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Abstract—In order to protect the nuclear reactor coolant system from corrosion, lithium is
injected into the coolant from the chemical injection tank. The present study investigates the
chemical injection characteristics of the injection tank using a low Reynolds number turbulence
model. Laminar flow analysis showed very little diffusion of the jet and gave incorrect flow and
concentration fields. A disk located near the inlet of the injection tank was effective in mixing the
chemical additives in the top portion of the tank, and significant reduction in injection time was

obtained.

1. Introduction

The reactor coolant system of a pressurized-water
reactor nuclear power plant is susceptible to cor-
rosion from impurities such as dissolved oxygen,
oxidizing species and chloride”. The impurities also
increase the radiation level,
control of the coolant system is essential in order to

and thus chemical

neutralize these effects”. The chemical control is
performed by a volume control tank and chemical
addition system. At coolant temperatures above
150°F, hydrogen is injected into coolant in the
volume control tank to react with and remove the
dissolved oxygen. At coolant temperatures below
150°F, hydrazine is
addition system to remove oxygen and to inhibit
fluoride-induced corrosion.

injected in the chemical

Corrosion may also occur at lower pH caused by
boren that is added to the coolant for the control of
reactivity. The desired range of the pH of the
coolant is maintained by controlling the lithium
concentration in the chemical addition system.
YongGwang 3&4 and Ulchin 3&4 nuclear power
plants have the chemical addition system installed
downstream of the CVCS (Chemical and Volume
Control System) charging pump. This arrangement
is advantageous in that the components upstream of
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the chemical addition system are free from contact
by the high concentration chemical additives. But,
the disadvantage of this arrangement is the requi-
rement of a separate injection pump due to the high
pressure downstream of the charging pump. Addi-
tional disadvantages are maintenance of the additional
pump and a loss of chemical injection capability
upon a pump failure. An alternative design is the
installation of the chemical addition tank upstream
of the CVCS charging pump. The advantages of
this arrangement are that the need of a chemical
injection pump and subsequently its maintenance
are eliminated, and that the probability of the
chemical injection failure is lowered. However,
since the chemical additives come in contact with
the components of the CVCS including the charging
pump, there is a limitation on the maximum con-
centration of lithium in order to protect the system
from a possible corrosion. In the present study, a
numerical analysis has been performed in order to
study the flow and chemical mixing characteristics
of the proposed chemical addition tank to be
installed upstream of the CVCS charging pump.

2. Analysis

It has been suggested that the maximum con-
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centration of lithium be 600 ppm in order to protect
the components of the CVCS from corrosion”.
Based on this limitation, the maximum injection flow
rate of lithium allowed was calculated as 2 gpm in
an initial study”. Previous investigators"*” have
performed laminar flow calculations for tank con-
figurations of various height to diameter ratios, and
the results showed that over 30% of the lithium
remained in the tank of 11 gallons after 2 hours
upon injection. In order to enhance mixing and
expedite the injection process of the chemical
additives, they performed laminar flow calculations
with a disk placed at various locations in the tank.
Their results"® showed that 30% of the chemical
additives remained in the tank at about 8 minutes
after injection for a disk placed at 1/6H from the
inlet. The role of the disk was to block the
incoming fluid that has no chemical additives, and
prevent the inflow with zero chemical concentration
from simply exiting the tank without adequate
mixing with the surrounding fluids. For a disk at
1/6H, it took about 1/2hour to completely
discharge the chemical additives from the tank.
They performed numerical studies for other disk
locations of 2/4H and 5/6H from the inlet and
found that the disk placed at 1/6H gave the best
results. Calculations with three disks located at 1/6H,
2/4H, and 5/6H did not show significant impro-
vements over a single disk located at 1/6H from the
inlet.

However, for jet Reynolds number exceeding
1000, the shear layer between the jet and the
ambient fluid is turbulent’. Also, a jet is considered
to be in transition regime for 1000<Re<3000, and
fully turbulent for Re greater than 3000°. For the
present problem, water is injected into the chemical
additior. tank through a pipe connected to the top,
and the flow is like a jet issuing from a nozzle into
a stagnant fluid. The jet Reynolds number based on
2 gpm is 6350, and the flow is in turbulent regime.
In the present study, the flow field is calculated
using a low-Reynolds number turbulence model.
The widely tested Lam-Bremhorst low-Reynolds
number k-g¢ turbulence model” below has been
selectec since it has been proved suitable also for
prediction of transition®”. The present problem is

expected to have laminar, transition, and turbulent
regimes, and the Lam-Bremhorst model should be
suitable for the purpose. The governing equations
have the general form as follows.
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where the effective diffusion coefficients and source
terms are given in Table 1.
For the continuity equation, ¢=1, and I';=S,=0.
The generation of the turbulence kinetic energy, G,
is given by
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The turbulent viscosity, t, is ¢, f, pk¥/g, and the
damping functions and related constants are given
as

f,=1+(0.05/£),f,=1-exp(-RP)

