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THE INFLUENCE OF THE HEAT TRANSFER
COEFFICIENT VARIATIONS
IN THERMAL SYSTEM ELEMENTS ON POWER
AND DISTRIBUTION OF EXERGETIC LOSSES
IN THE PWR NUCLEAR POWER PLANT

The paper shows the results of a study on the influence of the changes of the heat transfer
coefficient k on the exergetic losses in some selected equipment components of the thermal
system and on the alternations of unit electric power. The changes of the k may be due to the
fouling of the heat exchange surfaces or errors in the design. This research concerned with two
feed-water heaters (low- and high-pressure) and the steam reheater situated behind the moisture
separator. The research was conducted for the range of the ratio x (of actual to the design value
of k) from 0.5 to 1.5 of its value assumed in the design. The mathematical model considers
off-design operating conditions in the whole thermal system, which result from the change of the
coefficient k in the selected parts of the thermal system. The decomposition method and Seild’s
muliilevel iterative process were used to solve the problem. The research proved that the capaci-
ty of the unit during operation may differ from the design value — 1000 MW — from ten to
twenty MW due to alternations of the operation value of k from the design one.
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overall heat-transfer coefficient, KW/(m?K)
n, =P /Qyp — the ratio of the variation of the power plant capacity to
the duty of the heat exchanger, KW/ MW

p — electric power, MW

q — net plant heat rate, kJ/kWh

Qg — heat exchanger duty, MW

81l = I —II,, — exergy losses in the i-th part or in the set of parts, MJ

A — the change of the parameter

x = k/k, — ratio of actual to the design value of overall heat-transfer
coefficient

I, I, — exergy losses in the i-th equipment component for the

operation (E) and design (P) value of the coefficient k



INTRODUCTION

The efficiency of the condensing power station, inter alias, depends on the
conditions of heat transfer in surface heat exchangers. The exchangers play
a significant role being involved in the thermodynamic processes composing
the steam cycle. The overall heat transfer coefficient k reflects the conditions
mentioned above.

Actual values of the overall heat transfer coefficient k in feedwater heaters
and in other heat exchangers of the plant often differ during the operation from
the design values. These differences may be due to the fouling on the heat
exchange surfaces or to the errors in calculation of the surface and heat transfer
coefficients. When the value of the coefficient k decreases, then the terminal
temperature difference increases. The exergetic losses due to irreversibility of
the heat transfer processes also increase. The power and efficiency of the unit
decreases as well.

1. ASSUMPTIONS

The analysis was conducted for a condensing power plant unit, of 1000 MW
electric power, with the PWR reactor. The turbine consists of the high-pressure
part (THP), middle-pressure part (TMP) and three identical low-pressure parts
(TLP). The two-stage moisture separators are mounted in the turbine ducts
THP-TMP and TMP-TLP. Moreover in the TMP-TLP turbine duct the steam is
superheated in the reheater (ESR) fed by the heating steam from the steam
extraction of the THP turbine. In the regeneration system there are four low-
-pressure feed-water heaters (ELP), deareator and the high-pressure feedwater
heater (EHP). The pump is fed by the steam taken behind the reheater.

The flow sheet of the nuclear power plant is shown in Fig.1. The main
design thermodynamic parameters (pressure and temperature) of the steam
cycle are marked on the sheet. According to the design assumptions, the pre-
ssure of the steam feeding the ELP-2 heater equals 0.113 MPa and the con-
densate is heated in it from 74.8 to 100.2°C. In the feedwater heater EHP the
pressure of the heating steam equals 2.63 MPa and the water is heated from
190.2 to 220.2°C. In the reheater ESR the pressure of the heating steam equals
3.4 MPa and the pressure and temperature of the preheated steam at the outlet
equal 0.77 MPa and 216.2°C, respectively. The terminal temperature differen-
ces in the following exchangers: ELP-2, EHP and ESR equal 2.9, 6.5, 25°C
and nominal value of the coefficient &k equals 3.4, 4.6, 0.60 kW/m?-K, respec-
tively. In Fig.1 the heat exchangers for which the study of the influence of the
changes of the coefficient k on the power and exergetic losses was carried out
are marked with a bold line.
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Fig. 1. Flow sheet of the nuclear power plant: (p — pressure [MPa}, ¢ — temperature [°C])



