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요  약  문 
 

칼란드리아 관 주위에서 지역적 감속재 과냉각도를 평가하기 위해, 

CANDU 원자로 용기 안의 감속재 순환을 예측하기 위한 전산유체역학 모델이 

개발되었다. 내부 가열에 의해 유도된 부력의 영향은 Buossinesq 근사법에 의해 

고려되었다. 주입노즐로부터 난류 제트 유동을 예측하기 위해, 기본적인 k- ε  

난류 모델과 Logarithmic 벽면 처리가 사용되었다. 노심 영역의 칼란드리아 

관들의 행렬은 다공성 매질로 단순화되었는데, 이 영역에 주어지는 비-등방성의 

수력학적 저항은 마찰력에 의한 압력강하 실험식을 사용하여 처리하였다. 

얻어진 지배 방정식은 AEA Technology 에 의해 개발된 상용 전산유체역학 코드인 

CFX-4 를 사용하여 풀었다. 개발된 전산유체역학 모델은, 카나다, Ontario, 

Hamilton 에 소재한 Stern Laboratories Inc.(SLI)에서 얻어진 실험 자료를 

대상으로 하여, 검증(verification) 및 적용 타당성 검토(validation)를 

성공적으로 완료하였다. 
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ABSTRACT 

 

A computational fluid dynamics model for predicting the moderator circulation 
inside the Canada deuterium uranium (CANDU) reactor vessel has been developed to 
estimate the local subcooling of the moderator in the vicinity of the Calandria tubes. The 
buoyancy effect induced by internal heating is accounted for by Boussinesq approximation. 
The standard k-ε  turbulence model associated with logarithmic wall treatment is applied to 

predict the turbulent jet flows from the inlet nozzles. The matrix of the Calandria tubes in the 
core region is simplified to porous media, in which an-isotropic hydraulic impedance is 
modeled using an empirical correlation of the frictional pressure loss. The governing 
equations are solved by CFX-4.4, a commercial CFD code developed by AEA technology. 
The CFD model has been successfully verified and validated against experimental data 
obtained in the Stern Laboratories Inc. (SLI) in Hamilton, Ontario. 
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1. INTRODUCTION 

 
For some loss of coolant accidents with coincident loss of emergency core cooling in 

a CANDU-6 reactor, fuel channel integrity depends on the capability of the moderator (D2O) 
to act as the ultimate heat sink. 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 the available local moderator subcooling. 
Higher moderator temperatures (lower subcooling) would decrease the margin of the 
Calandria tubes from dryout in the event of PT/CT contact. It is one of the major concerns in 
safety analyses to estimate the local subcooling of the moderator inside Calandria vessel 
under postulated accident scenarios, because only temperatures at inlets and outlets can be 
measured in real CANDU reactors. The objectives of this study are to develop a CFD model 
for predicting CANDU-6 moderator temperatures and to validate the model against available 
experimental data. 

In 1983, Quraishi 1 worked on experimental and computational studies on the fluid 
circulation inside a Calandria-like cylindrical tank. Even though the experimental test 
section was not a scaled from any existing CANDU reactor vessel, the test facility had 
essential features of a typical CANDU reactor Calandria cross section so that three clearly 
classified flow patterns could be observed depending on the ratio of volumetric flow rate to 
heat load. 

Carlucci and Cheung 2 investigated the two-dimensional flow of internally heated 
fluid in a circular vessel to study the flow patterns inside a Calandria vessel. There was a 
matrix of heating pipes in the center region of the circular vessel, and the vessel had two 
inlet nozzles at the sides and outlets at the bottom of the vessel. It was observed that the flow 
pattern inside the circular vessel was determined depending on the ratio of the characteristic 
buoyancy to inertia forces, the non-dimensional Archimedes number (Ar), for the given 
geometry. Two distinct types of flow patterns were observed; jet-momentum-dominated for 
low Ar and buoyancy-dominated for high Ar. There was a transition range of Ar numbers 
that represented a ‘non-symmetric’ jet-momentum-dominated flow pattern between the 
jet-momentum-dominated and the buoyancy-dominated flow patterns. It was also observed 
that the resultant steady-state flow pattern could be oscillating between the 
buoyancy-dominant flow and the momentum-dominated flow periodically in the condition 
of a certain range of the Archimedes number. 

Huget et al. 3,4,5 investigated experimentally the moderator circulation and 
temperature distribution of CANDU moderator under normal operating conditions and other 
conditions, using a 2-dimensional moderator circulation facility at the Stern Laboratories. 
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The cross section of this facility was a 1/4 scale of a real Calandria vessel, while the 
geometry and flow conditions were uniform in the axial direction. They also provided 
predicted velocity fields and temperatures for each test case, using MODTURC and 
MODTURC-CLAS (MODerator TURbulent Circulation Co-Located Advanced Solution). 

