
FLUID-STRUCTURE INTERACTION IN A WIRE-WRAPPED ROD 
BUNDLE COOLED WITH SUPERCRITICAL WATER 

D.C. Visser, A. Shams, V. Bhimanadam
Nuclear Research and Consultancy Group (NRG) 

Westerduinweg 3, 1755 ZG, Petten, the Netherlands 
visser@nrg.eu, shams@nrg.eu, bhimanadam@nrg.eu 

ABSTRACT 

The Supercritical Water Reactor (SCWR) is under consideration as one of the 4th generation nuclear 
reactors. In a SCWR the reactor core is cooled with supercritical water (SCW), which has distinctive 
advantages over water at subcritical conditions as used in current light water reactors (LWRs). Main 
advantages are, for instance, the expected higher thermal efficiency and simplified plant design. 

For the design and operation of a SCWR, the characteristics of the heat transfer from the fuel rods to the 
SCW coolant needs to be well understood. These heat transfer characteristics are complex and cannot be 
captured by the correlations that are currently available in literature. First of all, the physical properties of 
SCW undergo strong changes near the pseudo-critical point which complicate the flow and heat transfer. 
Secondly, there is the complicated flow structure in the channels between the fuel rods separated by 
spacers. This is in particular true for the European design of the SCWR, which makes use of wire spacers 
that are wrapped around each fuel rod. In this respect, Computational Fluid Dynamics (CFD) analyses are 
essential. 

The present paper focuses on the analyses of flow and heat transfer in a wire-wrapped 4-rod fuel 
assembly that are performed within the framework of the European SCWR-FQT project. Conjugate heat 
transfer analyses performed with the STAR-CCM+ CFD software. In order to determine the resulting 
thermal stresses and deformation of the fuel rods, structural analyses have to be performed based on the 
temperature distribution predicted by CFD. Due to the complex geometry and boundary conditions, the 
FSI problem was solved using STAR-CCM+ in combination with the structural code ANSYS.  
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1. INTRODUCTION 

The SuperCritical Water-cooled Reactor (SCWR) is one of the six selected nuclear systems within the 
Generation IV International Forum [1]. The SCWR operates at high temperature and high pressure, using 
water above the thermodynamic critical point (374°C, 22.1 MPa) as coolant. It is expected that a SCWR 
will be more economical than conventional light water reactors with higher efficiency and better fuel 
utilization, producing less radioactive waste per kWh while still fulfilling the high safety standards. As 
fossil fired power plants already use supercritical water as coolant and the SCWR can be seen as 
evolutionary development from existing LWRs, certain components and technologies can be adopted 
from these proven systems. This minimizes the technical and financial risks.    
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In the development of the SCWR, significant progress has been achieved in recent years in developing 
basic technologies, such as materials for fuel cladding and heat transfer predictions for supercritical water 
(SCW) conditions. Core, reactor and plant design concepts have been worked out in substantial detail for 
the European High Performance Light Water Reactor (HPLWR), the European concept of the SCWR [2]. 
As a next step in the development of the HPLWR, it is planned to test materials and components for a 
small scale fuel assembly with 4 fuel pins under typical prototype conditions in the LVR-15 research 
reactor in Rez, Czech Republic. Design, analysis and licensing of this fuelled in-pile test section including 
the required loop with safety and auxiliary systems is subject of the SCWR-FQT (Fuel Qualification Test) 
project within the 7th Framework Programme of the European Commission [1]. This first nuclear facility 
cooled with supercritical water, being an in-pile loop in a research reactor is planned to be operational in 
2015. 

Within the SCWR-FQT project structural analyses, flow and heat transfer analyses and neutronic analyses 
will be performed to ensure the integrity of the in-pile test section including the fuel rods under normal 
steady-state operation, as well as during start-up and shut-down. In this paper, flow, heat transfer and 
structural analyses are presented for the wire-wrapped 4-rod FQT fuel assembly under normal steady-
state operation. First, the non-uniform temperature distribution on the fuel rods is determined with CFD 
analyses. Next, structural analyses are performed to determine the thermal deformation and stresses in the 
fuel rods. These structural analyses are based on the fuel rod temperatures predicted with CFD. 

