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요약 문 

 
압력관이 변형되고 노후화된 중수로 핵연료채널에서의 post-blowdonw 해석용 CFD 

입력 모델을 개발하고, 이를 고온 열화학 실험인 CS28-2 모사를 통해서 검증하였다. CS28-2 

실험은 CANDU형 원자로의 대형배관 파단사고시 냉각재가 고갈되어서 저유량의 증기 냉각이 

일어날 때 핵연료채널내 28개 연료봉이 고온화학반응을 일으키는 현상을 모사하는 3개의 

실험군들 중의 하나이다. 이러한 이유로 인해 본 연구에서는 채널내 여러 개 링배열에서의 

복사열전달, 대류열전달, 그리고 지르코늄-증기 화학반응을 중점적으로 해석하였다. 해석 CFD 

코드인 ANSYS 사의 CFX-10에 포물선 반응 법칙을 바탕으로 한 지르코늄-증기 화학반응 

모델을 적용하였고 그밖의 28개 봉에서의 열전달 모델은 CFX-10 고유의 열전달 패키지들을 

사용하였다. CFX-10 코드로 28봉 채널내에서의 열화학반응 현상을 모사하는 능력을 검증하기 

위해서 CS28-2 실험 데이터인 3개 링에서의 가열봉 온도, 압력관 온도, 그리고 수소생성량  

등을 CFX-10 계산 결과와 비교하였다. 

실험데이타와 CFX-10 계산값을 비교한 결과, 근소한 차이를 제외하고는 Urbanic-

Heidric 지르코늄-증기 화학반응 모델과 DTM 복사 열전달 모델을 채용한 CFX-10의 계산 

결과가 실험결과와 잘 일치하였다. 이로써, CS28-2실험에서와 같이 노후화된 중수로 핵연료 

채널에서 핵연료 다발이 변형된 경우, 이를 CFX-10 코드로 잘 모사할 수 있음을 보였다. 
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Summary 
 

A Computational Fluid Dynamics (CFD) model of a post-blowdown fuel channel analysis for 

aged CANDU reactors with crept pressure tube has been developed, and validated against a high 

temperature thermal-chemical experiment: CS28-2. The CS28-2 experiment is one of three series of 

experiments to simulate the thermal-chemical behavior of a 28-element fuel channel at a high 

temperature and a low steam flow rate which may occur in severe accident conditions such as a 

LBLOCA (Large Break Loss of Coolant Accident) of CANDU reactors. Pursuant to the objective of 

this study, the current study has focused on understanding the involved phenomena such as the thermal 

radiation and convection heat transfer, and the high temperature zirconium-steam reaction in a multi-

ring geometry. Therefore, a zirconium-steam oxidation model based on a parabolic rate law was 

implemented into the CFX-10 code, which is a commercial CFD code offered from ANSYS Inc., and 

other heat transfer mechanisms in the 28-element fuel channel were modeled by the original CFX-10 

heat transfer packages. To assess the capability of the CFX-10 code to model the thermal-chemical 

behavior of the 28-element fuel channel, the measured temperatures of the Fuel Element Simulators 

(FES) of three fuel rings in the test bundle and the pressure tube, and the hydrogen production in the 

CS28-2 experiment were compared with the CFX-10 predictions. 

In spite of some discrepancy between the measurement data and CFX results, it was found that 

the CFX-10 prediction based on the Urbanic-Heidrick correlation of the zirconium-steam reaction as 

well as the Discrete Transfer Model for a radiation heat transfer among the FES of three rings and the 

pressure tube are quite accurate and sound even for the offset a cluster fuel bundle of an aged fuel 

channel. 
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1. Introduction 

In a CANDU reactor the fuel and coolant are separated from the heavy-water moderator 

by horizontal fuel channels. Owing to this physical separation, even during a large break 

LOCA without an Emergency Core Cooling (ECC) injection, which corresponds to a dual 

failure accident, the decay heat from the fuel at an elevated high temperature can be 

discharged to the huge cool volume of a moderator via a radiation heat transfer. 

But there is one condition that the fuel temperature should be kept not so high to 

jeopardize the structural integrity of the fuel bundle and channel, but high enough to dissipate 

the decay heat via a radiation heat transfer. So it has been a great concern as to whether the 

fuel channel integrity can be maintained even if there is no effective ECC injection from a 

long term core cooling viewpoint. As a fuel and fuel channel can be disintegrated not only by 

melting, but also a metal-water reaction such as a zirconium-steam oxidation, it is very 

important to thoroughly understand a high-temperature fuel-channel behavior and to know the 

effectiveness of a moderator as a heat sink to demonstrate the safety of CANDU reactors 

during postulated accidents. 

