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ABSTRACT 

Validation of 3D CFD model for predicting local subcooling of moderator in the 
vicinity of calandria tubes in CANDU reactor was performed. The small scale moderator 
experiments performed at Sheridan Park Experimental Laboratory(SPEL) in Ontario, 
Canada[1] is used for the validation. Also a comparison is made between previous CFD 
analysis based on 2DMOTH, PHOENICS and current model analysis for the same SPEL 
experiment. For the current model a set of grid structure for the same geometry as the 
experimental test section is generated and the momentum, heat and continuity equations are 
solved by CFX-4.3, a CFD code developed by AEA technology. The standard k- ε
turbulence model associated with logarithmic wall treatment and SIMPLEC algorithm on 
the body fitted grid are used and Buoyancy effects are accounted for by Boussinesq 
approximation. For the test conditions simulated in this study, the flow pattern identified is 
Buoyancy-dominated flow, which is generated by the interaction between the dominant 
Buoyancy force by heating and inertial momentum forces by the inlet jets. 

As a result, the current CFD moderator analysis model predicts the moderator 
temperature reasonably, and the maximum error against the experimental data is kept less 
than ± 2.0oC. For the most regions except the vicinity of inlet nozzles, the error is less than 
± 1.5oC. The simulated velocity field quite well matches to the visualization of SPEL 
experiments. 
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Figure 1 illustrates the main features of the CANDU-6 nuclear reactor. The calandria 

vessel is approximately 6.0 m long and 7.6 m in diameter at its widest point. There are 380 

calandria tubes, which displace about 12 percent of calandria vessel volume. Each calandria tube 

contains a co-axial pressure tube, in which fuel buddles are located and D2O coolant fluids flow. 

Under conditions of high pressure tube temperature and high coolant pressure, the pressure tube 

could strain (i.e., balloon) to contact its surrounding calandria tube. (PT/CT contact) Following 

contact between the hot pressure tube (PT) and the relatively cold calandria tube (CT), there is a 

spike in heat flux to the moderator surrounding the calandria tube, which leads to sustained CT 

dryout. The prevention of CT dryout following PT/CT contact depends on available local 

moderator subcooling. Higher moderator temperatures (lower subcooling) would decrease the 

margin of the calandria tubes to dryout in the event of PT/CT contact. 

For some loss of coolant accidents with coincident loss of emergency core cooling in 
a CANDU reactor, fuel channel integrity depends on the capability of the moderator to act as 
the ultimate heat sink. Some computer codes, which have been used to predict moderator 
temperature for these accidents, monitor the temperature of inlet and outlet only and have 
not been adequately validated. Therefore, the uncertainty of temperature prediction was too 
large. Due to this reason, Canadian Nuclear Safety Commission (CNSC) requested to 
perform three-dimensional moderator test facility experiments and to validate analytical 
tools. 

In 1983, Koroyannaski, et al. [1] experimentally investigated the flow phenomena 
generated by inlet jet and internal heating of a fluid in Calandria-like cylindrical vessel, 
which is called ‘SPEL experiments’ in this study because the facility was built in Sheridan 
Park Engineering Laboratory. A chemical flow visualization technique was employed to 
determine the predominant flow regime inside the vessel. Detailed temperature profiles 
inside the vessel were obtained using an optical fibre probe. 

In 1985, Quaraishi [2] used the in-house AECL code, 2DMOTH, to simulate the flow 
field and temperature distribution of SPEL experiments. In 1988, Collins [3] validated the 
computer code PHOENICS for thermal hydraulic analysis of CANDU moderator by using 
the results of SPEL experiments. For these two previous studies, the temperature 
measurements of the Buoyancy-dominated fluid flow, corresponds to a flow rate of 0.5 l/s 
and a heat load of 10 kW for the SPEL facility, was chosen for the simulations. The 
computer codes, 2DMOTH and PHOENICS, predicted the thermal hydraulic behavior of 
moderator circulation, in good agreement with the SPEL experimental results. 

In this study, three-dimensional CFD code CFX-4.3 is used to simulate the moderator 
circulation inside the Calandria-like cylindrical tank. To evaluate the uncertainties and to 
develop simulation technique, sensitivity studies are performed for various simulation 
parameters. For the comparison with the experimental result and previous simulations, the 
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fluid flow and temperature distribution of the same Buoyancy-dominated flow situation are 
computed by CFX-4.3 and utilized. 

Additionally, some important definitions of terminology should be clarified. From 
the presentation of Michael S. Engelman, Corporate Vice President of Fluent Inc., the 
definition of ‘verification’ is the procedure to ensure that the program solves the equations 
correctly, ‘validation’ is the procedure to test the extent to which the model accurately 
represents reality, and ‘calibration’ is the procedure to assess the ability of a CFD code to 
predict global quantities of interest for specific applications.  

Figure 1: CANDU-6 Nuclear Reactor 
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2.1 Computational Fluid Dynamics 

For the thermal hydraulic analysis of CANDU moderator, the general purpose CFD 
code, CFX-4.3(CFX International), is used to solve coincidently continuity equation, 
momentum equations and energy equation. SIMPLEC algorithm is used, which is 
recommended for the flow with strong Buoyancy effect. For the analysis of turbulent flows, 
the standard k-ε  turbulence model associated with logarithmic wall treatment is used. 
CFX-4.3 uses the body-fitted grid with Rhie-Chow interpolation rather than the staggered 
grid to simulate effectively the three-dimensional fluid flow in complex geometry. 

The continuity equation is, 
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with ijδ  is Kronecker delta. 

The energy equation is 
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where H is the total enthalpy, and λ  is thermal conductivity. 
For the analysis of turbulent flow, Eq. (2) is converted into the Reynolds-Averaged 

equations. 
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where '' ji uuρ  = Reynolds stress tensor = ijR .
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where =tµ  turbulent viscosity. 
To get the value of tµ , turbulent viscosity, various turbulent models are used. Here, 

only the standard k-ε  model is presented. 

