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Abstract 

For predicting the inlet velocity profile at the CANDU-6 moderator nozzles, a 
commercial CFD code was tested and applied. The fluid flows going through the moderator 
piping network have three sections, which are characterized as a straight pipe flow, a 
curved pipe flow, and an impinging jet, respectively. Some experimental data were chosen 
for each flow, and various turbulence models were tested and optimized. As a result of the 
investigation, detailed velocity profiles and turbulent parameters at the nozzle outlets were 
obtained, which could be used as inlet boundary conditions in the CANDU moderator 
analysis. 

Key Words : CANDU, Curved Pipe, Impinging Jet, Moderator, Nozzle, Pipe Flow 

1. INTRODUCTION 

For the moderator analysis of the four operating CANDU reactors in Korea, predicting local 
moderator subcooling in the Calandria vessels is one of the main concerns for assuring fuel channel 
integrity under LOCA transients. The moderator circulation pattern is determined by the combined 
forces of the inlet jet momentum and the buoyancy flow. Because the inlet boundary condition 
plays an important role in determining the moderator circulations, it is essential for the moderator 
analysis to get the detailed inlet velocity profiles at the nozzles. The purposes of this study are to 
estimate an analytic CFD tool for predicting the internal flow of the moderator inlet nozzle 
assembly, and to produce the velocity profiles at the inlet nozzles by a CFD simulation. 

The inlet nozzle geometry consists of a circular pipe, a 90° circular bend, and a nozzle as 
shown in Fig. 1. The whole domain is divided into three separated flow regions, which are 
characterized as a straight pipe flow, a curved pipe flow, and an impinging jet, respectively. To 
produce the velocity vector fields at the inlet nozzle surfaces, the internal flows in the nozzle 
assembly were simulated by using a commercial CFD code, CFX-5.7. In the following section, the 
analytical capability of CFX-5.7 was estimated by a validation of the CFD code against available 
experimental data for each flow. Various turbulence models and grid spacing were also tested. In 
section 3, the inlet nozzle flow through the real nozzle assembly was predicted by using the 
obtained technique of the CFD simulation. 
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forces of the inlet jet momentum and the buoyancy flow. Because the inlet boundary condition 
plays an important role in determining the moderator circulations, it is essential for the moderator 
analysis to get the detailed inlet velocity profiles at the nozzles. The purposes of this study are to 
estimate an analytic CFD tool for predicting the internal flow of the moderator inlet nozzle 
assembly, and to produce the velocity profiles at the inlet nozzles by a CFD simulation. 

The inlet nozzle geometry consists of a circular pipe, a 90o circular bend, and a nozzle as 
shown in Fig. 1. The whole domain is divided into three separated flow regions, which are 
characterized as a straight pipe flow, a curved pipe flow, and an impinging jet, respectively. To 
produce the velocity vector fields at the inlet nozzle surfaces, the internal flows in the nozzle 
assembly were simulated by using a commercial CFD code, CFX-5.7. In the following section, the 
analytical capability of CFX-5.7 was estimated by a validation of the CFD code against available 
experimental data for each flow. Various turbulence models and grid spacing were also tested. In 
section 3, the inlet nozzle flow through the real nozzle assembly was predicted by using the 
obtained technique of the CFD simulation.  
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Fig. 1 An inlet nozzle assembly of the CANDU moderator circulation system 

2. VALIDATION OF CFX-5.7 

2.1 Internal Pipe Flow 
The experimental data of Laufer et al E21 was selected for the validation of the internal pipe 

flow. The five turbulence models provided in CFX-5.7 are compared in Figs. 2 & 3. The low-Re 
near-wall formulation was applied for the k-ro model, the Baseline k-a model, and the SST k-a 
Based model. The mesh for these turbulence models had 6,900 cells in the r-O plane, and the near 
wally value cells were —0.6. A wall function was applied for the standard k-c model and the SSG 
model, in which the mesh has 2,400 cells in the r-O plane and the near wall y+ values were —12.0. 
Grid independency was confirmed. The flow was fully-developed and the Reynolds number was 
40,000. All the turbulent models show a good agreement with the experimental data except f 
or the abrupt change of the turbulent kinetic energy at the edge of the inner boundary layer (y+ 
= —10).. 

To overcome the difficulties in predicting the large velocity gradients near the walls of the 
turbulent flow, a wall function or a low-Re near-wall formulation was used. Figure 4 shows the 
validation of the wall function and the near-wall treatment. For the case of the circular pipe flows, 
the wall function and the constants in the logarithmic region are as follows. 

