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ABSTRACT - LOCA(loss of coolant accident) is one of the representative severe accident in the
operation of nuclear reactors. One of the possible cases is the ballooning of pressure tube and the
contact with the Calandria tube for the outer coolant to boil abruptly to saturate. For the moderator
system of CANDU-6 reactor, the benchmark model of IAEA/ISCP has been setup to conduct a test
and comparison with numerical models on the multi-physics of ballooning PT(pressure tube) and its
contact with CT(Calandria tube). The graphite heater is modeled as a volumetric heat source for the
given unsteady power of 150 kW, and the PT and CT are installed eccentrically in a given interval.
In the first stage, the radiation heat transfer between Zircalloy surfaces of tubes is considered with
the same structural deformation model as CATHENA code for the zero-gradient temperature outer
boundary condition. A commercial code, COMSOL Multiphysics is used for simulations, and the
Gaussian quadrature is applied for the integration of gradient for temperature. The two-dimensional
result shows a good agreement for high-order numerical integration in the model with CATHENA
one.

Introduction

One of the important design features of a CANDU reactor (a pressurize heavy water reactor) is the
use of moderator as a heat sink during some postulated accidents such as a large break Loss Of
Coolant Accident (LOCA). If the pressure tube is sufficiently hot while the channel pressure is still
relatively high, the pressure tube may radially deform and would fully contact with its surrounding
calandria tube (pressure tube/calandria tube ballooning contact). The effectiveness of the moderator
heat sink to ensure fuel channel integrity at the onset of this ballooning contact is based on a series
of contact boiling experiments [1], which derived the moderator subcooling requirements [2] to
preclude a sustained calandria tube dryout by the minimum available moderator subcooling and the
pressure tube/calandria tube contact temperature.

International Atomic Energy Agency (IAEA) has launched the International Collaborative
Standard Problem (ICSP) to provide a new contact boiling experimental data to assess the
subcooling requirements for a heated pressure tube, plastically deforming into contact with the
calandria tube during a postulated large break LOCA condition. We participated in 1st Workshop of
IAEA ICSP on “HWR Moderator Subcooling Requirements to Demonstrate Backup Heat Sink
Capabilities of Moderator during Accidents” (Ottawa, November 2012) [3].

The present study is about preliminary calculation results for these ICSP activity works,
where the COMSOL Multiphysics code [4] is used to simulate plastic deformation of a pressure
tube as a result of the interaction of stress and temperature. It is shown that the thermal stress model
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of COMSOL is compatible to simulate the multiple heat transfers (including the radiation heat
transfer and heat conduction) and stress strain in the simplified 2 dimensional problem. The
benchmark test result for radiation heat transfer is in good agreement with the analytical solution for
the concentric configuration of pressure tube and calandria tube. Since the original strain model of
COMSOL only considers an elastic deformation with thermal expansion coefficient, the pressure
tube/calandria tube contact cannot be predicted in the ICSP problem. Therefore, the plastic
deformation model by the Shewfelt and Godin [5], widely used in the CANDU fuel channel
analysis, is implemented to the strain equation of COMSOL. The strain rate and the contact time of
the pressure tube/calandria tube are calculated for various heating-up conditions of pressure tube to
investigate the sensitivity of experimental conditions.

1. Numerical method

In this section, the numerical method and some selected result is presented. The experimental setup
[3] and its simplified schematic are given in Fig. 1.
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Figure 1 Experimental Setup of IAEA/ICSP Test

The multiphysical simulation is done with the thermal stress(ts) model in the structural
mechanics module of a commercial code COMSOL MultyphysicsTM ver. 4.3. The computational
domain and boundary condition are given in Fig. 2(a)-(b).

The governing equations are listed as [4]
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Eqg. (1) is solved for components of the stress tensor, and the volumetric external force is given as
boundary conditions. Note that the stress tensor, later reduced to the plane stress, should be three-
dimensional though the computational domain in Fig. 2(a) is 2-D, which is due to the Poisson's ratio
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in the linear elastic stiffness matrix of Eq. (2). For isotropic materials, the stiffness is expressed as a
symmetric square matrix with the six degrees of freedom [6]:
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Structural and thermal strains are coupled in the right hand side of Eq. (2) where the source of
temperature is fed back from Eqg. (4), the energy equation. From the strain rate, the convective
velocity as a function of the global inertia coordinate system is simply obtained from Eqg. (3).
During each time step, both Eq. (3-4) are integrated by time to calculate a new temperature field for
the source term of Eq. (2). The volumetric heat source should be specified inside the field, and other
conditions on the temperature and its gradient, or heat flux exerted at all boundaries.

