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Abstract This paper presents a comparison of three surface condenser
connection setups on the cooling water side. Four connections were consid-
ered, namely serial, mixed and two parallel ones. The analysis was conducted
based on the calculated heat balances of proposed power unit for nominal
and not nominal parameters for tested connections. Thermodynamic justi-
fication for the use of more complex configuration was verified. The exhaust
steam pressure calculation was presented. Three methods of computing the
heat transfer coefficient based on characteristic numbers, namely the Heat
Exchange Institute (HEI) method, and the American Society of Mechanical
Engineers (ASME) standard, were used. Calculation results were validated
with the real data. The most accurate model was indicated and used in heat
balance calculations. The assumptions and simplifications for the calcula-
tions are discussed. Examples of the calculation results are presented.
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pressure
Nomenclature
As - surface tube area, m?
Ar — LP turbine annulus area, m?
Cl - condenser no. 1
C2 — condenser no. 2
C3 — condenser no. 3
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Cp
Cv
D;
Dout

specific heat, kJ/kgK
dimensionless number

tube inside diameter, m

tube outside diameter, m
condensate subcooling, °
terminal temperature difference,
difference in condensate and wall temperatures
enthalpy of exhaust steam vaporization, kJ/kg
cleanliness factor

tube material and gauge correction factors
inlet water temperature correction factor
enthalpy, kJ/kg

standard gravity 9.81 m/s?

tubewall resistance, kW/m K

tubeside thermal conductivity, kW/m K
shellside thermal conductivity, kW/m K
length, m

low pressure

logarithmic mean temperature difference,
flow rate, kg/h

quantity of tubes

Nusselt number

pressure, MPa

Prandl number

tubewall resistance, m*K/kW

tubeside resistance, m?K/kW

shellside resistance, m*K/kW

fouling resistance, m*K/kW

Reynolds number

entropy, kJ/kgK

heat transfer rate, condenser heat load, kW
gross unit heat rate, kJ/kWh

temperature, K

temperature, °

inlet cooling water temperature, °

outlet cooling water temperature, °
average cooling water temperature, °

heat transfer coefficient, kW /m?K

o

o
I

uncorrected heat transfer coefficients, as a function of tube diameter and

cooling water velocity, kW /m>K
velocity, m/s

specific volume, m?/kg

vapor fraction

Greek symbols

n

m
Ne
Ui

efficiency

LP turbine’s isentropic efficiency
condenser efficiency

turbine efficiency
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u  — viscosity, Pa s
§ — cooling water density, kg/m?
¢ — pressure lost
T - w=3.14
Subscripts
cpP — main condensate pomp
CP1, CP2 - condensate pomp 1,2
c — condensate
g — cooling water
Fwp — feed water pump
FWT —  feed water tank
HPH —  high pressure heater
LPH — low pressure heater
s — exhaust steam
s LP — inlet LP turbine steam
Function
t_pi — temperature as a function of pressure and enthalpy
i_pt — enthalpy as a function of pressure and temperature
psat_t — saturation pressure as a function of temperature
tsat_p — saturation temperature as a function of pressure
iL_p — enthalpy on saturated liquid line as a function of pressure
i_ps — enthalpy as function of pressure and entropy

1 Introduction

Polish power industry transformation is a response to the European legal
regulations, the aim of which is the environmental protection. As a result,
diversification of electricity production was provoked, coal-fired units were
forced to apply innovative solutions. To meet the requirements new units
are getting bigger, as well as technically and technologically more advanced.
Every process improvement is sought [3]. Introduced improvement that
increases unit efficiency by as much as 0.1% are important considering the
actual requirements and unit efficiency of 45% net.

In power plant, the condenser is a device which generates highest losses
in the thermal cycle, so it is not surprising that also in this area engineers
carry out researches [8, 9]. Large coal power plant unit with turbine power
exceeding 900 MW, where steel blades are applied, turbines typically are
made up of three double-flow low-pressure (LP) turbine part. This results
in application of three surface condensers. In this case, where a few surface
condensers are used, turbine hall manufacturers propose different surface
condensers connection setups on the cooling water side. It is essential to
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verify, which configuration would give the highest unit efficiency. If new
configuration efficiency prospective increase, it is worth to consider what
are its pros and cons consequence on the whole unit.

This paper presents a comparison of four connection setups on the cool-
ing water side of three surface condenser. Thermodynamic profit of serial,
mixed and two parallel connections which were the part of calculated ther-
mal cycle were verified. To calculate heat balance, the tested unit was de-
scribed by energy and mass balances equations. The correct calculation of
the turbine exhaust steam pressure is one of key steps to ensure the cal-
culation’s correctness. This paper presents analysis of three exhaust steam
pressure calculation algorithms, comparison of their complexity and the
set of the data needed for these calculations. The model of the surface
condenser was based on three methods of calculating the heat transfer co-
efficient, namely the dimensionless equation with characteristic numbers,
the HEI (Heat Exchange Institute of Cleveland) method and the ASME
(American Society of Mechanical Engineers) standard. The most advanta-
geous model was indicated after verification with the data from real unit.

Study of three surface condenser connection setups on the cooling wa-
ter side aims to help to find the answer on the rationale behind using more
complex configurations, to analyse their advantages and disadvantages, and
to give advice on which system is the best from the thermodynamics per-
spective.

Presented in this paper calculation are a part of research on optimizing
the cooling water system for a unit with condensing turbines. Here, atten-
tion was focused on the pros and cons of various condenser connections on
the cooling water side from thermodynamics perspective. In the next step
of the research results will be clarified with different condensers hydraulic
resistance impact on needed power of cooling water pump. Later, possi-
bility of changes on cooling water side to improve gross unit heat rate for
more complex configuration. It is means how cooling water flow changes,
using a condenser bypass, controller effect on unit efficiency. Then, research
to optimizing cooling water consumption, considering cooling water pump
efficiency, for not nominal load will be done.

