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In a Canada deuterium uranium (CANDU) reactor, there are two independent shut-down
(SDS) systems: SDS1 and SDS2. The SDS1 is composed of 28 vertical shutoff rods
(SOR) and SDS2 is a liquid poison injection system. The liquid poison is gadolinium
nitrate solution Gd(NO3)3-H2O, which is a strong neutron absorber. It is known that
measuring the transient velocity and concentration of the poison jet is difficult because of
the complex structure of the injection system. For example, Indian researchers assessed
the proper hole size and arrangement of injection nozzles by observing only the
visualized phenomena of mass transfer as a function of time.1 If the poison is injected in
the moderator region of a reactor (see Fig. 1), the poison jet grows and transports by
convection and diffusion in a very short time (~1.5 second).2

In a CANDU reactor, the longest poison injector is 21 pitches long. There are four nozzle
positions per lattice pitch (287.75 mm) and four holes per nozzle position as shown in
Fig. 2. For the purpose of safety analysis related to the performance of SDS2, it is
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required to analyze the jet flow injected with a high speed. Therefore, a numerical model
is developed in this study to systematically and consistently estimate the concentration
and diffusion of the poison injected from SDS2.
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Figure 1. Schematic ofLiquid Injection Shutdown System
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Figure 2. Configuration of a Poison Injector

Analysis Tool

For the analysis of jet flow injected by SDS2, a commercial code CFX-4.3 [Ref. 3],
developed by AEA Technology, is used. The CFX-4.3 consists of three parts: pre-
processor, solver, and post-processor. The pre-processing routines create geometry and
grid using CFX_Build; and make command and user FORTRAN files. The solver routine
solves the conservation equations using geometry, command and user FORTRAN files.
In the post-processing, CFX_Visualizer is used to show the results. Figure 3 shows the
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overall structure of CFX4.3 code. The CFX-4.3 adopts a finite volume method and uses
a general grid model to efficiently calculate complex geometry. The problem of the
checkerboard oscillation in pressure and velocity, traditionally occurred when using non-
staggered grids, is solved using Rhie-Chow interpolation technique.4
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Figure 3. Structure of CFX-4.3 Code

Governing Equations

The CFX-4.3 solves for general governing equations such as continuity and momentum
equations, which are written as follows:

dt Xj

dput dpuiuj _ dp drtj

dt dx,

(1)

(2)

where s. is the source term and r.. is the stress tensor.

The mass transport equation is used in the form of Reynolds-averaged mass transport equation such as

dt dx,
(3)

where Sct is the turbulent Schmidt number, DAB is the binary diffusivity of A and B which

can be obtained from Perry's handbook,5 and \it is the turbulent viscosity. For the
analysis of a turbulent flow, the standard k-s model based on an eddy-viscosity
hypothesis is used in this study.
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Jet Simulation Using Source Terms

In the discretization process of governing equations, a source term is in particular used to add sources or
sinks in the conservation equation. In this study, the source term is used to facilitate the grid generation,
instead of using inlet boundary condition. Especially for a complex problem, it is more flexible to create grid
structure near the boundary if the source term is used.

A user FORTRAN file is required to model the source term by the CFX4.3. The CFX-4.3 provides -30 user
FORTRAN files to support users when modeling geometry, boundary condition, and phase change in the flow
regime. For the simulation of jet injection through nozzles, the inlet conditions such as injection velocity, mass
flow rate, and mass fraction are simulated by USRSRC subroutine. The general formulation of the source
term can be mathematically written as

(4)

where the summation is over a neighboring cells of the control volume. The velocity <p is obtained by setting

SP and Sc as negative mass and mass flux times velocity, respectively. Examples of other source terms are

given in Table 1.

Table 1. Source Terms for Boundary Condition

sP

sc

Velocity

~PVinlet

P Vinlet * inlet

Mass Flow Rate

0.0

P YinleAinlet

Mass Fraction

~PVinlet

PVMe$inht

Because CFX4.3 code uses body-fitted grid structure, all variables are stored in the center of a control
volume, which is different from the staggered grid model. Figure 4 shows the source term (P) set for an
arbitrary control volume.

Figure 4. Source in Arbitrary Mesh Center

When the jet is injected in E-direction, the simulation of the jet flow is influenced by the magnitude of the grid
spacing dx. Thus, an appropriate size of dx should be determined based on the real 2-dimensional simualtion
and the source term treatment of the inlet boundary condition. Figure 5 shows the effect of the grid spacing
used to simulate the inlet condition as a source term, in which the upper and lower parts present the real-jet
and source-jet simualtion results, respectively. It can be seen that the injected jet flow is inclined a little when
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the grid spacing is relatively large (6.25 mm). Therefore the grid spacing set for the source term influences
the result, though the size of the source area is very small compared with the length of the whole calculation
doman.

