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Abstract

This paper presents two simplified and approximated relations of heat transfer effectiveness for a steam con-
denser. The proposed relations of heat transfer effectiveness are the function of the measured and reference
parameters. The correctness of relations was verified on the basis of data from the characteristics and mea-
sured data for the 200 MW steam condenser. A comparison of the outlet cooling water temperature calculated
from the proposed relations and Beckman formula was performed. The formula proposed by Beckman for
the heat transfer effectiveness of a steam condenser, in a simplified form, is the function of the saturation
temperature, mass flow rate of cooling water and the reference parameter. It contains two constant exponents,
which must be determined on the basis of the measured data. To assess the accuracy of the relations, the
average value and standard deviation were used. The proposed relations have simpler forms but are slightly
less accurate than the Beckman relation.
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1. Introduction fied form, is the function of the saturation tempera-
ture, mass flow rate of cooling water and the refer-
ence parameter. It contains two constant exponents,
which must be determined on the basis of the mea-
sured data. To assess the accuracy of the relations,
the average value and standard deviation were used.
The proposed relations have simpler forms but are
slightly less accurate than the Beckman relation.

The intensity of heat flux in a heat exchanger in the
changed conditions can be represented in the form
of heat transfer effectiveness in the function of two
dimensionless parameters [1, 2, 3, 4]

This paper presents two simplified and approxi-
mated relations of heat transfer effectiveness for a
steam condenser. The proposed relations of heat
transfer effectiveness are the function of the mea-
sured and reference parameters. The correctness of
relations was verified on the basis of data from the
characteristics and measured data for the 200 MW
steam condenser. A comparison of the outlet cooling
water temperature calculated from the proposed re-
lations and Beckman formula was performed. The
formula proposed by Beckman for the heat trans-
fer effectiveness of a steam condenser, in a simpli- 0 (
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fer surface area. Heat capacity is the product of the
mass flow rate and the specific heat at constant pres-
sure.

C =y (2)
C,nin means lower and C,,,, means higher heat ca-
pacity between C,, , C.. Overall heat transfer coeffi-
cient (U) is a function of heat transfer coefficients for
both fluids (a;, a,) and wall thickness () and wall
thermal conductivity (1). Heat transfer coefficients
are a function of Nusselt, Reynolds and Prandtl num-
bers. To accurately determine the overall heat trans-
fer coefficient, the temperatures at the outlets of the
heat exchanger must be known, so the process needs
to be made by iteration. Diffrent relations for the
overall heat transfer for different flow conditions and
mathematical relations describing heat transfer effec-
tiveness for different types of heat exchangers can be
found in the literature [5, 6].
Another approach to describe the intensity of heat
flux for a heat exchanger was suggested by Beckman
in the following form [7, 8, 9]

e = C(Tp)" (Te)™ (iny)™ ()™ 3)

In this approach it is assumed that heat transfer ef-
fectiveness is a function of input parameters to the
heat exchanger: mass flow rates and temperatures of
both fluids. In relation we have four constant ex-
ponents and a constant C. The a;, a,, a3, @4 coef-
ficients are calculated, based on the measured data.
The parameter C can be eliminated by introducing a
reference state. The relation then takes the form

i _ Th] ) Tcl @ ﬂ 3 mc @y (4)
€o Thlo Tclo My Mo

In the case of the phase change of one fluid, for
the steam condenser the heat capacity of the steam is
much greater than the heat capacity of cooling water
Cax = Cyp = Cpin = C.. The relation (1) simplifies
to the form

0 UA

= — = f|= (5)
Qmax Cmin

Beckman showed that for steam condenser a,, a3

the exponents are close to zero and can be omitted [7,

8].
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Figure 1: Scheme of a 200 MW steam condenser with measured
parameters

The heat transfer effectiveness for the steam con-
denser (T); = Ty» = T}) can be written in the form

s Th g mc y
— = — 6
€o ( Tho ) (mco ) ( )

Even in a simplified approximated form of the
heat transfer effectiveness for a steam condenser,
there are two constant exponents that must be deter-
mined based on measured data. Szapajko and Rusi-
nowski [10, 11] proposed a linear relation of the heat
transfer effectiveness for a steam condenser and feed
water heat exchanger as a function of the mass flow
rate, assuming that the steam pressure is constant

e=D-m.+E (7)

In this case we also have two coefficients D and
E, which are calculated based on the measured data.
Linear relations of the heat transfer effectiveness for
a feed water heat exchanger and counterflow and
crossflow heat exchanger were proposed in the pa-
pers [12, 13], too.

