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Abstract

A numerical study has been performed to investigate the flow and mixing characteristics of a
chemical injection tank in the chemical and volume control system (CVCS) of Yonggwang 5&6
(YGN 5&6). This study was undertaken to provide a basis for modification of the previous design
(YGN 3&4) which gave a lot of difficulties in installation and operation of the chemical injection
system during the start-up test because it needs a special reciprocating pump with a high actual
head. For the tank of length-to-diameter ratios (L/D) of 1, 2 and 3, each with and without a baffle
inside, calculation results were obtained by solving the unsteady laminar two-dimensional elliptic for-
ms of governing equations for the mass, momentum and species concentration. Finite-difference
method was used to obtain discretized equations, and the SIMPLER solution algorithm, which was
developed based on the staggered grid control volume, was employed for the calculation pro-
cedure. Results showed that the baffle is very effective in enhancing the mixing in the tank, and that
a baffle should be installed near the tank entrance in order to inject chemicals into the reactor cool-
ant system (RCS) within the operating time required.

1. Introduction

In PWR plants, the reactor coolant system (RCS)

must contain an amount of chemicals during the nor-

mal operation to prevent material corrosions caused
by various impurities such as dissolved oxygen, oxid-
izing species and chloride[1]. Most of activated cor-
rosion products and fission products are deposited
on the low velocity area or out-of-core surface of the
reactor pressure vessel. These radioactive nuclides
are then ftransferred into the RCS through the pri-

58

mary coolant. The nuclides are major sources of rad-
fation exposure for plant operation and maintenance
personnel. Chemistry control of the RCS is therefore
also important to reduce the radiation level.
Chemistry control of the primary coolant is perfor-
med by the CVCS chemical addition system and vol-
ume control tank. The most important function of
the water chemistry conirol is to minimize the dissol-
ved oxygen concentration and maintain pH within
the desired range. Dissolved oxygen is the primary
cause of comosions in the RCS, and the radiation lev



A Numerical Study on Mixing Characteristics of -+- K.S. Chang and B.H. Park 59

el is strongly dependent on pH in the reactor cool-
ant. The chemical addition system is used for the re-
moval of dissolved oxygen by means of hydrazine in-
jection when the RCS average temperature is below
150°F (65.5). Since hydrazine is decomposed into
ammonia at higher temperatures, the volume control
tank is used to control the dissolved oxygen concen-
tration by injecting hydrogen into the coolant during
normal operation (i. e, the RCS average tempera-
ture>150°F), in which excessive hydrogen concen-
tration reacts with and removes dissolved oxygen.
The concentration of hydrogen in the RCS is con-
trolled by adjusting the hydrogen atmosphere (press-

ure) in the volume control tank. Normal operational

control of the pH is made by maintaining lithium con-

centration within the design range through the chem-
ical addition system. These chemicals are mixed with
reactor makeup water to the desired concentration
level in the chemical injection tank of the chemical
addition system.

The chemical addition system of YGN 3&4 and
UCN 38&4(Ulchin 3&4), which consists of a chemical
injection tank, a chemical injection pump and a
strainer, is located downstream of the CUCS charg-
ing pumps[2]. The system requires a dedicated high
pressure positive displacement pump to inject chem-
icals into the reactor coolant because the system is
located on a high pressure piping system (185
kg/cm?). This type of arrangement has some advan-
tages in that systems and components upstream of
the chemical addition system are not contaminated
by chemical additives. On the other hand, there is
quite a possibility of loss of the system function if the
pump fails. Considerable cost effects are also expec-
ted for the pump purchase and maintenance. Since
YGN 3&4 has experienced a number of technical
problems during the start-up test in the installation
and operation of the pump, necessity of a design im-
provement has been recognized.

In this study, a design modification is proposed
such that the chemical addition system is to be mov-

ed from a downstream to an upstream location of

the CUCS charging pumps. This modification makes
it possible to use the existing reactor makeup pump
for the chemical injection function also, since the sys-
tem can be operated under the low pressure con-
dition (2.8~4.9 ka/cm®). The previously used chemi-
cal injection pump is eliminated. The modification
requires an analysis of mixing characteristics in the
chemical injection tank to predict design parameters
such as the operating time and the geometrical par-
ameters of the tank.