2 Exhaust steam pressure calculation

Condensation turbine exhaust steam pressure was calculated using the heat
transfer equations and condenser heat load equation [5]. Heat transfer co-
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efficient was calculation using three methods: characteristic number, HEI
method and the ASME codes. Model assumed isobaric heat exchange, no
condensate subcooling. Calculations were made for steady state. Thermo-
dynamic calculations in accordance with the International Association for
the Properties of Water and Steam release IAPWS IF-97 [12].

2.1 Heat transfer equations

The heat balance is described by steam condensation heat transfer equa-
tions and cooling water heat transfer equations:

Q = 1M (is _i0)7 (1)

Q = mngg (t2 —t1) i ) (2)

C

where: () — heat transfer rate, r, — exhaust steam flow rate, i — exhaust
steam enthalpy, i, — condensate enthalpy, 1, — cooling water flow rate,
Cpy — water specific heat, t; — inlet cooling water temperature, to — outlet
cooling water temperature, 7. — condenser efficiency.

2.2 Condenser heat load

Condenser heat load equation is [6, 10, 11]

Q = UA,LMTD, (3)
—t
LMTD = % : (4)
s — U1
In
ts — to

where: Q — condenser heat load, U — heat transfer coefficient, A; — surface
tube area, LMTD — logarithmic mean temperature difference, ts — saturated
steam temperature, t; — inlet cooling water temperature, to — outlet cooling
water temperature.

2.3 Heat transfer coeflficient — characteristic numbers

Heat transfer coefficient, when characteristic number method used, equa-
tion is [6]
1
U= x 1073, (5)

D
Ry + R =2 + Ry + Ry
D;
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where: D, — tube outside diameter, D; — tube inside diameter, Ry — fouling
resistance, Ry — shellside resistance, R; — tubeside resistance.
Tube-wall resistance was computed as follows:

Dout 1

R, = Doy 1 —
m OUtnDi 2Km7

(6)

where: K, — tubewall resistance,
Shellside resistance was computed based on dimensionless equation for
heat transfer when the steam condenses on the outside horizontal pipe’s

surface: .

R=(502) 7)
where

Nu = 0.725C%-% (8)
e o _ DiyiRudig o)

Y Kypedty

where: Nu is the Nusselt number, C), is the product of Prandl number,
Galilei number and dimension less number for describing phase transition;
g is standard gravity, di,qp is the enthalpy of exhaust steam vaporization,
K is the shellside thermal conductivity, dt.; is the difference in condensate
and wall temperatures depends on the thickness of the condensate layer,
therefore on the heat transfer coefficient. It is indicating that the most ap-
propriate calculation method is the iterative method, but with satisfactory
accuracy, the value can be calculated as dt,, = 0.5LMTD [7]. Physical prop-
erties of condensate: tubeside thermal conductivity (K;), density (d.), and
condensate viscosity (i) are determined for surface and saturation average
temperature ¢ty = t5 + 0.5dt .

Tubeside resistance was computed based on dimensionless equation for
forced convection for turbulent flow inside a circular pipe:

NuK,;\ !
R :< > t) , (10)
0.8p.0.43 [ Prg 025
Nu = 0.021Re’*Pr) (Prt> , (11)
Re = VoPid (12)

Hg
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m 4
=4 _—— 13
9 8§y NnD?’ (13)
HgCpg
Prg ===, (14)
g
C
Pr, = 2P (15)
At

where: R, — tubewall resistance, Pr — Prandl number, Re — Reynolds num-
ber, V;, — cooling water velocity, 7, — cooling water flow rate, N — quantity
of tubes, ¢,y — cooling water specific heat, j, — cooling water viscosity,
04 — cooling water density, A\, — cooling water thermal conductivity, Pry —
Prandl number calculated for average cooling water temperature t,, Pr; —
Prandl number calculated for wall temperature ¢; = t; — dte, ¢ — cool-
ing water specific heat for wall temperature t;, u; — cooling water viscosity
for wall temperature ¢;, Ay — cooling water thermal conductivity for wall
temperature ;.

2.4 Heat transfer coefficient — HEI standard

In this case, the calculation of heat transfer coefficient is based on design
guidelines of Heat Exchange Institute (HEI).

The HEI standards calculation [11] are a result of engineering experi-
ence and data collected from different units. General consideration of this
methods is described in standard.

The proposed function uses the data from experimental research. The
heat transfer coefficient was computed as follows:

U =U,FyF,,F., (16)

where: Uy — uncorrected heat transfer coefficients, as a function of tube di-
ameter and cooling water velocity, I, — inlet water temperature correction
factor, Fj, — tube material and gauge correction factors, F, — cleanliness
factor. Uy, F,, F,, are read from HEI table. Uncorrected heat transfer co-
efficient is described as a function of tube diameter and water velocity. Uy
values are based on clean, 1.245 mm tube wall gauge, admiralty metal tubes
with 21.1 °C cooling water temperature. Then correction factors are used:
F, introduces a water temperature correction and F}, introduces a tube
material and gauge correction. It is important, than in this method be-
sides condenser technical data only cooling water inlet temperature and
mass flow are used. Any steam or condensate thermodynamic parameter
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do not affect result calculation. Despite the high simplicity of calculations,
the method is very popular among turbine hall suppliers for heat balance
calculation.

