
entropy

Article

Determining the Optimum Inner Diameter of
Condenser Tubes Based on Thermodynamic
Objective Functions and an Economic Analysis

Rafał Laskowski *, Adam Smyk, Artur Rusowicz and Andrzej Grzebielec

Institute of Heat Engineering, Warsaw University of Technology, 21/25 Nowowiejska Str., 00-665 Warsaw,
Poland; smyk@itc.pw.edu.pl (A.S.); artur.rusowicz@itc.pw.edu.pl (A.R.); andrzej.grzebielec@itc.pw.edu.pl (A.G.)
* Correspondence: rlask@itc.pw.edu.pl; Tel.: +48-22-234-5297

Academic Editor: Yan Jin
Received: 1 October 2016; Accepted: 6 December 2016; Published: 10 December 2016

Abstract: The diameter and configuration of tubes are important design parameters of power
condensers. If a proper tube diameter is applied during the design of a power unit, a high energy
efficiency of the condenser itself can be achieved and the performance of the whole power generation
unit can be improved. If a tube assembly is to be replaced, one should verify whether the chosen
condenser tube diameter is correct. Using a diameter that is too large increases the heat transfer area,
leading to over-dimensioning and higher costs of building the condenser. On the other hand, if the
diameter is too small, water flows faster through the tubes, which results in larger flow resistance
and larger pumping power of the cooling-water pump. Both simple and complex methods can be
applied to determine the condenser tube diameter. The paper proposes a method of technical and
economic optimisation taking into account the performance of a condenser, the low-pressure (LP)
part of a turbine, and a cooling-water pump as well as the profit from electric power generation and
costs of building the condenser and pumping cooling water. The results obtained by this method
were compared with those provided by the following simpler methods: minimization of the entropy
generation rate per unit length of a condenser tube (considering entropy generation due to heat
transfer and resistance of cooling-water flow), minimization of the total entropy generation rate
(considering entropy generation for the system comprising the LP part of the turbine, the condenser,
and the cooling-water pump), and maximization of the power unit’s output. The proposed methods
were used to verify diameters of tubes in power condensers in a200-MW and a 500-MW power units.

Keywords: power plant condenser; minimization of entropy generation rate; technical and economic
optimisation of condenser tube diameter

1. Introduction

Condensers are used in steam power plants to close the thermal cycle and transfer the heat of
condensation to the environment. Condensers are normally shell-and-tube heat exchangers where
steam fed from the low-pressure (LP) part of the turbine condenses. For steam condensation, water is
used and it can be drawn from a large water reservoir or a watercourse, such as a river, sea or lake
(an open cooling cycle) or from a basin located under a cooling tower (a closed cooling cycle) [1].
Parameters (temperature and the mass flow rate) of cooling water at the condenser inlet affect the
pressure of condensing steam, which in turn impacts on the power generated in the LP part of the
turbine. The higher the temperature of cooling water at the condenser inlet is, the higher the pressure
of the condensing steam becomes [2–5]. As the cooling-water mass flow rate rises, steam pressure in
the condenser decreases [6,7], while the resistance to flow and power supplied to the cooling-water
pump increase. Thus, choosing appropriate parameters of the condenser’s operation and geometry
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(tube diameter, heat transfer area, condenser length, and the number of tube) for a given power unit
is an issue involving multiple criteria. The condenser is located under the LP part of the turbine;
therefore the condenser length is determined by the length of the LP part. When steam power units are
retrofitted, the condenser may be subject to an upgrade; during such an upgrade it is possible to install
tubes of a corrected diameter that provides better condenser performance. Choosing condenser tubes
of a diameter that is too large (over-dimensioning) increases the heat transfer area and costs of building
the condenser. Furthermore, if, for a constant cooling-water mass flow rate, the tube diameter is too
large, water flows through the tubes at a lower speed and heat transfer conditions deteriorate, e.g.,
the heat transfer coefficient on the water side is lower. On the other hand, if the diameter is too small,
water flows faster through the tubes, which improves heat transfer conditions, but also results in larger
flow resistance and larger pumping power (more electric power is used by the cooling-water pump).
When determining the appropriate diameter of condenser tubes, one should consider multiple issues,
and this paper focuses on the issue of choosing the right diameter. The tube diameter was examined
for a condenser in a 200-MW and a 500-MW power units, since units of this capacity are currently in
the process of modernization in Poland. In addition, the units differ in capacity and efficiency, and
their condensers have tubes of different inner diameters. To this end, an economic method was applied,
taking into account the profit from electric power generation and costs of pumping cooling-water and
building the condenser. The results obtained by this method were compared with those provided
by the following simpler methods: minimization of the entropy generation rate per unit length of a
condenser tube (considering entropy generation due to heat transfer and resistance of cooling-water
flow), minimization of the total entropy generation rate (considering entropy generation in the LP part
of the turbine and the cooling-water pump), and maximization of the power unit’s output.

