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BoZIN DoNEVSKI1, IGOR NEDELKoVSKI1, CVETE STEFANOVSKA1

Numerical computation of steam flow in power plant condensers
utilizing the three-dimensional procódure

One of the salient shortcomings of the most present computational methods for predicting the steam
flow in the power plant condensers is the limitation of two-dimensiona] or quasi three-dimensional flows,
However, the flow in the untubed region of condensers (from turbine exhaust to the outer circumJerence
of the tube bundle) is markedly three-dimensional, and the distribution of steam around the tube bundle
is made even more three-dimensiona] because of the temperature difference caused by the cooling water.
The steam flow in the axial direction in the tube bundle region, is constrained by supporting plates.
However, the three-dimensional modeling is necessary and important in providing an accurate pńdiction
of the flow, especially in the regions of air suction. A practical approach is thus needed to establish an
algorithm, in which inc]uded are the three-dimensional effects in a real and practical manner, in both
the untubed and tubular regions in the condensers of the power plant.

A fUll description of the three-dimensional procedure for a numerical computation of the steam flow
in power plant condensers is presented in this paper. The purpose of the present study is to develop an
algorithm that can be used to predict the nature of the three-dimensiona] fluid flow and heat trańsfer
in large condensers of power plants. In order to demonstrate the applicability and predictive capability
of the proposed method, both the three-dimensiona] and two-dimensional procedures are applied tó
simu]ate velocity, pre§sure and fraction of air mass experimental condensers. Numerica] results obtained
are comPared with the experimental resu]ts of these condensers, as they appear in the scientific relevant
]iterature on numerical simu]ation.
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1. Introduction

There ale numerous papers and Teports investigating and describing the nu-
merical simulation of steam flow and heat transfer in the condenseTs of power
plants. The simulations, as presented in most of the literature on stuclies con-
ducted, are mainly based on the two-dimensional mathematical model or its
quasi-three-dimensional modification, Zhang and Bokil (1997) who ciefine the
steam flow in the tube bundle as a flow through porous media. A general cha-
racteristic of these models on which they are based, is the assumption that the
flow in the power condensers can be examined as a two-dimensional flow. This
assumption in some papers, as presented by Bricke11 (1981), Marto (1984) and
Butterworth (1994), related to the problem of the simulation of heat - flow pro-
cesses in the power plant condenseTs, is as yet inconclusive and subject to further
investigation.

In the tubular region, the definition of two-dimensional models presrrmes that
the flow of the steam is two-dimensional because of the existence of support plates
along of the bundle which obstruct the flow in axia1 direction. However, because
of the non-uniform temperature distribution of the cooling water along the tubes,
different conditions for flow as well as in the axial direcl.ion eńst. This was also
the reason for the appearance of the quasi thlee-dimensional models in which
the influence of tempeTatule changes along the tube with the cooling watel is
taken indirectly. The three-dimensional effects are also caused by the appalatus
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for sucking the non-condensable gases (air). Namely, this apparatus for drawing
in the air sucking must be located in a place of lower pressuTe, which in the power
condensers, is in the vicinity of the water coo1ing inlet. Therefore, the sucking of
the air, which is a continuous plocess in the direction of the sucking apparatus,
causes the three-dimensional effects. Those effects in the existing two and quasi
three-dimensional models, cannot be taken into consideration, because it is assu-
med that the air is sucked out of the surface where the calculation is postulated.

The flow in the tubular region is not the only one leason that has an influ-
enc€ on the performance of condensers; the flow outside the tubular region (from
the inlet into the condenser to the circumference of the tube bundle) has also
an influence on the effective work of the power plant condensers. It is important
for the proper determination of the flow in this region, because the velocity ancl
pressure distribution in this space have a significant influence on the velocities
and pressure distribution on the outer circumference of the tube bunclle ancl also
on the flow in its region. When, steps wiil be taken to ensure that in this space
no transversal obstacles in the axial direction exist, then it is clear that the flow
outside of the tubular region is three-dimensional. This problem is one of the
most signiflcant shortcomings in the existing models that are limited to the two
dimensional flow, Donevski et al., (1997).

2. Mathernatical modelling

The steam flow and heat transfer are modeled, on the assumption that this
condensate has a negligible momentum and occupies almost no volume, by the
three-dimensional mathematical model for flow in the porous media. The steam
is assumed to be saturated.