In many investigations in the past{3,4,5], the char-
acteristics of fluid mixing in a vessel have been ident-
ified for the stirred tank. It is clear that, in this case
of active means, mixing increases rapidly with one or
more impellers installed in the tank. Selection of agi-
tation systems for stirred vessels is both a complex
and a difficult task. However, the most reliable infor-
mation about the mixing process is often given by
actual measurement][6,7]. An experimental investi-
gation involving full-scale equipment can be used to
predict how identical copies of the equipment would
perform under the same conditions. Such full-scale
tests are, in most cases, prohibitively expensive and
often impossible.

Yoo and So[8] investigated variable density effects
on the axisymmetric sudden-expansion flow and
indicated that the flow was largely influenced by the
inlet Reynolds number and geometric parameters.
Much research[9,10,11] has been performed on the
characteristics of mass transfer rates in separated
aqueous flows for geometries similar to the study of
Yoo and So. These investigations all revealed that
mass transfer in complex geometries is strongly de-
pendent on local hydrodynamic conditions, and cor-
rosion in aqueous solution is mass transfer con-
trolled. However, as far as the authors are con-
cerned, previous studies similar to the specific flow
geometry under consideration have not been found
so far.

In this study, a numerical analysis is performed to
investigate the flow and mixing characteristics of the
chemical injection tank. In order to determine the



60

optimum aspect ratio (L/D) of the tank, case studies
are performed for various injection velocities (i. e.,
various inlet pipe diameters) and tank aspect ratios
with the fixed tank volume and inlet flow rate, each
with and without a baffle inside the tank. The tank
volume and the injection flow rate are 4.16x 10™%m*®
and 1.26X107°*m®/s, respectively. Calculation results
are obtained by solving the unsteady two-dimensional
conservation equations for the mass, momentum and
species. Finite-difference procedure is emploved for
the calculation procedure, and solutions are obtained
iteratively using the SIMPLER(Semi-Implicit Method
for Pressure Linked Equations Revised) algorithm.

2. Mathematical and Physical Model
2.1. Governing Equations

The capacity of the chemical injection tank is de-
termined based upon the maximum anticipated
amount of chemicals to be added in one batch. In
the present study, mass transfer in water flow throug-
h the injection tank is modeled by a control volume
method. The calculation domain is selected to anal-
yze the mixing characteristics in the tank, as shown in
Fig. 1. The flow is symmetric with respect to the pla-
ne passing through the center of the tank. Therefore,
the solution domain is the half of the cylindrical tank,
bounded by the symmetry axis and walls.

The concentration and the velocity components
obey the general differential governing equations.
The major assumptions made for the solution of the
governing equations are as follows;

(a) The flow is unsteady two-dimensional laminar
flow.

(b} The fluid is incompressible, and thus the vari-
ation of fluid properties due to compressibility is
neglected.

(c) The temperature in the tank is constant, and nat-
ural convection and viscous dissipation effects
are neglected.
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Fig. 1. Schematic of the Physical Model
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{d) There are no chemical reactions.

A solution is sought for a set of elliptical partial dif-
ferential transport equations that all have the same
form in the cylindrical coordinate as

22 —(pUa>)+aL

LT ; (re Vo)

(ro )+'1‘ (Vro L2 )+so (1)

where @ is the general dependent variable such as U,
V, C, and T is the general form of diffusion coeffic-
ients, for example, u in momentum equations, and S
is the source term which includes all terms except
the convection and diffusion terms. The quantities,
T'e and Sy are specific to a particular dependent var-
iable of ®. The definition of I's and Ss is presented
in Table 1.
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Table 1. Definition of &, I's and Se for the General Gov-
erning Equations

Table 2. Initial and Boundary Conditions

Ulm/s) Vim/s)  Clkg/kg)
Conserved @ s So Initial Conditions 0 0 Co
Property Inlet U 0 G
Mass 1 0 0
U 0 o«
P Symmetry e =0 5 0
x-Momentum ] o I
i oulet Y —g & o L _g
M . v 9 v P ox ax 0x
r-iviomentum - A
3 G BC TThe 0 0 0
i D 0
Concentration C D8 Side Wall 0 0 (Z_E =0
Top & 0 0 ac -0
2.2. Initial and Boundary Conditions Bottom Walls ox