2.5 Heat transfer coefficient — ASME PTC 12.2 codes

Heat transfer coefficient, when ASME codes used, equation is [10]:

1
U= 5 x 1073, (17)
R + Ry =51 + Ry + Ry

Tube-Wall resistance was computed as follows:

D out 1

= Dyl —. 1
R, out 111 D; 2K, ( 8)
Tubeside resistance was computed as follows:
Nuk\ !
Ry = 19
! < D; ) ’ (19)
Nu = 0.0158Re%83% pr0-426, (20)
D.
Re — VyDidg 7 (21)
Hg
W, 4
_ 7 22
97 5, NnD? (22)
C
Pr = % . (23)
Shellside resistance for the first iteration was computed as follows:
_ 1 Dout

Shellside resistance for the next iteration was computed as follows:

=\ 1/3
Ry = Ry [ / (“O>1/3 Kso <50>2/3 (25)
S s0 Q L Ks 5 .
Nomenclature determined as in characteristic numbers Eqgs. (5)—(14). In-
dex 0 means the value from the previous iteration. Physical properties

of condensate: 0K, and p are determined for condensate film t; = ¢, —
0.2LMTD.




www.czasopisma.pan.pl P N www.journals.pan.pl
TN

Influence of surface condensers connection configuration. . . 123

2.6 Turbine’s isentropic efficiency

In calculation turbine’s isentropic efficiency was defined as

i —1
m= =t (26)
s LP — 1s0
where: i rp — inlet LP turbine steam enthalpy, 75 — exhaust steam en-
thalpy, iso — exhaust steam enthalpy when isentropic flow.

2.7 Calculation procedure and example
calculation results

Exhaust steam pressure calculation was based on the iterative algorithm.
Calculation procedure is the same for dimensionless equation with charac-
teristic number and HEI methods but different for ASME standard.

Input data for calculation are:

A, — surface tube area, N — quantity of tubes, F,. — cleanliness factor,
D; — tube inside diameter, D,,; — tube outside diameter, K,, — tubewall
thermal conductivity, i, — cooling water flow rate, p, — cooling water
pressure, t; — inlet cooling water temperature, ps rp — inlet LP turbine
steam pressure, t; rp — inlet LP turbine steam temperature, rhs — exhaust
steam flow rate, dt. — condensate subcooling, 71 — turbine efficiency, 7. —
condenser efficiency, condenser pass number.

Table 1: Calculation procedure.

Characteristic number, HEI method ASME method
Initialization parameters: Q, U Initialization parameters: ps
to based on (2) ts = f(t_sat(ps))
LMTD based on (3) is_rp = f(ps_LPts_LP)
ts based on (4) is based on (8)
ps = f(p_sat(ts)) zs = f(psis)
is_1p = f(ps_LPts_LP) Q based on (1)
is based on (8) to based on (2)
zs = f(psis) LMTD based on (4)
Q based on (1) U based on (3)/(7)
U based on (5)/(6) LMTD based on (3)
next iteration ts based on (4)
pe = F(p_sat(t,))
next iteration
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Condition for calculation termination is fulfilled, when differences of next

iteration result of exhaust steam pressure and heat transfer rate is less
than 0.001.

In Table 2 input data were presented. Calculations were done for a con-
stant value of LP turbine isentropic efficiency (71) and constant value of
condenser efficiency (7.) but also for a variation of both values to show the
impact of this data to calculations. In Table 3 a comparison of example
calculation results with real data were shown.

Table 2: Input data for calculations.

Series 1 2 3 4
Load 100% 90% 75% 60%
My t/h 52866 52866 52866 52866
t1 °C 18.3 16.8 15.2 16.7
ms kg/h 753240 697910 587350 491770
ts LP °C 278.7 273.6 280 272.6
Ps_LP kPa 579 526 441 358
n var 0.861 0.825 0.814 0.801
Ne var 0.99 0.99 0.97 0.84
m const 0.82 0.82 0.82 0.82
Ne const 0.99 0.99 0.99 0.99

1y — cooling water flow rate; ¢t1 — inlet cooling water temperature; 1s — exhaust steam flow
rate; t; rp — inlet LP turbine steam temperature; p; rp — inlet LP turbine steam pressure;
n1 — LP turbine’s isentropic efficiency; n. — condenser efficiency.

Condenser technical data:
Steel 1.4401 — K, = 15 W/mK was assumed,
tube dimension ¥ 24 x 0.7 mm and length [ = 8 m,
cleanliness factor F. = 0.95.
Calculation was done for the two pass surface condenser with surface

tube area Ay = 19177 m?, number of tubes N = 31920. For calculation
validation, used technical and process data comes from the real unit.

When HEI method used Uy, F,, F,, are read from tables.
Uy = 4.11 kW /m?K,
F, =0.917—0.967 (depends on the cooling water temperature),
F,, =0.72.
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Table 3: Example calculation results.

Series 1 2 3 4

Load 100% 90% 75% 60%
ps rer (kPa) 4.63 4.09 3.47 3.56
QiREF (kW) 460089 432314 369341 312814
U rer (KW/m?K) 2.59 2.51 2.28 1.99
to rer (°C) 25.30 23.20 20.40 20.50
z rEr (-) 0.91 0.92 0.93 0.94
M1 7Mc var const var const var const var const

CHARACTERISTIC NUMBER
ps (kPa) 4.09 4.13 3.62 3.62 3.00 3.01 2.93 3.01
Q (kW) 459308 | 466411 | 431691 | 432483 | 368711 | 367975 | 312130 | 310177
U (kW/m2K) 3.58 3.58 3.55 3.55 3.52 3.52 3.58 3.59
ta (°C) 25.7 25.8 23.8 23.8 21.0 21.1 21.0 21.7
z (-) 0.90 0.92 0.91 0.92 0.92 0.92 0.93 0.93
HEI
ps (kPa) 4.59 4.64 4.07 4.08 3.36 3.37 3.22 3.30
Q(kW) 460034 | 467026 | 432293 | 433073 | 369200 | 368476 | 312456 | 310526
U (kW/m2K) 2.71 2.71 2.64 2.64 2.57 2.57 2.64 2.64
ta (°C) 25.7 25.8 23.8 23.8 21.0 21.1 21.0 21.7
T 0.91 0.92 0.92 0.92 0.93 0.93 0.94 0.93
ASME

ps (kPa) 3.64 3.67 3.24 3.24 2.72 2.73 2.70 2.79
Q (kW) 458567 | 465783 | 431121 | 431924 | 368290 | 367548 | 311840 | 309879
U (kW/m?K) 5.48 5.48 5.40 5.40 5.30 5.31 5.34 5.35
t2 (°C) 25.7 25.8 23.7 23.8 21.0 21.1 21.0 21.7
z (—) 0.90 0.91 0.91 0.91 0.92 0.92 0.93 0.93

REF — reference values, ps — calculated exhaust steam, Q — condenser heat load, U — heat
transfer coefficient, t2 — outlet cooling water temperature, x — vapor fraction.