In 1995, the Canadian Nuclear Safety Commission (CNSC) found that the computer 
codes that predict moderator temperatures for these accidents had not been adequately 
validated, given the small safety margins that existed. Three-dimensional moderator 
circulation experiments are required to validate current analytical tools. According to the 
CNSC’s proposal, the 1/4-scale three-dimensional Moderator Temperature Facility (MTF) 
was built in the Chalk River Laboratory (CRL). Experimental studies have been performed 
for specific conditions at each power plant and the MODTURC-CLAS code was validated 
against this 3-dimensional experimental data in 1999. As a result, it was proven that the 
MODTURC-CLAS code predicted experimental data with good agreement for the 

CANDU-9 reactor. 6 
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2. MODEL DESCRIPTION 

 
For the thermal hydraulic analysis of the CANDU-6 moderator circulation, the 

general purpose CFD code, CFX-4.4(AEA Technology), is used to solve the continuity 
equation, momentum equations and energy equation coincidently by the finite-volume 
method. The advection terms are discretized by the first-order accurate Hybrid differencing 
scheme, while centred differencing schemes are used for the other terms. The flow is 
assumed to be steady, incompressible and single-phase. The SIMPLEC algorithm is used, 
which is recommended for a flow with strong Buoyancy effect. The Boussinesq 
approximation is applied to model buoyancy forces, in which density in the momentum 
source term is a linear function of temperature and is constant in other terms of the 
governing equations. The standard k-ε  turbulence model associated with logarithmic wall 

treatment is used, as the flow field is known to be turbulent. CFX-4.4 uses the body-fitted 
grid with the Rhie-Chow interpolation rather than the staggered grid to simulate effectively 
the three-dimensional fluid flow in complex geometries.  

The matrix of Calandria tubes in the core region is simplified by a porous media 

approach.7 The hydraulic resistance experienced by fluid flowing through the core region is 
accounted for as source terms of the momentum equations. In the simulation of CANDU-6 
moderator circulation and the prediction of local minimum subcooling of the moderator 
under normal operating conditions and LOCA transients, the resultant velocity fields and 
temperature predictions are sensitive to the hydraulic resistance correlations for the porous 
region which represents a matrix of the Calandria tubes. 

 

2.1 Hydraulic Resistance in the Porous Region 
 

The hydraulic resistance consists of two terms; the form drag term and the friction 
drag term. Neglecting the fact that hydraulic resistance is dependent on the attack angle 
between the flow direction and tube axis, the moderator fluid flow could be decomposed 
into axial and lateral flows conveniently. 

For axial flow, there is no form drag. Thus, once when we assume that we can 
decompose fluid flow into x, y, and z components, the hydraulic resistance of the axial flow 
could be expressed by the conventional correlations of frictional pressure loss in a 
cylindrical pipe. 

e
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where 

fricP∆  = frictional pressure loss ( N/m2 ), 
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z∆  = axial unit length (m ), 
f  = friction factor, 
ρ   = density ( kg/m3 ), 

zu  = axial component of velocity (m/sec ), 

eD       = hydraulic diameter (m). 
Friction factor, f , is calculated from the friction factor correlation for the flow 

inside circular pipes. For the turbulent flow of a low Reynolds number, 
25.0Re316.0 −⋅=f                                                   (2) 

Here, Reynolds number Re is defined by ν
ez Du . ν  is kinematic viscosity in m2/sec. 

For the transverse(lateral) flow across the tube bank, Hadaller et al. 8 investigated the 
pressure drop of fluid flows crossing staggered and in-line tube banks, in which the 
Reynolds number range is 2,000 to 9,000 and the pitch to tube diameter ratio(p/D) is 2.16. 
Figure 1 shows the measured pressure loss coefficient for the in-line and staggered 
configurations and their best fit. The standard deviation of the experimental data is estimated 
to be about 0.0091, assuming the averages to be the best-fit values. They concluded that for 
the given p/D ratio, the effect of staggering is not significant. The obtained empirical 
correlation for the pressure loss coefficient(PLC) is expressed as 

PLC 

2
V

ρN

P
2

m
r ⋅⋅

∆
≡  = 4.54 * Re-0.172 ,                                (3) 

where 
P = pressure ( N/m2 ), 
Nr = number of rows, 
Vm = velocity before obstruction. 
The hydraulic resistance source term in momentum equations are in a form of 

pressure drop per unit length. 

