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Abstract--A quasi-three-dimensional algorithm is developed to simulate two-phase fluid flow and heat 
transfer in the shell-side of power plant condensers. The simulation method developed is based on the 
fundamental governing conservation equations of mass and momentum for both vapor-phase and liquid- 
phase, and air mass fraction conservation equation. The three-dimensional effects due to the cooling water 
temperature difference are taken into account by a series of two-dimensional calculations. The numerical 
predictions of an experimental steam condenser are compared with the experimental results. The predicted 
results arc', in good agreement with the experimental data. The predicted results also show an improvement 

over the results obtained using single-phase model. © 1997 Elsevier Science Ltd. 

1. INTRODUCTION 

A condenser is an important component that affects 
the efficiency an6 performance of power plants. Devel- 
opment of advanced numerical methods for shell-side 
flows in condensers is a critical step in improving 
current condenser design techniques. The advantage 
of numerical simulations is that they can provide a 
more detailed information on fluid flow and heat 
transfer in the robe bundle. This information may 
eliminate, in the: early stages of the design process, 
problems related with flow induced vibration and flow 
maldistribution, and eventually improve overall heat 
transfer coefficie:ats and increase the unit performance 
and reliability. Until now, these simulations have been 
carried by using either single-phase two-dimensional 
models [1-3], or single-phase quasi-three-dimensional 
models [4], or two-phase two-dimensional models 
[5, 6]. 

The shell-side flow within large power plant con- 
densers, usually, is three-dimensional. The steam flow 
in different sections along the cooling water flow direc- 
tion will differ due to the rise of the cooling water 
temperature. The quasi-three-dimensional approach 
takes into consideration the three-dimensional aspects 
of the flow due to the cooling water temperature 
difference. 

The liquid phase affects the fluid flow and heat 
transfer in the condenser by virtue of interphase fric- 
tion force and forming films on the tubes. There is 
a need to understand the physical behaviour of the 
condensate, involving its form and its effect, in con- 
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densers. In the design of condensers, the assumption 
is usually made that heat transfer is reduced in the 
lower tubes of a tube bundle by the increase in film 
thickness because of condensate raining from the 
tubes above. This condensate would inundate the 
steam space producing thicker water coatings on the 
cooling tubes causing a decrease in the heat transfer. 
The numerical simulations by using the single-phase 
model show the region of minimum heat transfer to 
be present in the lower half of the tube bundle. Recent 
experimental results [5, 6], however, have shown that 
the region of minimum heat transfer is in the upper 
half of the tube bundle. 

The purpose of the present work is to develop a 
numerical simulation model that includes the effects 
of both three-dimensional and two-phase flow to pre- 
dict the fluid flow and heat transfer in a condenser 
more accurately. The flow situation and experimental 
data of a steam surface condenser are taken from Ref. 
[5] and Ref. [6]. The numerical results obtained by the 
proposed numerical model are compared against the 
experimental data and the predicted results by using 
the single-phase numerical model. 

2. CONDENSER CONFIGURATION 

The configuration of the experimental steam surface 
condenser at NEI Parsons is depicted in Fig. 1. The 
tube bundle is composed of 20 x 20 tubes of equilateral 
triangular arrangement. The cooling water is arranged 
to flow in a single pass through the condenser. This 
experimental condenser was designed to demonstrate 
the effects of air pockets. It is not a good example of 
condenser design; however, this condenser can be used 
to test numerical models. The steam enters the con- 
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NOMENCLATURE 

A heat transfer area of a given control Rg 
volume R~ 

Ad total projected area of droplets in a R t 

given control volume Rw 
Cf interphase friction coefficient T 
cp specific heat at constant pressure Up 
c condensation rate in the control u 

volume under consideration V 
D diffusivity of air in steam v 
Da droplet diameter w 
De effective diffusivity of air in steam 

