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ABSTRACT

Spacer grids are one of main components of a Pressurized Water Reactor (PWR) fuel assembly. These devices
are used to improve heat transfer between rod bundles and the water flow, by increasing turbulence and
mixture of this flow, they are also responsible to maintain the rod bundles equally spaced, playing a major
structural role on the system. On the other hand the spacer grids increases the pressure drop of the system.
Experimental and Computational Fluid Dynamics (CFD) analysis have been used to understand how spacer
grids affect the water flow. These analysis are important to enhance spacer grids thermal-hydraulic
performance. This paper aims to investigate numerically and experimentally the water flow through PWR
spacer grids. The numerical and experimental investigations have been carried out for a 5x5 rod bundle with
spacer grids at the Nuclear Technology Development Center (CDTN) in Belo Horizonte, Brazil. At CDTN,
measurements of the velocity components are acquired with a 2D LDV (Laser Doppler Velocimetry) system and

the numerical results are obtained using ANSYS CFX code. The measurements are obtained at one height
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downstream from a spacer grid and compared to CFD simulations at Reynolds number of 5.4x10* . Results show
good agreement between both methodologies. The great repeatability and low experimental uncertainty
evaluated (< 1.24%) in this work are suitable results for CFD models validations.
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1. INTRODUCTION

The fuel assemblies are the main devices present in a PWR core. They are formed by fuel rod
bundles with control rods between them, bottom and top nozzles, and spacer grids. The spacer grids
keep these rod bundles organized in square arrays with 16x16 or 17x17 rods typically. Spacer grids
also improve heat transfer from rod surface to water by increasing the turbulence. However the
local pressure drop also increase on account of spacer grids which enhance the energy requirement
by primary circuit pumps [1].

In the past years, researches have been carried out to study these phenomena of turbulence and
pressure drop caused by spacer grids in order to achieve an optimized system [2, 3, 4]. The turbu-
lence has been measured mainly by Laser Doppler Velocimetry (LDV) and Particle Image Veloci-
metry (PIV) [5, 6]. With these techniques is possible to see some specifics patterns in the flow e.g.
cross-flow (mixture flow between subchannels) and swirl-flow (mixture flow inside subchannel).

The flow through spacer grids has also been studied numerically using the Computational Fluid
Dynamics (CFD) method that enables the assessment of details of the flow [3, 4, 6, 15, 16, 17].

The aim of this article is to present the ongoing efforts to investigate numerically and experimen-

tally the velocity profiles and flow behavior of water flow through PWR spacer grids.

2. EXPERIMENTAL METHODOLOGY

The experiments were performed at the Thermal-Hydraulic and Neutronics Laboratory - LTHN

of CDTN (Nuclear Technology Development Center) were a loop was designed and constructed for
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the study of flow through representative sections of fuel bundles. A description of the experimental

facility, instrumentation and measurement methodology is presented in the following sections.

2.1. The Air-Water Circuit and Tests Section

The general diagram of the Air-Water Circuit (AWC) where experiments were performed can be
seen in Figure 1. In this hydraulic circuit a centrifugal pump with 15HP was used to propel water
from a water tank with capacity of 1000 liters to tests section. The tests section was built with two
stainless steel sides, the other sides and the top part are acrylic windows to allow optical access by
the 2D-LDV system which was used to measure velocities profiles. The water flow rate was evalu-
ated by an orifice plate made according to ISO 5167 [8] and differential pressure transmitter meas-
urements, DP,. The temperature was measured by two type J thermocouples and system pressure,
Ps:, by a pressure transducer. Table 1 shows ranges and uncertainties from the used differential pres-

sure transmitters. Calibration of these devices were carried in house according to LTHN procedures

[9] [10].
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Figure 1: Hydraulic circuit.

Table 1: differential pressure transmitter

Transmitter Band [MPa] Calibration Incertainty [kPa]

1 600.0 3.965

2 100.0 579
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The environment temperature was monitored by a type K thermocouple. The temperature and
pressure of water flow that were used in the experiment were kept at near-ambient conditions.
When water flow temperature was elevated above 25 °C (298.15 K) a chiller was used to remove

this extra heat.

2.2. The 2D LDV Measurement System

The 2D-LDV (Laser Doppler Velocimetry) system has been used in velocities profile measure-
ment. Two pair of beams from a 2D-LDV probe pass through the acrylic window of the tests sec-
tion and converge in the water flow. Some particles with the similar density were dissolved in water
to follow the flow. When these particles pass through the focal point of the beams they scatter the
light back to the photo detector and this signal is acquired, processed and analyzed by Dantec soft-
ware [11]. The main advantage of this technique is to measure velocities profiles without interfering
in the flow, which makes it suitable for CFD comparisons. The 2D LDV probe was coupled to a
XYZ automated positioning mechanism, as can be seen in the Figure 2, which is highly precise and
warrants the high repeatability of the system. After this coupling an alignment process between 2D-
LDV probe, XYZ positioning mechanism, rod bundle and acrylic wall of test section was required
to guarantee that the correct velocities profiles values were accounted in the measurement region.
The measurement region can be seen in Figure 3 and this align process followed the pattern de-
scribed in [12].
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Figure 3: Measurement region.
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As shown in Figure 3, 505 measurement points were chosen between two subchannels at a plane
1.22 p downstream the spacer grid in order to measure two velocities profiles components u and v,
in the x and y directions respectively. The experimental uncertainty was evaluated according to the

Guide to the Expression of Uncertainty in Measurement - ISO GUM [13].