Mass conservation equation:

Ęe"),O(epu),O(epw)
a" -f aa ' u -TrL,

Momentum conservation equation:

0(epu2), 0(epuu), O(epuu) a ( 0u\,
a" - au f a" :ń1""'Iń)*

0(e puu) , 0(epu2) , 0(e puw) a / ór\
a" - au ' u :ńl'u"slń)*

(1)

a/ 0u\ a/ Ez\ 0r+fr |'u"t,ń) * f,|,r"l,ff) -,# - mu - F,, (2)

+ft(,u",,U) - fl(,r",,!) -,#- rnu - Fy, (3)
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E:1- Ie)' G)

The density of mixture is determined on the basis of the equation of state, where
steam and air are treated as an ideal gases; namely,

p: p 
(8)

HT

where T is the saturation temperature determined by the partial steam pressure.
Effective viscosity t]e! 7 is defined as a sum of molecular and turbulent viscosities:

tl"f f : llł 1.1t.

Molecuiar viscosity pl is deflned as:

(9)

O(epulu),0(epuw),0(epw2) a ( órl.,\#, -'6- + -# - ń\rułl a" ) 
Ą

a/ dto\ a/ Eu\ 0plfi|eułt ar-)* *\rułr 6,)-rń-rrru-F.. (4)

conservation of air mass fraction:

WP-W.9EP:*(,,,H),
+ft(,cn#) - *(,,,*) (5)

where the dependent variables are: velocity components z, u and p, and the air
mass fractioTl cg.

The constitutive equations related to other parameters which are present in
the mathematical modelling are defined by the foiiowing relations:

Local volume porosity e:

o for staggered arrangement of the tubes in the bundle:

c:-l _ r:(!r\'.zń\, ) )

o for in-line arrangement of the tubes in the brrndle:

(6)

(l - En)Fnł 1.61Enp,nu, 1a3lą (10)

Turbulent viscosity p; is deflned as p1 : 2O .p according to the recommenda-
tion of ZbLarrg et al, (1991).
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The fluid flow resistance forces are determined by Darcy law of linear flow,
through porous media

Fr: p,Rru,

Fa - FĄu,
F,:0,

where the flow resistance R, and Ą are determined by the adequate empirical
relations. The equations proposed here are the approximated experimental iesults
for 1ocal flow resistance of a two-phase flow across the tube bundle by Brodowicz
and Czaplicki (1989)

Rr_d,ozG.l.@r,
Rr_ĘrG.f.@o.

where G is a coefficient which takes into account the influence of a tube bundle
geometrY, / is the fraction factor, Q, and Qg are the correction factors which
take into account the influence of the rate of Óondensation i.e., a two-phase flovr
on the flow resistance forces. These coefficients are firnctions of the conclensation
rate rn, Reynolds number and the direction of the flow.
The rate of steam condensation per rrnit volume is determinecl by the equation:

k(T _ T,,,)m,-o,
T

where a is the heat transfer alea per unit volume, ? is the local steam temperature
and T- is the local cooling water temperature inside the tubes of the 

"o.rd"rr.",
4l-e
do€ (12)

The overall heat transfer coefficient is determined as a sum of individual heat
transfer coefficients:

k- 1d.,l l l , 1.-Ę r *" rą | %
(13)

The heat transfer coefficient from the water side, a- is determined from the
well known Mc-Adams equation for forced convection in the circular tube:

).Q- .O,\n'tReods Pro;n.

a. is an equivalent heat transfer coefficient acToss the tube wall:

2^.,
(15)dc:

d"In(d"ld)'

c6 is the heat transfer coefficient across the fllm of cond,ensate, which is cleter-
mined on the basis of the equation of Honda et al. (1986), for the condensation

35
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(14)
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on the horizontal inrrndated tube in the tube bundle, while the influence of the
condensate inundation is taken via the relation of Cippolone et a1., (1983)

Nu: (lr"fu + Nuar)o,2',

Nzry - a,728, F,o,"(1 + Z + o,57 - 22)0,25 ą"or,u Nu, : 0, 11 . Re2,8 Pr2,4,

Nu : Nug|n7 /8 - (n - 1)'/r].