Since the set of partial differential flow equation,
Eq. (1) is parabolic in time and elliptic in space, it is
necessary to define initial and boundary conditions
for all variables on all boundaries of the flow domain,
i. e, inlet, outlet, walls and symmetry axis. At the in-
let, all dependent variables are prescribed as given by
design values, while zero gradients of all of the de-
pendent variables in the x direction can be set at the

outlet (a fully developed condition). In the actual cal-

culation process, the outlet was extended further dow-

nstream to make the fully developed condition ap-
propriate. At the symmetry axis, the normal gradients
of all dependent variables except the normal velocity
component are set to zero and the normal velocity is
taken to be zero (V=0). The boundary conditions of
the problem are associated with no-slip, impermeable
walls. Therefore, no-slip boundary conditions are giv-
en to velocity components and zero gradient condi-
tions for the species concentration at the walls
(Neumann condition). When the velocity equations
are solved, the velocities at the baffle located inside
the solution domain can be set to zero by the use of

a very large viscosity (for example, 10*°kg/m-sec) at

the grid points in that region. The infinite value of vis-

cosity results in infinite diffusion, and thus velocities
become successively zero from zero velocity at the
outer boundary in the computation process. The in-

ittal and boundary conditions are summarized in
Table 2.

2.3. Numerical Scheme

The governing equations were discretized using
the finite-difference method on meshes of orthog-
onally intersecting grid lines. This framework is the
control volume approach developed by Patankar{12].
Staggered grids are employed in this approach for
the velocity components to avoid waw field of press-
ure distribution. The discretized equations were sol-
ved iteratively by line-by-line procedure of the tri-di-
agonal matrix, and the velocity-pressure link through
the continuity equation is made by the SIMPLER al-
gorithm[13].

Grid nodes were densely distributed along the
boundaries (i. e., inlet, outlet, walls, symmetry axis
and baffle boundaries) of the computational domain
where steep variations are predicted to occur initially.
Preliminary experiments and trial runs were conduc-
ted, and the resulting information was used to decide
the number of grids for the final experiment The
grid distibution in the x and r direction is 50 and
30.

In order to improve convergence, under-relaxation
factors were used both for the velocity components
and species concentration. The optimum values of
under-relaxation factors depend upon the nature of
the problem, the number of grid points and the grid
spacing. These values were found from exploratory
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computations, Typical values used were from 0.2 to
‘05 for the velocity components and 0.7 to 1.0 for
the species concentration. The converged solutions
at each time step were assumed to be obtained when
relative errors of all variables between two successive
iterations are less than 1075 The first time step was
taken to be small (i. e, 4 t=1 sec), while every sub-
sequent interval was proportionally increased by 10%
over the previous one. At the initial time steps, ap-
proximately 500 iterations were required to obtain
converged solutions at each time step, and the itera-
tions were significantly reduced with lapse of time,
and when approaching steady state solutions, only
7~ 8 iterations were enough to obtain converged sol-
utions. The time required for the steady state solu-
tions of the velocity field depends on the under-rel-
axation factors used, presence of baffle and inlet vel-
ocity. Typical time required for the steady state solu-
tions for the velocity field without baffle is tabulated
in Table 3. With the baffle, the time required for the
steady state solutions was approximately 40 sec for
L/D=2 and Ui=0.226m/s (15 sec longer than the
case without baffle). Definition of the steady state
condition for species concentration may be arbitrary
because complete dilution (C=0) of fluid initially
contained in the tank can not be obtained numeri-
cally. In this study, the condition was assumed to be
achieved when the concentration drops below 0.1%.
The steady state condition for the concentration field
could not be achieved without baffle up to 2 hour
operation, but with the baffle the condition was reac-
hed between 1/2 to 1 hour operation, which varies
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with the location of the baffle.
3. Results and Discussion

Case studies were performed to determine the op-
timum geometry of the tank for the fixed tank vol-
ume and inlet flow rate given in design requirements.
The tank aspect ratios (L/D) investigated are 1, 2
and 3, and inlet velocities are 0.226m/s and 0.643
m/s for each aspect ratio. The geometric and dy-
namic parameters of the flows are given in Table 3.

With the baffle, a case is selected for detailed anal-
vsis for the tank with L/D=2 and U;=0.226m/s. In
this case, primary interest is given to the effects of
baffle location on the mixing characteristics. The baf-
fle locations are chosen to be I/L.=1/6, 3/6 and 5/6
for the same ratio of the baffle radius to tank radius,
h/R=1/3.