2
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P r   ,                                  (4) 

where L is length in meter. 
Here, LN r ∆ can be expressed as an inverse of the pitch of the tube bank and the 

Reynolds number is defined as νDmV . Note that Vm is the velocity before entering the 

tube bank and that Vm is different from the local moderator velocity in the core region of the 
CANDU Calandria vessel, Vc. 

cm VV Aγ=  ,                                                     (5) 
where Aγ  = area porosity. 

Decomposition of the pressure gradient per unit travel length gives 
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with θ  is the angle between the fluid velocity vector and x-axis and φ  is the angle 

between the fluid velocity vector and y-axis. 
Now, Eq. (4) can be implemented as forms of the bellows. 
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where subscript i denotes x or y component. 
Eq. (1) and eq. (8) are inserted into the momentum equations for the core region as 

source terms to represent the hydraulic resistance of the tube bank matrix. 
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Fig. 1 Experimental Data and Correlation of Pressure Loss Coefficient (from Ref. [8]) 
 
 

2.2  Verification of the CFD Model 
 
The test sections for deriving the experimental hydraulic resistance correlation (eq. 

3) are displayed in Figs. 2(a) and 2(b). To ensure that the physical model is correct, that the 
numerical implementation of the mathematical model is correct, and that the program solves 
the equations correctly, the same geometry of the in-line test section is generated as in Fig. 
2(c) using the porous media approach for the tube bank region. From the description of the 
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STERN test section, the computational domain is a 0.2856 meter-wide, 2 meter-long 
rectangular channel, with a thickness of 0.2 m. The staggered or in-lined tube bank of a 
0.0714 meter square pitch, in which the tube diameter is 0.03302 meter, is set to be a porous 
medium. The porosity of the tube bank region is estimated as 0.832. 

Three different test conditions are simulated using the developed CFD model. In the 
simulation the pressure loss terms in the momentum equations are implemented as a function 
of the local temperature and velocity components. Because the hydraulic resistance is 
roughly proportional to the square of the local velocity, the pressure drop of the higher 
Reynolds number is steeper. The test conditions and comparisons of the experimental and 
predicted pressure drops are summarized in Table I. The current prediction using CFX-4 
gives closer pressure drop values to the measured values between the first and the third 
pressure taps (PT1 & PT2), than the precious prediction using MODTURC. The percent 
differences between the measured and the currently predicted are well below 1.0 %, except 
in the lowest Re case. Considering that the experimental correlation is obtained from the 
fitting equation of the experimental data with a certain deviation, it is concluded that the 
hydraulic resistance source terms (eq. (8)) in the momentum equations are correctly 
implemented.  

The pressure drop per unit traveling length as expressed in eq. (8) depends on the 
working fluid’s properties. We can see that the hydraulic resistance of the porous region is 
sensitive to temperature variation. As temperature increases, the pressure loss decreases due 
to the density and viscosity changes. This observation is well matched with the fact that the 
hydraulic resistance of the cross flows to the tube banks increases during the heating 
processes and decreases during the cooling processes. 

 

Table I  Comparison of Measured and Predicted Pressure Drops 

 STERN T.P. 
326 STERN T.P. 299 STERN T.P. 

306 

Mass Flow [kg/s] 3.089 3.904 5.734 

Temp. [oC] 39.5 63.6 79.8 

Vm [m/s] 0.054 0.070 0.103 

Reynolds Number 2746 5237 9392 

Measurement, A 28.2 41.3 78.7 

CFX-4, B 27.6 41.2 79.3 

MODTURC 30.5 44.9 87.3 

∆P 
[Pa] 

| A – B | / A 2.13 % 0.242 % 0.762 % 
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Vm

(b) Staggered Configuration
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WALL PRESSURE TAPS
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Vm
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Perforated
Plate
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(c) Computational Domain for Verification

Porous
Medium

Fig. 2 Test Sections of the STERN Tube Bank Frictional Pressure Drop
Experiments and the Computational Domain for Verification
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3. VALIDATION OF THE MODEL AGAINST 

EXPERIMENTAL DATA 

 
Validation is a procedure to test the extent to which the model accurately represents 

reality. The small scale CANDU moderator experiments from Huget et al. 3,4,5 are used for 
validation. Figure 3 is a cross-sectional view of the test vessel in the Stern Laboratories Inc. 
(SLI) The moderator test vessel is a cylinder with a diameter of 2 m and a length of 0.2 m. 
The vessel does not have scaled geometry from actual CANDU reactors and is rather close 
to a thin axial slice of a CANDU-6 reactor. The working fluid is light water (H2O). In the 
core region, there is a matrix of 440 heating pipes, which have an outer diameter of 0.033 m 
with a lattice pitch of 0.071 m. The width of the nozzle slot is variable from 8 mm to 16 mm 
and located at the horizontal centerline. The inlet nozzles span the full thickness (0.2 m) of 
the test vessel. 