a, is the equivalent heat transfer coefficient across the fllm of non-condensable
gases; it is evaluated via Berman and Fuks (1958), empirical expression for the
mass transfer coefficient in the tube bundle during the downward flow of the
steam-air mixture:

T

g:T,łtr (16)

The diffusion coefficient for the steam in the air D, is determined as:

Dp: D/ĄT, (17)

D is the molecular diffusion coefficient for the steam-air mixture; it is determined
on the basis of empirical equation as:

on : off *eI /2 E-0.6 p7', (T)'' "

71,75
D : o,00011756552. 

e
(18)

Boundary conditions Boundary conditions are specifled for the following: the bo-
undary of the flow space; the inlet of supporting plates; and the plates for direc-
tions of the flow of steam air mixture and drain the condensate as fo11ows

l. At the inlet of the condenser, the boundary condition is the steam velocity
which is determined on the basis of the steam flow through the turbine
exhaust and the cross sectional area of the inlet of the condenser.

On the walls of the condenser and the plates for the direction of the flow
of the steam-air mixture and the draining of the condensate, the boundary
condition is the normal component of steam-air mixture velocity to be equal
to zero,

At the outlet ofthe condenser, the boundary condition is the outlet velocity
of the steam-air mixture, which is calculated on the basis of the characteri-
stics of the sucking apparatus.

2.

.).
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}. Mathernatical model solving

The system of partial differential equations (1 + 5) is solved by applying the
jtreamline Upwind Petrov-Galerkinflnite element method. This method has some
rdvantages in comparison to the SIMPLE method, Patan}ar (1980) which is usu-
rlly applied for solving this mathematica1 model. This especiaily relates to the
rossibility of using the elements with irregular triangular and quadrilateral forms
br discretization of the flow area. The characteristics, advantages and lacks of
.he appiied method for solving of the mathematica1 model are not discussed here
n detail, because they are not the subject of this papel

The numerical computations are performed on two configurations of the expe-
imental condenser (with external and internal vent) of the NEl-Parsons, Ltd.,
ingland (Al-Sanea et. al 1983), applying developed mathematical models in three
rnd two dimensions df d,z:0 (three-dimensional and two-dimensional models in
.he following description). The geometry and operating parameters of this con-
lenser are shown in Fig. 1 and Table 1. For discretization of the flow area, the
:egular and uniform triangular elements are employed with the aim to minimize
:he influence of the element geometry on the results of computation (Fig. 2). The
listribution of the mixture velocity and pressure, air mass fraction and heat flux
n the cross section of the condenser are obtained as computational results. In
iigs. 3 and 4, the computed heat flux is compared with the well proven experi-
nental results (Al-Sanea et al. 1983),

fable 1. Geometrical and operating parameters of condenser at I\EI (Al-Sanea
:t al. 1983)

T\rbe bundle

Tbbe out side diameter [mm]

Tbbe wall thickness [mm]
T\rbe pitch [mm]

Ttrbe length [m]

Number of tubes

Arrangement of tubes

25.4

7.25

34.9

1,.21,9

400

triangular
Operating conditions Internal vent External vent
Pressure [kPa]
Steam inflow [kg/s]
Air inflow |kg/s]

Mixture'outflow [kg/s]
Cooling water inlet temperature ["C]
Cooling water velocity [m/s]

27.67

2.o32

2.48 x 7O-a

1.097 x 10-2

17.8

1.19

13.60

o.792

2.69 x 10-a

2.87 x 70-2
13.1

1.18

Dn
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b) internal vent

a) external vent

Fig. 1, Configuration of experimental condenser at NEI (Ał-Sanea et al. 1983).

4. Analysis of the results

From the analysis of Figs. 3 and 4, it can be noted that there is not much
difference between the various computed results. One can conclude that the
three-dimensional model does not give much significant improvement to the re-
sults, However, the detailed analysis of the proposed model will indicate that
this is the case. In fact, in the definition of the conditions of the boundary, the
determined boundary condition on the inlet to the condenser is the inlet velocity
of the steam-air mixture, which is ca]culated on the basis of the rate of steam
flow in the inlet of the condenseT. At this, as pel this principle, the distribution
of velocities in the cross section flow is defined uniformly. This assumption does
not response to the conditions which are dominant in the power plant condensels)
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Fig. 2. Tliangulation of the condenser of NtrI (Al-Sanea et al. 1983).

considering the fact that in the condensers) the steam flows directly from the last
turbine stages, Thus, the flow at the inlet of the condenser in no way can be
uniform, but it is represented by a fully turbulent three-dimensional flow,

An example of the experimentally determined flowing picture for the turbine
exhaust - condenser inlet, is shown in Fig. 5 (Dawidson and Rowe 1981), where
the contour lines present the ratio between measured velocities and the average
r-elocity.