Fig. 2 shows the calculated results of the time var-
ing average concentration profiles of liquid initially in
the tank for each test case without baffle. The aver-
age concentration in the tank decreases almost prop-
ortionally with time in all test cases. As shown in this
figure, more than 30% of the chemicals remains in
the tank up to 2 hour injection operation, and mix-
ing is more effective at lower inlet velocities and lar-
ger aspect ratios. The flow from the inlet pipe into
the much larger tank diameter behaves like a free jet
through the quiescent ambient fluid. The flow is con-
vective downstream and diffuses out before im-
pinging the downstreamn wall. Diffusive force is more
pronounced than convection force when the inlet vel-

Table 3. Geometric, Dynamic Parameters and Stability Time of Velocity Field Without Baffle

Um/s) Inlet Diameter Tank Length  Tank Diameter L/D Stability Time of
d(m) L(m) D(m) Velocity Field(sec)
0226 0.0266 0.376 0376 1 35
0.600 0.300 2 25
0.786 0262 3 15
0.643 0.0158 0376 0376 1 85
0.600 0.300 2 55
0.786 0262 3 35
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Fig. 2. Time Dependent Average Concentration for Var-
ious Tank Geometries and Inlet Velocities With-
out Baffle

ocity is lowered. For the larger aspect ratio (smaller
tank diameter), the mixing region of the free jet type
flow becomes larger relative to the unaffected region
of the tank, and the side wall effects on the mixing
would be more significant.

The feed and bleed method has been often
employed to inject the chemicals into the primary
coolant of the PWR. The feed and bleed equation
[14] can be used to evaluate the time-dependent var-
jation of the mass concentration in the chemical in-

jection tank, which is

C= C[N+(C07CIN)EXD(7W\¥S\J§ t) (2)
where t = time, (sec)
C~ =mass concentration of chemicals in in-
let fluid, (kg/kg)
Co  =inital mass concentration in tank,
(kg/kg)
Wi = mass flow rate of inlet fluid. (ka/s)

Wrawk = mass of fluid in tank, (kg)
The calculated results of this study are compared
to the values obtained using the theoretical mixing
equation(Eq. (2)). Fig. 2 shows that significant differ-

ences exist between the results of six numerical exper-

iments of this study and the predicted result obtained
by the perfect mixing expressed in Eq. (2). It can be
inferred from this result that the desired mixing may
not be achieved within the given operating time by
only varing the tank geometry or inlet velocity.

Fig. 3 shows streamlines at various time steps for
the tank of L/D=2 and Ui=0.226m/s without baf-
fle. The result shown in Fig. 3(d) is the streamlines at
the steady state of the velocity field. The behaviors of
streamlines at the steady state of other test cases wit-
hout baffle, which are not shown in this paper, are
very similar to those of Fig. 3(d).

From Fig. 3, it can be seen that most of the fluids
pass along the symmetry axis by forming weak rec-
irculation in the outer region. At t=2 sec, the inlet
fluid is confined in upstream region, causing the
weak reverse recirculation in the left upper region
where the pressure is relatively low. At this time step,
the convective force of the inlet fluid pushes out the
front fluid, which initiates the large slow movement

. (d)

Fig. 3. Profiles of Streamlines without Baffle for L/D=2
and U=0.226m/s : (a) 2sec : (b) 6sec ; (c) 10sec ;
(d) 60sec
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Fig. 4. Profiles of Concentration Isocontours without
Baffle for L/D=2 and Ui=0.226m/s : (a) 300sec;
(b) 600sec ; (c) 1200sec ; (d) 1800sec

A

of the initially stationary fluid. As time passes, the in-

let fluid reaches the exit boundary plane and the mix-

ed fluids pass through the exit. The recirculation dev-
elops downstream with time into the entire outer re-
gion, but with the strength being increased and the
center moved downstream, which in turn results in
effective mixing at near the exit boundary. Fig: 4 ref-
lects this more clearly. Fig. 4 presents profiles of
iso-concentration contours for the tank of the same
aspect ratio and inlet velocity as those of Fig. 3, but
for different time steps (t =300, 600, 1200 and 1800
sec). High concentration fluid (i. e., fluid initially in
the tank) is trapped in the left upper coner of the
tank, which is characterized by very weak recircula-
tion fluid in that region as discussed previously. The
concentration decreases downstream as the relatively
stronger recirculation develops downstream with
time.

