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

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-dimensional or quasi three-dimensional flows.
However, the flow in the untubed region of condensers (from turbine exhaust to the outer circumference
of the tube bundle) is markedly three-dimensional, and the distribution of steam around the tube bundle
is made even more three-dimensional 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 prediction
of the flow, especially in the regions of air suction. A practical approach is thus needed to establish an
algorithm, in which included 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-dimensional fluid flow and heat transfer
in large condensers of power plants. In order to demonstrate the applicability and predictive capability
of the proposed method, both the three-dimensional and two-dimensional procedures are applied to
simulate velocity, pressure and fraction of air mass experimental condensers. Numerical results obtained
are compared with the experimental results of these condensers, as they appear in the scientific relevant
literature on numerical simulation.

Nomenclature

a —  heat transfer area per unit volume, m?/m? T -  temperature, K
cg — air mass fraction = pg/p u -  velocity component in the =
d; — inner diameter of tube, m direction, m/s
d, — outer diameter of tube, m v —  velocity component in the y
D - molecular diffusion coefficient, m? /s direction, m/s
Dp —  coeflicient vapour diffusion in air, w  —  velocity component in the z

kg/(Pa-m-s) direction, m/s
F - flow resistance forces, N/m3 a -  heat transfer coefficient, W/m?K
Ui —  friction factor € —  local volume porosity
k —  overall heat transfer coefficient, W/m?K A —  thermal conductivity, W/mK
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“Institute of Heat Engineering, Warsaw Technical University, Nowowiejska 25, 00-665 Warsaw
3Power Plants REK-Bitola, Electric Power Company of Macedonia, 97000 Bitola, Macedonia
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T —  latent heat of condensation, J/kg g —  molecular viscosity, kg/ms
m - condensation rate per unit volume, kg/m3s peps —  effective viscosity, kg/ms
n — number of horizontal tubes in a vertical row ut  —  turbulent viscosity, kg/ms
) — pressure, Pa Oy correction factors
s —  tube pitch, m p —  density, kg/m®
q —  heat flux per unit area, kW/m? & —  resistance coefficient, 1/m
R — flow resistance; gas constant

Dimensionless criteria
Ey — pg/p Rp = (prpk/ppup)®®
Fr — Froud number Re - Reynolds number
Boi— Py (BT Rey = 2wdoq/(pxr)
G- = Rp.H/Pr; Req = Rey + Rex(pp/pr)%®
H = culTw—Te)/r Z = (1+1/G)2/3/F05
Pr — Prandtl number

Subscripts

¢ —  tiube o — outer diameter
qg-.= gas p — steam
i —  inner diameter pk — interface (steam-condens.) surface
k -  condensate w — cooling water

1. Introduction

There are numerous papers and reports investigating and describing the nu-
merical simulation of steam flow and heat transfer in the condensers of power
plants. The simulations, as presented in most of the literature on studies con-
ducted, are mainly based on the two-dimensional mathematical model or its
quasi-three-dimensional modification, Zhang and Bokil (1997) who define 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 Brickell (1981), Marto (1984) and
Butterworth (1994), related to the problem of the simulation of heat - flow pro-
cesses in the power plant condensers, is as yet inconclusive and subject to further
investigation.

In the tubular region, the definition of two-dimensional models presumes 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 axial 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 direction exist. This was also
the reason for the appearance of the quasi three-dimensional models in which
the influence of temperature changes along the tube with the cooling water is
taken indirectly. The three-dimensional effects are also caused by the apparatus
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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 pressure, which in the power
condensers, is in the vicinity of the water cooling inlet. Therefore, the sucking of
the air, which is a continuous process 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 reason that has an influ-
ence 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 and
pressure distribution in this space have a significant influence on the velocities
and pressure distribution on the outer circumference of the tube bundle and also
on the flow in its region. When, steps will 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 significant shortcomings in the existing models that are limited to the two
dimensional flow, Donevski et al., (1997).

2. Mathematical modelling

The steam flow and heat transfer are modeled, on the assumption that this
-ondensate 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:
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Conservation of air mass fraction:

d(epucy) i O(epvcy) o O(epwey) O (5pD%> i

ox Oy Bt O ox
0 Ocg 0 ae,

where the dependent variables are: velocity components u,v and p, and the air
mass fraction c,.

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

Local volume porosity e:

e for staggered arrangement of the tubes in the bundle:
s do> ?
e=1——x=(—] , 6
24/3 (s (©)

e for in-line arrangement of the tubes in the bundle:

5:1—77‘:-(%9)2. (7)

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=TT (8)

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

peff = p+ pit. (9)
Molecular viscosity p is defined as:

(LB - 1.6 1 B
1+ 0.61E, :

(10)

Turbulent viscosity p; is defined as p; = 20 - p according to the recommenda-
tion of Zhang et al. (1991).
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The fluid flow resistance forces are determined by Darcy law of linear flow,
through porous media

Fy = pR.u,
By = phyv,
Ho= 0.

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

St Ty Ty

R,=d;*G-f-0,.

where G is a coefficient which takes into account the influence of a tube bundle
geometry, f is the fraction factor, @, and @, are the correction factors which
take into account the influence of the rate of condensation i.e., a two-phase flow
on the flow resistance forces. These coefficients are functions of the condensation
rate m, Reynolds number and the direction of the flow.