£,= {1 —exp(- 0.0165R,)}?,
Ry=k"y/v,Ri=k¥(eV)
6,=10,0,=13,¢,=0.09,¢c;=144,c,=192 (3)

The initial conditions were

u=0,v=0,c=1,%k=0,e=0 “@

Table 1. Diffusion coefficients and source terms.
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The inlet conditions used were uniform profiles
with

u=u;,, v=0, c=0 §)]

and, the turbulence intensity of 0.5% and the profile
of £ are given as follows.

ki, =0.005u, &,=c,kl*/(0.015d) 6)
The wall boundary conditions were
u=0, v=0, dc/dx;=0, k=0, d&/dx,=0 ™

In the calculation of wall mass transfer rates in
separated aqueous flow, Nesic et al.'” found that
use of the turbulent Schmidt number, o, equal to 1.7
for y*'<5, and 6n=09 for y'>5, gave better
agreement of wall mass transfer rate with experi-
mental data than using the simpler specification of
Om =0.9 throughout the computation domain. In the
present problem, wall mass transfer rates are not
significant, and the turbulent Schmidt number &, in
the effective diffusivity for the species equation was
assumed constant at 0.9,

The discretized equations were solved using
PHOENICS"™. The SIMPLEST algorithm™ was used
for the pressure-velocity coupling, and the integra-
tion in time was fully implicit, with the time step A7
ranging from 2.3E-6 to 2.3E-5. The convective
terms were approximated by the second-order, and
bounded, TVD scheme proposed by Van Leer®.
For each time step, the solutions were regarded as
converged when R, the absolute residuals of the
equations summed over all cells in the com-
putational domain, defined as Eq. (8), divided by
inlet flux became less than 0.1% for the continuity
equation and 1% for other variables.
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The average concentration in the tank and the
average concentration at each axial node location
were also monitored, and the relative errors were
smaller than 0.1% over 50 sweeps when the
solutions were converged.
The computational grid was non-uniform with 44
nodes in radial and 96 nodes in axial directions for
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configurations with a disk located at x=3/4H and
2/4H, and 44x97 for a disk placed at x=1/4H.
Results obtained with approximately 60% more nodes
showed that the computations were essentially free
from numerical errors; concentration profiles were
practically same for the two cases with maximum
relative difference of about 0.5%. A computational
grid of 35x58 was found adequate for the injection
tank without a disk. Near the walls and the disk, at
least 3 nodes were placed in the laminar viscous
sublayer. The thickness of the mass transfer sublayer
is suggested by Levich' as &,= 6/S¢?33 where § is
the laminar viscous sublayer. For the Schmidt
number of 250 in the present problem, the mass
transfer sublayer is about 1/6 of the hydrodynamic
viscous sublayer. More refined grids should be
placed near the solid boundaries in order to accu-
rately solve the wall mass transfer rate. However,
wall mass transfer rates are not relevant to the
present problem.

3. Results

The computaion domain considered in the present
analysis is schematically shown in Fig. 1. The tank
configuration considered is for d/D = 0.1, b/D = 0.33,
e/b=0.24 and D/H =0.47. Fluid with zero chemical
concentration enters from the top of the tank and
exits through the outlet located at the center of the
bottom. Experimental data are not available for the
present configuration, and a similar flow field of
Taylor'” was chosen to validate the code. Taylor'
performed experiments for flow over an axisym-
metric disk in a water tunnel, and the flow con-
figuration was same as Fig. 1 except that the inlet
diameter d is same as the pipe diameter D. Figure 2
shows comparison of the present calculations with
the experimental data of Taylor' and the numerical
results of McGuirk er al.'® for a disk of 25% area
blockage ratio and Re=34,700. McGuirk et al.
have used the high Reynolds number form of the
Jones and Launder's k — £ model™. Compared to the
numerical results of McGuirk et al., the computed
profile near the pipe wall at x/R = 0.8 (here, x is the
distance measured from the trailing edge of the disk)
is rather flat, and that near the center is somewhat
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Fig. 1. The schematic diagram of computational
domain.
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Fig. 2. Comparison of the axial velocity profiles.