2.8 Discussion of the results and exhaust steam pressure
calculation method selection

To validate algorithms calculations were done for data from two real units,
namely of 65 MW and 460 MW capacity. This paper presents the results for
the larger one. Figure 1 presents calculated exhaust steam pressure com-
pared with the reference value. The most accurate results to the expected
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value have been returned by HEI method. The square root error of exhaust
steam pressure was used to assess the series of results. For calculations
based on HEI method it is 0.181 kPa, whereas for characteristic numbers
method it is 0.529 kPa, and for ASME method 0.865 kPa. For the second
reference unit the best results have been obtained by the characteristic
numbers and HEI methods [5]. Least accurate results were obtained using
the ASME method. Although this method is largely based on the similar
equations as in the case of characteristic numbers method, the significant
results difference follows on from shellside resistance calculation.

5.0
+ Real Value
As b A CHAR. NUM.
! HEI
T 40 A W O ASME
=
235 ¢ 2 ol e
o4
3.0 A A
< Lo4
2.5
1 2 series 3 4

Figure 1: Exhaust steam pressure.

Presented data show also what is an impact of LP turbine isentropic
efficiency (1) and condenser efficiency (7.) values for calculation results.
For each method, difference between using accurate value of efficiency as
a function of turbine load and constant value was small, so conclusion is,
there is no need to know the exact value of these variables for no nominal
load calculation to get a proper solution.

When exhaust steam pressure calculation is made, problem may be found
with estimation of the cooling water mass flow. Very often this value is big-
ger than originally designed. Measurement of a large amount of water can
be additionally vitiated by error, not important insignificant for mainte-
nance, but important for calculation result. Reviewing the actual reference
data, it is concluded that the results with the best accuracy were obtained
using the HEI method. It is also the simplest method when considering the
complexity of the calculations.
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3 Comparison of three surface condenser
connection setups on the cooling water side

This paper present comparison of four condenser connection configurations:
I — parallel (Fig. 2), II — serial (Fig. 3), III — parallel-to-serial (Fig. 4) and
IV — serial-to-parallel (Fig. 5). For proposed thermal cycle (Fig. 6) nominal
load heat balance was calculated. Thermodynamic parameters and mass
flow rate are calculated for indicated process point. Next, heat balance
for 70% and 40% of nominal load was computed. Considering steam flow
changes and thermodynamic parameters fluctuations, the influence of the
tested connections on improving the unit efficiency was verified.

T 34 T 44 T 53
o 65 o 67 o+ 69 || TOCOOLING
= ~ TOWER
~ |, 64 o 66 ~ |, 68
To | Te | T
FROM COOLING
TOWER
Figure 2: Parallel configuration.
T 34 T 44 T 53
s 65 o 67 . 69 | TOCOOLING
~ | i ~ TOWER
- o 66 ~ |68
61 L1_612 \_lJ 63
FROM COOLING
TOWER
Figure 3: Serial configuration.
T 34 T 44 T 53
o 05 o 67 69 | TOCOOLING
> ~ TOWER
| 4 64 | 466 . 68
61 L.|_6‘2 Llj 63
FROM COOLING
TOWER

Figure 4: Parallel-to-serial configuration.
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T 34 T 14 T 53
o 65 o O7 o 69 TO COOLING
TOWER
o 04 o 06 o 08

LlJSf Ll—slz Lljsa

FROM COOLING
TOWER

Figure 5: Serial-to-parallel configuration.

Figure 6: Tested thermal cycle scheme. * number in circle are references and symbolize
connection between point of heat balance.

3.1 Calculation procedure

The unit shown as in Fig. 6 was described by energy and mass balances
Eqgs. (27)—(37). The coefficients of the system of equations were appointed
by the enthalpy value at the determined points. Enthalpy was calculated
from the thermodynamics dependence (Table 4) in accordance with IAPWS
IF-97. Exhaust steam pressure was calculating based on algorithm with
HEI heat transfer coefficient. By iterating these three calculation steps,
pressure, temperature, enthalpy and mass flow were computed for the de-
termined points at nominal load [1, 4, 8]. Calculations input data were: pg
— live steam pressure, ty — live steam temperature, 99 — reheated steam
temperature, N, — electric power and value needed to exhaust steam pres-
sure calculation presented in first part of this work. Using Stodola-Fliigel
dependence (Table 5) the turbine passage equation calculation for 70% and
40% of nominal load were done. Calculations input data were: tg, tag, N
and a value needed to exhaust steam pressure calculation.



www.czasopisma.pan.pl P N www journals.pan.pl
P
~—

Influence of surface condensers connection configuration. . . 129

Table 4: Thermodynamics dependence for pressure, temperature, enthalpy calculation

for nominal load.