( = D + D t )  x 
D~ inner diameter of the tube y 
Do outer diameter of the tube 
Dt turbulent diffusivity of air in steam 
F. flow resistance force in the x- fl 

momentum equation fit 
Fv flow resistance force in the y- p 

momentum equation #e 
f friction factor Pt 
Gr Grashof number 
g gravitational acceleration p 
H non-dimensional number of q~ 

condensation 
k thermal conductivity Subscripts 
L latent heat of condensation a 
M steam condensation rate c 
rh steam condensation rate per unit cs 

volume d 
Nu Nusselt number g 
Pr Prandtl number i 
Pt tube pitch 1 
p pressure s 
q" heat flux t 
Re Reynolds number u 
Ra air resistance v 
Rc thermal resistance for condensation w 

heat transfer x 
R f  fouling resistance y 

volume fraction of vapor-phase 
volume fraction of liquid-phase 
tube wall resistance 
waterside thermal resistance 
temperature 
velocity magnitude ( = u 2 + v 2) 1/2 
velocity component in the x-direction 
volume 
velocity component in the y-direction 
total amount of condensate leaving the 
particular control volume 
steam main flow direction coordinate 
steam cross flow direction coordinate. 

Greek symbols 
local porosity 
porosity in tube bundle region 
laminar dynamic viscosity 
effective viscosity (=  # + #t) 
turbulent viscosity 
pressure loss coefficient 
density 
air mass fraction. 

air 
condensate 
steam-condensate interface 
droplet 
vapor-phase 
phase in question 
liquid-phase 
steam 
tube 
parameter in x-momentum equation 
parameter in y-momentum equation 
cooling water 
variable in x-direction 
variable in y-direction. 

denser from the left-hand side. Air and uncondensed 
steam are extracted to the internal vent as shown in the 
figure. The condensate is removed from the bottom of 
the condenser. The geometrical and operating par- 
ameters are listed in Table 1. Measurements of mean 
heat flux were obtained along the third, eighth, 13th, 
and 18th tube rows from the bottom of the tube bun- 
dle [5, 6]. 

3. NUMERICAL MODEL 

In steam condensers, steam and air mixture forms 
the vapor-phase while the condensed water forms the 

liquid-phase. The liquid condensate exists as film on 
the tubes and as droplets or columns between the 
tubes. Several mechanisms of heat and mass transfer 
take place between the phases. There is an entrainment 
of liquid from the films to form droplets. The droplets 
impinge onto the tubes. Heat transfer from vapor to 
condensate film takes place due to condensation. 
Inter-phase friction exists between the vapor and the 
droplets. Similarly, friction exists between the vapor 
and the film, and between the film and the tubes. 
Also, three-dimensional effects occur in condensers 
primarily due to the cooling water temperature gradi- 
ents, which lead to space-variable sink potential. The 
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Fig. 1. Configuration of experimental condenser. 

Table 1. Geometrical and operating parameters 

Geometrical parameters 
Condenser length (m) 1.219 
Condenser depth (m) 1.02 
Condenser height (m) 0.78 
Tube outer diameter (mm) 25.4 
Tube wall thickness (ram) 1.25 
Tube pitch (mm) 34.9 

Operator parameters 
Inlet temp. of cooling water (°C) 17.8 
Inlet velocity of cooling water (m s-') 1 . 1 9  
Inlet pressure of steam (Pa) 27670 
Inlet steam flow rate (kg s-') 2.032 
Inlet air flow rate (kg s -1) 2.48 x 10 -4 

fluid flow and heat transfer will differ in the cooling 
water flow direction. 

3.1. Physical representation 
Usually, the flow behaviour within the tube bundle 

of a steam condenser is very complicated. Making a 
number of assumptions is therefore necessary based 
on the likely characteristics of the flow. In this study, 
the following major elements are proposed for the 
complete physical model. 

• Mixture of air and steam is considered as a perfect 
gas, the proportions being defined by the air mass 
fraction. 

• Both steam and liquid condensate are assumed to 
be saturated. 

• Liquid condensate exists as droplets of single size so 
there will be no diffusion terms for the condensate. 

• There is no heat transfer between the steam and the 
droplets. 

• Pressure is assumed common to both phases. 
• Mass sink term for vapor associated with con- 

densation is equal to the mass source term for the 
liquid. 

• The turbulent diffusivity is equal to the turbulent 
viscosity, i.e. Schmidt number is equal to one. 

• Pressure drop from inlet to vent for all sectors must 
be the same. 