ε
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where k = turbulent kinetic energy, and 
ε  = dissipation per unit mass. 

Turbulent kinetic energy equation is,
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where constant values of µC = 0.09, 1C = 1.44, 2C = 1.92, kσ = 1.0, and εσ =

1.217 are used as the default values in CFX-4.3. 
The k-ε  model is valid in fully-developed flow outside viscous sublayer, while wall 

function is used for the region near walls, i.e., viscous sublayer. 

2.2 Porous Media Approximation 

When a flow region in a fuel rod array in a nuclear reactor core or the shell side of a 
steam generator should be analyzed, porous media approximation is often used, in which the 
region of interest is divided into a network of volumes or lumped regions. The assumptions 
of this approximation are that ‘infinitesimal’ control volumes and surfaces are large relative 
to the interstitial spacing of the porous medium, though small relative to the scales that 
should be resolved. Thus, given control cells and control surfaces are assumed to contain 
both solid and fluid regions. 

The ratio of fluid volume Vf to the total volume VT is defined as the volume porosity 
γ .
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Similarly, the surface porosity (permeability) is defined as the ratio of the area occupied by 
fluid Af to the total area AT.
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Using these definitions, the governing equations for the fluid flow in porous media are 
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Here, eµ  = effective viscosity – either the laminar viscosity or a turbulent quantity, 
ijR  = resistance to flow in the porous media, 

eΓ  = an effective thermal diffusivity, and 

Q = a heat source or sink to or from the porous medium. 
In CANDU reactor, the volume porosity is about 0.83. The SPEL experiment that is 

studied in this report has a little lower value of the volume porosity, 0.8037, than real 
CANDU Calandria tank. The resistance Rij consists of two terms; the form drag term and the 
friction drag term. On the friction drag, the pressure loss is available in terms of the 
empirical friction factor correlations. 

To avoid the complexity of generating grid around every heating tube, porous media 
approximation is used in current study. The momentum equation is expressed in CFX-4.2 
manual [4] as 

( ) σρρ
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t
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ii
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Here, B has units of force per unit volume, (N/m3) in SI units. The hydraulic resistance 
(impedance) of the porous region is put as a function of local velocity using the subroutines 
provided by CFX-4.3. 

B = Bo + BpU                                                                       (16) 

where Bo is velocity-independent body force. Bp(Ns/m4) is useful to assign flow resistance 
depending on the local velocity. For an anisotropic porous region, B = -RU, with R = diag(Rx,
Ry, Rz).

For axial flow, there is no form drag. The value of Rz may be expressed as below [9]. 
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where f  is the friction factor and De is the hydraulic diameter of flow passage in 

z-direction. 

Hadaller et al.[5] investigated frictional pressure drop for staggered and in-line tube 
banks, in which the Reynolds number range is 2000 to 9000 and pitch to tube diameter ratio 
is 2.16. Also, they concluded that for the given p/d ratio the effect of staggering is not 
important. In our study, the tube Reynolds number is around 2000 and p/d ratio is 1.974. 
Applying the conclusion of Hadaller et al.[5], the resistances depending on the local velocity 
for transverse flow to the tube matrix are expressed by the correlation of  

ii ufR V
2

γρ=  ,                                   i = x, y        (18) 

where the quantity V  is the local magnitude of time-mean fluid velocity, iu  is a velocity 

component, and f  is a loss factor determined from an empirical equation for the losses 

through tube bundle regions. The ratio of fluid volume to the total volume in the porous 
region is defined as the volume porosity γ . The 1990 Stern Lab Experiments suggest, 
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where Re is the Reynolds number = νγ /DV tube , Dtube is the diameter of the calandria 

tubes, ν  is the kinematic viscosity of the fluid, p is the distance between calandria tube 

centerlines (pitch), and fR  is a friction coefficient reduction factor that ranges between 

0.12 and 1.0 depending on the flow attack angles to the calandria tubes. 
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3.1 APPARATUS OF SPEL EXPERIMENT 

SPEL experimental apparatus, which is built for the understanding of the moderator 
circulation inside the Calandria of a CANDU reactor, is not a scaled model of a real 
CANDU reactor, but has salient features of a typical CANDU reactor. These features can be 
summarized as follows: 

(a) a matrix of horizontal tubes parallel to the cylindrical axis, 
(b) heating of the fluid in the center region of Calandria-like tank by volumetric heat 

generation without boiling and thereby induced Buoyant flow, and 
(c) re-circulating flow induced by the inlet jets in the cylindrical tank. 

Thus, the fluid flow inside the cylindrical tank is expected to be the result of the interaction 
of momentum forces generated by the inlet jets with buoyancy forces by volumetric heat 
generation. 

Figure 2 shows the experimental setup of SPEL small scale moderator facility. In the 
central region of the cylindrical tank, 52 tubes working as electrodes make a tube matrix. 
Around the tube matrix, there are free spaces for moderator fluid representing reflector 
region. Two inlet nozzles are located upward at both left and right sides of the tank. One 
outlet is at the bottom of the tank. 

Table 1 is the summary of dimensions and characteristics of the SPEL experimental 
apparatus. The values in Table 1 are made of the data in three references [1], [2], and [3], 
because the test apparatus could not be accessed by the researchers of this study. These 
references gave experimental data from SPEL apparatus and presented the results of 
numerical simulations using CFD codes based on the experimental data. Collins et al. [3] 
performed another set of test runs of different configurations, which are not considered in 
this investigation. 

Volumetric heat generation was achieved by electrolytic resistance heating. The 
working fluid was a solution of water and sodium chloride. The copper tubes forming a tube 
matrix in the vessel acted as the electrodes. A high amperage, low voltage alternating current 
was passed via the tubes through the working fluid generating heat. The control of heat 
generation was achieved by varying the concentration of sodium chloride and an SCR power 
control. 