Heat
balance Pressure Temperature Enthalpy
point
0 Po to i_pt(po,to)
10 po(1l — Co—10) t_pi(p1o,i10) i0
11 po(1 —Cro—11) t_pi(p11,11) 10
p112 ) . ) . )
12 _— t_pi(p12,i12) i11 — (411 — i_ps(p12, $11))N11—12
11 —¢i2-112
P114 ) . ) . )
13 —_ t_pi(p13,i13) i12 — (i12 — i_ps(p13, s12))N12—13
1—¢i3-113
14 P13 t13 13
19 P13 t13 113
20 P19 (1 — C19-20) t20 i__pt(p20,t20)
21 p20(1 — C20-21) t_pi(p21,i21) 20
122 . . ) . )
22 L R t_pi(p22,i22) 121 — (i21 — i_ps(p22, $21))n21—22
1—Ca2-122
P123 ) . ) . )
23 —_— t_pi(pa3,ia3) i22 — (i22 — i_ps(p23, s22))M22—23
1 —(23-123
124 ) . ) . )
24 - t_pi(pa4,iaq) i23 — (i23 — i_ps(p24, s23))M23—24
1—C2a-124
25 P24 toq 124
31 P24 toq 124
P132 . . . . .
32 P a— t_pi(ps2,i32) i31 — (i31 — i_ps(ps2,531))M31—32
1 —(32-132
P133 ) . ) . )
33 —_— t_pi(p33,i33) i32 — (i32 — i__ps(p33, $32))N32-33
1—(33-133
34 D34 tsat_p(psa) i33 — (i33 — i_ps(p34,533))M33—34
41 P24 toyq 124
132 . . ) . )
42 L R t_pi(paz,ia2) 141 — (a1 — i_ps(pa2, S41))N4a1—42
1 —(32-132
P143 ) . ) . )
43 —_— t_pi(pa3,is3) i42 — (42 — i_ps(pa3, s42))Na2—43
1—Ca3-143
44 Paa tsat_p(paa) i43 — (143 — i_ps(pa4, 543))M43—44
51 P24 to4 124
P152 . . . . .
52 & t_pi(ps2,is2) i51 — (i51 — i_ps(ps2, 551))M51—52

1—(s52-152




130

www.czasopisma.pan.pl P N www journals.pan.pl
P
~—

E. Dobkiewicz-Wieczorek

continued Table 4

Heat
balance Pressure Temperature Enthalpy
point
53 P53 tsat_p(ps3) is2 — (is2 — i_ps(ps3, s52))N52—53
61 P34 tsat_p(pe1) iL_p(pe1)
62 P44 tsat_p(pe2) iL_p(ps2)
63 P53 tsat_p(pes) iL_p(pes)
. . 161161 + 1627162 + 1631163
70 P63 t_pi(pro,i70) -
170
P72 . . . v70(p71 — P70)100
71 —_— t_pi(pr1,i71) i70 + vro(pr1 — pr0)100
1= Cri—72 ncp
P74 . . t78 — 173)M78NLPH1B | .
72 —_— t_pi(pr2,ir2) ( ). L B oin
1—(ra—74 mr
73 P78 t71 +dtprpip i_pt(pr3,tr3)
P75 .
74 —_— tra +dtppm1 i_pt(pra,tra)
1—Cra7s
P82 .
75 _— tra +dtrpH2 i_pt(p7s,t75)
1 —(r5-82
76 P143 tsat_p(pre) iL_p(p7e)
7 P133 tsat_p(p77) iL_p(p77)
. . i76M76 + i77ThTT
78 P76 t_pi(prs,irs) _—
178
79 D82 t7s +dtLpH3 i_pt(pr9,t79)
80 P152 tsat_p(pso) iL_p(pso)
. . . vs0(ps1 — ps0)100
81 D82 t_pi(ps1,is1) igo + vso(ps1 — ps0)100
NcP1
D83 . . 1817181 + 79779
82 _ t_pi(ps2,is2) —_—
1 —(s2-s3 182
D88 .
83 —_— tg2 +dtrpma i_pt(ps3,ts3)
1 —(s3-88
84 P132 tg2 + dipr ppa i_pt(psa,tsa)
85 Pss ts3 +dtrpus i_pt(pss,tss)
86 P124 tsat_p(pse) iL_p(pse)
) . ) vge (ps7 — pse)100
87 Pss t_pi(psr,is7) ige + vso(psv — pes)100
nc p2
P90 . . 185185 + 1877187
88 _ t_pi(pss,iss) —_—
1 —{s8—90 i88
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continued Table 4
Heat
balance Pressure Temperature Enthalpy
point
90 psatit(tgo) tro +dtppg +dtpwr iLit(tgo)
P92 . . ) v90 (P91 — p9o)100
91 —_— t_pi(po1,i91) 190 + vso(po1 ~ p90)100
1 —(o1-92 NFWP
P94 .
92 —_— to1 +dtgpmi i_pt(po2,te2)
1 — C92-94
93 Pos to1 + dtpg pH1 i__pt(po3, to3)
D96 .
94 —_— too +dtgpmo i_pt(poa,toa)
1 — {94—96
95 P114 to2 + dtpg pr2 i__pt(pos, tos)
P99 .
96 _— tos +dtppH3 i_pt(poe, tog)
1 — C96—99
97 p112 tos + dipg pys i_pt(por,ter)
98 P122 tos +dlpypH1A i_pt(pos, tos)
100 . 1122 — 198)M122MHPH1A | .
99 —_— t_pi(pog, ho9) ( - + ig6
1 — C99-100 g9
Po . . .
100 t_pi(p100,%100) 199
1-(B
112 | psat_t(tge+dtsgpms) t_pi(p112,i112) i12
114 | psat_t(toa+dtsgprH2) t_pi(p114,i114) 14
122 | psat_t(too+dtsgpm1) t_pi(pi22,i122) i22
D90 ) . .
123 P — t_pi(p123,i123) i23
1 —(123-90
124 | psat_t(tss+dtsppms) t_pi(p124,i124) i24
132 psatit(t83+dtstH4) tipi(plg,z, i132) 132
133 | psat_t(tra+dtsppri) t_pi(p133,i133) i33
143 | psat_t(trs+dtsppr2) t_pi(p143,%143) 143
152 | psat_t(tro-+dtsppm3) t_pi(pis2,i152) 152

m — mass flow rate, ¢ — enthalpy, ¢ — temperature, p — pressure, s — entropy, v — specific volume,
t_ pi — temperature as function of pressure and enthalpy, i_ ps — enthalpy as function of pressure
and entropy, i_pt — enthalpy as function of pressure and temperature, itsat_p — saturation
temperature as function of pressure, iL._p — enthalpy on saturated liquid line as function of
pressure, 1 — blade stages, pomp efficiency, {( — pressure drop, dt — heaters temperature rise,
dtp — condensate subcooling.
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Table 5: Changed thermodynamics dependence for pressure, temperature, enthalpy cal-
culation for not nominal load.