Two fundamental physical phenomena occur in heat exchangers: transfer of heat from the hot
medium to the cold one, and resistance of the media to flow. These two processes can be compared
and their combined effect can be calculated based on entropy generation. According to the second law
of thermodynamics, the heat flow and flow resistance, being irreversible processes, are accompanied
by entropy generation. The entropy generation represents irreversible processes, involving losses,
which is why designers of heat exchangers should bear in mind that the irreversible processes should
be kept as minimum as possible. In a per-unit model of the entropy generation rate for a condenser,
the entropy generation resulting from the heat flow and the resistance to flow on the cooling-water
side per unit length of a condenser tube are taken into account [8–10]. The cooling-water mass flow
rate affects the condenser performance and parameters, and the power required by the cooling-water
pump. A change in steam pressure in the condenser is followed by a change in the power of the LP
part of the turbine. Hence, in addition to entropy generation in the condenser due to heat flow and
cooling-water flow resistance, the model of the total entropy generation rate also considers entropy
generation in the LP part of the turbine and in the cooling-water pump. Since the main purpose of
a steam power unit is generating electric power, the model involving the unit’s maximum output
serves to examine the difference between the power generated by the turbine and the power required
to drive the cooling-water pump. Assuming a constant rate of heat flow provided in fuel fed to a
boiler, the maximum output of the power unit matches the output at the unit’s maximum efficiency.
Papers analysing the efficiency and output of power units include [11–15]. The economic approach
to choosing the shell-and-tube heat exchanger geometry commonly uses a cost-based method taking
into account costs of building the heat exchanger and forcing out media with pumps on an annual
basis [16–21]. Algorithms used to determine optimum heat exchanger geometry with the cost-based
objective function include genetic algorithms and particle swarm algorithms [22–25], the Artificial Bee
Colony (ABC) algorithm [26], the imperialist competitive algorithm (ICA) [27], the biogeography-based
(BBO) algorithm [28], the gravitational search algorithm [29], and the electromagnetism-like algorithm
(EM) [30]. Optimization functions involving the total cost of condenser construction and exergy losses
can also be found in the literature [31–33]. The parameters of a condenser in a steam power unit affect
the power generated by the LP part of the turbine. Therefore, in this paper, to analyze the choice of
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the optimum inner diameter of condenser tubes from the economic point of view, a formula was used
taking into account the profit from electric power generation by the LP part of the turbine less the
cost of pumping cooling water and of building the condenser on a one-year basis. The method of the
minimum entropy rate generation was used as complementary to the economic method, since the
former reflects the contribution of design parameters of equipment, including the steam condenser,
to losses occurring during operation of the equipment. To determine the optimum condenser tube
diameter, in addition to the appropriate objective function, one should also consider constraints,
such as minimum and maximum flow velocities of water in the tubes, maximum pressure drop and
geometrical constraints [34–37]. The issue of choosing the right inner diameter relates not only to heat
exchangers but also to district heating pipelines [38–41].

Mathematical modelling and heat transfer numerical simulations of power condensers have been
carried out for many years by a number of scientists. Zero-dimensional [42–50], one-dimensional [49],
two-dimensional [50–57], quasi-three-dimensional [58–61], and even three-dimensional [62,63]
models have been developed. Due to considerable dimensions of power condensers (as the
largest shell-and-tube heat exchangers), two-dimensional models are most often used from among
multi-dimensional ones. In the paper, a zero-dimensional model of the condenser (an initial analysis)
was chosen to determine the optimal condenser tube diameter. If, in the process of retrofitting the
units considered, further analysis of this issue is required, tube diameters are planned to be verified
using a two-dimensional model of the condenser.

2. Description of Condensers under Consideration

Figure 1 shows the part of the thermal system including the subsystem considered of the
500-MW power unit: the LP part of the turbine, the condenser, and the cooling-water pump, with the
notation used.
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pump are similar in the case of the 200-MW unit, the difference being that the LP part in the 
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Figure 1. The subsystem under consideration, being a part of the 500-MW power unit: the low-pressure
part of the turbine (LP) with extractions ext1 to ext3; the condenser (C); and the cooling-water
pump (CWP).

The connections between the LP part of the turbine, the condenser, and the cooling-water pump
are similar in the case of the 200-MW unit, the difference being that the LP part in the 200-MW unit has
only one extraction (ext1).
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A diagram of a typical two-pass condenser in a steam power unit is shown in Figure 2. The
condensers of the two power units are also two-pass designs, but their tube bundles are significantly
different (Figure 3).
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Figure 3. Tube bundle layout in a condenser of the 500-MW (a) and the 200-MW (b) units.

Basic specifications of condensers in the 200-MW and the 500-MW power units are listed in
Tables 1 and 2, respectively.

Table 1. Basic specifications of the condenser in the 200-MW power unit [42,43].

Item Symbol Unit Value

Heat transfer area A m2 2 × 5710 = 11,420
Number of tubes n - 2 × 6878 = 13,756

Cooling-water mass flow rate
.

m2 kg/s 2 × 4000 = 8000
Inlet/outlet cooling water temperature, norm. t2i/t2o

◦C 17/25.7
Rated condensed-steam mass flow rate

.
m1 kg/s 129

Tube outer diameter d2o mm 30
Tube inner diameter d2i mm 28

Tube length L mm 9000
Mean water pressure p2 bar (abs) 3

Number of passes - - 2
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Table 2. Basic specifications of the condenser in the 500-MW power unit.