To understand a fuel channel behavior during a LOCA condition, the CHAN thermal 

Chemical Experimental Program (Sanderson et al., 1991) has been carried out at the 

Whiteshell Laboratories in Canada. This program consists of several series of experiments: a 

single fuel element simulator (FES), 7-element, and 28-element tests (Mills et al., 1996). The 

CS28-2 experiment (Bayoumi and Muir, 1995) is one of the three experiments of the CS28-x 

series of experiments (CS28-1, CS28-2, and CS28-3) using a full scale horizontal fuel channel 

with a 28-element fuel bundle to simulate the actual geometry of a Pickering type CANDU 

reactor. One significant difference in the CS28-2 experiment from other series of CS28 

experiments is that the fuel bundle is located eccentrically, i.e. vertically offset in a horizontal 

fuel channel to simulate the actual aged fuel channel and/or ballooned fuel channel expected 

due to an overheating during a LOCA without an ECCS. The procedure of the CS28-2 

experiment consists of a low power phase (steady-state condition) and a high power phase 

(transient condition). Most of heat energy in the heater rods of the test section is removed by a 
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thermal radiation heat transfer during a low power phase. The temperature transient in the 28-

element bundle is affected by the amount of electrical power and the exothermic heat 

generated from the high temperature metal-water reaction in this bundle during a high power 

phase. 

Bayoumi and Muir (1995) intensively studied the CS28-2 experiment by employing the 

CHAN-II code (Bowslaugh, 1993) and were able to predict the experimental results with 

limited success, which the authors think is partly due to a limited modeling capability of the 

code. Recently Rhee and et al. (2006) attempted to analyze the same experiment using a more 

advanced computer code, CATHENA (Hanna, 1998), and obtained reasonably successful 

results. However these attempts have their own weaknesses as the codes used are one-

dimensional hydraulic codes with inherently limited modeling capabilities of coolant mixing 

between adjacent sub-channels and treating a radiation heat transfer among the fuels, pressure 

and calandria tubes, and the coolants in-between. Even though the predictions were 

reasonably satisfactory, there are lots of things to be desired in their analyses which are 

necessary to thoroughly understand the various heat transfer mechanisms involved, their 

interrelations and relative importance during various stages of the transient, and how to 

maintain a good accuracy for the temperature and H2 generation rate predictions without 

losing the important physics of the involved phenomena. Because of these reasons, in the 

present study the authors decided to use CFX-10 (ANSYS CFX-Solver, 2005) which to the 

authors knowledge is one of the most up-to-date CFD tools available in the market and most 

familiar to them as the analysis tool to analyze the three-dimensional phenomena involved, 

including a thermal radiation heat transfer and the H2 generation by a high temperature metal-

water reaction and a transport of it within a complex bundle geometry. As a preparatory work 

for this study, the authors performed a benchmark test for the radiation heat transfer model of 

CFX-10 for a validation purpose (Kim et al., 2006) and a steady state analysis (Kim et al., 

2006) for the low power phase of the CS28-2 experiment using the CFX-10 code. During 

these works the zirconium-steam oxidation model based on a parabolic rate law (Urbanic and 

Heidrick, 1978) was also implemented into the CFX-10 code. These previous works 



 

 - 3 -

performed using the CFX-10 code were reasonably successful in predicting the major heat 

transfer mechanisms found in a multi-ring geometry of the CS28-2 experiment. 

In the present study, as a fully fledged CFD simulation of the CS28-2 experiment, the 

temperature of the FES of three fuel rings and the pressure tube, and the production and 

transport of the hydrogen gas during a high power transient were analyzed using the CFX-10 

and compared with the available experimental data. 

 

 

2. Overview of the CS28-2 experiment 

 

2.1 Test apparatus and conditions 

Fig. 1 illustrates the test apparatus of the CS28-2 experiment. A superheated steam at 

about 700 oC enters the test section from the steam super-heater. In the test, the 28-element 

test bundle raises the temperature of the steam and Zircaloy surfaces to temperatures 

sufficiently high enough to cause the Zircaloy and steam to react. This reaction produces 

hydrogen gas and further heat due to exothermic characteristics which further raise the surface 

temperatures and increase the reaction rate in an auto-catalytic fashion. The steam and 

hydrogen gas mixture left the test section and flow into the condenser where the steam was 

condensed. The hydrogen gas flow was measured by a mass flow meter and vented to the 

atmosphere. 