The purpose of this paper is to propose the ap-
proximated relations of heat transfer effectiveness for
the steam condenser using measured input parame-
ters to the heat exchanger, parameters in reference
state, without additional coefficients that need to be
set based on measured data.

2. Mathematical models

2.1. First mathematical model

Steam condensers for a 200 MW power plant were
analyzed. In Fig. 1 a scheme of the steam condenser
with measured parameters is presented. Within the
steam condenser the mass flow rate of cooling water,
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cooling water temperature at the inlet and outlet of
the steam condenser and the pressure in the steam
condenser were measured.

Cooling water outlet temperature can be expressed
as a function of the following parameters

T =Ty =f(Ty—Te, me, pn, A, 8) (8)

Using Buckingham II theorem, the above relation
can be converted to a form in which there is heat
transfer effectiveness

b
Tc - Tc ; c
poL2=Ta _ (M V8 )
Ty —Te
After introduction of the two following dimen-
sionless parameters

TC2 - Tcl
I, = —- 10
VST T, (10)

M. Vg
IL:__iQ (11)

Pn A%
The relation takes the form

I, = C(I1,)" (12)

After applying logarithms of both sides, we obtain
the equation

In(Il}) =InC +b - In(Ily) (13)

The function of the logarithm of the x variable can
be expanded in a series [14].

2 3
lm:u—n—u;D+u;D— .....

Considering only the first term in the expansion of
the logarithm functions we obtain

I -1=C-1+b-(II,-1) (15)
After arranging
H1:C+b'H2—b (16)

When the cooling water mass flow rate is de-
creased, the outlet temperature of water can be

heated to a higher value. Thus, when the cooling wa-
ter flow rate tends to zero, heat transfer effectiveness
tends to one. From this condition we obtain

b=C-1 (17)

After inserting the above relation and the transfor-
mations we obtain

I -1=(C-1)-1I1, (18)
For the reference state we can write
Hlo_ 1= (C_ 1)'H20 (19)

Dividing one equation by the second one we get
I -1 Ik
Hlo -1 N HZ()

After entering the formulae for dimensionless pa-
rameters we have

(20)

e—1 _mcpho

Eo — 1 Ph mco
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We received a relation of heat transfer effective-
ness depending on the cooling water mass flow rate,
the pressure in the steam condenser and the parame-
ters in reference state without additional coeflicients
or exponents. After the transformation, heat transfer
effectiveness for the steam condenser in the changed
conditions, can be written as

mC 0
8:1__Ph

Ph mco

(1-¢) (22)

2.2. Second mathematical model

An example of temperature distribution along the
heat transfer surface area for the steam condenser is
shown in the Fig. 2.

Outlet cooling water temperature can be presented
as

T, =T,— AT (23)

The above relation can be transformed into the fol-
lowing form
TcZ - Tcl AT
E=— " =1-=
Th - TCI Th - Tcl

(24)
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Figure 2: Temperature distribution along the heat transfer sur-
face area for the steam condenser

Assuming that approximately AT is a linear func-
tion of cooling water mass flow rate

AT = a-m,

(25)
Heat transfer effectiveness can be written as

TCZ_TCI a'mc
e=—"r——-=1-—
T,-T T,-T,

Having a reference state it can be written as

(26)

mc Th() - Tclo
Th - Tcl mc()

We determined a relation between heat transfer ef-
fectiveness depending on cooling water mass flow
rate, the difference between temperature in the steam
condenser and inlet outlet cooling temperature and
the parameters in the reference state without addi-
tional coefficients or exponents.

(1-&) @27)

e=1-

3. Results

3.1. Results for the first mathematical model

The correctness of the first proposed relation was
checked for data from the characteristics as well as
on the basis of the measured data for a 200 MW
power plant steam condenser. Fig. 3 shows a compar-
ison between the outlet water temperature from the
characteristics and as calculated from the first pro-
posed relation for 25 values.