Item Symbol Unit Value

Heat transfer area A m2 2 × 9500 = 19,000
Number of tubes n - 2 × 16,000 = 32,000

Cooling-water mass flow rate
.

m2 kg/s 2 × 6700 = 13,400
Inlet/outlet cooling water temperature, norm. t2i/t2o

oC 24/32
Rated condensed-steam mass flow rate

.
m1 kg/s 207.5

Tube outer diameter d2o mm 24
Tube inner diameter d2i mm 22.6

Tube length L mm 8000
Mean water pressure p2 bar (abs) 3

Number of passes - - 2

3. Mathematical Models for Determining the Optimum Condenser Tube Diameter

To find the correct condenser tube diameter, one should consider quantities reflecting heat transfer
and hydraulic resistance. The flow rate of heat in a condenser is described by the Péclet equation [44,45]:

.
Q = U · A · ∆tln (1)

The logarithmic mean temperature difference has the form:

∆tln =
(ts − t2o)− (ts − t2i)

ln
(

ts−t2o
ts−t2i

) (2)

The overall heat transfer coefficient (U) was taken as for a cylindrical wall according to
the equation:

U =
1

d2o
α2·d2i

+ d2o
2·λm
· ln
(

d2o
d2i

)
+

δ f
λ f

+ 1
α1

(3)

The coefficient of heat transfer (α2) from cooling water to tube walls was determined from the
Dittus–Boelter equation [44,45]:

α2 = 0.023 · Re0.8
2 · Pr0.4

2 ·
(

λ2

d2i

)
(4)

The equation for heat transfer on the side of condensing steam α1 was evaluated from the equation
proposed by Szkłowier [47,48]:

α1 = Cm ·Π0.1
s · Nun

−0.5 ·
(

1 +
z
2

)0.33
s f

.0.15 · εo
−0.04 · αp (5)

The Nusselt number (Nun), the heat transfer coefficient for steam condensation (αp) on a single
clean horizontal tube, and the geometric parameter of steam inflow per bank (s f ) are determined from
the following equations, respectively:

Nun =
αp · d2o

λ1
(6)

αp = 0.728 ·
(

ρk · λ3
k · r · g

νk · ∆tp · d2o

)0.25

(7)

s f =
f
A

=
S · L

πd2onL
(8)
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Szkłowier determined the similarity number Πs for a bank of tubes in a condenser as:

Πs =
w2

1 · ρ1

ρk · d2o · g
(9)

The velocity of steam at the bank inlet, essential for heat transfer conditions in the steam condenser,
can be determined from the equation:

w1 =

.
m1

ρ1 · f
=

.
m1

ρ1 · s f · A
(10)

The heat transfer area is:
A = π · d2o · L · n (11)

On considering Equations (3) and (4), the heat flow rate can be given including thermal resistance
per unit length as:

.
Q =

1
rl
· L · n · ∆tln (12)

The thermal resistance per unit length is:

rl =
1
π

(
1

α2 · d2i
+

1
2 · λm

· ln
(

d2o

d2i

)
+

1
α1 · d2o

)
(13)

The minimum of the thermal resistance per unit length is where heat transfer conditions are the
most favourable. To determine the condenser tube diameter, one should also take the resistance to
flow into account. Hydraulic losses due to water flow through condenser tubes were obtained from
the equation:

∆p = λ f r
ρ2w2

2
2

L
d2i

(14)

where the flow resistance coefficient is a function of the Reynolds number and roughness according to
the equation:

λ f r =
0.25[

log
(

k
3.7d2i

+ 5.74
Re2

0.9

)]2 (15)

The simultaneous effect of heat transfer and flow resistance can be considered according to the
second law of thermodynamics, since these phenomena are accompanied by entropy generation
resulting from irreversible processes.

3.1. Minimization of the Entropy Generation Rate per Unit Length of a Condenser Tube: SL = f(d2i)→ min

Entropy generation in the condenser results from heat flow and resistance to flow. The entropy
generation rate per unit length of a condenser tube, including the entropy generation due to heat flow
(

.
SLq) and flow resistance of cooling water (

.
SLp) can be expressed as [8–10]:

SL =

.
q2

πλ2T2
2Nu2

+
8

.
m3

π2ρ22T2

λ f r

d5
2i

=
.
SLq +

.
SLp (16)

The optimum inner diameter of condenser tubes is obtained by minimization of the entropy
generation rate per unit length (Equation (16)). Entropy generation resulting from heat flow and
resistance to flow is specified in the proposed equation per unit length of a condenser tube. In the
above equation, entropy generation on the condensing steam side is not taken into consideration. In
order to include entropy generation on the condensing steam side, entropy balance for the whole
condenser is required, which is described by equations in Section 3.2.
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3.2. Minimization of the Total Entropy Generation Rate:
.
S = f(d2i)→ min

A change in the inner diameter of condenser tubes affects the performance of the condenser itself,
the LP part of the turbine, and the cooling-water pump. Hence, it is reasonable to analyze the subsystem
comprising these components. For the subsystem under consideration (the LP part of the turbine,
the condenser, and the cooling-water pump), the model of minimization of the entropy generation
rate takes into account five entropy generation components: due to heat flow from condensing steam,
heat flow to cooling water, and the resistance of cooling water flow through the condenser tubes, in the
cooling-water pump, and in the LP part of the turbine.