Z. MATHEMATICAL MUDEL AND NUMERICAL METHOD OF CAL-
CULATIONS

The model allows to carry out the studies on the influence of the coefficient %
on the change of electric power of the power plant unit and on the change of
exergetic losses in the particular parts of the unit. The losses are calculated not
only for the heat exchangers in which the change of the conditions of heat
transfer occurs but also in all other elements of the heat flow diagram of the
power plant.

The model consists of the following segments:

MBE - a set of mass and energy balance equations. This segment enables
the solution of the so-called balance problem, that is, for input ther-
modynamic parameters it allows the evaluation of mass and energy
flows. The segment consists of the equations of the mass and energy
balance mainly, most of which are linear.

MPT - a set of thermodynamic parameters equations. This segment allows
the evaluation of the thermodynamic parameters for the given mass
flowrates. This segment also includes equations describing heat trans-
fer, pressure loss and changes of the parameters in the turbine. The
segment consists of the equations most of which are nonlinear. The
heat transfer in the feedwater heaters was described by the formulas
given in [5].

MPP - a set of power plant thermal performance. This segment allows the
evaluation of the exergetic losses, the net power plant heat rate, ener-
gy consumption necessary for the unit efficiency and self-needs. The
values obtained in the MBE and MPT segments are used to evaluate
the coefficients mentioned above.

The problem was solved by means of a general method of defining the state
of the thermal system at off-design operating conditions that was published in
[4]. This method is similar to the one proposed in [3]. A simplified scheme of
this method, which has been used in this paper, is shown in Fig. 2. Having
stated the assumptions concerning the operating conditions of the power plant
unit and starting approximation of the solution (A), the following operations
are made in the j-th step of the iteration process.

1. The evaluation of mass and energy flows M’ based on the MBE model.

2. The evaluation of the thermodynamic parameters PT’ based on the MPT
model and on the M/.
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Fig.2. The scheme of solution method: A — assumptions, PT — thermodynamic parameters of

the power plant, P — electric power, 1 ¢ — the change of the electric power of the unit related

to the thermal power of a heat exchanger, 8II, — exergy losses in the i-th part or in the set
of parts

Then the operation is repeated as in points 1st and 2nd till the conditions of
the iteration process are satisfied. Then the balance problem is solved again.

The evaluation of the quantities defined in the MPP model is in the last part of
the calculation.

3. RESULTS

The dependence of the variation of the electric power of the power station unitP
and of the net plant heat rate g on the relative change of the overall heat tran-
sfer coefficient x (that is the ratio of the real operation to the design value of
overall heat transfer coefficient k) is shown in Fig. 3.

The results concern the low-pressure ELP-2 and high-pressure EHP feed-
-water heaters and steam reheater ESR. The decrease of the coefficient & in the
reheater results in the highest loss of power, whereas the decrease of the coeffi-
cient k in the ELP-2 exchanger results in the lowest loss of power. For k vary-
ing from 1.5 to 0.5 the decrease of power equals 2.3 MW, 3.8 MW and 6.8
MW in the case of the change of the operating conditions in the ENP-2, EHP
feedwater heaters, and in the ESR steam reheater, respectively. The changes of
the capacity of the power plant unit depend not only on the change of the
coefficient k but also on the duty of the heat exchangers. The results, which are
shown in Fig. 3., consider the influence of both variables mentioned above.
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Fig. 3. Capacity of the power plant unit P and net heat rate g versus overall heat transfer coeffi-
cient x = k/k,