The 28-elelemt test section (Fig. 2) consists of three rings of FESs: 4 elements (R1-1 ~ 

R1-4) in the inner or 1st ring, 8 elements (R2-1 ~ R2-8) in the middle or 2nd ring, and 16 

elements (R3-1 ~ R3-16) in the outer or 3rd ring. This bundle was eccentrically offset to the 

channel bottom inside a pressure tube which was radially either crept for an aged CANDU 

reactor or ballooned due to an overheating hypothesized during a LBLOCA without an ECCS 

to study the fuel and fuel channel behaviors at abnormally high fuel temperatures of around 

700 oC ~ 1900 oC when a significant portion of the steam flow in the test section bypasses the 

FES bundle without being used to cool the heated fuels. One of the 16 outer-ring FESs (pin 



 

 - 4 -

R3-3) was not powered in the test section due to damage during a pre-test. A slow continuous 

purge of 1.6 SLPM (Standard Liters per Minute) of CO2 was maintained throughout the 

experiment in the gap between the pressure tube and the calandria tube. The superheated 

steam was injected into the inlet of the test section with a mass flow of 15 g/sec and its 

pressure was atmospheric (~ 0.13 MPa). The calandria tube was surrounded by an open tank 

of 40 oC water. 

All the FESs with a length of 1.8 m were held in place and divided into 6 axial regions 

separated by 5 Zirconium spacer grid plates (Fig. 3). As shown in Fig. 4, each FES consisted 

of Zr-4 cladding, within which annular alumina (Al2O3) pellets electrically insulated the 

cladding from a graphite rod heater. 

 

2.2 Instrumentation and measurement uncertainty 

The FESs were connected in parallel to a 5000 A D.C. power supply. The measured 

voltage drop across the FES bundle and the current supplied to the respective rings were used 

to obtain the power supplied to the various rings. 

The temperatures of the FESs were measured by the thermocouples which were threaded 

through holes in the alumina pellets in the FESs (Fig. 4). The cross sectional and the axial 

locations of the thermocouples are shown in Fig. 2 and Fig. 5, respectively. Steam flow to the 

inlet of the test section was measured by an orifice plate and the pressure measurements were 

made by the Rosemount pressure transmitters. 

The best-estimate uncertainties (Mills et al., 1996) in these instruments were as follows: 

electric power ±4.38%, pressure (up to 500 kPa) ±0.25%, thermocouple measurements (up to 

2000 oC) ±1.23%, steam flow ±2%, water temperature ±1.3%. 

 

2.3 Heater power 

Design targets for a normalized ring radial power were 1.111, 0.894, and 0.775 for the 

outer, middle, and inner FES rings, respectively. 
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The time variation of the electric power to the FES rods is shown in Fig. 6. In the initial 

steady-state, the heater power was 10 kW, and then the test section power was ramped from 

10 to 130 kW to start a high power transient phase at 530 sec. The bundle power increased to 

a maximum of 147 kW prior to shutting off the electric power to the bundle at 887 sec. 

Electric power was returned to zero when FES temperatures exceeded 1700 oC to study the 

energy released from the exothermic zirconium-steam reaction at elevated temperatures. 

 

3. Heat transfer models of the CFX-10 

 

3.1 Description of the major phenomena 

The basic heat transfer mechanisms in the fuel channel are the radiation and convective 

heat transfers among the FES heaters, the pressure tube, calandria tube, and the steam. The 

relative contribution of each mechanism to the total heat transfer rate will be determined by 

the relative thermal resistances of each mechanism at various axial positions of the test bundle. 

It was found that the thermal radiation heat transfer is a dominant mode in the CS28-2 

experiment from a steady-state simulation (Kim et al., 2006) by the CFX-10 code, i.e. 87 % of 

the heat source from the FESs was transferred to the steam by a thermal radiation. The basic 

heat transfer mechanisms between the pressure tube and the calandria tube are again a 

radiation heat transfer and a gap conduction heat transfer between the pressure tube and the 

calandria tube because of a stagnant CO2 flow within a very small gap width of about 3 mm. 

The outside of the calandria tube would be faced on the reservoir with a nearly constant 

temperature, since the water tank contains a small impeller which stirs the water throughout 

the experiment to maintain a uniform temperature. Once the heat release rate by the 

zirconium-steam oxidation is sufficiently increased in the transient state of the CS28-2 

experiment, the temperature transients of the bundle are actually controlled by this exothermic 

reaction heat and the electric power supply to the bundle. 
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Therefore, the current CFD analysis mainly concerns the correct use of the radiation heat 

transfer model, implementation of the Urbanic-Heidrick zirconium-steam oxidation model, 

and the proper material properties of the fluids in the test section. 

