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Abstract

The Westinghouse Electric Corporation D4 steam generator design was analyzed from
a thermal-hydraulic point of view using the 3D PHOENICS computer code. Void fraction,
velocity and enthalpy distributions were obtained in the U-tube riser. The boundary conditions
of primary side were provided by SMUP ID code. The calculations were carried out for present
operating conditions of nuclear power plant Kr§ko.

1. Introduction

Steam generators provide the interface between the primary reactor side circuit and the
secondary turbine side circuit. While heat exchange between the two circuits must be promoted
by maximizing the thermal interaction, the integrity of the interface must be ensured to prevent
the mixing of the two circuits. The steam generator is a very complex, both in design and
operation. A lot of research has been done on it [1], and improvements are still made. In
describing some of the characteristics of the steam generator, a model developed by
Westinghouse Electric Corporation for the Kr§ko nuclear power plant was used.

The fluid dynamics are complicated and differ in every part of the steam generator. The
part where two-phase flow occurs was developed more in detail. That is the part where the
feedwater flows up between the U-tubes-riser, reaches saturation temperature and a steam/water
mixture results. The void fraction of this mixture increases, and therefore also the steam
quality, until it lives the U-tube riser, and flows into the upper shell where the separator is
located. The preheater was modeled separately.

This paper outlines the methodology of the PHOENICS code and presents the results of
the analysis of the Westinghouse Electric Corporation D4 steam generator design operating at
100% power level and at present operating conditions of the nuclear power plant KrSko. The
results are presented as computer plots.
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2. Physical model

The D4 steam generator design is shown
schematically in figure 1. Only lower shell was
modeled for numerical analysis. The design is
a natural recirculating-type with an U-bend tube
bundle and preheating section. The feedwater is
distributed partly to the preheater section (70%)
and partly to the upper part of the steam
generator (30%). This separation of flow in the
steam generator was done due to tube
vibrations in preheater in an early stage of plant
operation. The 70% of feedwater is introduced
through a nozzle located on the right side of the
steam generator just above the tube plate where
preheating section is located. The downcomer
flow, which includes the saturated liquid from
the separators and 30% of subcooled feedwater
from the left side of the steam generator, enters
the heat transfer zone through a 360° window
cut into the boiling section. In the schematic, as
well as in the computer plots, the primary flow
enters on the left side which is called the hot
side. The primary flow exits on the right side
known as the cold side. The area inside the
lower shell is packed with tubes except for a
annular region between the outer tube limit and
the wrapper, and the region above the U-tube
bundle bend. The tubes are supported in the
straight section by supporting plates.
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Fig. 1: Schematic of D4 Steam Generator

Water on the secondary side enters the steam generator at temperature of 221.1°C.
Water in the U-tubes on the left side is warmer then that on the right side, so a longer period
of heat exchange should be needed on the right side. Preheater is therefore modeled on the right
side. The mass flow of water is bigger on the left side, about 1178 kg/s (recirculating flow and
left side feedwater flow), compared to 359 kg/s of feedwater on the right side. In the preheater
section the water is heated to about 270.9°C. That is the saturation temperature at about 56 bar,
the pressure at secondary side for 18% plugging of U-tubes. After that the boiling starts and
the steam void fraction increase to about 85%. The steam/water mixture on the left side mixes
with the water on the right side, and goes up into the riser.

3. Mathematical model

By studying the phenomena a set of equations that apply to the riser where the two-phase
flow occurs was developed. The equations concern the mass flow, the momentum and the
enthalpy of each phase separately as well as void fraction. The calculations were performed in
cylindrical coordinates, because of the shape of the steam generator. The slip model has been
utilized in calculations. The 3D code PHOENICS was used for performing calculations of the
void fraction, fluids velocity and enthalpy distributions in the steam generator.
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The set of twelve governing conservation equations describing the two-phase flow in the
secondary side of the steam generator can be written in a general form through equation (1).
The corresponding values of 1^ and Sv for all considered properties of variable <p are
indicated in Table 1. The calculations were performed by setting an equal pressure of both
phases. Derivation of these equations can be found in literature [2]. The detailed descriptions
of the interfacial relations, Mp, Fp_to and 7p . t e are presented in section 3.1.