The comparison of outlet temperatures shows that
the change in the calculated outlet temperature from
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Figure 3: Change in water temperature at the outlet of the steam
condenser, from characteristics and calculated from the first
proposed formula for 25 values
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Figure 4: Difference between the temperature from characteris-
tics and the calculated temperature for 25 values, green line—
temperature calculated from the Beckman formula, black line—
temperature calculated from the first proposed formula

the first proposed relation and from the characteris-
tics has a similar character. In order to investigate
the accuracy of the model the difference between
the temperature from the characteristics of the steam
condenser and the calculated temperature from the
first proposed relation was determined. Fig. 4 shows
the difference between the measured water temper-
ature at the outlet of the steam condenser and the
calculated temperature (the green line determines the
difference between the outlet temperature from the
characteristics and the temperature from the Beck-
man relation, the black line determines the difference
between the outlet temperature from the characteris-
tics and the temperature from the first proposed rela-
tion). The comparison was made for 25 values.

To assess the accuracy of two relations the aver-
age value and standard deviation were used. For the
first proposed relation an average value of -0.54 and
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Figure 5: Change of water temperature at the outlet of the steam
condenser, measured and calculated from the first proposed for-
mula for 67 values
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Figure 6: Difference between measured and calculated temper-
ature for 67 values, green line—temperature calculated from
the Beckman formula, black line—temperature calculated from
teh first proposed formula

the standard deviation of 0.6 were obtained. For the
Beckman relation an average value of -0.21 and the
standard deviation of 0.44 were obtained. The aver-
age value for the Beckman relation is closer to zero,
and the standard deviation that shows how data are
spread from the average value is closer to zero too.
On the basis of the obtained data, we can observe
that the outlet water temperature which is determined
from the Beckman relation is slightly more accurate.
The error designation of the cooling water tempera-
ture for both relations is in the range +1.5°C. A sim-
ilar comparison was made for the measured data. A
comparison between measured and calculated from
the first proposed relation water temperature at the
outlet of the steam condenser is shown in Fig. 5 for
67 values.

For the real data, too, the outlet water temperature
calculated from the first proposed relation has a simi-
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Figure 7: Change in water temperature at the outlet of the steam
condenser, from characteristics and calculated from the second
proposed formula for 25 values

lar character of change as the measured temperature.
Fig. 6 shows the difference between the measured
water temperature at the outlet of the steam con-
denser and the calculated temperature (the green line
determines the difference between the measured out-
let temperature and the temperature from Beckman
relation, the black line determines the difference be-
tween the measured outlet temperature and the tem-
perature from the first proposed relation). The com-
parison was made for 67 values.

Based on measured data obtained for the first pro-
posed relation the average value is -0.10 and the stan-
dard deviation is 0.39. For the Beckman relation an
average value of 0.09 and the standard deviation of
0.20 were obtained. The average value for the Beck-
man relation is closer to zero and standard deviation
is also closer to zero. For those data the outlet water
temperature determined from the Beckman relation
is slightly more accurate. The error designation of
the cooling outlet water temperature according to the
first proposed relation is in the range +1°C and for
the Beckman relation is in the range +0.5°C . Com-
pared to data from the characteristics, in this case the
error of cooling water is smaller for both relations,
because the range of changes in input parameters to
the steam condenser was smaller.

3.2. Results for the second mathematical model
The correctness of the second proposed relation
was checked for data from the characteristics as well
as on the basis of the measured data for a 200 MW
power plant steam condenser. Fig. 7 shows a compar-
ison between the outlet water temperatures from the
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Figure 8: Difference between temperature from characteris-
tics and calculated temperature for 25 values, green line—
temperature calculated from the Beckman formula, black line—
temperature calculated from the second proposed formula

characteristics and calculated from the second pro-
posed relation for 25 values.

It results from the shown comparison of outlet
temperatures that the change in calculated outlet tem-
perature from the second proposed relation and from
the characteristics has a similar character. To in-
vestigate the accuracy of the model, the difference
between the temperature from the characteristics of
the steam condenser and the calculated temperature
from the second proposed relation was determined.
Fig. 8 shows the difference between the measured
water temperature at the outlet of the steam con-
denser and the calculated temperature (the green line
determines the difference between the outlet temper-
ature from the characteristics and the temperature
from the Beckman relation, the black line determines
the difference between the outlet temperature from
the characteristics and the temperature from the sec-
ond proposed relation). The comparison was made
for 25 values.

