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ABSTRACT 

A new multi-pin model of the re-flood phase of a large break loss of coolant accident has 
been created through the dynamic coupling between the thermal-hydraulic code RELAP5 and 
multiple instances of the single-pin thermal-mechanics code MABEL. After a brief description of the 
codes and their linkage, a series of tests to assess the capabilities of the linked codes is described, 
and their results analysed. It is shown that the current coupled multi-pin code is a stable and reliable 
tool for ballooning transient analysis. A complete validation process with the simulation of the MT-3 
test in the NRU reactor at Chalk River is in progress. 

1 INTRODUCTION 

During a large-break loss-of-coolant accident (LBLOCA) in a PWR, essentially total coolant 
loss will occur in of order 100 seconds or less. Although the reactor is by then sub-critical and not 
producing power from fission, much decay power (initially ~6% of the operating power) needs to be 
removed to keep fuel temperatures from becoming too high. When vessel pressure falls to a low 
enough value, the low pressure / large volume ECCS will inject fresh coolant, to start the bottom-up 
re-flooding of the core. 

Until reflood occurs, a low heat transfer coefficient (~80 W/m2K) will exist in the core, and 
the fuel will rise in temperature [1]. 

Subject as they are to a net outward pressure, the Zircaloy fuel cladding tubes may expand 
radially (‘balloon’), and reduce the available flow area for coolant to keep the core cool in the long 
term. 

Consequences could be particularly severe if several adjacent rods ballooned at the same 
level, leading to a large coherent blockage. 

Existing codes generally base their results on analysis of a single ‘representative’ pin. Such a 
model will necessarily predict uniform, coherent ballooning for all the pins it represents, with 
associated grossly impeded cooling of a large region of the core, impairing the quenching of the core 
by re-flooding and leading to overheating and failure of fuel rods. 

These predictions, though, are in contrast with the experimental results of several multi-rod 
tests (MT-3 [2], REBEKA [3], MRBT [4]). Particularly in the MT-3 test, despite the severe conditions, 
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a wide distribution among the rods of both burst strain and axial burst location was observed. The 
maximum channel blockage formed at any elevation was significantly lower than the predictions of 
the single-pin code BART [5]. 

The reason for such a different response of the fuel rods must be that they are not identical, or 
are not exposed to identical conditions. Different burn-ups, initial pressure, pellet eccentricity, 
coolant flow rates and temperature are some of the systematic and stochastic differences which lead 
pins not to be identical and thus unable to be fully represented by a single-pin model. 

A new multi-pin model has been created through the dynamic coupling between the existing 
thermal-hydraulic system code RELAP5/mod3.2.2gamma [6] and multiple instances of the single-pin 
thermal-mechanic code MABEL [7], via the transient analysis code linkage program TALINK [8]. 

MABEL code has been developed to predict the extent of cladding deformation in PWR fuel 
rods during a LOCA. It carries out a radial and azimuthal solution of the temperature and strain field, 
at all axial nodes, in a single fuel pin, centered in a 3x3 array of pins (Figure 1). 

 

 
Figure 1: RELAP5 and MABEL model in MATARE. 

 
RELAP5 is a best estimate thermal-hydraulic code developed for the analysis of light water 

reactor (LWR) transients. In the present model, the code simulates the coolant sub-channels 
according to the geometrical layout defined in Mabel (Figure 1). It also defines the inlet and outlet 
conditions of the fuel assembly, or part of it, and simulates any region surrounding the rods analysed. 

TALINK (Transient Analysis code LINKage) is designed to control the data transfers 
required for the execution of a set of coupled transient analysis codes performing their calculations in 
separate operating system processes, with the TALINK code being the central component in this 
structure and the other codes being regarded as client codes. 

The MATARE (MAbel-TAlink-RElap) code represents a self-consistent thermal-hydraulics 
and mechanics model of (part of) a ballooning core during reflood. Each MABEL instance analyses 
a single fuel pin and provides geometrical and thermal data to a multiple sub-channel RELAP5 
model. MABEL requires, in turn, information on power and thermal-hydraulic data. In this approach, 
client codes perform their calculations in separate operating system processes, while the TALINK 
program controls the data transfers between the processes. 

 
In this paper, a short description of the computational tools is first given, followed by a 

detailed presentation of the coupling process between the codes. Finally, the results of a series of 
assessment tests are presented and discussed. 
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2 MATARE MULTI-PIN MODEL 

RELAP5 models the system thermal-hydraulic transient while MABEL instances computes the 
transient temperature and strain in each pin. The coupling is achieved by exchanging at each time step 
several variable values between RELAP5 and the MABEL instances, and among MABEL instances 
themselves, through the TALINK interface. That interface controls the data exchange and is capable 
of simple data processing. 