 8

Table 1: Summary of the Experimental Apparatus 
 I.D. O.D. Length Comments No. 

Test Vessel 0.737 m 
*0.74 m 0.775 m 

0.267 m 
*0.254 m 

**0.254 m (O.D.) 

375 liter 
capacity 1

Copper Tubes  0.038 m 0.241 m 
*0.254 m 

0.075 m 
square pitch 52

Jet Inlet 

In the direction of 14o (**12o) from vertical line 
Jet Velocity = 0.13 ~ 0.52 m/s 
Stainless Steel 
Located at the distance of 0.365m(*0.325m) from the 
center 
**direct upwards 2o off the tangential direction 

Tinlet = 30 oC 2 

Outlet 
Aspect Ratio (a : b) = 6” : 1” 
Located at the bottom of the vessel 
Stainless Steel 

1

Venting Hole Located at the top of the vessel 1 

Pump 
Magnetic Drive Centrifugal Pump (with 373W motor) 
Rate = 12.9 l/s;      Discharge Head = 9.81 m 
PVC plastic 

2

Because these three reports(References [1], [2], & [3]) are the studies based on the same experiment, the descriptions of the 

experimental set-up are principally identical. But, some dimensions have a little discrepancy in details. If the three reports are 

matched together, the values are listed above without any notice. If not matched, the origination is described by superscripts *

and ** with setting reference [1] as a basic one 

*- reference [2] 

**- reference [3] 



 9

3.2 INSTRUMENTATION AND TECHNIQUES 

Several measuring devices and instruments are used to obtain the required 
experimental data. The measured quantities and devices with short descriptions are 
summarized as below: 

Temperature at inlet nozzles and outlet 
:2 calibrated RTD’s (Resistance Temperature Detectors) – 0.1 oC resolution, ± 1

oC accuracy. 
Inlet nozzle flow rate 

:2 rotameter - ± 0.03 l/s accuracy ( ± 3% F.S.)
Power input for heat generation 

      :power meter (display supply voltage and current) - ± 0.15 kW accuracy ( ± 5% 
F.S.) 

Test chamber, pump discharge, heat tank pressure 
      :standard Bourdon-type pressure gauges (0-3-7 kPa range) - ± 4.2 kPa 

accuracy. 
Temperature measurement of working fluid inside the Calandria 

      :Fluoroptic thermometer (LUXTRON 1000A) – 0.1 oC precision, 0.25s 
measurement time, 0.01 oC resolution capacity. 

Flow visualization 
:Chemical flow visualization technique – marked by locally changing PH level. 

3.3 EXPERIMENTAL RESULTS 

The experimental results consist of the data from flow visualization technique and 
the temperature measurements using optical fibre installed on 7 temperature measuring ports. 
The fluid flow patterns obtained by the flow visualization are classified as three kinds: 
momentum-dominated flow, Buoyancy-dominated flow, and mixed type flow. Table 2 shows 
the classification of flow patterns depending on volumetric flow rate and heat load, which is 
the result of flow visualization. As volumetric flow rate increases, the flow goes to 
momentum-dominated flow pattern. With high heat loads, the flow follows 
Buoyancy-dominated pattern. 

Table 3 summarize the five test runs, in which temperature measurements were 
performed. The temperature data of T4 and T5, which is corresponds to 
momentum-dominated flow, show almost flat temperature profile along the vertical 
distances. Out of these five test cases, T1(the test case of volumetric flow rate=0.5l/s and 
heat load=10kW) is selected for numerical simulation in this study. 

Figure 3 gives the results of chemical flow visualization for two clearly distinguished 
flow patterns: momentum dominated and buoyancy dominated circulations. The small letters 
of Alphabet present time sequences. For momentum dominated circulation, the 
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chemically-marked fluid injected through the inlets goes toward the top of the vessel(a-c) 
and meet each other(c,d). Thereafter, the fluid goes down to the outlet through the tube 
matrix. When it goes through the tube matrix, the fluid disperses. For Buoyancy dominated 
flow, the chemically-marked fluid injected through the inlets reverses at about 30o from the 
horizontal center line and goes down to the outlet, guided by lower shroud. And then the 
fluid disperses all over the vessel slowly. 

Figure 4, 5, 6 and 7 are the results of temperature measurements for the case of T1 
test run by fluoroptic thermometer. The temperature range inside the vessel is from ~32oC to 
41oC. The temperatures are almost symmetric by the vertical center line, and higher at the 
top and lower at the bottom. 

Table 2: Test Matrix of Flow Visualization 
Volumetric Flow Rate [l/s] 

0 0.5 1 1.5 2.0 
0  J J J 
1  J   
1.25 B J   
2  M   
2.5 B M J  
3  M   
4  M   

J

5 B M J J  
7.5  B   
10  B J J 
20  B M J 

H
ea

t L
oa

d 
[k

W
] 

30  B M M  
Blank – test was not performed 

J – momentum dominated flow 

M – mixed type flow 

B – Buoyancy dominated flow

        Table 3: Test Matrix of Temperature Measurements 
   Volumetric Flow Rate [l/s] 
   0.5 1 

1.25 T4  
2.5 T3 T5 
5 T2  

Heat 
Load
[kW]

10 T1  
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Figure 2: Experimental Small Size Calandria Setup 
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Figure 3: Flow Visualization of Momentum and Buoyancy Dominated Circulation Patterns 
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Figure 4: Experimental Temperature Profile of Port 4 

Figure 5: Experimental Temperature Profile of Port’s 3 & 5 
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Figure 6: Experimental Temperature Profile of Port’s 2 & 6 

Figure 7: Experimental Temperature Profile of Port’s 1 & 7 
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4.1 2DMOTH(2-D Moderator Thermal Hydraulics) SIMULATION 

2DMOTH code is an AECL in-house code made by L.N. Carlucci et al. in 
CRNL(Chalk River Nuclear Laboratories). The features of this code are listed as follow: 

High Reynolds number version of εκ −  model, 

tµ   (by the Prandtl-Kologorov formula), and 

Thermal diffusivity (Prandtl-Kologorov formula). 
The assumptions used in this simulation are summarized as below: 

(1) Geometry is similar to the experimental set-up, and the details in the vicinity of 
inlets are omitted. 