M (51-52)
Mo(51-52)

Heat
balance Pressure Temperature
point
2
M1 12) ( T1 ) 2 5 2
11 Py, — P +p
\/ m0(11 12) To_11 (0“ 012) 12
2
mM(12-13) ( T2 ) 9 2 2
12 p - P +p
\/(mo(u 13)) To_12 ( 012 0*13) 13
13 P19
2
(21 -22) ( T2 ) 2 2 5
21 Py 21— P +p
\/<m0<21 22)> To 2 ( 0_21 0722) 22
2
M(22-23) ( T2 ) 2 2 2
22 D, -p + 3
\/<m0<22 23)> To 22 ( 0_22 0_23) 23
2
M (23—24) ( To3 ) 2 2 2
23 D, -p +p
\/<m0(23 24)) To_23 ( 0_23 0*24) 24
24 P31
2
mM(31-32) ( T31 ) 9 2 2
31 P —-Pp +p
\/<m0(31 32)) To_31 ( 031 0*32) 32
2
mM(32—33) ( T32 ) 9 2 2
32 p -p +p
\/(mo(w 33)) To_32 ( 032 0*33) 33
M (33_ T:
3a ' (33—34) 33
Mo (33—-34) To_33
. 2
(41 —42) ( Tn ) 2 2 5
41 - D, -p +p
<m0<4142)> To a1 ( 0_41 0742) 12
. 2
M(42-43) ( Ty2 ) 5 2 2
42 - D, -p +p
<m0(4243)> To_42 ( 0_42 0*43) 43
mM(43_ T,
. . (43—44) 43
Mo(43—44) To a3
2
T51 5 5
51 > (T0751> (7’(2)751 _pofsz) + P52
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continued Table 5

Heat
balance Pressure Temperature

point

52 M (52_53) T52
Mo(52—53) To_s2

74 tsat_p(p133) — dtsppm
75 tsat_p(p143) — dtsppm2
79 tsat_p(p1s2) — dtsLpma
83 tsat_p(p132) — dtspppa
]5 tsat_p(pi24) — dtsppys
90 p123(1 — Co0—123) tsat_p(p9o)
92 tsat_p(p122) — dtsgpm1
94 tsat_p(pi14) — dtsgpro
96 tsat_p(p112) — dtsppms

112 p12(1 — {12-112)

114 p14(1 — (14—114)

122 p22(1 — C22—122)

123 p23(1 — C23-123)

124 p24(1 — C24—124)

132 p32(1 — ¢32-132)

133 p33(1 — (33-133)

143 Pa3(1 — C43-143)

152 p52(1 — (52-152)

dts — terminal temperature difference, 0 — index is for nominal load data.

3.2 Energy and mass balances equations

1 (i11 — 413 + d21) + haa(—ii2 + 913 — d21) + 1014(—i21)

+ 1hog(—ige) + 1haeg(—ieg) + mhoa(—iog) + mis2(—is2)

Nel

+ 1igg(—iz3) + rug(—iaz) + msa(—is2) + mg(—ix) = ,(27)

Nt

mag((i7a — i72) — (4133 — i77)nLpH1) + ag(i7a — i72)

+ 1 (i7a —i72) =0,

(28)
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s (irs — i74) + mas((irs — i74) — (G143 — i76)NLPH2)

+ 1 (i7s —i7a) =0, (29)
33 (izg — i75) + 1us(irg — i75) + Ms2(—i152 + 980.1)NLPHS3
+ 1 (i7g —iv5) =0, (30)
i1 (igs — ig2) + mia(—igs + is2) + mia(—iss + is2)
+ 1o (—igs + is2) + 1has(—isgs + ig2) + 12a(—iss + is2)
+ 1se(—t132 + iga)nrpma = 0, (31)
1 (igs — ig3) + mia(—iss + i83) + m1a(—iss + is3)
+ 1hoa(—igs + ig3) + mhos(—igs + is3)
+ 1hoa((—igs + is3) — (—i124 + is6)nrprEs) = 0, (32)
111 (tgs — 90) + 2(ig3 — igg) + rvia(igz — igs)
+ 1iga(ig3 — igg) + 1hes(i12s — iss) = 0, (33)
1 (G92 — t91) + 1hoa(—log + i93.1)nHPH1 = 0, (34)
11 (Gga — d92) + mia(—i114 + i95.1)nHPH2 = 0, (35)
111 (ige — 94) + Mi2(—i112 + i97)nHpH3 = 0, (36)
11 — 112 — T4 — Mg — Theg — M4 — T132 — 33
_ iz — 1iga — 1y, = 0, (37)
where:
My, = Msq + 1hag + Ms3, (38)
i = m34t34 + m4.4i44 + 153153 7 (39)
mi
Mgptsn = 1M152180.1 + 11184784 , (40)
Mg3ig3 = 1Moglig3.1 + 1M95l95 , (41)
Thoslgs = T114%95.1 + Tgrig7 , (42)

where: @ — heat transfer rate,/n — mass flow rate, i — enthalpy, No; — gen-
erated electrical power, nrp(1),(2),3),(4) — 10w pressure heater efficiency,
NHPH(1),2),3) — high pressure heater efficiency.
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Based on design data, value of needed parameters was estimated: tur-
bine, blade stages, heaters, condenser efficiency, pressure drop, heaters tem-
peratures.

3.3 Exhaust loss

Decreasing exhaust steam pressure value improves unit efficiency because of
increased temperature difference in thermal cycle [3]. However, as a result
of pressure decreasing, specific volume and exhaust steam velocity increase
which causes the exhaust loss growth. Example dependence between ex-
haust loss of LP turbine in function of exhaust velocity is shown in [2]. The
impact of the loss was considered in next calculations. Equation (27) was
changed to (43).