underpredicted. However, there is a difference bet-
ween the computational domain of McGuirk and
that of the present study. The solution domain of
McGuirk ef al. extends from the trailing edge of the
disk, and the measured experimental data in the
annular gap were used as the inlet condition. Thus,
the flow field before, and at the top of, the disk are
not analyzed. In the present calculation, fully de-
veloped profiles of velocities and turbulence quan-
tities obtained from pipe flow calculations were
used as inlet conditions at 2 pipe diameters upstream
of the disk, and the complete flow field around the
disk is analyzed. The computational domain of the
chemical injection tank contains a disk, and the
purpose was to simulate the Taylor's experiment
similar to the simulation of present problem of the
chemical injection tank. The distance between the
trailing edge of the disk and the outlet was set same
as that of McGuirk er al. However, the outlet

located at twice the distance of Mcguirk's calculation
domain did not have any effect upstream, and the
same results were obtained. Another difference is
that the disk used in the experiment was sharp-
edged, leading to larger radial velocities at the
trailing edge of the disk, and stronger backflow is
expected. On the other hand, the disk of the present
calculation was chosen as rectangular, and the
radial velocity towards the pipe wall at the trailing
edge is smaller. Thus, a smaller recirculation zone
and weaker back flow are expected behind the disk.
Despite the differences in computational domain
and inlet conditions, present results using the Lam
Bremhorst model show good agreements with the
experimental data and the numerical results of
McGuirk et al.

The flow and concentration field were initially
solved for the computation domain of Fig. 1 without
any disk inside. The computed jet velocity profiles
at x/d=95, 14.3, 16.7, and 17.9 were compared
*® that occurs for x/d>
20 in Fig. 3. Although the computation domain
extends only up to 21.3 d in the axial direction, the

with the self-similar jet profile

results near the outlet and away from the tank wall
show good agreements with the experimental data.
The computed velocity profiles about the side wall
could not be compared due to the reverse flow.
Figure 4 shows the streamline plot for laminar
flow at t=30 seconds and those for turbulent flow
analysis at t=5 and 30 seconds. The ratio of the
tank height to the tank radius is about 4.25, and the
figures are presented somewhat compressed in the
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Fig. 3. Comparison of the axisymmetric turbulent jet
with data.
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Fig. 4. Streamlines for (a) laminar flow analysis at
t=30sec. (b) turbulent flow analysis at t=5 sec. (c)
turbulent flow analysis at t = 30 sec.

axial direction. The inlet is located at the top left-
hand corner of the figures, and the outlet is at the
bottom left-hand corner. Whereas the results for
turbulent flow analysis show gradual spreading of
the axisymmetric free jet, there is no noticeable
diffusion of the jet into the surrounding fluid for
the laminar flow analysis. The differences can be
better observed in the three-dimensional contour
plots of lithium concentration at t= 60 seconds shown
in Fig. 5. The inlet is located at r=0 and x=0 in
the figure, and the outlet is located at r=0 and x=H.
Fig. 5(a) shows that there is no noticeable diffusion
of the jet into the surrounding fluid for the laminar
flow analysis, and most of the injected flow with
zero chemical concentration exits the tank without
mixing with the surrounding fluid; the concentration
in the tank remains close to 1 except the path of the
injected flow around the centerline. A slight decrease
in concentration can be observed in the lower part
of the tank where there is a weak recirculation
bubble as shown in Fig. 4(a). Concentration profile
for turbulent flow analysis in Fig. 5(b) shows that
effective mixing takes place and concentration is
nearly below 0.75 in the bottom half of the tank.
Concentration profile looks fairly flat in the bottom
region of the tank, but this is due to the view angle,
and there actually is a gradual increase of con-
centration from the centerline at r=0 towards the
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Fig. 5. Concentration profile without a disk at t =60
sec. for (a) laminar flow analysis (b) turbulent flow
analysis.

tank wall. Concentration is zero around the centerline
only up to x=0.25H. Assumption as laminar flow
gives erroneous flow and concentration fields.
Figure 6 shows streamline plots at 5 seconds for
a disk located at x=3/4H, 2/4H, and 1/4H. The
streamline plots at 60 seconds for the same disk
locations are shown in Fig. 7. The jet impinges on

(@) (b) (c)

Fig. 6. Streamlines at t=5 sec. with a disk at (a) x=
3/4H (b) x =2/4H (c) x = 1/4H.
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the disk, and a wall jet is formed along the disk in
the radial direction. The second impingement
occurs at the side wall and the flow separates into
two recirculation bubbles. The transient plots show
a gradual forming of a second recirculation bubble
behind the disk (disk is not shown in the plot). The
concentration fields for the injection tank with no
disk at t=30, 120, and 420 seconds are shown in
Fig. 8. The concentration is 1 in the tank at t=0,
and the fluid without any chemical additives enters
through the inlet at the top left-hand comer pro-
ducing a sharp gradient in concentration. Gradual

(b) ()
Fig. 7. Streamlines at t = 60 sec. with a disk at (a) x=
3/4H (b) x=2/4H (c) x = 1/4H.
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Fig. 3. Concentration profile without a disk for 30,
120, and 420 sec.