Effect of the baffle on the mixing has been investig-

ated for the selected tank geometry with L/D=2,
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Fig. 5. Time Dependent Average Concentration for Var-
ifous Baffle Positions for L/D=2 and U=
0.226m/s

and Ui=0226m/s. Three different baffle locations
{/.=1/6, 3/6 and 5/6) as shown in Fig. 1 are inves-
tigated. The baffle height is fixed as h/R=1/3 in all
cases. Fig. 5 shows the time varing average concen-
tration in the tank of three test cases with the baffle.
It can be seen that, compared to profiles without baf-
fle (Fig. 2 for L/D=2, Ui=0.226m/s), the intensity
of mixing is significantly increased for all cases with
the baffle, and effective mixing occurs at initial period
of time (at t=60min, C/Co less than 0.01 with the
baffle, but approximately 0.6 without the baffle). Fig.
5 also shows that the mixing is more effective when
the baffle is installed closer to the entrance at initial
period of time (I/L=1/6). This is resulted from the
stronger recirculation flow created at the region boun-
ded by the walls and baffle when the baffle location
is close to the entrance. This is more evidently seen
from the streamline profiles shown in Fig. 6 and the
iso-concentration contours in Fig. 7, Fig. 6 and Fig. 7
fairly well show somewhat different mixing mechan-
ism with the baffle (compare to Fig. 3 and Fig. 4 wit-
hout baffle). As can be seen in Fig. 5, at t>60min,
average concentration profiles in all test cases ap-
proach to the zero value, which indicates that the
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chemicals initially in the tank are almost completely
depleted at that time.

Predicted average concentration is also compared
to the theoretical mixing curve of Eq. (2) (Fig. 5).
Note that Eq. (2) assumes a perfect mixing at each
time step between the injected fluid and the fluid in
the tank. Predicted average concentrations with time
are comparable to the theoretical mixing curve. Es-
pecially for the baffle at /L =1/6, prediction results
of this study show nearly the same mixing profile as
that of the theoretical mixing curve obtained using
Eq. (2). These results indicate that, for the given tank
geometry and flow condition, nearly perfect mixing
can be achieved when the baffle is installed closer to

the entrance.
4. Conclusions

A numerical study has been performed for the

flow in the cylindrical shape of the chemical injection

tank to investigate the mixing characteristics and to
determine the optimum geometry of the tank for the
design application. The calculation results were
obtained by solving the unsteady laminar two-dim-
ensional elliptic forms of governing equations for the
mass, momentum and species concentration.
Finite-difference method was employed for the calcu-
lation procedure, together with the SIMPLER sol-
ution algorithm which was developed based on the
staggered grid control volume. In order to obtain the
optimum geometry of the tank, case studies were per-
formed for various inlet velocities (i. e., various inlet
line sizes) and tank aspect ratios with and without a
baffle.

Results showed that without baffle the average con-
centration of chemicals in the tank decreases almost
proportionally with time in all test cases, and that the
mixing is more effective at lower inlet velocities and
larger aspect ratios. However, the desired mixing
could not be obtained within the operating time req-

(d)

Fig. 6. Profiles of Streamlines with Baffle at 1/L=1/6 for
L/D=2 and Ui=0.226mys :(a} 2sec; (b) 10sec;
(c) 30sec ; (d) 60sec

Fig. 7. Profiles of Concentration Isocontours with Baffle
at 1/L=1/6 for L/D=2 and U=0.226m/s: (a)
120sec ; (b) 420sec ; (c) 600sec ; (d) 900sec
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uired without baffle. When the baffle is installed, the
mixing in the tank is siQnificantly increased compared
to the case without baffle. The increasing mixing ef-
fect is more pronounced when the baffle is located
closer to the tank entrance. Though the desired mix-
ing could be achived in all test cases with the baffle
within the operating time required, it was determined
that the tank with the baffle at I/L =1/6, aspect ratio
of L/D=2 and inlet diameter of 0.0266m (i. e,
0.226 m/s inlet velocity) was the best one in tank ge-
ometry for the design application.

Nomenclature

species concentration, kg/kg
species concentration of injection fluid, kg/kg

o 00

initial species concentration of fluid in the injec-
tion tank, ka/kg
chemical injection tank diameter, m

o

mass diffusivity, m/sec?

inlet diameter, m

gravitational acceleration, m?/sec

baffle height, m

distance between baffle and tank entrance, m
chemical injection tank length, m

pressure, N/m’

- o w o

v

r radial coordinate, m
to inlet and outlet pipe radius, m

R chemical injection tank radius, m
S

Sc

source term expressed in Eq. (1)

Schmidt number (Sc=—£—)
PDus

t time, sec

U,V components of velocity vector, m/sec
U
x  axial coordinate, m
I

velocity of injection fluid, m/sec

general diffusion coefficient expressed in Eq. (1),
ka/m - sec

4 viscosity, kg/m - sec

fluid density, kg/m®

general dependent variable expressed in Eq. (1)

(]
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