1 (i11 — 413 + i21) + aa(—iiz + 913 — d21) + 114(—i21)

+ 1o (—ige) + 1has(—ieg) + 1hoa(—iza) + musa(—isa) + 1ms3(—is3)

+ 1hg3(—iag) + msa(—is2) + mg(—ix — dis) = nel , (43)
t
di, = dig53rivs3 + dis4‘4m44 + dig53144 ‘ (44)
mi

For calculating the losses diss3, digsq, and digzq the function shown in Fig. 7
was assumed [2].

80
70
60
50

40

dis, kl/kg

30
20

10

100 150 200 250 300 350

Vs, m/s

Figure 7: Exhaust loss of LP turbine in function of exhaust steam velocity [2].
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Exhaust steam velocity was evaluated from equation

Mg

Ap 7

Ve= (45)

where: dis — exhaust loss, s — exhaust steam flow rate, v; — exhaust steam
specific volume, ¢ — enthalpy, A7 — LP turbine annulus area.
3.4 Input data and example calculation results

To compare the operational results following indicators were calculated:
gross unit heat rate

Qu
= 4
g = 3600 N, (46)
and unit efficiency
N,
n= el , (47)
Qa

where Qg = mg(io — 100) + m19(i20 — %19)-

Comparing the proposed configurations, the following assumptions were
made: even distribution of steam to the LP turbine part, the total surface
tube in each configuration is similar, the amount of cooling water is the
same and the number of tubes has been chosen so that the cooling water
velocity does not exceed 2.6 m/s. LP turbine annulus area was assumed
as: Ar = 25 m?. The following parameters were assumed: one pass sur-
face condenser except the parallel configuration where a two pass surface
condenser was selected; stainless steel 1.4401 — K,,, = 15 W/mK, tube di-
mension ¢ 22 x 0.5 mm, condenser efficiency 7. = 0.99, cleanliness factor
F,. = 0.95; condenser technical data are similar to the solution implemented
on site. All technical data are based on actual used technologies. Different
type of surface condensers assumptions is caused by surface tube area and
length impact to cooling water flow velocity limitation.

Calculations were done for input data: pg = 28.5 MPa, tg = 600°, tog =
610/600°, t; = 16.0°, A5 ~ 48700 m?, 71, = 81000 t/h, and 7, = 0.98/0.97
(for 40% load). Table 6 presents input data for each configuration.

In the following, the proposed configurations were compared for set val-
ues of the parameters, namely temperature or flow of cooling water, heat
exchange surface, temperature of live and reheated steam, cleanliness fac-
tor. In Tables 7-9 example calculation were shown. In Table 10 calculation
result are shown when exhaust loss is considered. Figures 8a—c present tem-
perature distributions in tested configurations.
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Table 6: Input data for the calculations (different for each configuration).

Configuration I II 111 v
Parameter Unit
Ags1 m? 16252 16242 13935 20903
Ag2 m? 16252 16242 13935 13935
Ass m? 16252 16242 20903 13935
N - 19640 25000 16840 25260
No - 19640 25000 16840 16840
N3 - 19640 25000 25260 16840
l m 12.10 9.50 12.10 12.10
Vi m/s 1.9 2.6 2.2 2.6
Vo m/s 1.9 2.6 2.2 1.9
V3 m/s 2.6 2.6 2.2 1.9

Proposed configuration: I — parallel, II — serial, ITI — parallel-to-serial and IV — serial-to-parallel.
po — live steam pressure, tg — live steam temperature, t29 — reheated steam temperature, 1y
— cooling water flow rate, 77 — inlet cooling water temperature, As — surface tube area, As
— surface tube area, N — quantity of tubes, 71 — LP turbine’s isentropic efficiency, [ — tube
length, V' — cooling water velocity.

3.5 Discussion of results

The results of calculations for 100%, 70%, and 40% loads are presented
in Tables 7-9 and Figs. 8a—c. The best results in thermodynamic terms
were obtained for a serial connection. In this case efficiency was improved

°c °c °c

30 28 24

28 26

26 24 22

24 22

22 20 20

| 1l 1l | 1l 1l I I ) 1
LP turbine LP turbine LP turbine
—&—|-parallel —@—Ill-par-ser —d—|-parallel —@—Ill-par-ser —&—|-parallel —@—Ill-par-ser
—3— |l-serial —t— |\/-ser-par —p— ||-serial —t— |\/-ser-par ——lI-serial —t— |\/-ser-par
(a) (b) (c)

Figure 8: Exhaust steam temperature for 100% (a), 70% (b), and 40% (c) of nominal
load.
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Table 10: Calculations results when exhaust loss considered.

’ Conf. ‘ I — parallel II — serial IIT — parallel-to-serial | IV — serial-to-parallel

100%

6951 6939 6949 6960

0.5179 0.5188 0.5181 0.5172
70%

7140 7127 7139 7143

0.5042 0.5051 0.5043 0.5040
40%

7796 7782 7792 7804

0.4618 0.4626 0.4620 0.4613

by 0.18pp compared to the parallel connection for nominal load and 0.1pp
for minimum load. Series to parallel connection was also somewhat more
favorable, while other configurations are least beneficial.

Analyzing the data carefully it is visible, that for parallel configuration,
condenser pressures are not equal and for parallel to serial connections all
condenser pressures are similar. This is a result of non-equal steam flow
to each condenser. It was assumed equal steam distribution to each LP
turbine part, but some extraction work with different steam pressure and
mass flow. It causes different exhaust steam flow and affect the pressure
calculation.

When considering exhaust loss (Fig. 9), the unit efficiency decreased,
but still serial connection gives the most beneficial results. In this case
efficiency was improved by 0.16pp compared to the parallel connection for
nominal load and 0.13pp for minimum load. For not nominal load, exhaust
steam specific volume decrease, and exhaust loss no longer depend mainly
on exhaust steam kinetic energy but different loss generating on turbine
outlet.