The entropy generation rate due to heat transfer on the steam side is:

.
S1 = −

.
Q
Ts

(17)

The entropy generation rate due to heat transfer to cooling water is:

.
S

2,
.

Q
=

.
m2c2ln

T2o

T2i
(18)

The entropy generation rate due to the resistance of cooling water to flow through condenser
tubes [7] is:

.
S2,p =

λ f r
.

m3
2

2T2ρ2
2F2

2
L

d2i
(19)

The entropy generation rate for the pump equals:

.
Sp =

.
m2
(
spo − spi

)
(20)

The entropy generation rate for the LP part of the 500-MW turbine can be given as (Figure 1):

.
St =

.
mt(sext1 − sti) +

( .
mt −

.
mext1

)
(sext2 − sext1) +

( .
mt −

.
mext1 −

.
mext2

)
(sext3 − sext2) +

.
m1(sto − sext3) (21)

The entropy generation rate for the LP part of the 200-MW turbine can be written as:

.
St =

.
mt(sext1 − sti) +

.
m1(sto − sext1) (22)

The total entropy generation rate for the system under consideration is the sum of the
five components:

.
S =

.
S1 +

.
S

2,
.

Q
+

.
S2,p +

.
Sp +

.
St (23)

The optimum inner diameter of condenser tubes is obtained by minimization of the total entropy
generation rate (23). The smallest increase in entropy due to irreversible processes matches the largest
power output of the system.

3.3. Maximization of the Power Unit’s Output: P = f(p1(d2i))→ max

A change in the inner diameter of condenser tubes affects the power generated by the LP part of
the turbine and the power supplied to the cooling-water pump.

The power generated by the LP part of the 500-MW turbine is (Figure 1):

Pt =
.

mt(hti − hext1) +
( .
mt −

.
mext1

)
(hext1 − hext2) +

( .
mt −

.
mext1 −

.
mext2

)
(hext2 − hext3) +

.
m1(hext3 − hto) (24)

The power generated by the LP part of the 200-MW turbine is:

Pt =
.

mt(hti − hext1) +
.

m1(hext1 − hto) (25)
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The power supplied to the cooling-water pump equals:

Pp =

.
m2∆pp

ρ2ηp
=

.
m2
(
hpo − hpi

)
(26)

The optimum inner diameter of condenser tubes is obtained by maximization of the power
generated by the LP part of the turbine less the power used to drive the cooling-water pump:

P = Pt − Pp (27)

With this criterion the highest power output of the unit can be determined. In order to consider
the income from electricity generation and costs of cooling-water pumping and condenser construction,
an economic criterion was used; see Section 3.4.

3.4. The Economic Method—Profit Maximization: Z = f(d2i)→ max

The economic analysis was based on the unit’s ratings prior to the upgrade of its thermal system,
including the condenser.

A surplus profit/loss over N years of planned power plant lifetime was defined as the income
from selling surplus electricity less the cost of building the condenser:

ZN =
N

∑
t=1

[(
Pt − Pp

)
−
(

Ptr − Ppr
)]
· ce · τ · at − cA · (A− Ar) (28)

If, for the sake of simplicity, a constant annual electricity generation (the same in each year of
operation) is assumed, Equation (28) can be transformed into:

ZN =
[(

Pt − Pp
)
−
(

Ptr − Ppr
)]
· ce · τ ·

N

∑
t=1

at − cA · (A− Ar) (29)

Equation (29) can be rewritten with regard to annual effects Za:

Za =
[(

Pt − Pp
)
−
(

Ptr − Ppr
)]
· ce · τ −

1
N
∑

t=1
at

cA · (A− Ar) (30)

where fixed cost ratio is equal to:

fc =
1

N
∑

t=1
·at

=
d(1 + d)N

(1 + d)N − 1
(31)

Finally, the economic criterion for choosing the condenser tube diameter can be written as follows:

Za =
[(

Pt − Pp
)
−
(

Ptr − Ppr
)]
· ce · τ − fc · cA · (A− Ar) (32)

The optimum inner diameter of condenser tubes is obtained by maximization of profit according
to Equation (32). A change in the condenser tube diameter affects power of the turbine and the
cooling-water pump, as well as heat transfer surface in the condenser. Equation (32) considers changes
both in the net income from electricity sales and the cost of constructing the condenser.