When such a defined boundary condition for the inlet velocity will be used
for the simulation of steam flow and heat transfer in the experimental condenser
of NEI (Al-Sanea et aL l9B3), the situation will be completely changed. This is
confirmed by simulations performed with the arbitrarily assumed nonuniform
inlet velocity as a boundary condition where significant changes of the flowing
picture in the condenser can be noted.

5. Conclusions

This paper presents the numerical simulation of steam flow and heat transfer
irr an experimental condenser with the use of two and three-dimensional mathe-
matical models. A comparative analysis of the calculated results by using the
two and three-dimensional mathematical models and the experimental results, as
published in the general adequate literature, are also described. On the basis of
the conducted studies, it can be concluded that the three-dimensional numerical
simulation in general does not show any significarrt advantages compared with
the two-dimensional or quasi three-dimensional simulation.

These results are achieved by adopting the uniform distribution of the velo-
city of steam-air mixture at the inlet of the condenser at the defined boundary
conditions. However, the advantages of the three-dimensionai model are seen if,
in the definition of the boundarv conditions, the inlet velocity of the steam-air

39
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Fig. 3. Comparison of the results of the heat flux ca]culation against two and three dimensional models
with a external vent of the non-condensable gases.
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m0 300 400

r lmm|
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Fig. 4, Comparison of the results of the heat flux calculation against two and three dimensional models
with a central vent of the non-condensable gases.
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center of
furbine cylinder

iturbine
I

Fig. 5. Measured steam flow into undersling condenser (Dawidson and Ropwe, 1981). Region covered:
be]ow and exhaust of 500 MW, 6 exhaust turbine, Contours show: measured velocity/ mean velocity,

mixture is postulated as non-uniform. Such a defined boundary condition actually
corresponds to the real conditions in the power plant condensers. This influences
the future development of the method for numerical simulation of the flow in the
turbine exhaust region. There is a need to develop an adequate method for the
simulation of the flow in the exhaust of the turbine. The results obtained from
this method could be utilized as input parameters for the numerical simulation
of the flow and heat transfer in the powel plant condensers.
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Symulacja nrrmeryczna przepłyv/u pary w skraplaczach z
zastosowaniem obliczeń trójwymiarowych

streszczenie

Praca ta za,wiera wyniki symulacji numerycznej przepływu i kondensacji pary w eksperymentalnym
skraplaczu, z zastosowaniem dwu- i trójwymiarowego matematycznego modelu obliczeniowego, Dla po_
równania zaprezentowano,wyniki eksperymentalne, jak rórłnież, wyniki dwu- i trójwymiarovrych obliczeń,
opublikowanew wyszczególnionej literaturze. Na bazie przeprowadzonej analizy, moźna st,vierdzić, żewy-
niki obliczeń z zastosowaniem trójwymiarowej symulacji numerycznej nie zavłierająznaczących tóżnic w
stosunku do dwu- i quasi- trójwymiarowych obliczeń, dla warunku brzegowego na ,w]ocie do skraplacza
w postaci stałego pola prędkości pary.

Należy jednak podkreślić, że zalety modelu trójwymiarowego są widoczne dla przypadku obliczeń, w
których zastosowano niejednolite pole prędkości jako ,warunek brzegorły na w]ocie do skraplacza. To nie_
jednolite pole prędkości, odpowiada rzecz;rwistym warunkom panującym w skraplaczu, umiejscowionym
na wylocie z turbiny. Otrzymane wyniki potwierdzająkolieczność prowadzenia symulacji numerycnzych
przepły,wu pary zarówno vr turbinie jak i w skraplaczu. Pole prędkości na wylocie z turbiny, otrzytnane
z symulacji numerycznej turbiny, będzie wykorzystane jako warunek brzegowy na wlocie do skraplacza,
do dalszych ob]iczeń cieplno-przepły,wowych w przestrzeni skraplacza.