(
= 

U — Uwaii  j
= —

1 in 
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V
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K = 0.4 and B= 5.5. 
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Fig. 2 U Velocity Profile of the Pipe Flow at Re = 40,000 
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Fig. 2  U Velocity Profile of the Pipe Flow at Re = 40,000 

 

 

 
Fig. 3 k Profile of the Pipe Flow at Re = 40,000 

 

 

 
Fig. 4  Semi-log Plot of the Velocity of the Pipe Flow at Re = 40,000 
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2.2 Curved Pipe Flow 
For validation of the CFX-5.7 to predict curved pipe flows, the experimental data of non-

swirling fluid flows in a curved pipe by Azzola[31 was selected. The Re number of these experiments 
was 57,400, and the working fluid was water at 20°C. The measured bulk velocity (Ub) was 
1.29± 0.03m/s. The schematic of the test section is shown in Fig. 5. Figure 6 shows the comparison 
of the longitudinal (U) and circumferential (V) mean velocity components and the circumferential 
turbulent intensity component at sequential longitudinal stations along the flow, in a comparison 
with the experimental data. The negative sign of X/D indicates the upstream side of the straight 
tangents, which are connected to the 180° curved pipe. By testing the various turbulence models, it 
was proven that the Reynolds stress turbulence model developed by Speziale, Sarkar and Gatski[41
(the SSG model) predicted the fluid flow inside a curved pipe relatively well. 

10 

1.0 

1.0 

1.0 

1.0 

1.0 

1.5 

1.0 

0.5 

8 — 90°

d 1.478cfn

54.7 D Exit Length) 

x 7 0 
P5 r 

R- 1 0 3.375 

0 4.45 cm 

D 

(54.7 D Entrance 1...ar.wh) 

Fig. 5 Test Section Configuration and Coordinate System (from Azzola[31) 

0=177°

0=135°

0=90°

0=45°

0=3°

X/D=-1 
0 0 0 0  0  0

X/D=-2 
0

00 02 OA 0.6 

r/(D/2) 

0.8 

8 

*8 

• ° 
pc° 
j 18 

0 0 
177°
0-70 

0 0 0 135°
o 

0 

0

A A 

45° 0 

0 A 
A 

❑ ° 3°
v—o—o, vvv 

±8 - -1 

o 0 0 0 0 o 0 * o 0 0 o 

o o az OA 0.6 a8 1-0 

r/(D/2) 

0 0  177° of 
5- 0 0 0 0 0 0 0 0

- 135° ° ° 

>0000** 
5 - 

8 
90°
A 

45° 
5 0 0

5 

VvvvvvVVvVVVVW 

10 - 
-1 

0 0 0 0 0 0 0 0 0 0 0 

0 0 0.2 0.4 as 

r/(D/2) 

0.8 

(a) Longitudinal Mean (b) Circumferential Mean (c) Circumferential Turbulence 
Velocity (U) Velocity (V) Intensity Component 

Fig. 6 Simulation of the Curved Pipe Flow with the SSG Turbulent Model (with Azzola[31) 
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2.3 Impinging Jet 
A normally-impinging jet from a circular nozzle is simulated and the results are compared with 

the experimental data by Cooper[51. A turbulent air jet impinges orthogonally onto a large plane 
surface. The Re number at the nozzle is 70,000. The nozzle diameter D is 101.6 mm and the height 
of the jet discharge is 2D. The flow at the nozzle was fully-developed. As shown in Fig. 7, the 
Shear Stress Transport (SST) k- co based model provided well matched results with the 
experimental data. In the computation, the near wall y+ values were maintained at less than 1.0 for 
the low-Re near-wall formulation. Figure 9 shows that the comparison between the simulation 
results and the experimental data shows a good agreement for the overall trends. Here, R is the 
radial distance from the nozzle axis, and y is the normal distance from the plane. 
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3. CANDU MODERATOR INLET NOZZLE 

3.1 Simulation Methodology 
Each nozzle is connected to a 6" (= 0.1524m) elbow, which is connected to a straight pipe with 

the same diameter. Moderator passes though a 2m-long pipe, goes into a 90° bend and then it flows 
into the inlet nozzles. The moderator flow rate of each nozzle assembly is 117.5 L/s, and the Re 
number at the circular pipe is about 1.25x106. For this high-speed flow, a large number of nodes are 
required for an accurate computation. Because the memory capacity is limited and different 
turbulent models are suitable for each flow region, a simulation for each section is performed 
separately. The interfaces between the domains are carefully selected so as not to disturb the 
simulation results. The velocity components and the turbulent parameters at the interface are 
transferred to the inlet boundary conditions of the next flow region. 

The hydro-static pressure change was not accounted for and the pressure was assumed to be 
1.5 atm, the static pressure at the nozzles. This flow was steady and isothermal. The working fluid 
was heavy water (D20) at 45°C, of which the density was 1084.7 kg/m3 and the dynamic viscosity 
(u ) was 8.5 x 10-4 kg/(m. s). 

3.2 Simulation Results 
This section presents the computational results of the straight pipe flow, the 90° curved pipe 

flow, and the nozzle jets. A half domain is utilized due to the symmetry. 