(2) The center region of cylindrical vessel, where the tube bank is located, is simplified 
by using porous media concept: 
The data of volume-based porosity and an-isotropic hydraulic impedances are 

required. 
(3) Turbulences induced by the flow around tubes are negligible, compared to those 

induced by the jet flow of inlets. 

The difference between experimental results and simulation is less than 20% of the 
difference between the inlet temperature and maximum temperature. Arithmetic average 
error is about 5% of the temperature range. The resultant velocity field from the simulation 
can be explained by the combination of the momentum force induced by inlet jets and 
Buoyancy force induced by volumetric heat generation in the region of the tube bank. 

Figure 8 shows the velocity field for the case of 0.5 l/s inlet flow rate and 10kW heat 
load, as a result of 2DMOTH simulation. The simulation result shows Buoyancy dominated 
flow. The jet reversal angle in 2DMOTH simulation was 28.5o, while that of experiment was 
30o. This discrepancy is thought to come from the assumptions made in simulation, 
geometric simplifications around the inlet nozzles, and usage of a two-dimensional CFD 
code.

Figure 9 presents the normalized temperature distribution for the case of 0.5 l/s inlet 
flow rate and 10kW heat load, as a result of 2DMOTH simulation. The normalized 
temperature is defined by 

inletoutlet

inlet
N TT

TT
T

−
−

=  .                                         (20) 

Table 4 presents the comparison of some temperature parameters between the 
experimental measurement and the simulation using 2DMOTH code. The average error 
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between the measurement and simulation was 0.64 oC (5.2% of temperature range), and the 
maximum error was 1.9 oC (15.5% of temperature range). 

Table 4: Comparison of Temperatures Between Measurement and Simulation 
 Prediction 

(2DMOTH) 
Measurement (after 4hours of continuous 
quasi-steady state operation) 

Inlet Temperature, Tinlet 30oC 28.7oC
Outlet Temperature, Toutlet 34.9 oC 34.3 ~ 34.5 oC (accuracy= ± 0.2 oC) 
Maximum Temperature, Tmax 40.4 oC 41 oC
∆ T = Toutlet - Tinlet 4.9 oC 5.7 oC (accuracy= ± 2.0 oC)

Figure 8: Velocity Field of 0.5 l/s Flow Rate and 10kW Heat Load, Using 2DMOTH 
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Figure 9: Normalized Temperature Isotherms of 0.5 l/s Flow Rate and 10kW Heat Load, 
Using 2DMOTH 

4.2 PHOENICS(Parabolic, Hyperbolic, or Elliptic Numerical Code  
Integration Series) SIMULATION 

PHOENICS is general-purpose fluid flow and heat transfer analysis code made by 
CHAM Ltd.(U.K.). In this simulation, high-Reynolds number version of εκ −  model with 
wall function was adapted as a turbulent modeling as like 2DMOTH simulation. To account 
for the Buoyancy effects, Boussinesq’ Approximation was used under the assumption that 
density is linearly proportional to temperature. 

For the test of 0.5 l/s inlet flow rate and 10kW heat load, both two-dimensional and 
three-dimensional computations were attempted. The width of inlet nozzles was 0.15 m, and 
the width of Calandria tank was 0.24 m. For two-dimensional simulation, the total heat load 
(10kW) was assumed to be applied to the cylinder of 0.3 m diameter and 0.15 m 
width(length in axial direction). The calculated volumetric heat generation rate for 2D 
simulation was 0.24 MW/m3. For 3D simulation, the same grid in x- y plane was used, but 8 
more slices were inserted in axial direction(z-direction). In 3D computation, the total heat 
load (10kW) was assumed to be applied to the cylinder of 0.3 m diameter and 0.24 m 
width(length in axial direction). Thus, the volumetric heat generation rate became 0.15 
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MW/m3. Table 5 summarizes the geometric modeling and boundary conditions for each 
simulation. 

The simulation results by using PHOENICS code are presented in Fig. 10 through 
Fig. 13. Figure 10 and figure 11 are the velocity field and temperature distribution of 
two-dimensional simulation, in which the total heat load(10.3kW) was redistributed into the 
smaller region, while Fig. 12 and Fig. 13 are the velocity field and temperature distribution 
of three-dimensional simulation. Therefore, temperature of Fig. 11 shows higher maximum 
temperature than Fig. 13. Reverse angle in figure 12 (3D PHOENICS) is more close to the 
experimental value than Fig. 13 (2D PHOENICS). The results of 2-D and 3-D PHOENICS 
simulations are almost identical. Both PHOENICS simulations gave overall higher 
temperature than the measured temperature. 

Table 5: Geometric Model and Boundary Conditions for Simulations 

2DMOTH [2] PHOENICS [3] 

Tank Radius [m] 0.37 0.37 
Radius of Porous Media [m] 0.30 0.3 

Volume Porosity 0.8037 0.8 
Volumetric Flow Rate 5.x10-4 m3/s (total) 0.5 l/s 

Inlet Nozzle Velocity [m/s] 0.132 0.13 
Inlet Temperature [oC] 30 28.7 
Total Heat Load [kW] 10 10.3 

Grid Polar grid Polar grid (56 angular x 28 radial 
subdivisions) 
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Figure 10: Velocity Field of 0.5 l/s Flow Rate and 10.3kW Heat Load, from 2D PHOENICS 
Simulation 

Figure 11: Temperature Distribution of 0.5 l/s Flow Rate and 10.3kW Heat Load, from 2D 
PHOENICS Simulation 
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Figure 12: Velocity Field of 0.5 l/s Flow Rate and 10.3kW Heat Load, from 3D PHOENICS 
Simulation 