2. SCWR FUELED LOOP 

The Nuclear Research Institute in Rez offered the necessary infrastructure with their LVR-15 research 
reactor to test the small scale 4-pin fuel assembly in a critical arrangement and under reactor typical 
conditions. This comprises a realistic heat and mass flux, as well as realistic temperatures and pressures. 
The 4-pin fuel bundle shall be inserted into a pressure tube to be installed in the existing LVR–15 research 
reactor by replacing one of its fuel elements. The pressure tube containing the 4-pin fuel bundle will be 
connected with coolant pumps, safety and auxiliary systems to simulate a SCW environment at the fuel 
rods while the rest of the core is operated at ambient pressure. 

The fuel rods are placed inside a square assembly box with rounded corners as shown in Fig. 1. The fuel 
rods have an inner/outer diameter of 7/8 mm and a length of 600 mm to match with the LVR-15 core 
height. The rod-to-rod pitch is 9.44 mm. A helical wire wrapped around each fuel rod acts as spacer and 
enhances mixing. These wires have a diameter of 1.44 mm and an axial pitch of 200 mm. The overall 
length of the selected computational domain is 721.2 mm. The SCWR loop is operated at a pressure of 
25 MPa, with a corresponding pseudo-critical temperature of 385 °C. During normal operation the SCW 
coolant enters the heated section at about 366 °C and flows in upward direction through the fuel assembly 
with a flow rate of 0.25 kg/s. The nominal fissile power of the fuel rods is 63.6 kW (15.9 kW per fuel 
rod). Maximum allowable peak temperature of the fuel cladding is 550 °C. 
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3. CFD ANALYSES 
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4. STRUCTURAL ANALYSES 

Structural analyses are performed with ANSYS 14, using the linear elastic model. All solid parts of the 
FQT test section are modeled, including the four rods with 0.5 mm thick walls and solid head/tail pieces, 
the solid helical wires wrapped around the rods, the rod support plates at top and bottom of assembly, and 
the 0.5 mm thick wall of the assembly box around the wire-wrapped rods. The geometry and mesh 
applied in the structural analysis is shown in Fig. 5. Close to one million (solid 186) elements are used to 
represent the solid parts of the FQT fuel assembly. The rods and assembly box are fixed at the lower end 
and are allowed to expand freely at upper end. The helical wires are fixed to the rods at the lower and 
upper end. A standard contact with friction coefficient of 0.1 between wire and rod and wire and 
assembly box is assumed.  
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The thermal expansion coefficient and Young’s modulus of SS 316L are implemented as function of 
temperature. The instantaneous thermal expansion coefficient increases linearly from 1.63⋅10-5 1/m.K at 
0 °C to 2.24⋅10-5 1/m.K at 800 °C.  The Young’s modulus decreases linearly from 200⋅103 MPa at 0 °C to 
135⋅103 MPa  at 800 °C. The reference temperature is set to 20 °C and pressure differences between 
inside and outside of the fuel rods are not considered in the structural analysis. 

The thermal deformation and stress analyses is based on the temperature distribution calculated by CFD 
and presented in the previous section. Therefore, the temperatures obtained with CFD are first mapped 
onto the solid mesh constructed in ANSYS 14. Fig 6 compares the temperatures from CFD with the 
temperatures from ANSYS after mapping and demonstrates that the mapping procedure works well. The 
big grey areas is nothing but a visualization error occurs during this mapping procedure. 
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The structural analyses show that the fuel rods will bend slightly due to the non-uniform temperature 
distribution over the rods. A maximum horizontal displacement of the rods of up to 0.25 mm is observed. 
As shown in the scaled picture in Fig. 7, the rods bend in outward directions, away from each other and 
towards the assembly box wall. As a result, the wire spacer wrapped around each rods is pressed against 
the assembly box at some points, as shown in the second picture in Fig. 7. At these points, stresses just 
above the yield strength of SS 316L have been predicted. Since these peak stresses will relax directly after 
local plastic deformation, they are not a source of concern for safety. 

2298NURETH-16, Chicago, IL, August 30-September 4, 2015 2298NURETH-16, Chicago, IL, August 30-September 4, 2015



5. CONCLUSIONS  
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Figure 7.  Left, the thermal deformation due to non-uniform cooling (scaled with factor 400 for 
better visualization). Right, the localized stresses as the result of bending of the rods towards the 

assembly box.
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