properties of the condenser
coolant. This results in less capability of heat transfer to cool-
ant. Accordingly, the turbine exhaust temperature and pres-
sure increase, which truly reduces W,,, and n, of the plant.

The present results depict that changes in p,, due to
increases in Sp, produce the worst effect on W, and 1, of
the plant. p_,, has the least effect on W, and 1, The re-
sults indicate that an increase in p,, from 0.001306 kg/m.s
to 0.001627 kg/m.s, decreases W, by about 2200 kW, and
N, by about 0.04%, while an increase in p,, from 999.5 kg/m’
to 1078 kg/m’, decreases W, by about 500 kW, and n,, by
nearly 0.0125%.

Figure 14 represents the concluded results of the effect

and 100 g/kg, respectively for the same T,,,. of S, on W, and n,, of the selected O3 NPP.
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4.5 The Combined Effect of Condenser Cooling
Water Temperature, Fouling Factor, and Salinity
on Wnet and nth

The results indicate that U; and U, increase with increase
in T,,; and decrease with increasing F and Sp, whereas T,
and P increase with increasing T, F, and S,. For 1 °C
increase in T,,,;, fouling factor of seawater and treated
boiler feed water of 0.00002 m’K/W and 0.00001 m’K/W,
respectively, and seawater salinity of 10 g/kg, cause de-
creases in: U, and U, by 34 W/m’K, 30.9 W/m’K, respec-
tively, and increases in T, and P by 1.44 °C and 0.000377
MPa, respectively. For an increase of T, of 10 °C, fouling
factor of seawater and treated boiler feed water by 0.0002 m’K/W
and 0.0001 m’K/W, respectively, and S, of 100 g/kg, U,
and U, are reduced by 261.8 m’K/W and 242 W/m’K, re-
spectively, and T, and P increase by 14.4 °C and 0.004971
MPa, respectively.

The inside and outside overall heat transfer coefficients

1.460x10°

and W__, of the NPP

net

increase with temperature increase and decrease as foul-
ing and salinity increase. The combined effect of increas-
ing temperature, fouling, and salinity makes the thermal
resistance of the condenser to go up; this explains the
observed reductions in U; and U,. As a result, the pressure
and temperature of the turbine exhaust are raised, which
reduce both output power and thermal efficiency of the
plant.

with T

cwi

at differ-
ent values of fouling factor of seawater F,, fouling factor of
treated boiler feed water F, and S,,. It is seen that W, de-
creases by 0.6185% of nominal power when increasing T,
by 1 °C, F, and F, by 0.00002 m’K/W and 0.00001 m’K/W,
respectively and S, by 10 g/kg. For an increase of T,,; by
10 °C, F, and F, by 0.0002 m’K/W and 0.0001 m’K/W,
respectively, and S, by 100 g/kg, W, decreases by 5.979%
of nominal power. These are significant reductions which
should be avoided.

Figure 15 presents variations of W,
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Figure 15. Variations of W, T, for different values of F,, F, and S,
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Figure 16 illustrates variations of n,, with T, for differ-
ent values of F; F, and S,. As shown n;, decreases by 0.23%
when increasing T,,; by 1 °C, F, and F, by 0.00002 m’K/W
and 0.00001 m*K/W, respectively, and S, by 10 g/kg.
For an increase of T,; by 10 °C, F, and F, by 0.0002 m’K/
W and 0.0001 m’K/W, respectively, and S, by 100 g/kg,
Ny, decreases by 2.26%. Such reductions cannot be ig-
nored.

Figure 17 gives the combined impact of T,;, F;, F,, and
S, on both W, and 1, of the NPP. Quite large losses in
W, and 1, can result from combined variations in con-

net

denser cooling sea water temperature, fouling and salinity.
It is observed that W, and n,, of the plant are reduced by
5.979% and 2.26%, respectively for extreme changes in
T, Fi, Fy,and S,

cwis

4.6 The Effect of Condenser Performance on W
and n,,

net

Since the condenser is a fundamental player in the ther-
mal efficiency of power plants, therefore, we performed
numerical calculations to obtain the effect of changing
the condenser efficiency, n¢ from 40% - 100 % on the
condenser loss factor, LF, exhaust steam pressure, P and
temperature, T, and plant W, and 1,,.

Figure 18 illustrates the effect of n. on T and Pe. It is
seen that T and P decrease with increasing 1. For an in-
crease in ¢ from 40% - 100%, T decreases by about 16.2 °C
and P decreases approximately by 0.002962 MPa.

The condenser loss factor is reduced as a result of the
increase in the amount of heat transferred to the cooling
seawater, which is a consequence of the decrease in the
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Figure 16. Variations of ng, with T, at different values of F;, F, and S,

m Anth

m AWnet

Anth & AWnet, %
B

ATcwi=1 & ATcwi=2 & ATcwi=3 & ATcwi=4 & ATcwi=5 & ATcwi=10 &
AFi=0.00002 & AFi=0.00004 & AFi=0.00006 & AFi=0.00008& AFi=0.0001& AFi=0.0002 &

AF0=0.00001 & AF0=0.00002 & AF0=0.00003 & AF0=0.00004 & AF0=0.00005& AF0=0.0001 &

ASp=10 ASp=20 ASp=30 ASp=40 ASp=50
ATewi, °C & AFi,0 , m2K/W & ASP, g/kg

ASp=100

Figure 17. The combined effect of, T,,,;, F; and F, and, S, on W, and 1,
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temperature of the turbine exhaust condensate. Figure 19
presents the effect of ¢, on LF. It is seen that LF decreas-
es with increasing n¢. For an increase in 1. from 40% -
100%, LF decreases by about 0.009.