Measuring techniques used in these experiments are Laser Doppler Anemometry 
(LDA) for velocity measurements, T/C for temperature measurements, and a tracer 
technique using a PH indicator for flow visualization. Velocity measurements using LDA are 
obtained only for the isothermal test. The experimental data used for validation in this study 
are classified as the following three tests: 

- an isothermal test with the nominal flow rate of 2.4 kg/s and no heat load, 
- the nominal-conditions test with a flow rate of 2.4 kg/s and a heat load of 100 kW, 
- a low-flow test with a flow rate of about 2.0 kg/s and the nominal heat load of 100 kW. 

The inlet temperature is maintained at 55oC for the nominal-conditions test and the 
low-flow test. 

The CFD model developed for the CANDU-6 moderator temperature prediction is 
used for the SLI simulation. A set of multi-block structured grids are generated and YPLUS 
values at the wall adjacent cell centroids are in the range of 20 ~ 150. 
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Fig. 3  Test Section of the STERN Lab. Experiments 
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3.1 Isothermal Test 
 

Figure 4 shows the velocity field of the isothermal condition on the center plane 
perpendicular to the z-axis, simulated by CFX-4. The flow pattern for the isothermal test is 
jet-momentum-dominated. No heat is added so that no buoyancy force is applied to this fluid 
circulation. The injected fluids from the two inlet nozzles move up to the top and collide to 
create a stagnation point at the top of the vessel. The flow pattern consisted of two large, 
roughly equal, counter-rotating vortices with centers located close to the edge of the core and 
at angles of about 35o from the vertical, which agrees well with the experimental 
visualization observation. The symmetry of the velocity field is well maintained. 

In Figs. 5 to 7, the velocity components are compared with LDA velocity 
measurements, at the vertical centerline in the tube bank and at two radial locations (30o and 

60o from horizontal) in the jet development region. Kriging interpolation procedure 9 is 
adapted to calculate the velocity components at the required locations. Figures 5 and 6 show 
the tangential velocity profiles in the reflector region of the vessel along the radial lines 
displaced by 30o and 60o respectively from the horizontal centerline. Both the CFX-4 
prediction and the former MODTURC_CLAS predictions are compared with the LDA 
measurements. In Figs. 5 & 6, the current simulation using CFX-4 gives closer tangential 
velocity with the measurements. In Figure 5, the negative tangential velocities of the 
reflector region are observed near the core region, which is caused by the existence of large 
re-circulation flows. 

Figure 7 illustrates the vertical velocity profiles at the vertical centerline, in 
comparison to the experimental measurements and previous MODTURC_CLAS simulation 
results. The predictions of both codes are in good agreement with the experimental data. This 
comparison indicates that the empirical tube drag model for the core region in both the 
CFX-4 and MODTURC_CLAS codes under-predicts velocity magnitudes in the core region. 
The lower velocities in the core region generally would result in higher maximum 
temperatures when heat is generated, which is conservative from a subcooling viewpoint. 
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Fig. 4  Velocity Field of Isothermal Condition, Simulated by CFX-4 
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Fig. 5  Tangential Velocity Profiles 30o from Horizontal of Isothermal Condition 
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Fig. 6  Tangential Velocity Profiles 60o from Horizontal of Isothermal Condition 
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Fig. 7  Vertical Velocities at the Vertical Centerline of Isothermal Condition 
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3.2 Nominal-Conditions Test 
 

For a nominal-conditions test, the total flow rate is 2.4 kg/s, the corresponding inlet 
velocity is 1 m/s, and the inlet temperatures are 55oC. The predicted velocity field and 
temperature distribution by using CFX-4 is presented in Fig. 8. The flow pattern of a 
nominal-condition test is found to be ‘mixed-type’ (or non-symmetric 
jet-momentum-dominated flow pattern). In the results of a nominal-condition prediction, 
flow reversal is observed only in one side. The cold injected fluid from the other side inlet 
nozzle goes all the way through the upper reflector region, guided by the upper 
circumferential vessel wall. The two injected fluids meet together at an angle of about 30o 
over the horizontal centerline, where jet reversal occurs. The stagnation point observed in the 
test was at an angle of about 40o from the horizontal. The reversed fluid goes down to the 
bottom, guided by the circumferential lower vessel wall. The velocity vectors in most of the 
core region are sluggish and skewed upward. The temperature distribution shows a steep 
change of temperature around the jet reversal area. In this area the fluid from the other side 
nozzle, heated during travel, suppresses the cold injected fluid. The hottest spot is located at 
the upper center area of the core region, which slightly tilts to one side from the vertical 
centerline. The maximum temperature calculated by CFX-4 is about 73.8oC, while the 
measured maximum temperature is 72.4oC. 