A schematic description of the data transfer process is illustrated in Figure 2. 
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Figure 2: Schematic coupling among RELAP5 and MABEL instances via TALINK 
 
The thermal-hydraulic conditions at the outer cladding surface and the decay power at each 

axial node are calculated by RELAP5 and retrieved by MABEL instances directly from TALINK. 
Those are: 

- Pressure; 

- Heat transfer coefficient to the gas; 

- Heat transfer coefficient to the liquid; 

- Gas temperature; 

- Liquid temperature; 

- Decay power. 

Variables regarding the surroundings pins are supplied by the other MABEL instances and 
retrieved from TALINK as well. Those are: 

- Pin positions defined via abscissas and ordinates; 

- Pin temperatures 

The modified RELAP5 parameters during ballooning are computed by MABEL instances and 
retrieved directly from TALINK: 

- Node areas in x, y and z directions; 
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- Node volumes; 

- Hydraulic perimeter in x, y and z directions; 

- Heated perimeter in x, y and z directions; 

- Junction areas in x, y and z directions; 

- Cladding surface areas; 

- Cladding temperature. 

Due to its structure, the coupling is fully explicit: each code uses at the beginning of the time 
step the variables values computed at the end of the previous time step by the other code. There are 
no possibilities for intermediate coupled interactions during the step. 

3 ASSESSMENT OF THE CODE 

The coupled multi-pin model was applied to a series of tests in order to evaluate its capabilities 
(Table 3). The main intent of these calculations is to analyse: 

- The stability of the MATARE tool; 

- The reliability of the feedback among the client codes; 

- The capability to reproduce phenomena such as flow diversion or grid effects; 

- The possibility to impose different conditions for each pin and observe different behaviour. 

Table 3: List of assessment tests for MATARE code 

Model Test 

 

Single fuel pin 

Test 01A – Relap5 and Mabel partially linked 
(i.e. Mabel does not modify Relap5 sub-channel geometry) 

Test 01B – Relap5 and Mabel fully linked 

Two fuel pins; Relap and Mabel fully linked for both pins: 

Test 02B-1 – (PPIN1,2 = 4.5 MPa) 

Test 02B-2 – (PPIN1,2 = 4.07 MPa) 

Test 02C – Impose slightly different initial gas pressure for the 
two pins (PPIN1 = 4.5 MPa, PPIN2 = 4.07 MPa) 

 

Grid model implemented: 

Test 02B-GRID – (PPIN1,2 = 4.5 MPa) 

Test 02C-GRID – (PPIN1 = 4.5 MPa, PPIN2 = 4.07 MPa) 
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3.1 RELAP5 and MABEL models 

The assessment tests can be divided into two groups: single-pin and two-pin calculations. They 
simulate typical PWR fuel pin channels under reflood conditions (Table 5). 

In all the tests, RELAP5 pipe components, connected with cross-flow junctions, simulate the 
sub-channels. Branch components are used for the lower and upper plenum, while time-dependent 
volumes and junction components define the reflood mass flow and control the overall system 
pressure. 

Each sub-channel is divided into 42 axial nodes whose length varies 50 ÷ 200 mm. 
The fuel pins are simulated by MABEL instances using identical discretisation to the RELAP5 

model.  
Except for the last two tests, no grids were simulated. 
An adiabatic heat-up phase precedes the start of reflood and provides the initial temperature 

profile of the fuel pin. 
The clad rupture was inhibited in all tests, as our objective, at this stage, was the analysis of the 

progression of clad deformation. 

Table 5: Initial and boundary conditions 

Pellet diameter 8.2 mm 
Internal cladding diameter 8.4 mm 
External cladding diameter 9.5 mm 
Active fuel length 3657 mm 
Pitch 12.6 mm 
Decay power 70% peak pin power with ANS(79) shaped in a cosine profile 
Overall system pressure 0.2 MPa 
Flooding rate 0.02 m/s 
Pellet eccentricity 0.0 

3.2 Results and discussion 

3.2.1 Test 01A and Test 01B 

The comparison of the two tests show the marked effect of the linkage between the client 
codes: in Test 01A, the partially linked MABEL instance computes a pin swelling that is well beyond 
the channel limits; the full linkage Test 01B shows a smaller pin ballooning under the same initial and 
boundary conditions (Figure 3). 
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Figure 3: Final ballooned pin shape in Test 01A and Test 01B 
While in Test 01A, RELAP5 is “blind” to the geometrical modifications calculated in MABEL, 

in Test 01B MABEL modifies RELAP5 geometry. Hence, the start of swelling leads to a reduction 
of flow area and consequently an increase of fluid velocity, enhancing the cooling of the pin and 
contributing to stop its swelling earlier. The full linkage does not affect only the magnitude of the 
ballooning, but also the axial distribution of the strain. Because of the different cooling conditions, 
Test 01A shows a more peaked pin shape and a maximum strain whose position is 100 mm below 
than in Test 01B. 
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Figure 4: Test 01B - Clad temperature profile over pin length 
 
The outer cladding temperature profile versus length at different instants in Test 01B is 

illustrated in Figure 4. The heat-up phase and the advancement of the quench front can be easily 
recognised. The flattening of the curves between 200 sec and 350 sec is due to the increase, during 
ballooning, of gap dimensions and thus thermal resistance between pellet and cladding that leads to a 
reduction of the clad temperature (the lift-off effect). 
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Figure 5: Test 01A – Clad temperature at node 26 for ballooned and unballooned pin 
 

A further example of the lift-off effect is shown in Figure 5, where the clad temperature of the 
ballooned and unballooned pins is compared in Test 01A at node 26 (2680÷2737 mm).  