Figure 13: Temperature Distribution of 0.5 l/s Flow Rate and 10.3kW Heat Load, from 3D 
PHOENICS Simulation 
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5.1  MODELLING DETAILS AND ASSUMPTIONS 

In CFX-4.3 simulation of the SPEL experiments, all dimensions are as close to the 
experimental setup as possible. The tank radius is taken to be 0.37 m and the radius of the 
porous medium representing the tube bank to be 0.3 m The span-wise length of the tank is 
0.254 m as like the real experimental apparatus. The inlet nozzles with span-wise length of 
0.15 m and with width of 0.0126 m are located at 0.325 m away from the center, 12o above 
the horizontal center plane. The outlet is set as a pressure boundary condition. So, the outlet 
needs not to be exactly same as the experimental setup. The outlet has the length of 0.15 m 
and the width of 0.077 m, which is larger than real dimensions. 

The working fluid is water at 1 atm. The properties are set uniform and constant, 
independent of temperature and pressure, because the variations of pressure and temperature 
are relatively small over the domain. The wall boundary condition is not set to be adiabatic, 
in order to simulate the real experimental situation. Thus, a little amount of heat transfer 
through the circumferential wall is allowed. 

For the thermal hydraulic analysis of CANDU moderator, the general purpose CFD 
code, CFX-4.3(CFX International), is used to solve coincidently continuity equation, 
momentum equations and energy equation. The finite-volume method is used. All terms in 
all the equations are discretized in space using second-order centred differencing apart from 
the advection terms. The treatment of the advection terms determines the accuracy of the 
solutions of the model equations. The advection terms are discretized by Hybrid differencing 
scheme, which is first-order accurate. The flow is assumed to be steady, incompressible and 
single-phase. The buoyancy effects are accounted for by the Boussinesq approximation. 
SIMPLEC algorithm is used, which is recommended for the flow with strong Buoyancy 
effect. For the analysis of turbulent flows, the standard k-ε  turbulence model associated 
with logarithmic wall treatment is used. CFX-4.3 uses the body-fitted grid with Rhie-Chow 
interpolation rather than the staggered grid to simulate effectively the three-dimensional fluid 
flow in the complex geometry. The matrix of calandria tubes is simplified by the porous 
media approach [6]. The radius of the porous medium representing the tube bank is taken to 
be 0.3 m, so that the calculated volume porosity of current study is 0.8037. 

Figure 14 shows the structured multi-block grid used in the CFX-4.3 simulation. For 
saving the computing time, only half of the full Calandria tank is utilized as the simulation 
domain. This is possible, because the symmetry of the computed flow field was checked by 
performing the formal simulations with full cylindrical domain. The numbers of cells in I-, 
J- and K-direction are 30, 24 and 9 each, where I is in angular direction, J is in radial 
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direction and K is in span-wise direction. The total number of cells is therefore 6480. A 
adiabatic pipe with a radius of 0.005 m is inserted into the center-line( x = y = 0.0 ) to avoid 
the singularity. 

The hydraulic resistance (impedance) of the porous region is put as a function of 
local mean velocity using the options provided by CFX-4.3. The calculation procedure to 
account for hydraulic resistance is presented in Section 2.2. Inlet nozzles are simplified by 
using a solid patch and a surface patch, so that only nozzle end part appears in the grid with 
the size of 2x2x5 (IxJxK) cells. The inlet velocity is 0.13m/s at the angle of 14o from the 
vertical direction, which corresponds to the mass flow rate of 0.5 l/s with the given inlet 
nozzle area and fluid density. The inlet fluid temperature is 30oC (303oK), with a total heat 
load of 10kW. 

This steady state computation using CFX-4.3 was performed in HP-C3600 
workstation. The convergence criterion was the largest residual of 10-3 for enthalpy and 10-7

for mass. Because energy equation and momentum equations are strongly interrelated in this 
computation, the algebraic multi-grid solver and false time stepping technique were adapted 
to accelerate converging speed for energy equation. The number of steady computation 
iteration was about 60,000~80,000. 

5.2  RESULTS AND COMPARISON 

Figure 15 is the results from CFX-4.3 simulations, using calculated hydraulic 
resistances. The velocity fields and temperature distributions are well matched with 
experimental results and the previous simulations except near inlet nozzles. In Fig. 15(a), the 
cold injected fluid through the inlet nozzles changes its direction toward downward due to 
the compression of hot fluid from the top of the Calandria vessel. The reversed fluid goes 
down to the bottom, guided by circumferential lower vessel wall. Most of these cold fluids 
at the bottom go out through the outlet, while some goes up into the vacancy that is caused 
by the elevation of heated fluid inside porous region. Inside the central porous region, the 
elevation of hot fluid is induced by Buoyancy forces, and moving speed is relatively slow 
because of hydraulic resistance. In Fig. 15(b), temperature distribution shows steep change 
of temperature around the jet reversal area, where cold fluid from inlet jet and hot fluid from 
the top meet together. Along the lower circumferential vessel wall, lowest temperature area 
exists. Because some cold fluids go up from the bottom of the vessel, the isotherms at lower 
center region show the shape of a upward convex. At the central area and upper area, the 
isotherms indicate that the fluids in these area are stratified. 

In this study, the square pitch to tube diameter ratio equals 1.97(pitch = 0.075m & 
tube diameter = 0.038m). For large P/D ratio(> ~2.0), the distance between tubes are large 
enough that the effect of staggering is not important(Hadaller et al. [5]). Thus, it is assumed 
that the fluid flow at any angle inside the porous region experiences the same pressure drop 
if having the same velocity magnitude. That is, the hydraulic resistance of x-y plane is 
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isotropic. 
Figure 16 to figure 19 show the comparison of temperatures at the locations of the 

measuring ports from current simulation with the experimental results and the previous 
simulation results. For the CFX-4.3 simulation results of figure 16, the step-wise 
temperature increases at the distance of about 0.37 m from the bottom shell wall are caused 
by the existence of the adiabatic pipe for avoiding singularity. The CFX-4.3 simulation 
results show that the temperatures at the locations of port 1 to port 7 are well matched with 
the experimental results, within less than 2oC maximum error conservatively.  