= apS% (1)

Table 1: Expressions for the

Conservation of

mass

momentum

enthalpy

volume fraction

exchange coefficients T

1

UPJ

K
1

and source terms

*V
0

V-

for any conserved property

MP

0

-IntJ

subscripts: i j = 1,2,3

Because the riser is filed by U-tube bundle, the porosity feature of PHOENICS code was
used. The filed parts of the steam generator were represented by way of porosity factors, which
allow the extent of blockage of each cell face and cell volume to be numerically expressed [4].

3.1 Auxiliary formulations

The crucial point in descripting of two-phase phenomena in steam generators is to
correctly determine interfacial mass, heat and momentum transfer. In this study these relations
are taken from reference [4] and [6].

Interfaciat momentum transfer
Since the difference between the velocities of steam and liquid is small, the interfacial

momentum transfer is supposed to be a linear dependant on a constant inter-phase friction
coefficient C^, void fraction of steam as and water aw, and density of water pw in all
directions:

where CV is 50 m'2 s"2. To satisfy the overall momentum balance between the two phases the
relation between momentum transfer is as follow:

Interfacial heat and mass transfer
Consideration of the interfacial heat transfer is more significant than the interfacial

momentum transfer due to the presence of boiling. For the present calculations the phase
change is primarily controlled by the steam-interface heat transfer. The primary side heat flux
is transferred to the steam and liquid phase for the node located at U-tube position. The heat
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transfer process within each computational cell is due to tl action with the neighbouring
cells for the same phase and interaction between the cs within the same cell. In
mathematical form, the interfacial heat transfer per unit .ne from liquid to the interface is
expressed as:

where g^^ is the interfacial heat transfer from liquid to interface, and /3w . t o is the coefficient
of interfacial heat transfer. Heat transfer from liquid to the interface is small since the liquid
enthalpy already entering almost as a saturated enthalpy. The interfacial heat transfer from
vapour to interface is expressed as:

where /^ .^ is the heat transfer coefficient between the interface and the gas phase. The heat
transfer coefficient between the interface and the liquid phase, and between the interface and
steam phase are given in reference [4]. These coefficients contain the ratio of heat transfer from
interface to each phase, heat capacity of the phase and interface area. In these calculations the
value of fi^^ is 1.0 kg s1 nr3 and the value of ^ . ^ is 0.01 kg s'1 m'\

The interfacial mass transfer rate is obtained by the heat balance at the vapor-liquid
interface. The interfacial mass transfer rate per unit volume becomes:

where rws is the latent heat of vaporization at the given pressure. The source term of vapor

mass conservation equation is Ms. To satisfy the overall mass balance equation the source

terms of both phases are in following relation:

The interfacial heat source/sink added to the liquid enthalpy equation (1) is then expressed:

where qy/HM is the interfacial heat transfer from the liquid to the interface in a computational

cell and Mw(hw-hwsa) is the energy loss due to the phase change of the liquid. Similarly, the

net interfacial heat source/sink term for the vapor phase is expressed as:

Boundary conditions of the primary side heat flux have been provided by SMUP ID code
[8]. The net effect of primary side heat source to the liquid and steam phase energy equations
are obtained by adding a primary side heat flux per unit volume to the source term of the
equation (1).

