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ABSTRACT

The experiment has been conducted to
investigate the effect of heat flux, pressure and
subcooling on the proposed channel
configuration in the two-phase natural
circulation. The numerical model has been
developed by using two-fluid model written in
FORTRAN programming language to
investigate the effect of flow characteristics on
flow instability of two-phase natural circulation
caused by boiling. The time step is fixed at 1
millisecond at all time and the mesh size is 100
mm. The semi-implicit scheme is utilized for
finite difference equations. Newton Block
Gauss Seidel (NBGS) method is employed to
solve the system equations for unknown
variables. Then the numerical results are
analyzed and verified with the experimental
results. It is found that the numerical and
experimental results are in good agreement.
More importantly, for this experimental
geometry the new map of the occurrence of the
geysering at the pressure higher than 0.35
MPaA is discovered.

1. Introduction

Natural circulation is the phenomenon,
which can be found in many industries such as
in the riser tubes of the steam generators and in
the boiler tubes of the power plants or in the
coolant channels between the nuclear fuel
elements in a boiling water reactor'). The
buoyancy effect due to heat transfer from the
fuel rods induces the circulation of the water™.

In nuclear industry, the Simplified Boiling
Water Reactor (SBWR)P! has a promising
prospect regarding to competitive power
generation cost, shortened construction time
and simpler safety systems. The method of
natural circulation is proposed as an important
feature to remove the heat dissipated from the
core. By eliminating the recirculating pumps,
the potential accident resulted from the
recirculating pumps trip will be eliminated.
However, SBWR will face some instabilities
and oscillations during the start-up operation
due to the o ccurrence o f void fractions in the
system. This will have an effect on reactor
reactivity. Moreover, SBWR geometry might
influence the stability of the system in case of
insufficient vaporization.

The study of flow instabilities is important
because of their effects on heat transfer
characteristic, flow ¢ haracteristics, w hich m ay
lead to physical damage in the boiling water
reactor corel”l. The major kinds of instabilities
in nuclear industry including flow excursion,
geysering, natural circulation and density wave
have been extensively investigated analytically
and experimentally in the past. The
classification of the two-phase flow
instabilities was reviewed by Boure et al.l®!.
Aritomi et al.[*7) investigated flow instabilities
analytically and experimentally in a parallel
channel in boiling vertical upflow system. A
non-linear analytical model was developed to
explain the instabilities in a parallel channel.
The results from this model were in good

agreement with the experimental results. Due
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to the advance in c omputer t echnology, m any
researchers have developed new numerical
codes using the homogeneous, drift-flux or
two-fluid models to investigate the instabilities
in b oiling ¢ hannels. T he w ell-known codes in
nuclear fields such as TRAC, RELAPS,
RETRAN, CATHARE and CATHENA mostly
utilize the finite difference or finite volume
scheme with implicit, explicit or semi-implicit
method to replace the derivatives in differential
equations and turn into algebraic equations. In
this scheme the void fraction, pressure, energy
or scalar value will be calculated at the cell
center and the velocity will be calculated at the
cell boundaries. The two-fluid model employs
six conservation equations of mass, momentum
and energy for each phase. It requires the
interaction between the liquid and vapor phase
such as interfacial mass transfer and interfacial
friction. In nuclear industry, due to the
importance of the two-phase flow instability on
the operation of the nuclear reactor it is still
need the good model to predict the instabilities,
which may occur in the system.

The objective of this paper is to illustrate
the method to develop two-fluid model,
investigate and analyze the results from
numerical model and experimental facility. The
model of two-phase flow to simulate the
natural circulation in a boiling channel in
SBWR is developed by using the two-fluid
model. In this model, the time step is kept
constant at 1 millisecond at all time and the
mesh size is fixed at 100 mm. Then the
experiment is conducted to get the results to
verify the results from the numerical model.

2. Mathematical Analysis

The two-fluid model is developed using
the equations employed in
RELAP5/MOD3.2®"). 1t employs the six
equations of mass, momentum and energy for
each phase as follows:
Vapor and Liquid Mass Equations:
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Vapor and Liquid Momentum Equations:
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In two- ﬂuld model, due to the existence of
the liquid and vapor phase the interfacial mass
transfer and interfacial friction have to be
included. Moreover, the interfacial heat transfer
and heat transfer coefficients are required to
simulate the heat transfer from the fuel rods in
the reactor core. The constitutive and state
equations used in this model can be found in
reference [9].

3. Semi-implicit Scheme

The semi-implicit scheme is employed by
replacing the system of difference equations
with a system of finite-difference partially
implicit in time. In this scheme, some
important parameters are taken by the ones in
the new time step by adding increment to
present initial values. To derive the finite
difference equations, the concept of control
volume (or mesh cell) is used. The control
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volumes are separated into mass and energy
control volumes and momentum control
volume. The velocities of momentum control
volume will be calculated at the boundaries of
mass and energy control volume. This will
result in forming a staggered spatial mesh,
which the scalar properties i.e. pressure, energy
and void fraction are defined at cell centers and
the vector properties i.e. velocities are defined
at the cell boundaries.