t=30s

diffusion and mixing about the center can be
observed. Figures 9, 10, and 11 show the concen-
tration profiles for tank configurations with a disk
placed at x=3/4H, 2/4H, and 1/4H, respectively.
Figure 11 shows that the chemical concentration in
the top portion for x = 1/4H configuration decreases
at a faster rate than those of other disk locations of
3/4H and 2/4H. As the fluid with relatively high
velocity enters the tank, there is little mixing with
the ambient fluid in the top portion around the inlet.
Thus it takes longer to empty the top portion of the
chemical additives. When a disk is placed closer to
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Fig. 9. Concentration profile with a disk at x=3/4H
for 30, 120, and 420 sec.
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Fig. 10. Concentration profile with a disk at x = 2/4H
for 30, 120, and 420 sec.
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Fig. 11. Concentration profile with a disk at x = 1/4H
for 30, 120, and 420 sec.

the inlet, the recirculation bubble becomes effective
in mixing the inflow with the chemical additives in
the top portion of the tank. Concentration profiles
can be better observed in three-dimensional plots
shown in Fig. 12. The three-dimensional plots are
equivalent to the profiles in Figures 9, 10, and 11
for t=30 seconds.

Figure 13 shows the average concentrations of
lithium in the tank for time up to 10 minutes. All
the results are obtained with turbulent analysis
except the solid line of the ideal case and the
laminar flow result without a disk. The laminar
analysis produces very little diffusion of the jet into
the surrounding fluid as shown in Fig. 5, and over
85% of the lithium remains in the tank at 10 minutes.
Laminar flow analysis performed with a disk placed
along the centerline of the tank gave significant
reduction in the average concentration, but there
was very little spreading of the wall jets that are
developed on the disk and the tank wall. The
resulting flow and concentration fields were incor-
rect, and the effects of the disk for the laminar flow
became too exaggerated. The straight solid line is
the lowest possible average concentration with time;
it is obtained assuming the solution is evenly
pushed out of the tank with the speed of 2 gpm/
cross section area of tank. Except for the laminar
flow calculation, the average concentrations for all
the turbulent cases follow the straight line initially,
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Fig. 12. Concentration profiles at t=30sec. with a
disk at (a) x=3/4H (b) x =2/4H (c) x = 1/4H.
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since the fluid near the outlet is simply pushed out
of the tank at the start of injection. When the disk
is placed closer to the inlet, the recirculation bubble
becoraes effective in mixing the inflow with the
chemical additives in the top portion of the tank.
Furthermore, the chemical additives in the lower
part of the tank that are unmixed with the incoming
fluid are simply pushed out of the tank for a longer
period at the begining of injection. The con-
figuretion with a disk at x =1/4H gives the best
performance; less than 1% of the lithium remains in
the tank at 10 minutes. The concentration tapers off
with time for all cases, and the effects of the disk
become smaller. However, the disk is to be designed
with four support legs, and the actual top and bot-
tom of the tank are supposed to be partly spherical
in shape. Thus, the actual mixing process is ex-
pected to be more efficient than indicated by the
results of the present calculation.

4. Conclusion

The
chemical injection tank to be installed upstream of

flow and mixing characteristics of the

the CVCS charging pump are investigated using the
Lam-Bremhorst low-Reynolds number turbulence
model. Modeling the problem as a laminar flow
gave incorrect concentration profiles due to negligible
diffusion of the jet. Turbulent flow analysis showed
that efficient mixing with the chemical additives
occur as the axisymmetric turbulent free jet spreads
in thz tank. Significant reduction in injection time
was obtained with a disk located closer to the inlet
of the tank. More efficient mixing and further
reduction of injection time is expected for an actual
design with four support legs.

Nomenclature
b disk diameter
c concentration
C, C,¢c turbulence model constants
d tank inlet and outlet diameter
D tank diameter
f,, fi, . turbulence model functions
H tank height

- Bnlia- BEEa O

~ ~
o

I M <R ® < T Lo

2

Q

turbulence kinetic energy [J/kg]
neighboring grid points

grid point under consideration

radial coordinate

D/2, or residual

Reynolds number, pu,d/u
turbulence Reynolds number, k?/(gv)
turbulence Reynolds number, k'?y/v
source

time

axial velocity [m/s]

radial velocity [m/s]

axial coordinate

density [kg/m’]

viscosity [kg/(m - s)]

kinematic viscosity [m/s]

general conserved property
turbulence dissipation rate {J/(kg - s)]
thermal diffusivity [m*/s]

diffusion Prandtl number for turbulence
energy

diffusion Prandtl number for dissipation
rate

non-dimensional time, ta/(d/2)*

Subscript

a

b
m
t

. Park, B.H.:

average

bulk

maximum, or mass
turbulent values
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