Figures 10a—c show the gross unit heat rate for the nominal load when
the value of cooling water flow (10a), surface tube area (10b) or live steam
temperature was changed (10c). The results were compared with the re-
sults from the initial calculations (marked by x). These figures show the
impact of changing the relevant parameters on the gross unit heat rate (q).
On the one hand, the results show that regardless of the tested parameter,
the serial system is the most advantageous. On the other hand, the charts
show the savings this configuration gives. For example, a similar indicator
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q_100%=f(dis) q_70%="f(dis) q_A40%=f(ids)
Wh X dis=0 Odis=var Wh * dis=0 Odis=var fyfewh % dis=0 ©dis=var
6980 7160 7820
(o]
6960 P 5 (o] 7140 o o fe) 7800 o 5
6940 o - o 7780 @]
7760
6920
7100 7740
6900 7720
i X |y 7080 | X %
6880 X 7700
% x x X
6860 7060 7680 % b
6840 7040 7660
| 1 1 v | 1 1 v | 1 1 \%
configuration configuration configuration
(a) (b) (c)

Figure 9: Gross unit heat rate for tested configuration when exhaust loss dis considering
for 100% (a), 70% (b), and 40% (c) of nominal load.

q_100%=f(Wg) q_100%=f(As) q_100%-=f(t0)

* Wg=81000 ©Wg=61200 X As~48700 O As~39000 X t0=600°C t20=610°C
bfWh A \Wg-72000 OWg-90000  K/AWh A As~58500 K/Wh 0 10=590°C t20=600°C
6960 6920 6930

o o 6920 | o
6940 6910 o
. o & 6910 o
6920 o B0 6900 5
a5 a 6830 | X o x 6890 | X X
6900 A x X
x % » 6880 | A 6880
6880 o A A 6870 X
] 6870
csco x o * e 6860
| 6860 N 6850
6840 6850 6840
I 1l m W 1 I nmoow I I m
configuration configuration configuration
(a) (b) ()

Figure 10: Gross unit heat rate tested configuration for nominal load as the relevant
parameters are changed: (a) cooling water flow rates (), (b) surface tube
area (As), (c) live steam temperature (to).

g = 6883 kJ/kWh for 72000 t/h cooling water flow for serial configura-
tion was obtained than for 90000 t/h using a parallel configuration when
g = 6878 kJ/kWh (Fig. 10a). This gives a 20% reduction in the amount of
cooling water. Figure 10b shows that the same indicator q as for the base
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data series in parallel configuration ¢ = 6892 kJ/kWh can be obtained by
reducing the surface tube area by 20% for the serial configuration where
g = 6890 kJ/kWh — this can be interpreted as a decreasing surface tube
area during operation. Similar conclusions were reached when analyzing
subsequent results for the changes of live steam temperature (Fig. 10c).

4 Conclusions

The research presented in the paper was aimed to answer a question, which
connection setups of surface condensers on the cooling water side is the
best in terms of thermodynamics perspective. The subject of research is
closely related to contemporary technology used in large power plants. The
study was not easy, because calculation of heat balance of such large and
complicated unit depends on many factors and thermodynamic parameters
among themselves. Also, the phenomena occurring in the last stage of the
turbine and in the condenser are complex and difficult to describe using
mathematical formulas. Therefore, in the first part of work, the focus was
on describing and choosing the best method for calculating the exhaust
steam pressure of condensing turbine.

Three exhaust steam pressure calculation methods were compared, re-
sults were verified with data from the real unit. Considering the correctness
of the results and the complexity of calculations, the method based on HEI
standard has been identified as the most advantageous method for calcu-
lating the turbine exhaust steam pressure. It needs to be highlighted that
using this method to calculate heat transfer coefficient requires only the
cooling water and condenser technical parameters. There is no need to en-
ter the parameters of exhaust steam what simplifies the calculation.

In the next step, four condenser connection configurations were tested.
Condensers were tested as a part of presented thermal cycle. In each case,
the serial configuration was the most thermodynamically favorable. For
nominal parameters, obtained improvement of unit efficiency was around
0.18%. When exhaust loss was considered, unit efficiency decreases but
more complex connection still have bigger unit efficiency than the parallel
one. It is true that presented efficiency improvement may seem small but
when verifying the result of calculations for different cooling water mass
flow, surface tube area, steam or cooling water temperature. Presented
result implies that the use of serial configuration can improve unit effi-
ciency, but also, in a significant way reduce design or operating costs by
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reducing surface the tube area, cooling water quantity, superheated steam
temperature.

However, for a serial connection, the problem of uneven operation of
the LP turbine part should focus the attention. The design of each LP
turbine parts is the same, only small differences between extraction working
condition or amount is acceptable. When serial configuration is used, the
exhaust steam pressure of each part is different, so they do not work at
their optimal point. This can be a significant problem when assuming the
work of the unit mainly with nominal parameters, but for not nominal
parameters the problem is negligible. When serial connection is used, there
is also a large dependence of the steam parameters of next LP turbine parts,
which is not present for a parallel system. Incorrect assumptions or design
calculations may have a greater impact to the operation then in parallel
configuration.

Summarizing the researches, it has been proven that the most advanta-
geous configuration for thermodynamic reasons is the serial configuration.
Although this setup has several important disadvantages that can have
a significant impact on the final result.

Presented in this paper calculation are a part of research on optimizing
the cooling water system for a unit with condensing turbines. Here, atten-
tion was focused on the pros and cons of various condenser connections on
the cooling water side from thermodynamics perspective. In the next step
of the research results will be clarified with different condensers hydraulic
resistance impact on needed power of cooling water pump. Later, possi-
bility of changes on cooling water side to improve gross unit heat rate for
more complex configuration. It is means how cooling water flow changes,
using a condenser bypass, controller effect on unit efficiency. Then, research
to optimizing cooling water consumption, considering cooling water pump
efficiency, for not nominal load will be done.
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