4. Calculation Results

Condenser parameters, including steam condensation pressure, were calculated using a condenser
simulator for steady states. The mathematical model of the condenser used balance and heat flow
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equations. For the given condenser geometry, the simulator's input variables were: temperature (t2i),
pressure (p2i), and the mass flow rate of cooling water at the condenser inlet, and the mass flow rate of
condensing steam (

.
m1); the output variables were: cooling-water temperature at the condenser outlet

(t2o), and pressure of steam condensing in the condenser (ps). A detailed description of the condenser
model can be found in [7,47,48]. The model takes into account the effects of inert gases and deposits
and the fact that a change in the inner diameter of condenser tubes is followed by a change in their
thickness. Calculations were performed for a constant heat flow rate equal to the heat flow rate at
rated operating conditions. The rated heat flow rate for the condenser of the 200-MW (500-MW) unit is
.

Q = 293 MW (
.

Q = 453 MW, respectively). The number of tubes (n) and their length (L) are constant
and equal to design data (Tables 1 and 2). The heat transfer area is given by Equation (11). A constant
length of the condenser was assumed, since it is defined by the length of the LP part of the turbine.
A constant number of condenser tubes was taken, since for slight alteration of the condenser tube
diameter tube sheets can be used. If the alteration of the diameter is considerable, the tube sheets
should be replaced.

To evaluate the power output of the LP part of the turbine in the 200-MW unit, the following
parameters at the inlet of the LP part of the turbine were used: steam pressure pti = 0.124 MPa,
steam temperature tti = 178 ◦C, and steam enthalpy hti = 2831 kJ/kg. Steam parameters at
the extraction (ext1) are the following: pressure pext1 = 0.0299 MPa, temperature text1 = 69 ◦C,
enthalpy hext1 = 2615.7 kJ/kg, and the steam mass flow rate from the extraction

.
mext1 = 6.795 kg/s.

The efficiency of the group of stages between the inlet of the LP part and the extraction was 0.86.
For the LP part of the turbine in the 500-MW unit, the following parameters at the turbine inlet

were taken: steam pressure pti = 0.554 MPa, steam temperature tti = 266 ◦C, and steam enthalpy
at the inlet hti = 2994 kJ/kg. Steam parameters at the first extraction were the following: pressure
pext1 = 0.2283 MPa, temperature text1 = 177 ◦C, enthalpy hext1 = 2824 kJ/kg, and the steam mass
flow rate from the extraction

.
mext1 = 16.156 kg/s. Steam parameters at the second extraction were

the following: pressure pext2 = 0.0717 MPa, temperature text2 = 90 ◦C, enthalpy hext2 = 2635 kJ/kg,
and the steam mass flow rate from the extraction

.
mext2 = 9.368 kg/s. Steam parameters at the third

extraction were the following: pressure pext3 = 0.0275 MPa, temperature text3 = 67 ◦C, enthalpy
hext3 = 2525 kJ/kg, and the steam mass flow rate from the extraction

.
mext3 = 12.1 kg/s. The efficiency

of the group of stages between the inlet of the LP part and the first extraction was 0.867, between the
first and second extractions 0.90, and between the second and third extractions 0.735.

For both the turbines, a constant efficiency of the group of stages between the last extraction and
the outlet of the LP part of the turbine, equal to 0.8, was used. A change in the power of the LP part
of the turbine resulted from a change in steam pressure in the condenser; the steam pressure in the
condenser changes if the condenser tube diameter, and therefore the heat transfer area, is modified.
Since pressure in the condenser varied relatively slightly, the parameters at the inlet of the LP part of the
turbine and at the extractions were assumed to be constant. A constant efficiency of the cooling-water
pump, equal to ηp = 0.72, was taken [42] for a 200-MW unit’s pump; for a cooling-water pump of a
500-MW unit, a constant efficiency was taken, equal to ηp = 0.86.

The following values were used in the economic analysis: the electricity price ce = 180 zł/MWh
(1zł = 4.4 euro), the annual power plant operation time τ = 7000 h, the price of one square metre of the
heat transfer area cA = 700 zł/m2, and the fixed cost ratio fc = 0.12.

4.1. Calculation Results for the Condenser in the 200-MW Power Unit

Based on data obtained from the condenser model, Figure 4 shows velocity of cooling water in
tubes and pressure drop on the cooling-water side.
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Figure 4. Velocity of cooling water in tubes and pressure drop on the cooling-water side in the
condenser as functions of the tube inner diameter.

For a constant cooling-water mass flow rate, the larger the condenser tube diameter, the lower
velocity in tubes, which follows from the continuity equation. For a lower velocity of cooling water
in tubes, pressure drop on the cooling-water side is smaller—Equation (14). If velocity of water in
condenser tubes is lower, the heat transfer coefficient on the water and steam sides is smaller, and,
consequently, the overall heat transfer coefficient becomes smaller (Figure 5). With a constant heat
flow rate, decreasing the overall heat transfer coefficient despite the increase in the heat transfer area
results in deterioration of heat transfer conditions, and, as a consequence, to a drop in the UA product
(Figure 6). Hence, the rise in condensing steam pressure occurs, which can be seen in Figure 5. The
drop in condensing steam pressure with increasing heat transfer area, which was reported in [64,65],
relates to a constant tube diameter and variable length or number of tubes. In the case considered in
the paper, the number and length of tubes are constant, while the tube inner diameter varies, which is
why a slight pressure increase can be observed.
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Following the decrease in the product of the overall heat transfer coefficient and the heat transfer
area, the thermal resistance per unit length (13) rises (Figure 6).