3.2.1 Straight Pipe 
For the Re number of -106, the turbulent entrance length is estimated to be 45.7 by equation 

(2)[6]. The straight pipe is 2-m long, which corresponds to about 26 D, so that the straight pipe flow 
is not fully-developed. However, the flow was assumed to be fully-developed at the downstream 
end of the straight pipe for simplicity. Standard k-c turbulence model was adapted, and the constants 
of the wall function(Eq. (1)) in the logarithmic region were K= 0.4 and B = 5.5 for the circular 
pipe. 
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3.2.2 90° Curved Pipe 
According to the experimental study of Azzola et a1.E31, the existence of a 90° curved pipe 

affects up to X/D=-2 in the upstream tangent. That is, the measured velocity field at X/D=-2 was in 
a good agreement with that of the fully-developed pipe flow(data of Laufer[21). For the simulation of 
the curved pipe flow in this study, the outlet condition of the straight pipe flow(Section 3.2.1) was 
applied to the inlet boundary condition at X/D=-2 in the upstream tangent. Figure 10 shows the 
meshes for the simulation. Structured meshes with 208,229 nodes were generated on the 
computational domain of the 90° curved pipe section including the upstream straight pipe of 2x D. 
The purpose of the computation in this section was to obtain the flow condition of the curved pipe's 
outlet which is marked as a blue line in Fig. 10(a). However, unstructured meshes with 8,923 nodes 
were attached to the outlet of the curved pipe to account for the effect of a downstream pressure 
distribution. The SSG Reynolds stress model was selected and the y+ values of the near-wall cells 
were 10.015.0. Figure 11 shows the streamlines and the velocity field of the secondary flow and 
Fig. 12 shows the contour of the turbulent kinetic energy on the outlet surface. 
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Fig. 12 Turbulence Kinetic Energy at the Bend Outlet 

3.2.3 Inlet Nozzle 
From the studies of the impinging jets in section 2.3 and Zwart et al. [7], it was acknowledged 

that the SST k-a based model was appropriate for the prediction of the impinging jets, and that 
finer cells were required around the jet boundaries due to the high turbulent dissipation rate. A finer 
unstructured mesh with 615,379 nodes and a coarser unstructured mesh with 119,073 nodes were 
generated, including 10 prism layers on the surfaces of the outer walls for the uniform low y+ values 
(< 1.0). Figure 13 presents the coarser mesh, where we could confirm higher mesh densities around 
the jet boundaries. The velocity vectors at the nozzle surfaces are shown in Fig. 14. The nozzle has 
4 divided compartments, and the figures show 2 compartments due to the 1/2 computational domain. 
Especially for the outer compartment, large swirling flows were observed. Figure 15 shows the 
plots of the velocity magnitudes and the turbulent kinetic energy on the center lines of the nozzle 
surfaces, which are marked as yellow lines in Fig. 14. As clearly shown in Fig. 15, there were some 
reversed flows into the nozzles inside each compartment and the turbulent kinetic energy was very 
low in those "reversed flow" regions. 

(a) Y-Z Plane View (b) Z-X Plane View (Top View) 
Fig. 13 Unstructured Mesh for the Nozzle Calculation 
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4. CONCLUSIONS 

1.8 20 

For predicting the inlet velocity profile at the CANDU-6 moderator nozzles, a CFD analysis 
was performed. The selected commercial CFD code was validated against the experimental data of 
a pipe flow, a curved pipe flow, and impinging jets, which were the major flow types in the 
moderator nozzle assembly. The straight pipe flow was predicted well by most of the turbulence 
models. The mean velocities and turbulent parameters of a curved pipe flow were estimated the 
most closely by the SSG Reynolds Stress model. The SST model was proven to be the most 
appropriate for the prediction of impinging jets. For the prediction of impinging jets, the accuracy 
was dependent on the near-wall y+ values and the local mesh densities. 

Based on the validation, the real moderator flow in an inlet nozzle assembly was predicted. To 
apply proper turbulence models for each flow characteristic, the fluid flow was divided into three 
computational domains and simulated separately. The simulated data was transferred at the interface 
between the domains as inlet and outlet boundary conditions. Some reversed flows with a very 
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small velocity magnitude were found at the nozzle surfaces and the flows at the outer compartment 
were swirling. As a result of the investigation, detailed velocity profiles and turbulent parameters at 
the nozzle outlets were obtained, which can be applied to the simulation of the CANDU moderator 
analysis. 
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Le

Ub 

iii. 

Y 

: pipe diameter (m) 
: entrance length (m) 
: bulk velocity (m/s) 
: friction velocity (m/s) 

: distance from wall (m) 

NOMENCLATURE 

+ 
Y : non-dimensional distance from wall 

rm, : wall shear stress (Pa) 

v : kinematic viscosity (m2/s) 
p : density (kg/m3) 
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NOMENCLATURE 
 

d     : pipe diameter (m) 
Le    : entrance length (m) 
Ub    : bulk velocity (m/s) 
uτ     : friction velocity (m/s) 
y     : distance from wall (m) 

y+    : non-dimensional distance from wall 

wτ    : wall shear stress (Pa) 
ν     : kinematic viscosity (m2/s) 
ρ     : density (kg/m3) 
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