) - 300 T
_______________ . 3 E
: EHP__‘ —— I Sl : Lu
20 L "
1 — | m
| = — L 2
I ELP "7 § :
" R T i /. - » §
N pam—— - : q)
— __./' I Y g
. £
0 0 |
| £
| 5
2
3

Nq

variation of the ratio ny (AP/Qg) [kW/MW]
3
\ {4
~

F E !
] ELP - low-pressure feed-water heater ELP-2
1 Esr EHP - high-pressure feed-water heater

ESR - steam reheater

-50 +——r—"F————F+————————
04 0.6 0.8 1.0 1.2 14 1.6
K
ratio of the actual to the design value of the k coefficient

Fig.4. Ratio n_ (the change of electric power AP related to the heat exchanger duty) and the
heat exchanger duty Q versus the overall heat transfer coefficient x = k/k,
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Fig.5. The dependence of the power plant exergetic losses variation and of the losses in the
selected power plant equipment components S1IL on the ELP-2 overall heat transfer coefficient

x = k/k,

The relative change of the unit power related to the duty of the heat ex-
changers is shown in Fig. 4.

Maximum change of the relative decrement n_ for the ELP-2 feed-water
heater, equals 24 kW/MW, for EHP and for ESR it equals 22 kW/MW and
62 kW/MW, respectively. The same (as above) change of the k coefficient re-
sults in the higher relative power decrement in the ELP-2 feed-water heater
than in the EHP one due to the lower level of temperatures in the ELP-2 heat
exchanger than in the EHP high-pressure exchanger. In Fig. 4 the dotted lines
present the dependence of the duty (thermal power) of the ELP-2, EHP and
ESR heat exchangers on the changes of the ratio «.

The overall change of exergetic losses and the change of losses in the se-
lected parts of the power plant thermal system resulting from the change of the
coefficient k in the ELP-2 feed-water heater are shown in Fig. 5. The total
changes of exergetic losses in the unit are close to the global change in the
ELP-2 exchanger and in the next ELP-3 feed-water heater. In the remaining



parts or the thermal system the changes are much lower, that 1s approximately
about ten times lower.

REFERENCES

[1] Davidson B.J., Elliott AM., Keeley K.R., Loines J.A: Whole Plant Mathematical Modeling
System and Its Application to Conventional and Advanced Power Generation Cycles. Ma-
thematical Modeling and Computer Simulation of Processes in Energy Systems. Hemisphere
Publishing Corporation, New York 1990.

[2] Lin L., Tsatsaronis G.: Analysis and Improvement of an Advanced Concept for Electric
Power Generation. Proceedings of The International Conference , Energy Systems and
Ecology — ENSEC ’93”. Vol.1. Cracow, Poland, July 5-9, 1993.

[3] Perz E.: A Computer Method for Thermal Power Cycle Calculation. ASME Journal of Engi-
neering for Gas Turbines and Power. Vol. 113/185, April 1991.

[4] Portacha J.: Identyfikacja uktadéw cieplnych sitowni klasycznych i jadrowych w stanie
ustalonym (The Identification of Thermal Systems of Conventional and Nuclear Power

Plants). Scientific Works — Mechanics. No. 44. Warsaw University of Technology Publica-
tions. Warsaw 1977 (in Polish).

[5] Heat Exchanger Design Handbook, Vol.1-4. Hemisphere Publishing Corporation, New York
1983.

WPLYW ZMIAN WSPOLCZYNNIKA PRZENIKANIA CIEPEA
W ELEMENTACH UKEADU CIEPLNEGO
NA MOC I ROZKEAD STRAT EGZERGETYCZNYCH
W JADROWYM BLOKU ENERGETYCZNYM
Z REAKTOREM TYPU PWR '

Streszczenie

W pracy zostaly przedstawione wyniki wptywu zmian wspétczynnika przenikania ciepta
w wymiennikach powierzchniowych (k) na straty egzergetyczne w wybranych elementach ukia-
du cieplnego i zmiany mocy elektrycznej bloku energetycznego. Zmiany k moga by¢ spowodo-
wane zanieczyszczeniami powierzchni wymiany ciepta lub bledami w opisie wymiany ciepta
przy projektowaniu. Badania zostaly przeprowadzone w zakresie wzglednych zmian
wspdlczynnika przenikania od 0,5 do 1,5 jego wartosci przyjetej przy projektowaniu i dotycza
dwéch wymiennikéw regeneracyjnych (nisko- i wysokopreznego) oraz przegrzewacza pary za
separatorem wilgoci.