If we assume a very small deformation of initial grids in the global coordinate, Eq. (1-4) are
coupled to consist of a complete multi-physical system: structural dynamics and heat transfer.
The dominant heat transfer mechanism [3] at the boundaries between the CO, gap and each tube is
thermal radiation heat transfer, so the others such as convection and conduction will be neglected in
this study: the gaseous gap can be deleted from the computational domain in Fig. 2(a), and
boundary conditions are marked in Fig. 2(b).

The boundary of core graphite heater is fixed while the inner boundaries of PT and CT should
be prescribed as uniform in the radial direction from the thermal expansion and the structural
elongation to avoid the numerical instability of asymmetric translation [7]. The load conditions are
specified with a constant pressure 3.5 MPa at the core surface and the inner PT, and 0.1 MPa at the
outer PT and the inner CT. The emissivity of the core graphite heater, PT, and CT are 1, 0.8, and
0.3, respectively. At the outer boundary of CT, subcooling temperature condition is applied, and the
boiling temperature is specified as a constant value of under the standard atmospheric pressure.
Between the core graphite heater and PT as well as PT and CT, a radiation boundary condition is
applied.

The material of PT and CT is Zircaloy 2 that is a kind of Zirconium alloy. The specific heat
capacity and the heat conductivity [9, 10] are functions of temperature, andstructural correlations
are obtained from the fitting of experimental data in the similar way [11, 12]. Fig. 3 shows the
computational grids for the present problem.
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Figure3Computational Grids
2. Numerical model

During abnormal accident conditions such as a large LOCA without emergency core cooling in
CANDUEG reactors, the PT is overheated and may undergo plastic deformation and growth. Plastic
deformation is a permanent dimensional change, which occurs as a result of the interaction of stress
and temperature. This deformation is known as PT ballooning or creep. The strain model in
Equations (5) is from the model of linear elasticity. The structural behavior over the yield strength
of material should be considered in the high temperature region.

The creeping model [5] for the CATHENA code is also used in the present research. The
linear elastic model should be substituted to follow
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where ,and and are times at temperature and , respectively.

Unfortunately, the time integration at the denominator of Eq. (5) cannot be expressed in the
analytic form, which needs some approximation. Using the two-point Gaussian quadrature for these
integrations [13].

This appoxiamtion is also applied to the integration for the displacement as follows:
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2.1 Two-point Gaussian quadratu

re approximation

The strain rate in Equation (5) is expressed in an explicit form:

(4.99x10% )T +

(4.7]_)(1010 ) e—29200/T

(3.36 « 106 ) e—19600/T T

—29200 —29200

(6.50 « 106 ) e—lQGOO/T

1+(4.12)(T -1123)

—19600

-19600

+€0211374886 (0 2113T — 219

2.2 Four-point Gaussian quadrature approximation

The more precise approxiation for Equation (5) is extended to
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(8)

The difference of Equations (7-8) is compared in Fig. 4 for the expansion ratio of the structure.
The higher order model shows a sharp discontinuity from in the deformation model of Shewfelt and
Godin. As the 2-point Gaussian quadrature slightly under-estimates the expansion ratio less than
four-point approximation before the contact, or the contact time is over-estimated in 3.75% error.
However, in the two-point approximation over-estimates more than high-order numerical method
reversely, and therefore the slightly less slope of and of COMSOL results in Figures 5 and 6 can

be explained naturally.
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2-Point Gaussian Quarature underestimates | 0.012
the expansion ratio, so the contact time of
PT/CT is over estimated in the blind test.
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Figure5Prediction of Pressure Tube Contact:
(a) Before Contact, (b) After Contact

3. Result and discussion

The COMSOL Multiphysics solver integrates Equations (1-4) with FEM (finite element method)
schemes, and the approximate solution is obtained by time marching. The heat source in Eq. (4) is
given by heater power boundary condition (BC) as shown in Fig, 2(b). The constant temperature
boundary condition (70°C) is given to outside surface of CT in the first stage before contact, but the
heat flux is fixed zero, or adiabatic in the later stage after contact where the outer boundary



13th International Conference on CANDU Fuel
Holiday-Inn Waterfront Hotel
Kingston, Ontario, Canada, 2016August 15-18

condition on CT should be modified with convection and boiling models. In the present step, the
adiabatic outer BC is just imposed to compare with the result from CATHENA code.