 

3.2 Thermal radiation heat transfer model 

The DTM (Lockwood and Shah, 1981) radiation heart transfer model is selected for the 

present CFX-10 calculations, because this model was validated against the benchmark test 

problems (Kim, 2006) for a radiation heat transfer in the representative geometries of the 

CANDU fuel channel configurations ranging from a simple geometry to a whole fuel channel 

geometry. 

The DTM when calculating a radiative heat transfer involves a tracing of the 

representative rays from one surface to another through the domain of interest, say either 

steam or CO2 in this study. The radiant intensity distribution along each ray is calculated by 

solving a discretization of the equation for a radiative heat transfer. The fundamental 

equations for the transfer of a thermal radiation may be expressed as: 
 

( ) ( ) ''',
4

)(
4

ΩΩΩΩ+++−= ∫ dIPkE
kIkk

ds
dI sg

asa
πππ

                     (1) 

 

where I is the radiant intensity in the direction of Ω , s  is the distance in the Ω  direction, 
4

gg TE σ≡  is the black body emissivity power of the gas at temperature gT , ak  and sk are the 

gas absorption and scattering coefficients, respectively and ( )',ΩΩP  is the probability that an 

incident radiation in the direction 'Ω  will be scattered into the increment of a solid angle Ωd  

about Ω . DTM is a method to integrate the radiation heat transfer equation while considering 

the emission and absorption in the medium, into the emission points inversely from a wall 

element where the ray reaches. 

As the DTM has been selected for the CFX-10 calculations, it is applied to the fluid 

domain enclosed by opaque diffuse surfaces with specified emissivities. 
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3.3 Zirconium-steam oxidation model 

The Zircaloy-steam oxidation is exothermic for high steam temperatures. This 

exothermic reaction also results in hydrogen gas (H2) as follows: 
 

Zr + 2H2O → ZrO2 + 2H2 + 586 kJ                      (2) 
 

It is generally accepted that the mechanism which governs this reaction is the diffusion of 

oxygen anions through an anion-deficient ZrO2 oxide layer. The Zircaloy oxidation involves 

the growth of discrete layers of ZrO2 and an oxygen-stabilized phase (α-Zr) from a parent β 

phase (β-Zr). The basic experimental data is the reaction rates for the growth of ZrO2 and α-Zr, 

and for the total uptake mass of Zircaloy or Oxygen. 

The reaction rate can be described by a parabolic expression of the form 
 

tK p=2ω                                            (3) 
 

where ω  is a weight (kg) of Zircaloy reacted per unit area (m2), t  is the reaction time elapsed 

(sec), and pK  is the parabolic reaction rate constant (kg2/m4-s). The pK  is related to the 

temperature by an expression of the form 
 

⎟
⎠
⎞

⎜
⎝
⎛−=

RT
EAK p exp                                     (4) 

 

where A  is a pre-exponential factor (kg2/m4-s), E  is the reaction activity energy (J/mole), R  

is the ideal gas constant (8.31 J/K-mole), and T  is the temperature (K) of the oxidization layer. 

From the oxidation model by Urbanic and Heidrick (1978) used for the default model of 

the CATHENA and CHAN-II codes, pK  is given by the following correlations: 
 

⎟
⎠
⎞

⎜
⎝
⎛−=

T
K p

16820exp6.29     for  1100 K < T ≤ 1850 K             (5) 

 

⎟
⎠
⎞

⎜
⎝
⎛−=

T
K p

16610exp9.87     for  1850 K < T ≤ 2123 K             (6) 
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4. Modeling in the CFX-10 pre-processor 

CFX-10 (ANSYS CFX-Solver, 2005) is an advanced general purpose CFD code, by 

combining an advanced coupled solver with powerful pre- and post-processing capabilities. 

CFX-Build and CFX-Pre are used as the pre-processors with a full integration of a geometry 

creation, mesh generation and problem definition. The graphics user interface (GUI) of CFX-

10 is intuitive and interactive. CFX-10 is a fully coupled solver based on an unstructured-grid 

and it uses a finite volume method. Its wide range of physical models and abilities can be 

applied to various applications. 

 

4.1 Numerical modeling 

A convergence criterion of 1 x 10-4 was used to reduce the iteration errors. The high-

resolution discretization scheme of CFX-10 was used to discretize the convective terms in the 

model equations. A second-order implicit scheme was used to approximate the transient terms. 