Vector node or Mass and energy

junction control volume
L I
| I
P,CL g,U " U,
J-1 \ ] ) J+1
Momentum control
volume

Figure 1 Semi-implicit Scheme

To derive the finite difference equations,
the semi-implicit scheme shown in Figure 1 is
employed in the two-fluid model. To calculate
the liquid and vapor velocity of the two-fluid
model, the sum of Equation (3) and (4), the
difference of Equation (3) and (4) are
expressed as:

Sum of liquid and vapor momentum
equations:
agpgA%+a1p,A% 2a
= —A%f +p,B. 4~ (@, p, AAFWG(v,) — (e, p, A FWF(v)
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Difference of liquid and vapor momentum
equations:
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4. Solution Procedure

The solution procedure used in the drift-
flux model and the two-fluid model involves a
semi-implicit difference of the field equations
and a variation of the Newton Block Gauss
Seidel (NBGS) method for solving at each time
level the resulting system of algebraic
equations'”. In this method, all equations
including difference and constitutive equations,
which can be found in Reference 9, are
linearized around the latest iterative values of
the unknowns. Then all unknowns except void
fraction, pressure, liquid internal energy, vapor
internal energy, liquid velocity and vapor
velocity are eliminated. Because the sum and
the difference momentum of liquid and vapor
equations couple only single velocity and two
pressures, the velocity can be eliminated from
these equations in favor of pressures. For the
two-fluid model the liquid and vapor mass, the
liquid internal energy and the vapor internal
energy equations coupling with the sum and
the difference momentum equations are
arranged orderly. The unknown variables will
be void fraction, pressure and liquid internal
energy, respectively. The coefficient of the
matrix in Figure 2 is factored as
M=L+D+U ©

where L and U are lower and upper
triangular matrices and D contains the diagonal
blocks of M. By using NBGS iteration, the
equivalent equation can be expressed as

(L+D) X =U X" +b (10)
where X is the unknown variables in
Figure 2 and k is the superscripts to indicate
the successive iteration approximations. The
unknown variables can be achieved easily by
inverted the 4x4 blocks diagonal matrix.
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Figure 2 Structure of the set of algebraic
equations
5. Numerical and Experimental results and
discussions

The configuration of the test section is
shown in Figure 3. The experimental apparatus
consists of lower plenum, channel test sections,
upper plenum, upper tank, down-comer pipe
and by-pass line. The water is used as the test
fluid. The diameter of the inner rod, which is
assumed to be the fuel, is 10 mm provided with

v PORIRE T |/ o YiF o TSSO
the heater. The outer wall diameter is 20.0 mm.

The channel length is 2500 mm. and the heated
channel is 1200 mm. The non-heated region is
300 and 1000 mm. at the inlet and outlet of the
channels, respectively. To investigate the flow
characteristic at first the exit pressure is fixed
at 0.1 MPaA and the inlet subcooling is fixed at
5 K. The heat flux provided by the heater is
increased from 0-600 kW/m?. Then the exit
pressure is changed from 0.1, 0.2, 0.4, 0.5, 0.7
MPaA. After that the inlet subcooling is
changed from 5 to 10 to 15 K.

5.1 Effect of System pressure

The system pressure is varied from 0.1, 0.2,
0.4, 0.5 and 0.7 MPaA to investigate the effect
of the system pressure at subcooling 10 K.
Figure 4-7 show the effect of pressure on
average total inlet velocity, average channel
velocity, amplitude of velocity and amplitude
of pressure drop, respectively. The average
total inlet velocity and the average channels
velocity increased sharply at the heat flux from
100 to 400 kW/m® and gradually increased
after that. Aritomi!® showed that the average
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total inlet velocity and the average channels
velocity decreased as the pressure system
increased. However, from these experiments
the average total inlet velocity and the average
channels velocity had the tendency to decrease
with the increase in system pressure, shown in
Figure 5, from 0.1 MPaA to 0.7 MPaA except
at the pressure 0.4 and 0.2 MPaA, respectively.
Figure 6-7 show that the amplitude of the
velocity and the amplitude of the pressure drop
have the trend to decrease as the system
pressure increase except at the pressure 0.4
MPaA.

THERMO-COURLE ’\ OUTLET FLENUM
PRESSURE PORT e
/_ CHIMNEYS
THERMO-COURLE g |

PRESSURE FORT --/

MAIN HEATERS

/— HEATED SECTIONS

CHANNEL ORI FICES

INLET ALENUM

Figure 3 Test section
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Figure 4 Effect of pressure on average total
inlet velocity and heat flux
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Figure 7 Effect of pressure on amplitude of
pressure drop and inlet velocity

Chiang!"!! found that the geysering was not
observed at the pressure above 0.35 MPaA.
However, in these experiments it is interesting
that the geysering, which had the characteristic
of bubble rising and condensing at the outlet
plenum following by the flow reversal in the
test section, was observed up to 0.7 MPaA as
shown on the flow instability map in Figure 8.
The reason for this phenomenon is due to the
riser effect on the condensation of the coolant
in the test channels. The longer riser induces a
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large magnitude of the amplitude of the
velocity because the geysering is more
pronounced in longer tisers. Thus the 1 meter
long riser in this experiment gives rise to the
occurrence of the geysering above 0.35 MPaA.
The detail of the phenomenon due to the effect
of channel geometry will be described in the
next section.