Opracowany model matematyczny uwzglednia zmienne warunki pracy ukladu cieplnego,
wynikajace ze zmiany wspéiczynnika k. Do numerycznego rozwiazania zadania wykorzystana
zostata metoda dekompozycji oraz wielopoziomowy proces iteracyjny Seidla.



Badania wykazaty, ze moc projektowanego bloku — 1000 MW, z powodu odbiegajacych
podczas eksploatacji warto$ci k (w stosunku do przyjetych przy projektowaniu), moze ulec
zmianie od kilku do kilkunastu MW (do 2%).

BIUSHAE U3MEHEHUHN KODPPUIIUEHTA TEIUIOIEPENAYA
B DJIEMEHTAX TEIUIOBHX CXEM HA MOIIHOCTDb
U PACITPEJNEIIEHHUE SI3EPTETHYECKHUX IIOTEPH
B ATEPHOM DHEPTETUYECKOM BJIOKE
C PEAKTOPOM THUIIA BB3P

KpaTrxoe comepxaHue

B paboTe IpemcTaBieHbl PE3YILTATH! HCCIENOBAHMN BIWSHWAS W3MEHeHUH Ko03dbdn-
U¥eHTa TEIUIONEepeNadd B IIOBEPXHOCTHBIX TEINIOOOMeHHHRAX (k) HAa 3raepreTHYCCKUE
IOTEPM B H3GPDAHHBIX SIEMEHTaX TEILIOBOM CXEMBI M H3MEHEHHS DIEKTPHIECKOH MOII-
HOCTH dHepreTHuecxoro 6moxa. Msmenenmss k MOryT GbITh BRI3BAHBI 3arpsA3HEHHSIMH IIO-
BEPXHOCTH TEIIIOO6MEHA MM ONIMOKaMH B OITMCAHMHE IIPOIEcca TeIIOOGMeHa IPH Ipoe-
KTEpoBauun. Wccreqopanws OGbUIM IPOBENEHEI B NPENENIaX OTHOCUTENLHBIX H3MCHCHHH
xosdduomenTa Temnonepenaw® ot 0,5 mo 1,5 ero 3maveHHMs IPHHSTOTO IPY IPOSKTHPO-
BAHWHY ¥ KACAIOTCH MABYX DETEHEPATHBHLIX OOMEHHMKOB (HH3KOIO M BEICOKOTO JaBie-
HHU) B MeperpesaTelns maphl 3a CeIapaTOpOM BIIard.

BripaboTaEEAaS MaTeMATHUIEeCKas MOIENb YIHTHIBAET TIEPEMEHHBIE DEXHAMEI PaboThI
TENIOBOM CXEMBI, BO3HHMKAIONTHE IPY H3MEHEHNH Ko3ddmnuerTa k. K qacroBoMy pelieHAIO
3afiaHus NpUMEHeH METON NEKOMIO3HIWH, a TAKKe MHOTOCTYIEHYATRIM WTEPalMOBHEIX
npouecc 3adming.

HccnenoBaHus IOKA3aIH, 9YTO MOIIHOCTEH IPOeKTHpyeMoro 6Gioka — 1000 MBT, m3-3a
OTKIOHSIOIIYXCH BO BpeMs SKCIUTyaTaluy 3HaYeHMX k (B OTHOIIEHWW k IIPHHSTHEIM IPH
TNIPOEKTHPOBARNHA) MOXET H3MEHITLCH 10 2%.