The fluid domains consist of the mixture of a superheated the steam and H2 inside the 

pressure tube, and the CO2 gas in the annulus between the pressure tube and the calandria tube. 

The solid domains consist of three layers of the heater (layers consisting of graphite, Al2O3, 

and Zircaloy), the pressure tube wall, and the calandria wall. The properties of the materials 

were given by the tables obtained from MATPRO (NUREG/CR-0497, 1980). 

The CFX simulation was performed by a single 3.0 GHz Intel Pentium 4 processor with a 

Windows XP operation system. A transient of 470 sec was simulated and it took about 2 

weeks. 

 

4.2 Grid generation 

The mesh of the CS28-2 test section was generated by using the ICEM CFD (ANSYS 

ICEM CFD, 2005) software. The two-dimensional mesh on the cross section of the test 

section was generated and extruded along the longitudinal direction to obtain a three-

dimensional mesh for the test section (Fig. 7). The number of nodes in the longitudinal 

direction (for 1.8 m of an axial length) was 30 by the extrusion of a two-dimensional mesh. 
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As a turbulence model of the CFX-10, the k-ε turbulence model uses the scalable wall-

function approach to improve its robustness and accuracy when a near-wall mesh is very fine. 

The scalable wall functions allow solution on arbitrarily fine near wall grids, which is a 

significant improvement over standard wall functions. Fig. 7 shows the results of the grid 

generation with a refined mesh density near the wall boundaries. 

The number of elements used is 598,452 and the number of nodes is 760,712. If the 

number of nodes is increased, it reaches the 2 GB RAM memory limit that many users face 

when running large models on Windows. Furthermore, it is found that there is little change 

between the simulation results with this grid size and those with a finer grid size. 

 

4.3 Radiation and oxidation models 

The DTM, one of a radiation heat transfer packages of CFX-10 was used for the 

simulation of a radiation heat transfer in the CS28-2 test section. The zirconium-steam 

reaction was modeled by a user FORTRNAN subroutine which was based on the oxidation 

reaction correlations in Eqs. (5) and (6). This user FORTRAN subroutine returns the values of 

energy (reaction heat) and mass sources (hydrogen production) as the domain interface 

boundary conditions. 

 

4.4 Boundary conditions 

The wall surfaces are assumed to be no-slip conditions. The modeling of the pool 

surrounding the calandria tube is simplified by using a temperature boundary condition (40 

oC) on the outer surface of the calandria tube. The steam injection flow is modeled by the 

mass flow rate boundary condition on the inlet surface of the steam domain. A free stream 

flow with a uniform temperature and a uniform velocity are applied to the inlet plane and a 

zero relative static pressure is applied to the exit plane. 

The transient FES power was modeled by an energy source within a solid sub-domain. 

The transient power as shown in Fig. 7 was given by the time table. 
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4.5 Initial conditions 

The steady-state calculations were performed in the previous work (Kim et al., 2006) and 

their results were found to be in good agreement with the experimental data. In the present 

work, the transient calculation started from the initial conditions of the previous result file. 

 

 

5. Simulation results of the CS28-2 experiment 

 

5.1 Temperature transient 

The transient simulation of CS28-2 was performed from 530 to 1,000 sec after start of the 

experiment. The predictions of the FES temperatures in the inner, middle and outer rings, the 

pressure tube temperature, and the steam temperature were compared with the experimental 

data. 

Fig. 8 shows the cross sectional temperature distributions of the test section at 1575 mm, 

which is near the exit, for six different times, to show how the overall temperature condition 

progresses with time. The temperatures of the test section increases with the time until the 

electric heater is turned off at about 890 sec when the peak FES temperature exceeds 1700 oC. 

For each time instance, the FES temperatures drop as the FES becomes close to the pressure 

tube, as the heat generated in the FESs is mostly radially dissipated to the surrounding 

pressure tube via radiation. We can observe that the temperature of the non-powered pin (R3-

3) is lower than that of other pins: it is most clearly visualized in the temperature profile at 

750 sec. The steam temperatures as well as the FES temperatures in the inner ring are much 

higher than those in the other regions of the channel at 890 sec because of the high exothermic 

reaction rate between the zirconium cladding and steam. 