3.2. Mathematical formulation 
The simulation method developed in this study is 

based on the fundamental governing equations of 
mass, momentum and air mass fraction conservation 
with flow, heat and mass transfer resistances. Coupled 
momentum equations for each phase are solved along 
with the continuity equations to obtain the volume 
fractions, velocity fields, shared pressure, and air mass 
fraction. The effect of liquid-phase on the vapor-phase 
is through the interphase friction. The condenser shell- 
side is divided into several sectors along the cooling 
water flow direction and the flow is assumed to be 
two-dimensional in each sector. The three-dimen- 
sional effects due to the cooling water temperature 
gradients are taken into account by a series of step by 
step two-dimensional calculations, each being for one 
sector. 

The porous medium concept is used in the simu- 
lations. A porosity factor is incorporated into the 
governing equations to account for the flow volume 
reduction due to the tube bundles, baffles and other 
internal obstacles. A pressure correction equation is 
obtained from the vapor-phase continuity equation 
and vapor-phase momentum equations. Liquid vol- 
ume fractions are obtained from the liquid-phase con- 
tinuity equation. The vapor volume fractions are 
obtained by using an auxiliary equation. 

3.2.1. Governing equations. The governing equa- 
tions are two sets of conservation equations of mass 
and momentum in each phase, and the conservation 
equation of air mass fraction. The interphase friction 
forces used by Bush et al. [6] are included in the 
momentum conservation equations for both vapor- 
phase and liquid-phase. In the liquid-phase momen- 
tum equations, diffusive terms are neglected since the 
liquid condensate is assumed to exist as droplets of a 
single size. Then the governing equations become : 

Vapor-phase mass conservation equation 

~(Rgpgv~) --m. ~x (Rgpgug) + Oy = (1) 



3540 C. ZHANG and A. BOKIL 

Vapor-phase momentum conservation equations 

8 

= 2 L (  8ugh_ 2 8 [- /'eug + Ovg~l 

8 [-R {Ou~ OVg\q Op 
+ g'° + 

+ Cru(u, - Ug) - RgF, g (2) 

~(R~p~u~vO + ~y (R~p~v~vO 

=~_~[Rd~o/OUg Ovg)]+2O / 0%\ 

<q 
\Ox + ayJ] 

Op _ mvg + Cfv (Vl - -  V g )  - -  RgFvg. (3) --Rgfffy 

Liquid-phase mass conservation equation 

~--~( RIpIUl) + ~y(RlPlVl) =/J'/. (4) 

Liquid-phase momentum conservation equations 

~--~(Rlplulut) + ~ ~y ( RlPlVlUl) 

@ 
= -R ,  Tx +mu~+Cf,(ug-uO-RiFu~ (5) 

~--~( RlpjulvO -'}- ~y ( RlPlVlVl) 

ol, 
= -Rt~y  +mVl+Gv(vg--vO--RiF~+RlPl9. (6) 

Conservation of air mass fraction 

~--~( Rgpgdpug) + ~ (  RgpgdpVg) 

a RgpgD~ ~x + R, pgD~ ~y (7) =Ox ?Ty 

The dependent variables are velocity components,  %, 
%, u~ and Vl, pressure, p, liquid volume fraction, Rb 
and air mass fraction, ~b. 

3.2.2. Auxiliary relations. 
3.2.2.1. Volume fractions. The isotropic porosity,  

f ,  which is employed to describe the flow volume 
reduction due to the tube bundles, is defined as the 
ratio of the volume occupied by the fluid to the total  
volume. Since the tube bundle is laid out  in an equi- 
lateral t r iangular  pattern,  the porosi ty  in the tube 
bundle region, fit, is given as : 

> ( D o )  2 
f t =  1 2 x f ~ \ p t ] .  (8) 

In the tube bundle region, f = Hit ; in the untubed 
region, f = 1. The vapor  volume fraction and liquid 
volume fraction are defined as the ratio of the volume 
occupied by the vapor  to the total  volume, and the 
ratio of  the volume occupied by the liquid to the total  
volume, respectively. Thus, 

Rg + RI = ft. (9) 

3.2.2.2. Momentum source terms. The interphase 
friction forces in momentum equations are related to 
the interphase friction coefficient, Cf, which is given 
as: 

Cfu 1 = $&fdAdl(ug--Ul)[ 
1 Cry = 5PgfdAa[(vg--Vl)l (10) 

where : 