The rate of steam condensation per unit volume is determined by the equation:
k (T o Tw)
m=aq————=

r

(11)

where a is the heat transfer area per unit volume, T is the local steam temperature
and T, is the local cooling water temperature inside the tubes of the condenser
AT

. 12
S (12)

The overall heat transfer coefficient is determined as a sum of individual heat
transfer coeflicients: 3

k= ; 13
i -
wr Gy c 9

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

A
6l =0 023d—1f)Re?58Pr9074. (14)
(1
@, is an equivalent heat transfer coefficient across the tube wall:

2

REATCNzA) Y

ay, is the heat transfer coefficient across the film of condensate, which is deter-
mined on the basis of the equation of Honda et al. (1986), for the condensation
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on the horizontal inundated tube in the tube bundle, while the influence of the
condensate inundation is taken via the relation of Cippolone et al., (1983)

Nuy = 0,728 FO?(1 + Z +0,57 - 2%)°*Rey"Nup = 0,11 Reg®Pry*,

Nu = Nug[n™® — (n—1)7/9).

@y is the equivalent heat transfer coefficient across the film 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:

s gibln 1/2 2—0.6,.1/3 (p;ﬂ” i Ui
O[g =aQa do Re Eg P T W (16)

The diffusion coeflicient for the steam in the air D), is determined as:
D =D BT, (17)

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

T1,75
D =0,00011756552 - . (18)
p

Boundary conditions Boundary conditions are specified 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 follows

1. 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.

2. 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.

3. At the outlet of the 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.
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3. Mathematical model solving

The system of partial differential equations (1 + 5) is solved by applying the
streamline Upwind Petrov-Galerkin finite element method. This method has some
:dvantages in comparison to the SIMPLE method, Patankar (1980) which is usu-
ly applied for solving this mathematical model. This especially relates to the
bossibility of using the elements with irregular triangular and quadrilateral forms
or discretization of the flow area. The characteristics, advantages and lacks of
he applied method for solving of the mathematical model are not discussed here
n detail, because they are not the subject of this paper.

The numerical computations are performed on two configurations of the expe-
imental condenser (with external and internal vent) of the NEI-Parsons, Ltd.,
“ngland (Al-Sanea et. al 1983), applying developed mathematical models in three
nd two dimensions d/dz = 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
“igs. 3 and 4, the computed heat flux is compared with the well proven experi-
nental results (Al-Sanea et al. 1983).

[able 1. Geometrical and operating parameters of condenser at NEI (Al-Sanea
t al. 1083)

Tube bundle

Tube out side diameter [mm|] 25.4

Tube wall thickness [mm]| 1.25

Tube pitch [mm] 34.9

Tube length [m] 1.219

Number of tubes 400
Arrangement of tubes triangular
Operating conditions Internal Vent | External Vent
Pressure [kPa] 27.67 13.60
Steam inflow [kg/s] 2.032 0.792
Air inflow [kg/s] 2.48 x 10~* 2.69 x 10~
Mixture'outflow [kg/s] 1.097 x 1072 | 2.87 x 102
Cooling water inlet temperature [°C] 17.8 13.1
Cooling water velocity [m/s] 1.19 1.18
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Fig. 1. Configuration of experimental condenser at NEI (Al-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 calculated on the basis of the rate of steam
flow in the inlet of the condenser. At this, as per 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 condensers,
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Fig. 2. Triangulation of the condenser of NEI (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
velocity.

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. 1983), 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
in 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 significant 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-dimensional model are seen if,
in the definition of the boundary conditions, the inlet velocity of the steam-air
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Fig. 3. Comparison of the results of the heat flux calculation against two and three dimensional models
with a external vent of the non-condensable gases.
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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
turbine cylinder

turbine cylinder

plan view

Fig. 5. Measured steam flow into undersling condenser (Dawidson and Ropwe, 1981). Region covered:
below 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 power plant condensers.
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Symulacja numeryczna przeplywu pary w skraplaczach z
zastosowaniem obliczen tréjwymiarowych

Streszczenie

Praca ta zawiera wyniki symulacji numerycznej przeplywu i kondensacji pary w eksperymentalnym
skraplaczu, z zastosowaniem dwu- i tréjwymiarowego matematycznego modelu obliczeniowego. Dla po-
réwnania zaprezentowano wyniki eksperymentalne, jak réwniez, wyniki dwu- i tréjwymiarowych obliczef,
opublikowane w wyszczegdlnionej literaturze. Na bazie przeprowadzonej analizy, mozna stwierdzié, ze wy-
niki obliczen z zastosowaniem tréjwymiarowej symulacji numerycznej nie zawieraja znaczacych réznic w
stosunku do dwu- i quasi- tréjwymiarowych obliczefi, dla warunku brzegowego na wlocie do skraplacza
w postaci stalego pola predkosci pary.

Nalezy jednak podkresli¢, ze zalety modelu tréjwymiarowego sg widoczne dla przypadku obliczefi, w
ktérych zastosowano niejednolite pole predkoéci jako warunek brzegowy na wlocie do skraplacza. To nie-
jednolite pole predkosci, odpowiada rzeczywistym warunkom panujacym w skraplaczu, umiejscowionym
na wylocie z turbiny. Otrzymane wyniki potwierdzajg koniecznos$é prowadzenia symulacji numerycnzych
przeplywu pary zaréwno w turbinie jak i w skraplaczu. Pole predkoéci na wylocie z turbiny, otrzymane
z symulacji numerycznej turbiny, bedzie wykorzystane jako warunek brzegowy na wlocie do skraplacza,
do dalszych obliczen cieplno-przeplywowych w przestrzeni skraplacza.