Table 6. Comparison of Temperatures and Jet Reversal Angles 

SPEL experiments CFX-4.3 simulation 2DMOTH 
simulation 

Inlet Temperature 28.7oC 30.0oC 30oC

Outlet Temperature 34.3 ~ 34.5oC
( ± 0.2oC) 34.7oC 34.9oC

Maximum Temperature 41oC 40.4oC 40.4oC

inletToutletTT −=∆ 5.7oC ( ± 2.0oC) 4.7oC 4.9oC

Jet Reversal Angle 30o 30o 28.5o
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(a) Grid in x-y plane                        (b) Grid in y-z plane 
Figure 14: Structured Multi-Block (Coarse) Grid Used in CFX-4.3 Simulation 

*The Coordinates signs at the left lower corners are not correct.
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Figure 15: Simulation Results Using CFX-4.3: 0.5 l/s Flow Rate and 10.0kW Heat Load 
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Figure 16: Measured and Predicted Temperatures at Port 4, 0.5 l/s Flow Rate, 10 kW Heat 
Load

Figure 17: Measured and Predicted Temperatures at Port’s 3 & 5, 0.5 l/s Flow Rate, 10 kW 
Heat Load 
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Figure 18: Measured and Predicted Temperatures at Port’s 2 & 6, 0.5 l/s Flow Rate, 10 kW 
Heat Load 

Figure 19: Measured and Predicted Temperatures at Port’s 1 & 7, 0.5 l/s Flow Rate, 10 kW 
Heat Load  
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5.3  RESULTS USING ADIABATIC WALL BOUNDAY  
CONDITION 

Another important fact found is that the circumferential wall boundary conditions 
should not be adiabatic in simulation. At early stage of this study, adiabatic wall boundary 
conditions were tried, but it was difficult to get a required velocity field. And rather the flow 
pattern went to be more like momentum-dominated flow pattern in the given geometry, in 
which the injected fluids meet at the top-center position and go down through central region 
of the tank. Thus, we can conclude that so-called ‘Buoyancy-dominated flow pattern’ in this 
study and other previous studies([1], [2], & [3]) is the unique flow pattern when the 
circumferential wall works as a heat sink.  

After getting the converged solution with non-adiabatic circumferential wall 
boundary conditions, the simulation with the adiabatic wall boundary conditions was tried 
again from an initial condition of the converged solution. In this case, the 
Buoyancy-dominated flow pattern was maintained, but the magnitudes of outer-most 
velocity vectors near the circumferential wall were no longer larger than inner velocity 
vectors. Figure 20 shows the results from the simulation with adiabatic wall boundary 
condition from the initial condition of the converged solution. Careful comparison with Fig. 
15 gives an idea of the differences between the two different wall boundary conditions. 
From this observation, it is clear that non-adiabatic circumferential wall boundary condition 
was used in the simulations of previous studies even though it had not been clear stated in 
those papers([1], [2], & [3]). 
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Figure 20: Simulation Results Using CFX-4.3 – Adiabatic Circumferential Wall Boundary  
Condition with the Initial Condition of Previous Converged Solution 
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5.4  RESULTS USING ANOTHER GRID STRUCTURE 

To check the effect of the adiabatic pipe and the selection of porous region, a new 
grid is generated and examined. Figure 21 gives an idea how to set the porous region 
boundary in the new gird by comparing the porous region boundaries between old and new 
grids. From the visualization result of Buoyancy-dominated flow pattern(right hand side of 
Figure 3), it is observed that most reversed fluids go down passing outside the outer-most 
column of heating pipes. Thus, in order to insure this free space area, this reversed flow 
passage is included into the reflector region, not porous region. With this new allocation of 
porous region, the total volume of porous region is changed so that the associating porous 
region parameters are also changed. The volume porosity is 0.7812. 

Figure 22 shows the new multi-block grid. A square block is inserted to remove the 
singular point. In the new grid, total number of cells is totally 15,912 cells, which consists of 
36x22x17=13,464 cells in surrounding blocks and 17x12x12=2,448 cells in the center block. 

Figure 23 shows the velocity field and temperature distribution of CFX-4.3 
simulation with new grid. Overall trends of flow and temperature are the same as Fig. 15. 
Especially, the temperature and velocity fields near the center region are almost the same as 
the simulation using the grid of Fig. 14. 

From the study of this section, it is concluded that the existence of adiabatic pipe at 
the center region does not effect on the simulation results. 
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Figure 21: Comparison of Porous Region Boundaries Between Old and New Geometry 

(a) Porous Region for the Old Grid
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(a) Grid in x-y plane                          (b) Grid in y-z plane 
Figure 22: New Structured Multi-Block Grid Used in CFX-4.3 Simulation 

*The Coordinates signs at the left lower corners are not correct.
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Figure 23: Simulation Results Using CFX-4.3 with New Grid: 0.5 l/s Flow Rate and 10.0kW 
Heat Load 
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In this study, the moderator analysis model using CFX-4.3 for the CANDU-6 nuclear 
reactor is established and validated with SPEL experiments. The conclusions of this study 
are summarized as follows, 
( ) The temperature distribution and velocity field of the simulation results match well 

with experimental temperature measurements and flow visualization. In the whole 
domain, the maximum temperature disagreement between current simulation results 
and experimental data is less than ± 2.0oC.

( ) Out of several available correlations for the hydraulic resistance in porous media, 
Idelchik & Szymanski’s, Eq. (18) & (19), gives the best agreement with SPEL 
experimental data. 