Figure 9 shows the temperatures at a horizontal line (Y=0.57 m) in the 
nominal-condition test. The comparison of temperatures at the vertical centerline (X = 0 m) 
in the nominal-condition test is made in Fig. 10. The measured temperature and the predicted 
temperatures by MODTURC_CLAS computation using a 35X21 grid and a 51X25 grid are 
compared with the current simulation results. The predictions using the current model agree 
well with the trends of the measured temperature contour. 
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Fig. 8  Velocity Field and Temperature Distribution of Nominal Condition, Simulated by  

CFX-4 
 



 

 17

 

-1 .0 -0.8 -0.6 -0. 4 -0.2 0.0 0 .2 0.4 0.6 0. 8 1.0
58

60

62

64

66

68

70

72

74

 

 

Te
m

pe
ra

tu
re

 [
o C]

X Location [m]

 Measurements
 MOD TURC_CLAS (35X21)
 MOD TURC_CLAS (51X25)
 C FX-4

 
Fig. 9  Temperatures at the Horizontal Line(Y=0.57 m) of Nominal Condition 
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Fig. 10  Temperatures at the Vertical Line(X=0.0 m) of Nominal Condition 
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3.3 Low-Flow Test 
 

As shown in Fig. 11, the flow pattern for the low-flow test is buoyancy-dominated. 
The cold injected fluids through the inlet nozzles change their directions downward due to 
the suppression of hot fluid from the top of the test vessel. The reversed fluid goes down to 
the bottom, guided by the circumferential lower vessel wall. Most of these cold fluids at the 
bottom go out through the outlet, while some go up into the vacancy that is created by the 
elevation of the heated fluid inside the porous region. Inside the central porous region, the 
elevation speed of the hot fluid induced by the buoyancy forces is relatively slow because of 
the hydraulic resistance. 

The maximum temperature is 75.9oC at the top of the vessel. Huget et. al. 4 reported 
that measured temperatures at the very top of the vessel went up to 85oC and kept climbing 
until the test was terminated, with a stable flow pattern being maintained. They also found 
that the maximum temperature was 75oC for the coarse-mesh prediction and 81oC for the 
fine-mesh prediction. In the procedure for finding a steady-state solution in the current 
computation, the trials using other differencing schemes and grid structures result in 
numerical excursions or different maximum temperatures. In the experiments a steady state 
was unattainable, while a steady-state solution exists in the numerical predictions. The 
difference between the numerically steady solution and the experimental unstable condition 
could be explained by the modeling errors such as in the porous media approach and in the 
Boussinesq approximation. 
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Fig. 11  Velocity Field and Temperature Distribution of Low-Flow Condition, Simulated by  

CFX-4 
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4. CONCLUSIONS 

 
In this study, the 3-D CFD model for predicting local subcooling of the moderator in 

the vicinity of the Calandria tubes in the CANDU-6 reactor was developed using CFX-4.4. 
The developed model was verified and validated successfully against available experimental 
data. 
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본 절은 연구에 사용된 범용 CFX-4.4 코드의 COMMAND FILE 에 대한 예제이다. 
>>OPTIONS 에서는 문제정의, 사용 좌표계, 격자형태, 유동형태 따위를 정한다. 
>>MODEL TOPOLOGY 은 계산영역을 분할할 격자 수와 각 블록에 대한 PATCH
를 만들어 나중에 >>MODEL BOUNDARY CONDITIONS 에서 경계 값을 줄 수 있
도록 되어 있다. 이 모든 서브루틴은 CFX-4.*안에 있다. 다음으로 >>MODEL 
DATA 에서는 차분 기법, 유체 상태량을 기술한다. 유체 상태량은 >>PHYSICAL 
PROPERTIES의 서브루틴 >>FLUID PARAMETERS에서 설정하며, CFX-4.4에서 지
원하는 PCP 데이터를 이용할 수 있다. 그러나 사용할 수 있는 유체는 제한적이

다. 또한 >>TURBULENT PARAMETERS 에의 각 서브루틴에서 난류모델, 난류상

수, 난류 Prandtl 수 및 벽법칙에 대수방정식의 상수 값들을 설정할 수 있다. 다음

으로 >>SOLVER 에서는 수렴성 판단기준, 입력처리를 위한 알고리듬, 이완 계수

값, >>MODEL TOPOLOGY 에서 나눈 격자수에 해당하는 격자 간격, 그리고 경계

조건을 설정한다. 다음의 >>OUTPUT OPTIONS 는 결과파일에 쓰여질 변수들을 
선택한다. 
 