The radial temperature profiles for the inner, middle, and outer rings at three axial 

locations are shown in Figs. 9 to 11. The thick solid lines are a plotting of the measurement 

data at each thermocouple (TC) location identified with different indexing numbers. The 

results of CFX-10 are plotted by thin lines which have the same colors as the data at the same 
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TC locations. The temperatures throughout the test section increase until the electric power is 

supplied (at 870 sec) and continue to increase for a short period of time after the electric 

power is turned off. This temporary sharper increase is due to the auto-catalytic nature of the 

exothermic zirconium-steam reaction that is believed to persist sometime after a heater is shut 

off. The FES temperatures in the outer ring are lower than those in the middle ring and much 

lower than those in the inner ring because of its closer proximity to the pressure tube. These 

transient behavior and radial profiles of the temperature measurements are well reproduced in 

the CFX-10 simulation. Comparing the temperature predictions by CFX-10 with the 

experimental data throughout the transient period, the CFX-10 predictions have a maximum 

error, about 6 %: it is the largest at the axial location of 1725 mm, where it is near the exit 

(1800 mm) of the test section. 

The radial temperature distribution from the inner ring to the pressure tube reflects the 

significant amount of heat transferred radially from the FES bundle to the pressure tube. Fig. 

12 shows the temperature differences among the inner, middle, and outer rings at the axial 

location of 1725 mm. The largest radial temperature gradient between the inner and outer 

surfaces of the FES exists in the outer ring since these temperatures are raised to the power of 

four when calculating the radiation heat flux (Kim et al., 2006). The CFX-10 results are in 

good agreement with these experimental results. 

Axial temperature profiles for the inner, middle, and outer rings for three time instances 

are shown in Figs. 13, 14, and 15, respectively. The axial profile is roughly flat for the three 

rings except for the FES temperature of the outer ring at the axial location of 1425 mm 

(TC24) and the FES temperature of the middle ring at the axial location of 1725 mm where 

the FES temperature is peculiarly low (Figs. 14, 15). These temperature drops are observed 

since TC24 is located in the non-powered pin (R3-3) and the other is the middle ring FES TC 

facing this failed non-powered FES. CFX-10 well predicts these temperature drops as shown 

in Figs. 14 and 15 and its also well follows the axial temperature profiles by the experimental 

data. The temperature decrease near the FES exit is also thought to be due to a possible exit 

heat loss to the cold end fittings connected. 
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Axial temperature profiles at the top and bottom of the pressure tube are plotted in Fig. 

16. These profiles are also relatively flat for the entire length of the test section. The 

temperature decrease near the ends of the pressure tube is thought to be caused by the exit 

axial heat loss to the cold end fittings connected. From the experimental results, the top of the 

pressure tube is hotter than the bottom at the start of the transient (at 530 sec), but this top-to-

bottom trend is reversed during the period of a high temperature (at 850 sec) due to the 

eccentricity of the FES bundle in the pressure tube. However, the bottom of the pressure tube 

is always hotter than the top throughout the simulation time in the CFX-10 calculations. This 

different trend cannot be clearly explained, but one possible reason could be the fact that a 

uniform inlet steam temperature is assumed in the CFX-10 simulation whereas in the actual 

test case, the inlet steam temperature is confirmed to be vertically stratified significantly 

throughout the experiment. 

The circumferential temperature distribution of the pressure tube predicted by CFX-10 

shown in Fig. 17 well visualizes this trend. The highest temperature is found on the bottom of 

the pressure tube because of its closer proximity to the FES bundle. The wall temperature near 

the non-powered pin is shown to be lower than the other parts of the pressure tube. 

Steam temperatures at the exit region are shown in Fig. 18. The transient behavior of the 

steam temperature is similar to that of the FES, but the steam temperatures rapidly increase at 

the peak point of the FES temperature. The steam temperature in the center sub-channel 

surrounded by the inner ring FESs is higher than the other sub-channel where TC55 is located 

because of the relatively high FES temperature and exothermic reaction. The CFX-10 

predictions are in close agreement with the experimental data before an abnormal temperature 

excursion starts. This abnormal excursion of the steam temperature has been confirmed to be 

caused by an oxidation of the tantalum radiation shield of the thermocouple. The reason for 

the abnormal excursion of the steam temperature predicted by CFX-10 is not well understood 

yet. 
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From the present study it is shown that the temperature predictions of CFX-10 for most 

of the FESs, pressure tube and steam temperatures are in good agreement with the 

experimental data. 

 

5.2 Hydrogen generation 

To validate the present oxidation model of CFX-10 we investigated the production of 

hydrogen by the zirconium-steam reaction as well as the predictions of the temperature rise in 

the previous section. 

Fig. 19 shows the distributions of the H2 mole fraction on the cross section of the test 

section at 890 sec for six axial locations. As a mixture of steam and hydrogen flows 

downward along the test section, hydrogen is more produced and accumulates and thus its 

mole fraction increases axially. Since a hydrogen production is proportional to the reaction 

rate, which again depends on the FES temperature, the H2 is concentrated in the center sub-

channel and somewhat skewed to the bottom of the pressure tube, which corresponds to the 

temperature distribution in Fig. 8. 