The effect of the tube inner diameter on power generated by the LP part of the turbine (25) and
on power required to drive the cooling-water pump (26) is shown in Figure 7.



Entropy 2016, 18, 444 11 of 20

Entropy 2016, 18, 444 11 of 21 

 

Following the decrease in the product of the overall heat transfer coefficient and the heat 
transfer area, the thermal resistance per unit length (13) rises (Figure 6). 

0.0024

0.0026

0.0028

0.003

0.0032

0.0034

0.0036

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

the tube inner diameter d2i, mm

th
er

m
al

 re
si

st
an

ce
 p

er
 u

ni
t 

le
ng

th
, m

K/
W

32500

33750

35000

36250

37500

38750

40000

U
A,

 k
W

/K

thermal resistance per unit length UA  

Figure 6. The thermal resistance per unit length and the product of the overall heat transfer 
coefficient and the heat transfer area as functions of the tube inner diameter. 

The effect of the tube inner diameter on power generated by the LP part of the turbine (25) and 
on power required to drive the cooling-water pump (26) is shown in Figure 7. 

57000

57100

57200

57300

57400

57500

57600

57700

57800

57900

58000

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

the tube inner diameter d2i, mm

Pt
, k

W

500

950

1400

1850

2300

2750

3200

3650

4100

4550

5000

P
p,

 k
W

Pt - power of LP part of the turbine Pp - pump power  
Figure 7. Power generated by the LP part of the turbine and power required to drive the 
cooling-water pump as functions of the tube inner diameter. 

An increase in the tube inner diameter is followed by a slight increase in steam pressure, which 
results in the drop in power of the LP part of the turbine, since steam expands to a higher pressure. 
The lower pumping power is a consequence of a lower velocity of cooling water in condenser tubes 
due to their larger inner diameter. 

The power unit’s net output, i.e., the difference between the power generated by the LP part of 
the turbine and that used by the cooling-water pump, and the entropy generation rate per unit 
length of a condenser tube (16 with its two components are plotted in Figure 8). 

Figure 6. The thermal resistance per unit length and the product of the overall heat transfer coefficient
and the heat transfer area as functions of the tube inner diameter.

Entropy 2016, 18, 444 11 of 21 

 

Following the decrease in the product of the overall heat transfer coefficient and the heat 
transfer area, the thermal resistance per unit length (13) rises (Figure 6). 

0.0024

0.0026

0.0028

0.003

0.0032

0.0034

0.0036

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

the tube inner diameter d2i, mm

th
er

m
al

 re
si

st
an

ce
 p

er
 u

ni
t 

le
ng

th
, m

K/
W

32500

33750

35000

36250

37500

38750

40000

U
A,

 k
W

/K

thermal resistance per unit length UA  

Figure 6. The thermal resistance per unit length and the product of the overall heat transfer 
coefficient and the heat transfer area as functions of the tube inner diameter. 

The effect of the tube inner diameter on power generated by the LP part of the turbine (25) and 
on power required to drive the cooling-water pump (26) is shown in Figure 7. 

57000

57100

57200

57300

57400

57500

57600

57700

57800

57900

58000

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

the tube inner diameter d2i, mm

Pt
, k

W

500

950

1400

1850

2300

2750

3200

3650

4100

4550

5000

P
p,

 k
W

Pt - power of LP part of the turbine Pp - pump power  
Figure 7. Power generated by the LP part of the turbine and power required to drive the 
cooling-water pump as functions of the tube inner diameter. 

An increase in the tube inner diameter is followed by a slight increase in steam pressure, which 
results in the drop in power of the LP part of the turbine, since steam expands to a higher pressure. 
The lower pumping power is a consequence of a lower velocity of cooling water in condenser tubes 
due to their larger inner diameter. 

The power unit’s net output, i.e., the difference between the power generated by the LP part of 
the turbine and that used by the cooling-water pump, and the entropy generation rate per unit 
length of a condenser tube (16 with its two components are plotted in Figure 8). 

Figure 7. Power generated by the LP part of the turbine and power required to drive the cooling-water
pump as functions of the tube inner diameter.

An increase in the tube inner diameter is followed by a slight increase in steam pressure, which
results in the drop in power of the LP part of the turbine, since steam expands to a higher pressure.
The lower pumping power is a consequence of a lower velocity of cooling water in condenser tubes
due to their larger inner diameter.

The power unit’s net output, i.e., the difference between the power generated by the LP part of
the turbine and that used by the cooling-water pump, and the entropy generation rate per unit length
of a condenser tube (16 with its two components are plotted in Figure 8).