 
>>CFX4 
  >>SET LIMITS 
    TOTAL INTEGER WORK SPACE 2000000 
    TOTAL CHARACTER WORK SPACE 2000000 
    TOTAL REAL WORK SPACE 10000000 
    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 'PRESS' 
    BLOCK NAME 'BLOCK-NUMBER-1' 
    PATCH TYPE 'PRESSURE BOUNDARY' 
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    PATCH LOCATION 80 80 20 20 1 8 
    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-03 
    EPSILON 1.0000E-03 
    TEMPERATURE 3.0600E+02 
  >>DIFFERENCING SCHEME 
    ALL EQUATIONS 'HYBRID' 
  >>SET INITIAL GUESS 
    >>INPUT FROM FILE 
      READ DUMP FILE 
      FORMATTED 
/*    >>SET CONSTANT GUESS 
      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 3.1800E+02*/ 
>>SOURCES 
    PATCH NAME 'POROUS1' 
    ENTHALPY 2.25882E+05 0.000000E+00 
  >>WALL TREATMENTS 
    WALL PROFILE 'LOGARITHMIC' 
    NO SLIP 
  >>PHYSICAL PROPERTIES 
    >>BUOYANCY PARAMETERS 
      THERMAL EXPANSION COEFFICIENT 5.8352E-04 
      GRAVITY VECTOR 0.000000E+00 -9.800000E+00 0.000000E+00 
      BUOYANCY REFERENCE TEMPERATURE 3.4300E+02 
    >>FLUID PARAMETERS 
      VISCOSITY 4.0500E-04 
      DENSITY 9.7800E+02 
    >>HEAT TRANSFER PARAMETERS 
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      THERMAL CONDUCTIVITY 6.6100E-01 
      FLUID SPECIFIC HEAT 4.184000E+03 
      ENTHALPY REFERENCE TEMPERATURE 3.2800E+02 
    >>POROUS REGION PARAMETERS 
      VOLUME POROSITY 8.3000E-01 
>>TURBULENCE PARAMETERS 
      >>TURBULENCE MODEL 
        TURBULENCE MODEL 'K-EPSILON' 
>>SOLVER DATA 
  >>PROGRAM CONTROL 
    MAXIMUM NUMBER OF ITERATIONS 100 
    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 20 
    TRACE MAXIMUM RESIDUALS 
  >>EQUATION SOLVERS 
    K 'LINE SOLVER' 
    EPSILON 'LINE SOLVER' 
    ENTHALPY 'AMG' 
  >>FALSE TIMESTEPS 
    U VELOCITY 1.0000E-01 
    V VELOCITY 1.0000E-01 
    W VELOCITY 1.0000E-01 
    ENTHALPY 1.0000E-01 
  >>PRESSURE CORRECTION 
    SIMPLEC 
  >>UNDER RELAXATION FACTORS 
    U VELOCITY 1.000E-01 
    V VELOCITY 1.0000E-01 
    W VELOCITY 1.0000E-01 
    PRESSURE 1.0000E+00 
    VISCOSITY 1.5000E-01 
    K 1.5000E-01 
    EPSILON 1.5000E-01 
    TEMPERATURE 6.5000E-01 
    ENTHALPY 6.5000E-01 
>>MODEL BOUNDARY CONDITIONS 
  >>INLET BOUNDARIES 
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    PATCH NAME 'INLET1' 
    NORMAL VELOCITY 1.0200E+00 
    TURBULENCE INTENSITY 3.7000E-02 
    DISSIPATION LENGTH SCALE 6.2000E-03 
    TEMPERATURE 3.2800E+02 
  >>INLET BOUNDARIES 
    PATCH NAME 'INLET2' 
    NORMAL VELOCITY 1.020E+00 
    TURBULENCE INTENSITY 3.7000E-02 
    DISSIPATION LENGTH SCALE 6.2000E-03 
    TEMPERATURE 3.2800E+02 
  >>PRESSURE BOUNDARIES 
    PATCH NAME 'PRESS' 
    PRESSURE 0.0000E+00 
>>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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APPENDIX B 