Fig. 20 shows the distributions of the H2 mole fraction on the cross section of the test 

section at 1800 mm for six time instances. The change of the spatial distribution of H2 with 

time before the power is turned off in Fig. 20 is found to be similar to that with the axial 

length in Fig. 19. The CFX-10 prediction of the hydrogen production from the oxidation 

reaction is compared with the data on the amount of the hydrogen collected at the exit of the 

test section (Fig. 21). The hydrogen production becomes noticeable at 670 sec when the 

measured FES temperature is increased up to 900 oC (see Figs. 9~11). The start of the 

hydrogen production by the CFX-10 calculation is found to be a little earlier than the 

experimental result. This difference can be explained by the Urbanic-Heidrick reaction model 

implemented to CFX-10, where the reaction starts from the temperature of 827 oC. From the 

slope of the cumulative hydrogen production in Fig. 21, we can compare the reaction rates of 

the CFX-10 prediction with the experiment. It is shown that the reaction rate is rapidly 

increased from 850 sec when the FES temperatures are above 1500 oC (see Figs. 9~11) and it 
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is the highest at 900 sec when the FES temperature reaches its peak. The CFX-10 predictions 

are in good agreement with these measurements. 

 

5.3 Sensitivity and uncertainty analysis 

The sensitivity of the present CFX-10 model to uncertainties in the channel power, the 

steam flow rate, and axial nodalization are assessed. The uncertainty ranges of the 

experimental conditions are determined by the measurement uncertainty. The number of 

nodes is increased from 760,712 to 1,318,892 and 2,689,428 which are two and four times of 

the original nodes, respectively. 

Axial temperature profiles for the inner, middle, and outer ring are compared with the 

sensitivity of the three parameters in Fig. 22. It is shown that there is little change in the 

simulation results with different conditions within the measurement uncertainties, and the 

finer grid size does not affect the simulation results. 
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6. Conclusions 

 

To better understand the complex heat transfer mechanisms associated with a post-

blowdown fuel channel analysis for aged CANDU reactors with crept pressure tube, a CFD 

model has been developed using the CFX-10 code and validated for a high temperature 

thermal-chemical experiment of a 28-element cluster type of a fuel bundle in a radially crept 

fuel channel, called CS28-2. To assess the capability of the CFX-10 code to model the 

thermal-chemical behavior of the 28-element fuel channel, the temperature behavior of the 

FES of three fuel rings and the pressure tube as well as the hydrogen production in the CS28-

2 experiment were compared with the CFX-10 predictions. From the present study the 

following conclusions can be drawn. 

 

1.  The temperature transient in the 28-element bundle is affected by the amount of electrical 

power and the exothermal heat generated in this bundle with its cooling capacity mainly 

by a radiation heat transfer. Therefore, the zirconium-steam reaction model by Urbanic 

and Heidrick was implemented into CFX-10 since the CFX-10 does not have a surface 

reaction module. Using this oxidation model as well as the previously validated radiation 

heat transfer package (DTM), the simulation of the CS28-2 experiment by CFX-10 was 

performed. 

2.  In the CS28-2 experiment, the test section temperatures continued to increase for a short 

time after the electric heater was turned off due to the energy release from the zirconium-

steam reaction. The temperature rise up to the maximum value (~1800 oC) and then the 

decrease of temperature were well predicted by CFX-10. 

3.  The axial profiles of the test section temperatures calculated by CFX-10 for each time 

instance were in good agreement with the experimental results, which were nearly flat. 

4.  The circumferential temperature distribution on the pressure tube was visualized by CFX-

10, and it was found that the bottom of the pressure tube was hotter than the top because 

of its closer proximity to the FES bundle. 
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5.  Comparing the temperature predictions by CFX-10 with the experimental data throughout 

the transient period, the CFX-10 predictions have the maximum error, about 6 %: it is the 

largest at the axial location of 1725 mm, where it is near the exit (1800 mm) of the test 

section. 

6.  The start of the hydrogen production by the CFX-10 calculation was found to be a little 

earlier than the experimental result. This difference can be explained by the Urbanic-

Heidrick reaction model implemented into CFX-10, where the reaction starts from a 

temperature of 827 oC. 