1.5RIV Ad = 
Dd 

Frict ion factor, fd, for spherical objects is obtained 
from an empirical correlat ion given by Clift et al. [7]. 
The local hydraulic flow resistance forces, Fui and 
Fvi, in the vapor-phase and liquid-phase momentum 
equations due to the tube bundle are given as : 

Fui = CuiPiUiUpi 

Fvi = ~v,piv, Uvi (11) 

where ~ui and ~v~ are the pressure loss coefficients. The 
expressions proposed by Rhodes and Carlucci [8] for 
the loss coefficients are used, namely : 

~u : 2 (fu~ ( e t f  ~2 ( l - - f )  
~kPtJ ~ket-Do/] 

C v = 2 ( f v ~ {  etf  ~2(1--f) 
\Pt} \Pt--Do) ~ (12) 

where 

~ 0.619Re~ -°198 ; Reu < 8000 

fu = (1.156ReuO.2647 ; 8000 ~< Reu < 2 x 105 

~ 0.619Re~ -°'198 ; Rev < 8000 

fv = (1.156Re~_0.2647 ; 8000 ~< Rev < 2 x 105. 

3.2.2.3. Mass source term. The mass source term, 
m, is the steam mass condensat ion rate per unit  
volume. The condensat ion takes place only on the 
coohng tubes since no condensat ion or re-evaporat ion 
from the condensate droplets is assumed. The steam 
mass condensat ion rate per unit  volume can be cal- 
culated by equating the phase change enthalpy with 
the heat transfer rate from the steam to the cooling 
water  flowing in the tubes, as follows : 
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T - T w A .  (13) t~L V - R 

The cooling water temperature, Tw, is obtained by the 
heat balance between the steam and the cooling water 
in each control volume. The overall thermal resistance 
for each control volume, R, is the sum of all individual 
resistances calculated from various semi-empirical 
heat transfer correlations, 

Do 
R = g w ~  + g t + R ~ + R a .  (14) 

For  the waterside thermal resistance, Rw, the relation- 
ship given by Ditus and Boelter [9] can be employed, 

1 kw 0 s 04 
-- 0.023~.Rew Prw • (15) 

Rw 

The tube wall resistance, Rt, is calculated from the 
following expression : 

Do In(Do~D,) 
~D, t - -  ( 1 6 )  

2kt 

The thermal resistance for condensation heat transfer, 
/~, is determined by using modified Nusselt's cor- 
relation [10-12]. 

R~ = Nu [1 +O.0095(Re~)ns/,/~ 1 (17) 

where : 

Nu = 0.725 ; 

H = Cpc(Ts -- T~) 
PrcL ' 

Gr=(~2,g)Loc(p¢-P~)]  

ps UpDo 
Res = 

The resistance from the presence of air film is evalu- 
ated via a mass transfer coefficients as reported by 
Berman and Fuks [13]. 

1 D 1'2 ( P ~bpl/3 f L'~ 2/3 1 
- -  = a - - R e s :  

where : 

(18) 

a = 0.52, b = 0.7 for Res < 350 ; 

a = 0.82, b = 0.6 for Res > 350. 

3.2.2.4. Other properties. The density of the mix- 
ture varies locally according to the perfect gas equa- 
tion of  state. Turbulent viscosity, #t, is taken as a 
constant (forty times the value of  the dynamic vis- 
cosity) throughout. The droplet diameter is set to 
equal 1 mm as suggested by AI-Sanea et al. [5]. 

3.3. Numerical so,!ution 
The discretization of the differential equations, 

equations (1)-(7), is carried out by integrating them 
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over small control volumes in a staggered grid. The 
resulting discretized equations are solved in primitive 
variables. These equations are coupled and are highly 
nonlinear. Thus, an iterative approach is used for their 
solution. 