 

CFX-4.4 USER SUBROUTINES 
USED IN THIS STUDY 
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본 절은 연구에 사용된 사용자 포트란의 예이다. 본 연구에서는 두개의 사용자 
포트란이 사용되었는데, USRPRT 는 모사의 결과 중 속도와 온도 데이터를 
문서화에 적당한 형태로 출력하기 위해 사용되었고, USRBF 는 운동방정식에 
생성항의 형태로 Hydraulic Resistance 를 주기 위하여 사용되었다. 이 저항 값의 
계산은 2.1 절에 기술되어 있다. 각 서브루틴의 선언문과 COMMAND 문 등은 
생략되었고, 연구를 위해 변경된 USER AREA5 만을 아래에 실었다. 

 

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  

(Omitted Statements, User area 1 ~ 3) 
C+++++++++++++++++ USER AREA 4 +++++++++++++++++++++++++++++++++++++++++  

C---- TO USE THIS USER ROUTINE FIRST SET IUSED=1  

C  

       IUSED=1  

C  

C+++++++++++++++++ END OF USER AREA 4 ++++++++++++++++++++++++++++++++++  

C  

       IF (IUSED.EQ.0) RETURN  

C  

C---- FRONTEND CHECKING OF USER ROUTINE  

       IF (IUCALL.EQ.0) RETURN  

C  

       IF (ICALL.EQ.1) THEN  

C  

C+++++++++++++++++ USER AREA 5 +++++++++++++++++++++++++++++++++++++++++  

IF (IWHEN.EQ.4) THEN  

      OPEN(18,FILE='TECOUT',STATUS='UNKNOWN')   

      K=4  

      CALL IPREC('BLOCK-NUMBER-1','BLOCK','CENTRES',IPT,ILEN,JLEN,KLEN,   

     + CWORK,IWORK)   

 WRITE(18,*) 'VARIABLES="X","Y","U","V","T"'  

 WRITE(18,*) 'ZONE I=106, J=20, F=POINT'  

       DO 100 J=1,JLEN  

       DO 100 I=1,ILEN  

        INODE=IP(I,J,K)  
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        WRITE(18,*) XP(INODE),YP(INODE),U(INODE,1),V(INODE,1) 

     +   ,T(INODE,1)  

  100 CONTINUE   

C  

      CALL IPREC('BLOCK-NUMBER-2','BLOCK','CENTRES',IPT,ILEN,JLEN,KLEN,   

     + CWORK,IWORK)    

 WRITE(18,*) 'ZONE I=28, J=25, F=POINT'   

       DO 200 J=1,JLEN   

       DO 200 I=1,ILEN   

        INODE=IP(I,J,K)   

        WRITE(18,*) XP(INODE),YP(INODE),U(INODE,1),V(INODE,1)  

     +   ,T(INODE,1)   

  200 CONTINUE   

C 

      CLOSE(18)  

      ENDIF  

C  

C+++++++++++++++++ END OF USER AREA 5 ++++++++++++++++++++++++++++++++++  

C  

      ELSEIF (ICALL.EQ.2) THEN  

C  

ENDIF  

RETURN  

      END 

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 4 +++++++++++++++++++++++++++++++++++++++++ 

C 

       IUSED=1 

C 

C+++++++++++++++++ END OF USER AREA 4 ++++++++++++++++++++++++++++++++++ 

C 

       IF (IUSED.EQ.0) RETURN 

C 

IF (IUCALL.EQ.0) RETURN 

C 
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C+++++++++++++++++ USER AREA 5 +++++++++++++++++++++++++++++++++++++++++ 

C 

C  THIS ROUTINE IS ENTERED REPEATEDLY FOR EACH PHASE IN A MULTIPHASE 

C  CALCULATION. BODY FORCES CAN BE SET FOR A PARTICULAR PHASE USING 

C  THE VARIABLE IPHASE. EG. IF (IPHASE.EQ.2) WOULD ALLOW BODY FORCES 

C  FOR THE SECOND PHASE. 

C 

C----ADD USER-DEFINED BODY FORCES. 