The minimum entropy generation rate per unit length of a condenser tube according to
Equation (16) was obtained for the tube inner diameter of 27 mm. The larger the condenser tube
diameter, the lower the speed of cooling-water in tubes, which results in a drop in entropy generation
per unit length of a condenser tube due to resistance to flow. As the speed of cooling-water in tubes
becomes lower, the Nusselt number on the water side is smaller, and entropy generation increases due
to heat flow per unit length of a condenser tube according to Equation (16). The maximum difference
between the power generated by the LP part of the turbine and that required to drive the cooling-water
pump (27) was obtained for the tube inner diameter of 31 mm.
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diameter of 31 mm, i.e., the one for which the maximum power is generated (Figure 8). The highest 

Figure 8. The entropy generation rate per unit length of a condenser tube with its two components,
and the difference between the power generated by the LP part of the turbine and that used by the
cooling-water pump as functions of the tube inner diameter.

Figure 9 displays the total entropy generation rate for the system under consideration (23),
comprising the LP part of the turbine, the condenser, and the cooling-water pump, and the annual
surplusprofit according to Equation (32).
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Figure 9. The total entropy generation rate for the system under consideration, comprising the LP part
of the turbine, the condenser, and the cooling-water pump, and the annual surplusprofit as functions
of the tube inner diameter.

The minimum total entropy generation rate for the system under consideration occurs for the
diameter of 31 mm, i.e., the one for which the maximum power is generated (Figure 8). The highest
annual surplus profit, being the essential criterion for choosing the condenser tube diameter, was
achieved at the diameter of 29 mm. For condenser tube diameters between 27 mm and 33 mm, the
graph of the annual surplus profit is rather flat but has a maximum. In this case, a possibly small
change in the diameter is recommended, for the condenser in question to a diameter of 29 or 30 mm.
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4.2. Calculation Results for the Condenser in the 500-MW Power Unit

Similarly to the 200-MW unit condenser above, Figures 10–13 depict changes in heat flow
parameters of the condenser in the 500-MW unit. Figure 10 shows velocity of cooling water in tubes
and pressure drop on the cooling-water side. Figure 11 displays the overall heat transfer coefficient
and steam pressure in the condenser as functions of the tube inner diameter. The thermal resistance
per unit length (13) and the product of the overall heat transfer coefficient and the heat transfer area as
functions of the tube inner diameter are plotted in Figure 12. The effect of the tube inner diameter on
power generated by the LP part of the turbine (24) and on power required to drive the cooling-water
pump (26) is shown in Figure 13.
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Figure 13. Power generated by the LP part of the turbine and power required to drive the cooling-water
pump as functions of the tube inner diameter.

The entropy generation rate per unit length of a condenser tube according to Equation (16) with
its two components and the difference between power generated by the LP part of the turbine and
power required to drive the cooling-water pump (27) are shown in Figure 14.
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The minimum entropy generation rate per unit length of a condenser tube according to Equation
(16) was obtained for the tube inner diameter of 24 mm. The maximum difference between the power
generated by the LP part of the turbine and that required to drive the cooling-water pump (27) was
obtained for the tube inner diameter of 28 mm.

Figure 15 displays the total entropy generation rate for the system under consideration, comprising
the LP part of the turbine, the condenser, and the cooling-water pump, and the annual surplus profit
according to Equation (32).
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The minimum total entropy generation rate for the system under consideration occurs for the
diameter of 28 mm, i.e., the one for which the maximum power is generated (Figure 14). The highest
annual surplus profit was achieved at the diameter of 25 mm.

5. Conclusions

The paper presents a methodology for choosing the diameter of tubes in a power condenser,
involving thermodynamic methods and an economic one. This issue is relevant to both the design
of new condensers and the replacement of used tube assemblies in upgraded condensers. Four
methods were presented: minimization of the entropy generation rate per unit length of a condenser
tube (considering entropy generation due to heat transfer and resistance of cooling-water flow);
minimization of the total entropy generation rate for the system comprising the LP part of the turbine,
the condenser, and the cooling-water pump; maximization of the power unit’s output; and the
economic method (where the criterion of selection is the annual profit calculated as the income from
electric power generation less the costs of pumping cooling water and building the condenser).

The methodology was applied to assess the appropriateness of tube diameters for a condenser
in a 200-MW and a 500-MW power units. The choice of the diameter was made for equal number of
tubes and their lengths (per unit length).

For the 200-MW unit condenser, the minimum entropy generation rate per unit length of a
condenser tube according to Equation (16) was obtained for the tube inner diameter of 27 mm.
The maximum net power output of the unit was obtained for the tube inner diameter of 31 mm.
The minimum total entropy generation rate for the system comprising the LP part of the turbine,
the condenser, and the pump occurred for the same diameter. The optimum inner diameter
corresponding to the maximum annual profit (Za) is 29 mm. With most condensers of 200-MW
power units, the tube inner diameter is 28 mm, while the outer one is 30 mm. For condenser tube
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diameters between 27 mm and 33 mm, the graph of the annual surplus profit is rather flat, but has a
maximum. In this case, a possibly small change in the diameter is recommended, for the condenser in
question to a diameter of 29 or 30 mm.

For the 500-MW unit condenser, the minimum entropy generation rate per unit length of a
condenser tube according to Equation (16) was obtained for the tube inner diameter of 24 mm.