3.2.2 Test 02B-1, Test 02B-2 and Test 02C 

These tests represent the first example of multi-pin analysis since two separate MABEL 
instances are used to simulate the two fuel pins. 

As expected, the two instances show the same results in Test 02B-1 and 02B-2 since they are 
under the same thermal-hydraulic conditions (Figure 6 and Figure 7). 
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Figure 6: Test 02B-1 – Final ballooned pin shape in Pin 1 and Pin 2 
 

The influence of initial filling gas pressure is also illustrated in these tests. The increase in gas 
pressure results in an increase in ballooning strain, though the relationship is not linear.  

Nevertheless, a different gas pressure also influences the location where the maximum strain is 
reached. A higher gas pressure results in an increased ballooning strain, which enhances the local 
cooling and shifts the swelling peak up (as discussed in §3.2.1). 
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Figure 7: Test 02B-2 – Final ballooned pin shape in Pin 1 and Pin 2 
 

The fairly different swelling behaviour between Test 02C and Test 02B-1 and 02B-2 shows 
the crucial importance of flow diversion during ballooning. 
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Figure 8: Comparison of Pin 1 ballooned pin shape in Test 02B-1 and Test 02C 
 
In Test 02C, the two pins are identical except for the initial gas pressure, equal to 4.5 MPa for 

Pin 1 as in Test 02B-1 and equal to 4.07 MPa for Pin 2 as in Test 02B-2. The final ballooning 
profile shows that Pin 1 swells more than in case 02B-1 (Figure 8), while Pin 2 swells less than in 
case 02B-2 (Figure 9). This different behaviour is ascribed to the flow diversion between the two 
pins. 

At the early stage of the transient, the bigger swelling of Pin 1 also results in a bigger blockage 
that causes a flow diversion towards Pin 2. Due to the flow diversion, the cooling conditions degrade 
in Pin 1 and enhance in Pin 2, increasing the different strain distribution in the two pins. 
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Figure 9: Comparison of Pin 2 ballooned pin shape in Test 02B-1 and Test 02C 
 

3.2.3 Test 02B-GRID and Test 02C-GRID 

Several integral facility tests (MT-3 [2], REBEKA [3]) have shown the influence of grids on the 
pin ballooning axial profile, reducing the overall extend of the blockage. The grid effects on the fuel 
pin are mechanical and thermo-hydraulic: mechanical restraint of the cladding, heat transfer 
enhancement by induced turbulence, steam cooling through wetted grids, heat sink for radiation from 
pin, heat transfer enhancement by droplet break-up. 
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Figure 10: Comparison of Pin 1 ballooned pin shape in Test 02B-1 and Test 02B-GRID 
 

The grid model in MATARE is able to simulate the above first three grid-effects, with the 
fourth and fifth ones considered of secondary significance, particularly in the case of wet grid [9]. 

Eight typical PWR grids, spaced at about 523 mm, were simulated in Test 02B-GRID and 
02C-GRID. 

The results, in Figure 10 and 11, show the typical ‘carrot’ shape of ballooned pin in presence 
of grids, accompanied by reduced strain. In Test 02C-GRID, the effects of flow diversion, although 
attenuated by the grids, are still recognisable. 
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Figure 11: Comparison of Pin 1 ballooned pin shape in Test 02B-GRID and Test 02C-GRID 

4 CONCLUSIONS 

The new multi-pin code MATARE has been created via the dynamic coupling of best estimate 
thermal-hydraulic and thermal-mechanical codes. The effect of the coupling is to incorporate, into a 
‘standard’ whole core accident analysis, the ability to model much more of the detailed physics; 
much more of the details of experiences of individual pins, and of their individual responses. 

A series of assessment tests have been executed in order to evaluate its capabilities. 
It has been demonstrated that the current multi-pin model is a stable and reliable tool for 

ballooning transient analysis. Particularly, the code has the capability to reproduce relevant 
phenomena such as flow diversion or grid effects. It provides the capability to impose different 
conditions for each pin and observe consequent different behaviour. 

At the time of this paper, a complete validation process with the simulation of the MT-3 Test 
in the NRU reactor at Chalk River is in progress. 
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