34

0.0048

32 0.0044
30|
0.004
28|
<
OL) 26 0.0036 E
524 00032 7
Ay
22 0.0028
20|
0.0024
18|
16 0.002
14 0.0016
40 50 60 70 80 90 100
e %o
Figure 18. Variations of T and P, with n¢
1.042
1.041
1.04
1.039
1.038
s
1.037
1.036|
1.035
1.034
1033
1.032—— : : : : ‘
40 50 60 70 80 90 100

Uer %o
Figure 19. Variations of LF with n¢

The important conclusion is to determine quantitatively
the effect of the condenser efficiency, 1, on W, and 1, of
the plant. It is clearly shown in Figure 20 that increasing 1
increases both W, , and 1. For an increase in 1. from 40% -
100%, W, increases by 102000 kW, i.e. by 7.049% of the
nominal power, and 1, increases by 2.62%. These are high
adverse effects and should be taken care of.
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Figure 20. Variations of W, and n, with 1
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A decrease in 1 leads to increases in T, P, and LF.
Increases in T and P translate directly to a power loss
and hence less efficient plant. The role of the condenser,
as a pivotal component in a power plant, cannot be over-
looked. Inefficient condenser can be a burden on the plant.
The optimum operating conditions of the condenser must
be continuously maintained.

5. Conclusions

The main findings of this research are:

1) An increase of 1 °C in the temperature of the coolant
extracted from the sea can result in decreases of 0.4123%
and 0.16% in the power output and the thermal efficiency,
respectively.

2) The output power and the thermal efficiency are re-
duced by 1.2371% and 0.48%, respectively for an increase
in the fouling factor of the condenser cooling seawater of
0.0002 m’K/W.

3) An increase in the condenser cooling seawater sa-
linity of 100 g/kg, decreases the power output by approx-
imately 0.4123%, and the overall thermal efficiency by
about 0.16%.

4) The output power and the overall thermal efficiency
are reduced by 5.979% and 2.26%, respectively, for com-
bined extreme increases in the condenser cooling seawater
temperature, fouling factor of seawater, fouling factor of
treated boiler feed water, and salinity of 10 °C, 0.0002
m’K/W, 0.0001 m’K/W, and 100 g/kg, respectively.

5) A rise in the condenser efficiency from 40% to
100% increases the output power and thermal efficiency
by 7.049%, and 2.62%, respectively. Thus, environmental
factors and data should be used in the design of these con-
densers to compensate for the expected decrease in their
performance under actual operating conditions during the
life time of the NPP. The condenser design and its proper
operation are rather important.

The highest adverse impact on the efficiency is due to
increases in the condenser seawater cooling temperature,
followed by fouling then salinity. Decreases in the thermal
efficiency resulting from power losses are significant, and
cannot be tolerated. Engineers are working hard and large
investments are allocated in order to increase the efficien-
cy by even 0.5% or 1%. The combined negative impacts
of all considered factors together are likely to take place
rather than their individual effects. Moreover, the extreme
values could be achieved in the light, for instance of in-
creased global climate impacts, increasing maritime trade,
human activities, and increased water desalination.

The site of NPPs to be built on seas should be care-
fully selected, in order for changes in characteristics of
seawater in the selected site to be a minimum. However,
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adverse impacts on the thermal performance of the plant
are unavoidable as the operation time goes by, and these
should be minimized or eliminated if at all possible. It is
recommended to introduce an additional component in
new NPPs to keep the seawater condenser coolant temper-
ature, fouling, and salinity within design values. The tem-
perature could be controlled by a heat exchanger working
in connection with a refrigeration unit, or/and blow down
of hot water and add cold fresh water. Fouling could be
controlled chemically, mechanically or otherwise; it is the
hardest to deal with. Salinity may be reduced chemically
or/and by adding soft water. All could be controlled in one
unit with specific sensors for each item, with automatic
control operation. The cost of such additional component
would be compensated by decreases of the high mainte-
nance costs in NPPs, fuel cost, waste disposal, and keep-
ing the plant operating within its rated efficiency.

The present conclusions should be useful in the design
of NPPs in order to avoid the deterioration in the plant’s
efficiency, which has many adverse technical and eco-
nomic implications.
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Nomenclature
A Heat transfer area
C Specific heat
d Diameter
F Fouling factor
g Acceleration of gravity
L Length
LF Loss factor
LMTD Log mean temperature difference
h Enthalpy
k Thermal Conductivity
m Mass flow rate
N Number
Nu Nusselt number
P Pressure
Pr Prandtle number
Q Heat
R Resistance
r Radius
Re Reynolds number
S Entropy
Sy Salinity
T Temperature
AT Temperature difference
U Overall heat transfer coefficient
\% Flow velocity
Y Output power
X Moisture content
Greek Letters
n Efficiency
Density
n Dynamic viscosity
Subscripts
ad
c
cp
cwW
cwi
cWo
f
h
fw
fwp
HPT

ki/kg K

m’K/W
m/s
m
Dimensionless
°C
kJ/kg
WmK
kg/s
Dimensionless
Dimensionless
bar
Dimensionless
kl/kg
m’K/W
m
Dimensionless
kJ/kg K
g/kg
°C
°C
W/m’K
m/s
kl/kg

Dimensionless

%
kg/m’
kg/m.s

Added

Condenser

Condensate pump
Cooling water
Cooling water in
Cooling water out

Reheated steam

Horizontal

Feed water
Feed water pump

High pressure turbine
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Abbreviations

BWR
BPV
FWH
HP
HPFWH
HPST
LPFWH
LPST
NPP

Vapor
Tube wall

Boiling water reactor
Bypass valve
Feed water heater
High pressure
High pressure feed water heater
High pressure steam turbine
Low pressure feed water heater
Low pressure steam turbine

Nuclear power plant
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