The tube inner diameter for which the minimum total entropy generation rate for the system
comprising the LP part of the turbine, the condenser, and the pump was achieved matches the one for
which the maximum power generation was obtained, and equals 28 mm. The highest annual profit
was achieved at the optimum inner diameter of 25 mm. With most condensers of a 500-MW power
unit, the tube inner diameter is 22.6 mm, while the outer one 24 mm.

The methods of entropy generation minimization (considering both heat transfer and flow
resistance) and the method of the unit’s power output maximization are approximate methods for
determining the optimum condenser tube diameter. The results shown indicate that the diameter
for which the minimum total entropy generation occurs matches the one for which the maximum
power is achieved. The diameter obtained with both these methods is slightly larger than the one
calculated with the economic (profit-based) method which comprehensively takes into account the
power generated by the LP part of the turbine, the power required to drive the pump, the cost of
building the condenser, and, indirectly, the entropy generation in the system under consideration.

In this paper, the optimum diameter of condenser tubes was found for constant number and
length of the tubes. However, this is not the only approach that can be taken; a constant heat transfer
area or a constant pressure in the condenser can also be assumed (while changing the number of
condenser tubes accordingly).
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calculations analyzed the data and wrote the paper. All authors have read and approved the final manuscript.
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Nomenclature

A heat transfer area, m2

at discount factor, -
c2 specific heat of water, J/(kg·K)
ce electricity price, zł/MWh
cA price of one square meter of the heat transfer area, zł/m2

Cm coefficient of heat transfer intensity for steam and water mixture in a bank of tubes
d discount rate, -
d2i tube inner diameter, m
d2o tube outer diameter, m

f surface area of steam flow across the section between tubes of a bank in the condenser
within its outer circumference, m2

fc fixed cost ratio, 1/year
F2 cross-section of the cooling water flow, m2

g gravitational acceleration, m/s2

h specific enthalpy, J/kg
k roughness, mm
L tube length, m
n number of tubes, -
N years of power plant operation, year
Nu Nusselt number, -
Nun Nusselt number for steam condensing on a single tube, -
.

m rate of mass flow through one tube, kg/s
.

m1 steam mass flow rate to the condenser, kg/s
.

m2 mass flow rate of cooling water, kg/s
.

mt steam mass flow rate at the inlet of the low-pressure part of the turbine, kg/s
p pressure, Pa (abs)
∆pp pressure rise across the pump, Pa
Pp pump power, W
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Pt power generated in the low-pressure part, W
P difference in power between the low-pressure part and the pump, W
Pr Prandtl number, -
.

Q flow rate of the heat transferred, kW
.
q heat flow rate per unit tube length, W/m
r phase transition heat of condensing steam, r = h”(ps)− h′(ps), kJ/kg
rl thermal resistance per unit length, mK/W
Re Reynolds number, -
s specific entropy, J/(kg·K)
S circumference of steam inflow, measured across a section between tubes outside the bank, m
.
S sum of entropy rates, W/K
s f ratio of steam inflow in the area between tubes on the outer circumference of a bank, -
SL entropy generation rate per unit length of a condenser tube, W/(mK)
.
S2,p entropy generation rate due to the resistance of cooling-water flow, W/K
.
S

2,
.

Q
entropy generation rate due to heat transfer to water, W/K

.
S1 entropy generation rate on the steam side, W/K
.
St entropy generation rate in the low-pressure part, W/K
.
Sp entropy generation rate in the pump, W/K
.
SLp entropy generation due to flow resistance of cooling water, W/(mK)
.
SLq entropy generation due to heat flow, W/(mK)
T2i cooling water temperature at the condenser inlet, K
T2o cooling water temperature at the condenser outlet, K
T2 average cooling water temperature, (T2o + T2i)/2, K
Ts steam saturation temperature, K
∆tln logarithmic temperature difference across the steam condenser, ◦C
∆tp mean temperature difference between steam and the external surface of tubes, ◦C
U overall heat transfer coefficient, kW/(m2·K)
w velocity, m/s
z number of tube runs in a condenser, -
Za annual surplusprofit, zł/year
Zn profit over N years of operation, zł
α coefficient of heat transfer, kW/(m2·K)
αp heat transfer coefficient for steam condensation on a single horizontal tube, kW/(m2·K)
δ f thickness of the fouling layer, m
εo ratio of air content in the condenser to steam flow, -
ηp pump efficiency, -
λ1 thermal conductivity of steam, kW/(mK)
λ2 thermal conductivity of cooling water, kW/(mK)
λ f thermal conductivity of the fouling layer, kW/(mK)
λ f r flow resistance coefficient, -
λk thermal conductivity of condensate, kW/(mK)
λm thermal conductivity of tube material, kW/(mK)
νk kinematic viscosity of condensate, m2/s
Πs similarity number for a bank of tubes, -
ρ density, kg/m3

ρk density of condensate, kg/m3

τ annual power plant operation time, h

Subscripts

1 relates to steam
2 relates to cooling water
ext relates to parameters at the extraction in steam turbine
f fouling
m tube material
ti relates to parameters at the inlet of the low-pressure part
to relates to parameters at the outlet of the low-pressure part
pi relates to parameters upstream the pump
po relates to parameters downstream the pump
r relates to reference (nominal) parameters
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