C----EXAMPLE 2: LOCALISED RESISTANCE 

C 

C----USE IPREC TO FIND ADDRESSES 

C  

C  

C     CONSTANTS FOR X-Y RESISTANCE AND Z RESISTANCE  

C  

      DEN_USER(4)=992.3 

      DEN_USER(5)=990.9874 

      DEN_USER(6)=990.716 

      DEN_USER(7)=981.6895 

      DEN_USER(8)=977.7158 

      DEN_USER(9)=972.8484 

      DEN_USER(10)=966.6697 

      VIS_USER(4)=6.711E-04 

      VIS_USER(5)=5.596E-04 

      VIS_USER(6)=4.742E-04 

      VIS_USER(7)=4.078E-04 

      VIS_USER(8)=3.554E-04 

      VIS_USER(9)=3.135E-04 

      VIS_USER(10)=2.795E-04 

CONSTZ=32.07  

      PPOROSITY=0.83    ! POROSITY OF POROUS MEDIA 

      PITCH1=0.05049    ! PITCH OF STAGGERED CONFIGURATION [m] 

      PITCH2=0.0714     ! PITCH OF IN-LINE CONFIGURATION [m] 

C 

      OPEN(17,FILE='HISTORY',STATUS='UNKNOWN') 

      CALL IPREC('BLOCK-NUMBER-1','BLOCK','CENTRES',IPT 

     +              ,ILEN,JLEN,KLEN,CWORK,IWORK) 

      JFN = 6 

      DO 203 K = 1, KLEN 

         DO 202 J = 1, JFN 

            DO 201 I = 1, ILEN 

               INODE = IP(I,J,K) 
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C    CALCULATE DENSITY AND VISCOSITY  

               TCELCIUS=T(INODE,1)-273. 

               L1=INT(TCELCIUS/10.) 

               DEN1=DEN_USER(L1)+(TCELCIUS-L1*10.0)* 

     +                (DEN_USER(L1+1)-DEN_USER(L1))/10.0 

               VIS1=VIS_USER(L1)+(TCELCIUS-L1*10.0)* 

     +                (VIS_USER(L1+1)-VIS_USER(L1))/10.0 

               C1=4.54*(PPOROSITY*0.03302*DEN1/VIS1)**-0.172 

               C2=(DEN1*PPOROSITY*PPOROSITY)/2. 

               ANGLE=ATAN(ABS(U(INODE,1))/ABS(V(INODE,1))) 

               PITCH=PITCH1+(PITCH2-PITCH1)  

     +          *(ABS(ANGLE-ATAN(1.))/ATAN(1.)) 

               CONSTXY=C1*C2/PITCH 

C 

               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**0.828 

               RESISZ=CONSTZ*WMEAN 

               BPX(INODE) = BPX(INODE) - RESISXY 

               BPY(INODE) = BPY(INODE) - RESISXY 

               BPZ(INODE) = BPZ(INODE) - RESISZ 

  201       CONTINUE 

  202    CONTINUE 

  203 CONTINUE 

      WRITE(17,*) I,J,K,DEN1,VIS1,ANGLE,PITCH,CONSTXY 

C  

      CALL IPREC('BLOCK-NUMBER-2','BLOCK','CENTRES',IPT  

     +              ,ILEN,JLEN,KLEN,CWORK,IWORK)  

      DO 303 K = 1, KLEN  

         DO 302 J = 1, JLEN  

            DO 301 I = 1, ILEN  

               INODE = IP(I,J,K)  

C    CALCULATE DENSITY AND VISCOSITY  

               TCELCIUS=T(INODE,1)-273.  

               L1=INT(TCELCIUS/10.)  

               DEN1=DEN_USER(L1)+(TCELCIUS-L1*10.0)*  

     +                (DEN_USER(L1+1)-DEN_USER(L1))/10.0  

               VIS1=VIS_USER(L1)+(TCELCIUS-L1*10.0)*  

     +                (VIS_USER(L1+1)-VIS_USER(L1))/10.0  

               C1=4.54*(PPOROSITY*0.03302*DEN1/VIS1)**-0.172  

               C2=(DEN1*PPOROSITY*PPOROSITY)/2.  
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               ANGLE=ATAN(ABS(U(INODE,1))/ABS(V(INODE,1)))  

               PITCH=PITCH1+(PITCH2-PITCH1)  

     +          *(ABS(ANGLE-ATAN(1.))/ATAN(1.))  

               CONSTXY=C1*C2/PITCH  

C 

               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**0.828  

               RESISZ=CONSTZ*WMEAN  

               BPX(INODE) = BPX(INODE) - RESISXY  

               BPY(INODE) = BPY(INODE) - RESISXY  

               BPZ(INODE) = BPZ(INODE) - RESISZ  

  301       CONTINUE  

  302    CONTINUE  

  303 CONTINUE  

      CLOSE(17) 

C 

C+++++++++++++++++ END OF USER AREA 5 ++++++++++++++++++++++++++++++++++ 

C 

      RETURN 

      END 
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