3. NUMERICAL METHODOLOGY

For the numerical simulation the commercial code ANSYS CFX 14.0 (2011) was choosen.The
simulations were done in a cluster with 48 processing cores distributed in six computers (144 GB of
RAM and 6 TB of storage capacity).

3.1. The 2D LDV Measurement System

A domain with the 5x5 fuel bundle and a spacer grid was simulated. With this domain, the same
plane downstream the spacer grid was evaluated as the performed experiments. The complex geom-
etry of the spacer grid, e.g. all details of springs, supports and welding spots were include in the
geometry. The computational domain can be seen in the Figure 4. The red line represents the exper-

imentally measured plane relative to the computational domain.
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Figure 4: Computational domain.

Applied boundary conditions are presented Table 2. The physical properties of the water were
considered constant and defined according to the table of IAPWS-IF97 [14], for the temperature
and pressure of 26.32 °C (299.47 K) and 0.37 MPa, respectively.

3.2. Mesh and Numerical Parameters

A non-structured mesh with hybrid elements was generated. The generated mesh has its core
with tetrahedral elements and layers of prismatic elements (inflation) close to the walls of the rods
and the spacer grid. A local refinement was applied to the spacer grid to capture the details of the

flow in this region.

Mesh parameters where defined based on previous Verification and Validation study [15]. The
mesh generated had 111,053,778 elements with 36,990,018 nodes. Near the walls, 7 layers of pris-
matic elements inflation was used. It is important to point out that the number of elements / nodes
of the generated mesh demanded all the computational capacity available. An isometric view of the
mesh next to the spacer grid is shown in Figure 5.
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Table 2: Boundary conditions for the spacer grid simulation

Boundary Condition Values
Inlet Uniform dimensionless axial velocity 1[-]
Turbulence intensity 5%
Outlet Average relative static pressure 0 [Pa]
Rod, walls and grid surfaces No-slip walls Smooth wall

Figure 5: Isometric view of the mesh.
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The simulations were performed using second order discretization schemes for the steady state
RANS equations. The turbulence model RNG k — & was used based on previous numerical study
(Santos et al., 2013).

The simulations were performed in double precision with a residual target of 1077 of the aver-
aged square root (RMS). This convergence residual was set to minimize the uncertainty due to the
iterative solution of the equations accordingly to [6] and [17].

4. RESULTS AND ANALYSIS

In Table 3 it can be seen the uncertainty evaluated for Re, pressure [Pa] and temperature [K] in
the experiments performed. A total of six tests were done.

Table 3: Experimental conditions of the water flow.

Re [107] U[107] TIK] U[K] P[kPa] U[kPa]

53.67 0.54 298.15 274.14 277 1

Figure 6 shows the experimental result for the velocities vector field at the plane located at the
height equal to 1.22 p downstream of the spacer grid. Velocity magnitude is presented normalized
by the average bulk velocity (< w >) and position is normalized by the pitch (p). The mean normal-
ized expanded uncertainty of velocity was 1.24% for 95% confidence interval. Figure 7 shows the

numerical result that were simulated for the same conditions obtained experimentally.
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Figure 6: Velocity profile field for 1.22p height at downstream spacer grid for Re = 5.4x10* ob-

tained by Experiments.
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Figure 7: Velocity profile field for 1.22p height at downstream spacer grid for Re = 5.4x10* ob-
tained by CFD simulations.
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As can be seen in both Figures 6 and 7 the velocity vector field show good qualitative agreement
between the CFD model and the experiments. The same behavior of the flow mixing and vortex
structures can be seen. Both results show the cross-flow and the swirl-flow in the same direction,
similar intensity and can be pointed out that the cross-flow stood out more than the swirl-flow. The
swirl-flow was observed in center of both sub channels and secondary vortices were found nearby
rods. On the other hand, the numerical velocity vector field obtained was 8% higher than experi-

mental in terms of overall magnitude.

5. CONCLUSIONS

In this study, methodologies used to evaluate flow field characteristics downstream spacer grids
numerically and experimentally were presented. A 2D-LDV system was used to obtained a velocity
vector field at two subchanels 1.22 p downstream a vaned spacer grid. The same experimental con-
ditions were simulated by a commercial CFD code and the results were qualitatively compared.

Results showed good qualitative agreement between CFD and experimental for the velocity field
evaluated which indicate that the pursued methodologies are consistent and will be able to produce

meaningful results in future explorations.

This study is part of an ongoing study, and further results and analysis will be performed and
presented in future publications. The presented methods will be applied to the study of different
types of spacer grids and flow conditions in rod bundles, such as in accident and blockage

scenarios.
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