The condenser is divided into five sectors normal to 
the cooling water flow direction as shown in Fig. 1. 
The sectors interact with each other through the 'ther- 
mal memory' of the cooling water on the tube side. 
Calculations are performed for each plane, which is 
located at the middle of the sector and normal to 
the cooling water flow direction, sequentially starting 
from the cooling water inlet end. The outlet cooling 
water temperature for the preceding sector is taken as 
the inlet cooling water temperature for the following 
sector. Thus, the three-dimensional effects due to the 
cooling water temperature difference are propagated 
from one sector to the other. The inlet mass flow rate 
for each sector is used to calculate the inlet mixture 
velocity; which is the inlet boundary condition for the 
calculation. The inlet mass flow rate into each sector 
is determined by the constraint that the pressure drop 
from inlet to the vent for all the sectors must be ident- 
ical since the sectors share the same inlet and vent. 
This is called pressure drop balance [14]. To satisfy 
this constraint, repeated amendments are made for 
the inlet mass flow rate to each sector. Figure 2 shows 
the flow chart of the proposed numerical procedure. 
The grid-independent test indicated that a grid of 
31 x 34 in the x and y directions respectively will give 
essentially grid-independent results [4]. Thus, a grid 
of 31 × 34 is employed in the calculations as shown in 
Fig. 3. 

4. RESULTS 

4.1. Typical results 
Figure 4 shows the vapor-phase velocity vector plot. 

It can be noticed that some deflection of the flow 
occurs away from the tube bundle due to the flow 
resistance from the presence of tubes. On the rear end 
of the condenser, the flow turns towards the tube 
bundle due to the rear wall and the suction caused 
by the condensation in the tube bundle. The vapor 
velocity, inside the tube bundle, continues reducing as 
the steam condenses and becomes very small in the 
central region of the tube bundle. An increase in the 
vapor velocity at the entrance to the tube bundle is 
attributed to the sudden decrease in the flow area 
due to the presence of the tubes. The liquid velocities 
appear only after the steam-air mixture enters the 
tubular region and starts condensing as shown in Fig. 
5. The x-direction velocity components are dominant 
at the inlet of and the bottom of the tube bundle, 
while gravity clearly dominates elsewhere in the tubu- 
lar region and the condensate falls nearly vertically. 
Though the condensate falls under the influence of 
gravity, it is also subjected to interphase frictional 
forces which deflect its course. 

The contour maps for vapor-phase and liquid-phase 
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velocity magnitudes are shown in Figs. 6 and 7, respec- 
tively. In the vapor velocity contour, the increase in 
the velocity at the entrance to the tube bundle can 
be clearly seen. In the liquid-phase velocity contour, 
higher velocities are observed in the region just below 
the tube bundle and the region near the rear wall due 
to the high vapor velocity in these regions which forces 
the liquid along with it. 

Figure 8 depicts the steam condensation rate along 
the tube axial direction. The results can be explained 
by considering the three-dimensionality of the steam 

flow in the condenser. Due to the varying cooling 
water temperature along the condenser, as expected, 
the condensation rate is greater at the cooling water 
inlet end than that at the outlet end. 

The contours of  heat flux distributions at the first 
and the last planes are shown in Fig. 9. The dis- 
tributions of the heat flux at the second, third, and 
fourth planes which are not shown in the figure have 
the patterns similar to these at the first and the last 
planes. Corresponding with the lower vapor velocity 
region is the region of lower heat transfer. The highest 



Fluid flow and heat 

1 I I 

! I I 
• I I 

! i I 

I I t 

L I  I 

H I  

l 
I I I  

Fig. 3. 

I 

I 
I 

I 
I 
1 
t I 
I 
I 
I 
I 
I 
I 

1 
I 
I 
I 

I 

I 
I 
I 

Grid used for the simulation. 

I 

I 

I 

i i 

I 
i 

J I I  

1 

I I |  

I I I  

I . . . .  ~ . . . . .  , I , . - ~ -  I11 

I - - - ' ~ - - " " ~ ' ' " ~ " - . , , . " k  - ' ' ' ~ ' ~  • I .  £ '5 '5  t I I  
1 - ' - ' . - - - - - - - - . = 7 . . ~ - , t " , . ' - . . . ~ ' - - -  " "-. ~ 7 ~' T¢ T~ r ,  ~ • 

_ . _ ~ . . _ . ~ . . . . ~ _ .  ' . . -  . . . .  

Fig. 4. Vapor-phase velocity vector plot for plane no. 1. 

1 , , ~  L , L  . , L  ' L  , ~  • 

5L ' ~  

d 

I 

Fig. 5. Liquid-phase velocity vector plot for plane no. 1. 

transfer in condensers 3543 

U (m/s) p 

Fig. 6. Contour map of vapor velocity magnitude for plane 
no. 1. 