( ) The current model is proven to be a good analytical tool for the prediction of moderator 
temperatures as efficient as the previous models based on 2DMOTH and PHOENICS 
codes.

Higher-order accurate scheme for the advection term will be tested, to reduce the 
discretization error and computing expenses. Turbulent model also affect the flow pattern, 
especially strongly near the inlet jet. Turbulent modeling error will be tested using different 
turbulent models and the associated wall treatments. 
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CFX-4.3 COMMAND FILE 
USED IN THIS STUDY
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 CFX-4.3  COMMAND FILE .
>>OPTIONS , , , .
>>MODEL TOPOLOGY  PATCH

 >>MODEL BOUNDARY CONDITIONS
.  CFX-4.* .  >>MODEL 

DATA , .  >>PHYSICAL 
PROPERTIES  >>FLUID PARAMETERS , CFX-4.3

 PCP .
.  >>TURBULENT PARAMETERS ,
,  Prandtl .

 >>SOLVER , ,
, >>MODEL TOPOLOGY ,

.  >>OUTPUT OPTIONS
.

>>CFX4 
>>SET LIMITS 

    TOTAL INTEGER WORK SPACE 2000000 
    TOTAL CHARACTER WORK SPACE 16000 
    TOTAL REAL WORK SPACE 2000000 
    MAXIMUM NUMBER OF PATCHES 100 
  >>OPTIONS 
    THREE DIMENSIONS 
    BODY FITTED GRID 
    CARTESIAN COORDINATES 
    POROUS FLOW 
    TURBULENT FLOW 
    HEAT TRANSFER 
    INCOMPRESSIBLE FLOW 
    BUOYANT FLOW 
    STEADY STATE 
  >>USER FORTRAN 
    USRBF 
    USRPRT 
>>MODEL TOPOLOGY 
  >>CREATE PATCH 
    PATCH NAME 'WALLTOP' 
    BLOCK NAME 'BLOCK-NUMBER-1' 
    PATCH TYPE 'WALL' 
    PATCH LOCATION 1 30 1 24 1 1 
    LOW K 
  >>CREATE PATCH 
    PATCH NAME 'WALLBOTTOM' 
    BLOCK NAME 'BLOCK-NUMBER-1' 
    PATCH TYPE 'WALL' 
    PATCH LOCATION 1 30 1 24 9 9 
    HIGH K 
  >>CREATE PATCH 
    PATCH NAME 'WALL1' 
    BLOCK NAME 'BLOCK-NUMBER-1' 
    PATCH TYPE 'WALL' 
    PATCH LOCATION 1 29 24 24 1 9 



 38

    HIGH J 
  >>CREATE PATCH 
    PATCH NAME 'PRESS' 
    BLOCK NAME 'BLOCK-NUMBER-1' 
    PATCH TYPE 'PRESSURE BOUNDARY' 
    PATCH LOCATION 30 30 24 24 3 7 
    HIGH J 
>>MODEL DATA 
  >>AMBIENT VARIABLES 
    U VELOCITY 0.0000E+00 
    V VELOCITY 0.0000E+00 
    W VELOCITY 0.0000E+00 
    PRESSURE 0.0000E+00 
    K 1.0000E-04 
    EPSILON 1.0000E-04 
    TEMPERATURE 3.0600E+02 
  >>DIFFERENCING SCHEME 
    ALL EQUATIONS 'HYBRID' 
  >>SET INITIAL GUESS 
    >>INPUT FROM FILE 
      READ DUMP FILE 
      FORMATTED 
  >>SOURCES 
    PATCH NAME 'POROUS1' 
    ENTHALPY 1.390000E+05 0.000000E+00 
  >>WALL TREATMENTS 
    WALL PROFILE 'LOGARITHMIC' 
    NO SLIP 
  >>PHYSICAL PROPERTIES 
    >>BUOYANCY PARAMETERS 
      THERMAL EXPANSION COEFFICIENT 5.0000E-04 
      GRAVITY VECTOR 0.000000E+00 -9.800000E+00 0.000000E+00 
      BUOYANCY REFERENCE TEMPERATURE 3.0300E+02 
    >>FLUID PARAMETERS 
      VISCOSITY 8.5000E-04 
      DENSITY 1.0980E+03 
    >>HEAT TRANSFER PARAMETERS 
      THERMAL CONDUCTIVITY 6.0200E-01 
      FLUID SPECIFIC HEAT 4.200000E+03 
      ENTHALPY REFERENCE TEMPERATURE 3.0318E+02 
    >>POROUS REGION PARAMETERS 
      VOLUME POROSITY 8.0370E-01 
    >>TURBULENCE PARAMETERS 
      >>TURBULENCE MODEL 
        TURBULENCE MODEL 'K-EPSILON' 
>>SOLVER DATA 
  >>PROGRAM CONTROL 
    MAXIMUM NUMBER OF ITERATIONS 10000 
    PRESSURE REFERENCE POINT 9 11 2 
    MASS SOURCE TOLERANCE 1.0000E-06 
    ITERATIONS OF TURBULENCE EQUATIONS 1 
    ITERATIONS OF VELOCITY AND PRESSURE EQUATIONS 1 
    ITERATIONS OF TEMPERATURE AND SCALAR EQUATIONS 3 
    TRACE MAXIMUM RESIDUALS 
  >>EQUATION SOLVERS 
    K 'LINE SOLVER' 
    EPSILON 'LINE SOLVER' 
    ENTHALPY 'AMG' 
  >>PRESSURE CORRECTION 
    SIMPLEC 
  >>FALSE TIMESTEPS 
    U VELOCITY 0.1 
    V VELOCITY 0.1 
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    W VELOCITY 0.1 
    ENTHALPY 1.0000E-02 
  >>UNDER RELAXATION FACTORS 
    U VELOCITY 2.5000E-01 
    V VELOCITY 2.5000E-01 
    W VELOCITY 2.5000E-01 
    PRESSURE 1.0000E+00 
    VISCOSITY 3.0000E-01 
    K 2.0000E-01 
    EPSILON 2.0000E-01 
    TEMPERATURE 7.0000E-01 
    ENTHALPY 7.0000E-01 
>>MODEL BOUNDARY CONDITIONS 
  >>INLET BOUNDARIES 
    PATCH NAME 'INLET1' 
    U VELOCITY -2.8700E-02 
    V VELOCITY 1.1530E-01 
    W VELOCITY 0.0000E+00 
    TURBULENCE INTENSITY 3.7000E-02 
    DISSIPATION LENGTH SCALE 1.2500E-02 
    TEMPERATURE 3.0300E+02 
  >>PRESSURE BOUNDARIES 
    PATCH NAME 'PRESS' 
    PRESSURE 0.0000E+00 
  >>WALL BOUNDARIES 
    PATCH NAME 'WALLTOP' 
    HEAT FLUX -1.00E+02 
  >>WALL BOUNDARIES 
    PATCH NAME 'WALLBOTTOM' 
    HEAT FLUX -1.00E+02 
  >>WALL BOUNDARIES 
    PATCH NAME 'WALL1' 
    HEAT FLUX -3.00E+02 
>>OUTPUT OPTIONS 
  >>PRINT OPTIONS 
    >>WHAT 
      U VELOCITY 
      V VELOCITY 
      PRESSURE 
      VISCOSITY 
      K 
      EPSILON 
      TEMPERATURE 
    >>WHERE 
      K PLANES 5 
      ALL BLOCKS 
    >>WHEN 
      FINAL SOLUTION 
  >>DUMP FILE FORMAT 
    FORMATTED 
    SINGLE PRECISION 
>>STOP 
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CFX-4.3 USER SUBROUTINES 
USED IN THIS STUDY
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.
, USRTRN