To assess the accuracy of two relations the average
value and standard deviation were used. For the sec-
ond proposed relation an average value of -0.6 and
the standard deviation of 1.0 were obtained. For the
Beckman relation an average value is -0.21 and the
standard deviation is 0.44. The average value for the
Beckman relation is closer to zero, and standard de-
viation that shows how data are spread from the av-
erage value is closer to zero too. On the basis of the
obtained data, we can observe that the outlet water
temperature determined from the Beckman relation
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Figure 9: Change in water temperature at the outlet of the steam
condenser, measured and calculated from the second proposed
formula for 67 values
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Figure 10: Difference between measured and calculated tem-
perature for 67 values, green line—temperature calculated from
Beckman formula, black line—temperature calculated from the
second proposed formula

is slightly more accurate. The error designation of
the cooling outlet water temperature according to the
second proposed relation is in the range +2.5°C and
for the Beckman relation is in the range +1.5°C. A
similar comparison was made for the measured data.
A comparison between water temperature at the out-
let of the steam condenser as measured and as calcu-
lated from the second proposed relation is shown in
Fig. 9 for 67 values.

For the real data, too, outlet water temperature cal-
culated from the second proposed relation has a simi-
lar character of change as the measured temperature.
Fig. 10 shows the difference between the measured
water temperature at the outlet of the steam con-
denser and the calculated temperature (the green line
determines the difference between the measured out-
let temperature and the temperature from the Beck-
man relation, the black line determines the differ-
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ence between the measured outlet temperature and
the temperature from the second proposed relation).
The comparison was made for 67 values.

Based on measured data obtained for the second
proposed relation the average value is 0.07 and the
standard deviation 0.48. For the Beckman relation
obtained the average value is 0.09 and the standard
deviation 0.20. The standard deviation for the Beck-
man relation is closer to zero. For those data, too, the
outlet water temperature determined from the Beck-
man relation is slightly more accurate. The error
designation of the cooling outlet water temperature
according to the second proposed relation is in the
range +1°C and for the Beckman relation it is in the
range +0.5°C. Compared to data from the charac-
teristics in this case the error regarding cooling wa-
ter is smaller for both relations, because the range of
changes in input parameters to the steam condenser
was smaller.

4. Conclusion

The paper presents two simplified and approxi-
mated relations of heat transfer effectiveness for a
steam condenser. The first proposed relation of heat
transfer effectiveness is a function of the cooling wa-
ter mass flow rate, pressure in the steam condenser
and reference parameters. The second one is a func-
tion of cooling water mass flow rate, the difference
between temperature in the steam condenser and in-
let outlet cooling temperature and the parameters in
the reference state. Compared to the approximated
relation of heat transfer effectiveness for the steam
condenser, given by Beckman, the two proposed re-
lations have simpler forms, because they do not con-
tain two constant exponents, which must be deter-
mined on the basis of the measured data.

The correctness of relations was verified on the ba-
sis of data from the characteristics of the condenser
manufacturer and measured data for the 200 MW
steam condenser. A comparison between Beckman
and proposed relations was made for data from the
characteristics and measured data. In both cases, the
heat transfer effectiveness, proposed by Beckman, is
slightly more accurate. To assess the accuracy of
both relations, the average value and standard de-
viation was used. The error designation of the out-

let cooling water temperature for the two proposed
relations is slightly larger than for the Beckman re-
lation: for data from the characteristics it is in the
range +1.5°C for the first model and +2.5°C range
for the second model, and for measured data it is in
the range +1°C for both models, which corresponds
to the measured error of temperature. The larger er-
ror for the data from the characteristics is the result
of a wider change in inlet parameters to the steam
condenser.

It seems that the obtained accuracy allows the use
of the two proposed formulae to be used for deter-
mining outlet water cooling temperature in changed
conditions. The two proposed models have a similar
degree of accuracy.

The purpose of this article is to present the rela-
tions (22, 27) of heat transfer efficiency for the steam
condenser as a function of the measured parameters
only inlet to the condenser. From these relations (22,
27) the temperature of the outlet cooling water can be
determined and then the mass flow rate of the steam
from the energy balance can be calculated.
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Nomenclature

a—constant
A—heat transfer surface area, m>
C—Aluid heat capacity, W/K

C—constant, dimensionless
c,—specific heat at constant pressure, J/kg/K
b—constants, dimensionless

D, E—empirical coefficients
g—agravity acceleration, m/s?

rmi—mass flow, kg/s
p—pressure, Pa

U—overall heat transfer coefficient, W/(m?K)
O—heat flow, W
Opnax—maximum heat flow, W

a, @z, a3, ay—coefficients of power series
c—heat transfer effectiveness, dimensionless

IT,—(i = 1, 2) number of similarities, dimensionless

Index
c—cold fluid
h—hot fluid

o—reference state
1—inlet to the heat exchanger

2—outlet of the heat exchanger
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