700.00

600.00 | Mixed Osdiliation region AT-uh = 10K
< 500.00 |
s
? e Density Wave Oscillation reglon
= 300.00 + Natural circutation
3 osaliation region
T 200.00 | $ Geyseting
Region
100.00 | & -
0.00 .

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Pressure (MPaA)

Figure 8 Flow instability map

5.2 Effect of Subcooling
The effect of subcooling at 5, 10 and 5 K is
investigated at pressure 0.1 MPaA. It is found
that the average total inlet velocity, the average
channel velocity decrease at increasing
subcooling as shown in Figure9-10. In general
the increasing subcooling will lower the
Grashof number and liquid temperature and
thus reduce the heat transfer coefficient and
interfacial heat transfer coefficient,
respectively. As the heat and the mass transfer
between liquid and vapor phases decrease, the
average total inlet velocity and the average
channel velocity decrease. The increase in
subcooling has an effect on increase non-
boiling length and decrease void fraction. In
Figurel1-12 the amplitude of the velocity, the
amplitude of pressure drop decrease with an
increasing subcooling at low heat flux,
respectively. The amplitude of the average
channel v elocity has the tendency to d ecrease
with the increasing subcooling at low heat flux.
In Contrast the amplitude of the average
channel velocity the amplitude of the pressure
drop increases with the increasing inlet velocity
and has the tendency to decrease with the
increasing subcooling at low heat flux.
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5.3 Effect of Channel Geometry

As mentioned in the previous section that
the length of the riser has the effect on the
occurrence of the geysering at the pressure
above 0.35 MPaA, Figure 3 shows the test
section with the heater inside connected to the
1 meter long riser and the upper plenum. The
slug bubble has the high velocity in the test
section due to the annular shape between the
test section and the heater. Because of the
circular shape of the riser when the slug bubble
enters into the riser, the shape of the slug
bubble changes and the velocity of the slug
bubble decreases. At the point where the
pressure head increases, it is easier for the slug
bubble to collapse before entering at the upper
plenum. This makes the geysering occurring at
the higher pressure.

6. Comparison of Numerical and

Experimental Results

The two-fluid model is developed to
simulate the same configuration of the
experiment apparatus. The time step is kept
constant at 1 millisecond at all time. The
spatial mesh size is fixed at 100 mm. The
uniform mesh size is employed at the test
section. The numerical model is performed at
the pressure 0.1 MPaA and subcooling 10 K.
The two-fluid model will be modified to this
benchmark. Then it will be utilized to perform
the steady state and transient conditions. The
results from the two-fluld model and
experiment, shown in Figure13-16, display that
they are in good agreement.
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Figure 12 Effect of subcooling on amplitude of
pressure drop
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Figure 13 Numerical and experimental results
of average total inlet velocity and heat flux
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7. Conclusions

The two-fluid model has been developed
to investigate the two-phase flow instability in
a natural boiling channel. The semi-implicit
finite difference scheme is employed to turn
into the algebraic equations and the Newton
Block Gauss Seidel (NBGS) is utilized to
provide the solution of the numerical models. It
is found that the numerical and experimental
results are in good agreement. More
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importantly, the geysering can occur at the
pressure higher than 0.35 MPaA with this
experimental geometry.
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Nomenclature

4 : Cross sectional area (m?)

B, Body force in z coordinate direction (
m/s?)

¢ : Coefficient of virtual mass

Fr : Interphase drag coefficient (m*/kg-s)

FIF ,FIG . Interphase drag coefficients of
liquid and vapor (s™)

Fwr ,FwG . Wall drag coefficients of liquid
and vapor (s”)

[ Oscillation frequency (Hz)

piss : Energy dissipation function (W/m?)
p  :Pressure (Pa)

0 : Volumetric heat addition rate (W/m®)
At :Meshtime (5)

u. - Velocity of gas phase (m/s)
y, ° Velocity of liquid phase (m/s)

u;, : Inlet velocity (m/s)

vol : Volume of one cell (m?)

Az
Greek
Do Specific density of gas phase (kg/m?)

: Volume mesh (m)

p - Specific density of liquid phase (kg/m?)

a : Void fraction (-)
r :Mass transfer rate (kg/m’>-s)

T : Shear stress (N)
Superscript
% : Bulk property

¢ :Saturation property
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Subscript
g’ Gas phase

(1)
I Interface
: Inlet

c1cell

in
ig Interphase to gas
j : Liquid phase

m . Mixture
max: Maximum
min: Minimum
w :Wall
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