Figure 5(a-b) shows the results of von Mises stress and configuration of PT expansion
before/after contact time. The PT is ballooned to contact with CT at 77.5 second. The PT at time of
76 second (Figure 5(a)) starts to expand and rapidly contact with CT within 1.5 second (Figure
5(b)). The present computation uses the 3rd order, or two-point Gaussian quadrature for the
numerical integrations.

Under the same condition as CATHANA code [9], the simulation is done, and the final result
for temperature and strain in Figures 6 and 7, respectively. CATHENA code results are compared
with those of the COMSOL code. The PT/CT contact time by CATHENA calculation is 71.5
second, which is earlier than that by the COMSOL prediction. However the heat-up of PT and strain
results are in good qualitative agreement at least as shown in Figures 6 and 7, respectively.

1000 T T T
/ = = Graphite(COMSOL, 2-Points)
900 7 7 Graphite(COMSOL, 4-Points)
/ HY — - -Graphite(CATHENA)
800
/ / 4 = = PT(COMSOL, 2-Points)
~ 700 t ——PT(COMSOL, 4-Points)
8 / / ly = - “PT(CATHENA)
E 600 ¥ — — CT(COMSOL, 2-Points)
2 s 1 —— CT(COMSOL.4-Points)
g T }
g / / 1 — - -CT(CATHENA)
E 400 !
) i
< / /1
300 —
200 / / I ;
H B
/ A i
100 1 "
0
0 20 40 60 80 100 120 140 160 180 200

Time (s)
Figure 6 Comparison of Outside Wall Temperature Predictions

50
| ! = = Strain(COMSOL, 2-Points)
- I
I
. ! —— Strain(COMSOL, 4-Points)
1
40 T — - -Strain(CATHENA) n
1
]
1
]

30

[ 1

20 J
/

i|f

;i

10 .
/'
vy

4

(Al

0 20 40 60 80 100 120 140 160 180 200
Time (s)

Figure 7 Comparison of Tube StrainPredictions

Strain (%)




13th International Conference on CANDU Fuel
Holiday-Inn Waterfront Hotel
Kingston, Ontario, Canada, 2016August 15-18

The quantitative inconsistency of the contact time is due to the numerical error for the rapidly
varying grids in the integration of Eq. (5). If we select more points of Gaussian quadrature such as
Equation (8), the contact time can be reduced to 74.6 seconds (7th order, or four points), for
example. The higher order numerical method shows that the curves in Figures 6 and 7 are closer to
the result of CATHENA code.

4. Conclusions

Unsteady two-dimensional multi-physical simulation has been numerically setup with the thermal
stress module in COMSOL Multiphysics. The core heater, PT, and CT are modeled from the
geometry configuration of the test apparatus simulating the horizontal fuel channel of a CANDU
type reactor. To avoid other installation effects, the configuration of tubes is arranged concentric,
and the inner boundaries are prescribed to satisfy the radial symmetry. The radiation surface-to-
surface boundary condition between tubes is validated to have a very small error only in 0.6% for
this numerical computation from the classical analytic solution.

The results of numerical simulation in the present work are shown that:

(1) With linear thermal elastic model, the expansion of PT is very small, and the solution
converges to the steady state within hundreds seconds. This result implies that the only component
that makes the computation unstable is the plastic thermal deformation of tubes.

(2) When the present computational model is extended with a plastic deformation model, the
sudden radial expansion or ballooning is globally observed in the system of concentric tube. PT
expands within several milliseconds at 77 second from the initial condition to contact with outer
CT. The temperature between the heated PT and CT undergoing the subcooling environment is high
temperature of about 760 K, and the union of PT and CT will be faced to a great heat sink after the
contact.

(3)With the higher order accuracy for the numerical method of Gaussian quadrature from 3rd
(2-point) to 7th(4-point), the CT/PT contact time is reduced about 3 seconds, and the slopes of
temperature and strain were a little reduced after contact, which should be considered as more
realistic one.
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