, USRBF
 Hydraulic Resistance .

 2.2 .  COMMAND
,  USER AREA5 .

SUBROUTINE USRPRT(ICALL,IWHEN,IFLAGP,MPLANE,IPLANE  
     +                 ,CBLOCK,DUMMY,IPRV,IPRG  
     +                 ,U,V,W,P,VFRAC,DEN,VIS,TE,ED,RS,T,H,RF,AMF  
     +                 ,COMB,USRSCL,VFMUS  
     +                 ,XP,YP,ZP,VOL,AREA,VPOR,ARPOR,WFACT,CONV,IPT  
     +                 ,IBLK,IPVERT,IPNODN,IPFACN,IPNODF,IPNODB,IPFACB  
     +                 ,WORK,IWORK,CWORK)  
C
C+++++++++++++++++ USER AREA 5 +++++++++++++++++++++++++++++++++++++  
C
      IF (IWHEN.EQ.4) THEN  
      CALL IPREC('BLOCK-NUMBER-1','BLOCK','CENTRES',IPT,ILEN,JLEN,KLEN,  
     + CWORK,IWORK)  
      OPEN(18,FILE='TECOUT',STATUS='UNKNOWN')   
C
C        IFLAGP=1  
C
      CALL GETVAR('USRPRT','T      ',IT)  
      CALL GETVAR('USRPRT','U      ',IU)  
      CALL GETVAR('USRPRT','V      ',IV)  
      K=5  
      DO 100 J=1,JLEN  
       DO 100 I=1,ILEN  
        INODE=IP(I,J,K)  
        WRITE(18,*) XP(INODE),YP(INODE),U(INODE,1),V(INODE,1) 
     +   ,T(INODE,1)  
  100 CONTINUE  
      CLOSE(18)  
      ENDIF  
C
C+++++++++++++++++ END OF USER AREA 5 ++++++++++++++++++++++++++++++  
C
      RETURN  
      END 
C==================================================================      
C================================================================== 
      SUBROUTINE USRBF (IPHASE,BX,BY,BZ,BPX,BPY,BPZ 
     +                 ,U,V,W,P,VFRAC,DEN,VIS,TE,ED,RS,T,H,RF,SCAL 
     +                 ,XP,YP,ZP,VOL,AREA,VPOR,ARPOR,WFACT,IPT 
     +                 ,IBLK,IPVERT,IPNODN,IPFACN,IPNODF,IPNODB,IPFACB 
     +                 ,WORK,IWORK,CWORK) 
C
C+++++++++++++++ USER AREA 5 ++++++++++++++++++++++++++++++++++++++ 
C

CALL IPREC('BLOCK-NUMBER-1','BLOCK','CENTRES',IPT 
     +              ,ILEN,JLEN,KLEN,CWORK,IWORK) 
      CALL GETVAR('USRBF','U      ',IU) 
      CALL GETVAR('USRBF','V      ',IV) 
      CALL GETVAR('USRBF','W      ',IW) 
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C
      JST = 1 
      JFN = 16 
C
C     CONSTANTS FOR X-Y RESISTANCE AND Z RESISTANCE 
C
      CONSTXY=53896.6 
      CONSTZ=33.02 
C
      DO 203 K = 1, KLEN 
         DO 202 J = JST, JFN 
            DO 201 I = 1,ILEN 
               INODE = IP(I,J,K) 
               UVMEAN=SQRT(U(INODE,1)*U(INODE,1)+V(INODE,1) 
     +          *V(INODE,1)) 
               WMEAN=SQRT(W(INODE,1)*W(INODE,1)) 
               RESISXY=CONSTXY*UVMEAN**0.8345 
               RESISZ=CONSTZ*WMEAN 
               BPX(INODE) = BPX(INODE) - RESISXY 
               BPY(INODE) = BPY(INODE) - RESISXY 
               BPZ(INODE) = BPZ(INODE) - RESISZ 
  201       CONTINUE 
  202    CONTINUE 
  203 CONTINUE 
C
C+++++++++++++++++ END OF USER AREA 5 ++++++++++++++++++++++++++++++ 
C
      RETURN 
      END 
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