4. Computational aspects of the problem

The system of twelve partial differential conservation equations (1) together with the
boundary conditions and auxiliary relations form a closed set of equations. A numerical
iterative scheme is used to obtain the solutions after all boundary conditions for the two phases
are prescribed. A staggered grid system was used where the velocities were stored on cell faces
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and ap, hp, p are stored at cell centers. The PHOENICS 1.4 code [4] was used as the
numerical solver for the difference equations. Internally, PHOENICS solved sets of algebraic
equations which represent the consequences of integrating the differential equations over the
finite volume of a computational cell and over a finite time, and approximating the resulting
volume, area and time averages by way of implicit upwind scheme. A complete statement of
the finite-volume equations is given by Patankar [3]. The variables u t, h p and a are
solved using the IPSA (inter-phase-slip-algorithm) [4]. The size of the numerical grid was
chosen regard on numerical convergence and numerical diffusion [5]. The computations were
carried out on SUN 3/60 workstation located at US, University of Ljubljana.
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5. Numerical simulation and results

The model described above was applied to predict
the void fraction and velocity fields for flow boiling in the
D4 steam generator for operating condition of nuclear
power plant Kr§ko. A 180° nodal model developed for
analysis of boiling flow at the riser represents one half of
the D4 steam generator only. Figure 2 depicts the
developed nodal scheme of lower shell. The vertical
boundaries of the 180° model in the steam generator were
placed such that a half inlet nozzle at the right side was
present at a vertical boundary as shown in figure 2. The
nodal grid, which consisted of 6080 computational cells,
was developed using cylindrical polar coordinates and
maximum of 20 computational cells in the angular
direction, 38 computational cells in the axial direction, and
8 cells in radial direction. No computational cells were used
to model the inlet nozzle and preheater. Preheater was
analyzed separately in order to provide the flow rates and
enthalpies at the exit of preheating section. At the steam
generator analyses the feedwater flow rates and enthalpies
were considered in the input model as boundary conditions
at the desired surface element locations on the lower shell. The nodal grid described above was
the largest grid in this study which satisfied numerical convergence of the set of differential
equations (1).

The results of D4 steam generator analyses depict figures 3 and 4. Figure 3 contains
contours of a volume void fraction of steam for the vertical planes 1 = 1 and 1=20, and four
horizontal planes K=3, 14, 25 and 36. A cooler zone was observed at the left side and the
steam void fraction was developed more slowly. The final void fraction of steam at the exit of
the riser was about 0.85 which is in accordance with reference [7] and [1].

Figure 4 contains the steam velocity plots for the 1 = 1 and 1=20 planes, and four
horizontal planes. The downcomer flow coming in the cold side has to pass below the
preheating zone to get to the hot side. As the result of the such flow appears a pressure gradient
which cause the recirculation flow at the boiling section. Figure 4 depicts secondary
recirculation flow about U-tube bend due to expanding a larger left side mass flow to the right
side. Recirculating flow was also observed about the preheating section where right side mass
flow enters, through preheater, to the riser.

I

Fig. 2: The3-Dimensional 180° Nodal
Model of the Steam Generator
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Fig. 3: Void Fraction of Steam at 1=1, 1=20, and K=3, K= 14, K=25, K=36 Planes
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Fig. 4: Velocity plots of Steam at 1=1,1=20, and K=3, K=14, K=25, K=36 Planes
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6. Conclusions

• 3D Distributions of the volume void fraction and fluids velocity in the D4 steam
generator of nuclear power plant KrSko were obtained, but not compered with experimental
data.

• The analysis of saturated boiling in the U-tube riser shows that the cooler zone appears
on the left side and that the steam void fraction is developed up to 0.85.

• It is recommended that the interfacial coefficients of momentum, mass and heat
transfer shall be examined for future two-phase flow studies. This would provide more
accurate values of velocities, enthalpies and void fraction over the whole calculated region.

7. Nomenclature

C interfacial friction coefficient

interfacial friction force per unit volume
gravity acceleration

enthalpy
flux of general variable <p

interfacial heat source/sink term for the
enthalpy equation
interfacial mass transfer rate per unit
volume
pressure
Prandtl number
latent heat of vaporization

interfacial heat transfer per unit volume
velocity component

source term

Greek symbols

a

& -t
r
V-
Q

<P

void fraction

nt interfacial heat transfer coefficient
exchange coefficient
dynamic viscosity
density

generalized dependent variable

Subscripts
i j
int
P
s
sat
w

velocity components
interfacial
phase index
vapour phase
saturation
liquid phase (water)

fr

g
h

J

M

p
Pr
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