 

In spite of some discrepancy between the measurement data and the CFX results, it was 

found that the CFX-10 prediction based on the Urbanic-Heidrick correlation of the zirconium-

steam reaction as well as the Discrete Transfer Model for a radiation heat transfer among FES 

of three rings and the various segments of the pressure tube are quite accurate and sound even 

for the offset cluster fuel bundle of the aged and/or ballooned fuel channel. 

The CFD technique and methodology developed in the present study is planned to be 

applied to develop a CFD model for a 37-element fuel channel case for a CANDU-6 

application. Eventually this model after a proper validation will be used to generate a 

benchmark problem of a 37-element fuel case, which can then be used to validate the 

CATHENA post-blowdown model for CANDU-6 safety analyses (Rhee et al., 2006) for a 

future licensing application. 
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Fig. 1. Schematic diagram of the CS28-2 test apparatus 



 

 - 19 -

 
 
 

FES not powered

Eccentric from 
the center of PT  

 
 

Fig. 2. Cross section of the FES bundle and thermocouple locations 
 
 
 
 
 

 
 

Fig. 3. Axial cutaway view of the test section 
 
 



 

 - 20 -

 
 
 
 

Hole for Thermocouple

Zr-4 Sheath

Graphite

5.78
7.15

7.65

3.00

Dimensions in mm

Al2O3

1.73

Hole for Thermocouple

Zr-4 Sheath

Graphite

5.78
7.15

7.65

3.00

Dimensions in mm

Al2O3

1.73

 
 

Fig. 4. Cross section of the Fuel Element Simulator (FES) 
 
 
 
 
 
 
 
 
 

 
 

Fig. 5. Axial locations of the thermocouples 
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Fig. 6. Electric power to the bundle 
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(a) Cross section of the 2-dimensional mesh 

  
 

(b) Axial extrusion of the 2-dimensional mesh 
 

Fig. 7. CFX-10 mesh for the CS28-2 test section 
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Fig. 8. Time variation of the temperature at the axial location of 1575 mm 
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Fig. 9. Temperature trend at 225 mm from the inlet 
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Fig. 10. Temperature trend at 1575 mm from the inlet 
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Fig. 11. Temperature trend at 1725 mm from the inlet 
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Fig. 12. Temperature difference between the inner and outer surfaces (1725 mm from the 
inlet) 
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Fig. 13. Axial temperature profile for the inner ring 
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Fig. 14. Axial temperature profile for the middle ring 
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Fig. 15. Axial temperature profile for the outer ring 
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Fig. 16. Axial temperature profiles for the pressure tube 
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Fig. 17. Circumferential temperature distribution on the pressure tube by the CFX-10 

calculation (1725 mm, at 890 sec) 
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Fig. 18. Steam temperature at the exit of the test section (1800 mm) 
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Fig. 19. H2 mole fraction along various axial locations at 890 secconds 
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Fig. 20. Time variation of the H2 mole fraction at the axial location of 1800 mm 
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Fig. 21. Accumulated hydrogen at the exit of the test section 
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(b) Sensitivity of the steam flow rate: 15 g/sec ±2 % (at 600 sec) 
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(c) Sensitivity of the nodalization (at 530 sec) 

 
Fig. 22. Sensitivity of the input parameters on the temperature predictions by CFX-10 
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하나이다. 이러한 이유로 인해 본 연구에서는 채널내 여러 개 링배열에서의 복사열전달, 대류열전달, 

그리고 지르코늄-증기 화학반응을 중점적으로 해석하였다. 해석 CFD 코드인 ANSYS 사의 CFX-10에 

포물선 반응 법칙을 바탕으로 한 지르코늄-증기 화학반응 모델을 적용하였고 그밖의 28개 봉에서의 

열전달 모델은 CFX-10 고유의 열전달 패키지들을 사용하였다. CFX-10 코드로 28봉 채널내에서의 

열화학반응 현상을 모사하는 능력을 검증하기 위해서 CS28-2 실험 데이터인 3개 링에서의 가열봉 

온도, 압력관 온도, 그리고 수소생성량  등을 CFX-10 계산 결과와 비교하였다. 

실험데이타와 CFX-10 계산값을 비교한 결과, 근소한 차이를 제외하고는 Urbanic-Heidric 

지르코늄-증기 화학반응 모델과 DTM 복사 열전달 모델을 채용한 CFX-10의 계산 결과가 실험결과와 

잘 일치하였다. 이로써, CS28-2실험에서와 같이 노후화된 중수로 핵연료 채널에서 핵연료 다발이 

변형된 경우, 이를 CFX-10 코드로 잘 모사할 수 있음을 보였다. 

주제명 키워드 
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