U (m/s) p 

Fig. 7. Contour map of liquid velocity magnitude for plane 
no. 1. 

is strongly enhanced due to splashing of condensate 
droplets from above. On comparing the heat flux in 
different planes, it can be seen that there is a decrease 
in the average heat flux from the first plane to the 
last plane. This reflects the influence of the three- 
dimensionality of the flow, which agrees with the 
steam condensation rate distribution. 

The liquid volume fraction contour is shown in Fig. 
10. The liquid volume fraction is the highest in the 
lower part of the tubular region since the amount of 
liquid is higher there. 

heat flux is at the entry to the tube bundle, where 
steam velocities are the highest and air concentration 
is the lowest. The heat flux is high at the periphery of 
the tube bundle and falls to a low value in the vent 
area. Contrary to the widely held view of a reduction 
in heat transfer in the lower region of a condenser 
tube bundle due to the inundation effect, the lower 
heat transfer zone is in the upper tubular region. One 
possible explanatio~a is that the turbulence of the con- 
densate film on the lower tubes in the tube bundle 

4.2. Comparison with experimental data 
Comparisons between the predictions obtained by 

the proposed quasi-three-dimensional, two-phase 
numerical model and the measurements are made for 
heat flux distributions. Figures 11-14 show the com- 
parison of the heat flux along four of the tube rows 
with the experimental data. Since the experimental 
heat flux at each plane is not available and the exper- 
imental values are mean values along the cooling 
water flow direction, the predicted data used here are 
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average values of  these from the five sectors. The 
values of  heat  fluxes along all the four tube rows show 
that the variation is similar to that in the experimental 
case. The agreement with experiment results is good 
for the upper three tube rows. There is some over 
prediction of  heat flux for the bot tommost  tube row. 
It is noted from the predicted results that the regions 
of  minimum heat transfer are in the upper half  of  the 
tube bundle, i.e. along the 13th and 18th tube rows 

I I I I I 

0.31 0.41 0.51 0.61 0.71 0.81 0.91 1.01 
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C, C C Single - Phase .". -"- ~ Two- Phase 
• • • Experiment 

Fig. 11. Heat flux along the third row from the bottom of 
the tube bundle. 
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tube bundle. 

from the bottom of the tube bundle, as shown in the 
figures. This agrees with the experimental data. 

The predicted tolal condensation rate (2.014 kg s - l )  
is in excellent agreement with the experimental value 
(2.021 kg s-l) .  

The predicted results using the proposed numerical 
model are also compared with the results obtained by 
using the quasii-three-dimensional single-phase 

numerical model [4] as shown in Figs. 11-14. As it can 
be seen from these figures, there is a good agreement 
between the experiments and the predictions using 
both single-phase and two-phase models in the upper 
half of the condenser (13th and 18th tube rows from 
the bottom). The reason is that the effect of the liquid- 
phase is not significant in the upper tube bundle. How- 
ever, for the lower half the tube bundle (third and 
eighth tube rows from the bottom), the heat fluxes 
obtained by the single-phase model are under- 
predicted in the central part of the tubular region. The 
liquid has strong influence in the lower part of the 
tubular region because most of the condensate 
accumulates there. In the single-phase model, the 
effect of liquid droplets is not taken into consider- 
ation. This is probably the reason for discrepancies in 
the single-phase model results. 

5. C O N C L U S I O N  

A quasi-three-dimensional two-phase numerical 
model to predict the fluid flow and heat transfer in 
condensers has been developed. The simulations have 
been carried out for an experimental condenser. The 
numerical model has successfully reproduced the main 
features of the flow inside the stream condenser, the 
numerical model proposed in the present study has 
shown the capability of predicting the performance 
of condensers. The agreement with the experimental 
results is good in most regions of the tube bundle. On 
comparing the results from the quasi-three-dimen- 
sional two-phase model with those from the quasi- 
three-dimensional single-phase model, it has been seen 
that the quasi-three-dimensional two-phase model 
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gives bet ter  results in the lower par t  of  the tubular  
region where the liquid plays a major  role. In the 
upper  par t  of  the tubu la r  region, results f rom the two- 
phase  model  are similar to those f rom the single-phase 
model.  
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