(a) Grid spacing (dx) = 6.25 mm (b) Grid spacing (dx) =3.125 mm

Figure 5. Comparison of Velocity Vector for Real- and Source-Jet Calculation

Simulation of the Free Jet for Benchmarking

The result of Hinze and Zijnen's experiment6 on the gas jet injection into the air was selected for the
validation calculation of the source term treatment. In this experiment, the gas is injected from an orifice of
2.5 cm diameter after mixing through a pipe of 1 m long and 10 cm diameter. The injection velocity is -40 m/s
and the corresponding Mach number is ~0.12, which is regarded as an incompressible flow. The natural gas,
hydrogen, methane, and carbondioxide were used as the gas mixture for the measurement of concentration.
The volume fraction of particular gas material is -1.1 % (mass fraction is -6120 ppm) of the gas mixture.
Figure 6 shows the calculation domain used for the simulation of gas mixture injection. For the modeling of
the inlet boundary condition, both the real 2dimensional and source term models were used. For the inlet
boundary condition, it was assumed that the flow is fully developed when passing through the pipe and
injected into the air with a uniform velocity. The outlet boundary condition was set for the pressure, which is 0
Pa. The numbers of grid points for the inlet nozzle are 1,2,5 and 10, and the corresponding total numbers of
grid points are 170.112,170.224, 170.100 and 170.170.
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Figure 6. Calculation Domain of Free Jet
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The jet flow region can be classified into three regimes:7'8 the potential core region is characterized by a
uniform axial velocity close to the injection velocity, the transitional region is developed as the jet grows and
the mixing occurrs, and the similarity region is formed as the axial velocity decays and the velocity profile is
preserved. In Fig. 5(b), for example, it can be seen that the injection velocity is initially maintained, jet flow
grows and a similarity region is developed, in which the velocity profile is preserved. Figure 7(a) shows the
simualtion results for various numbers of grid points, in which the potential core region can be seen in the
region of x < 5d when the number of grid points for the inlet nozzle is greater than 5. Figure 7(b) shows the
axial concentration distribution. In case of two grid points per nozzle, the simulation result matches the
experimental result. If the number of grid points increases, the error also increases in the potential core
region.
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Figure 7. Comparison of Jet Flow Property

When the number of grid points is greater than two in the nozzle hole, the prediction error of both the velocity
and concentration is less than 20%. The simulation result of the velocity agrees with experimental result
better as the number of grid points increases. However the simulation of concentration agrees with the
experimental result most closely when the number of grid points is two. It is understood that the simulation is
more influenced by the convection than the diffusion.

Comparison of Real- and Source-Jet

In order to assess the source-jet model, a comparison was made against the real-jet calculation using actual
boundary conditions. The simulation was performed in two-dimensional geometry with four nozzle holes
aligned in 1 lattice pitch (258.75 mm) and an injection velocity of 20 m/s. Figure 8 shows the calculation
domain. The diameter of a nozzle hole is 3.2 mm, which is smaller than the diameter of an oriffice nozzle
used for free jet injection analysis. Thus the number of grid points per nozzle hole was determined to be one
and the total number of grid points was set to be 59 in axial direction. Table 2 shows the number of radial grid
points and the grid structure.

Table 2 Grid Structure and Number of Grids in Radial Direction

Number of grid points

Grid structure

69

stretching

96

stretching

111

stretching

121

stretching

335

uniform
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symmetric condition

X

8. Two -Dimensional Calculation Domain forReai- and Source-Jet

Simulation Results

Figures 9 and 10 show the radial velocity and the velocity vector in r-x plane. The comparison shows that the
velocity distribution of the source-jet model agrees with that of the real-jet model for all grid points except for
a slight difference in the similarity region.
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Figure 9. Velocity Distribution in Radial Direction (from injection nozzle)
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Figure 10. Velocity Vector Distribution

Figure 11 shows the radial concentration distribution. When 335 unifrom grids are used in the radial direction,
the maximum error is 1800 ppm in the region of r < 0.2 m at 0.5 second. For other cases with different grid
structure, the source-jet simulation in general agrees with the real-jet simulation. Figure 12 shows the
concentration contour in r-x plane at 0.1 and 0.5 second. For the source-jet simulation, it can be seen that the
concentration contour is slightly inclined in the jet-front region at 0.1 second. However, the observation has
shown that the source-jet simulation results are in good agreements with the real-jet simulation.
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Figure 11. Comparison of Radial Concentration Distribution (from injection nozzle)
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Figure 12. Comparison of Concentration Contour

The comparison has shown that the jet flow diffuses more in the source-jet simulation than in the real-jet
simulation, which is due to the fact that the source-jet is fixed in the calculation domain while the real-jet is
injected from the nozzle. Eventually the validity of the source-term simulation to predict the concentration
of gadolinium nitrate solution in reactor can be comfirmed by performing reactor simulation and estimating
the amount of negative reactivity insertion. However, considering that the size of the region with a
prediction error corresponds to 6% of the region of interest as the ratio of length (the radius of reactor
calandria shell is 3378 mm), it is expected that the source-jet simulation produces valid results for the
reactor analysis.

Conclusions

The study has shown that the source-jet model agrees with the experimental results and real-jet simulation. It
was also found that the source-jet model can be effectively used for the simulation of liquid poison injection
through small holes, of which the simulation is restricted due to the limitation of number of grid points in the
real-jet simulation. The source-term model of the liquid poison injection developed in this study is consistent
with the actual poison injection system in a CANDU 6 reactor and, therefore, can generate poison
concentration data for the safety analysis of the reactor. In the future, it is strongly recommended to perform
further study to analyze the transient of the poison injection from helium tank to injection nozzle hole by
applying Bernoulli equation.
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