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a b s t r a c t

High fidelity nuclear reactor fuel assembly simulation using CFD method is an effective way for the
structure design and optimization. The validated models and user practice guidelines play critical roles in
achieving reliable results in CFD simulations. In this paper, the international benchmark MATiS-H is
studied carefully and the best user practice guideline is achieved for the rod bundles simulation. Then a
5 � 5 rod bundles model in the advanced pressurized water reactor (PWR) is established and the detailed
three-dimensional thermal-hydraulic characteristics are investigated. The influence of spacer grids and
mixing vanes on the flow and hear transfer in rod bundles is revealed. As the coolant flows through the
spacer grids and mixing vanes in the rod bundles, the drastic lateral flow would be induced and the
pressure drop increases significantly. In addition, the heat transfer is enhanced remarkably due to the
strong mixing effects. The calculation results could provide meaningful guidelines for the design of
advanced PWR fuel assembly.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The fuel assembly is the key component in nuclear reactor core
and subject to the scouring and corrosion of high temperature and
pressure coolant throughout the reactor life cycle. The high fidelity
thermal-hydraulic performance simulation is obviously important
for the fuel assembly design. The design of spacer grids withmixing
vanes has a strong impact on thermal and hydraulic characteristics
in fuel assembly. The spacer grids not only play a role of locating
and supporting the fuel rods, but also induce swirl and turbulence
to change the distribution of coolant flow and temperature in the
fuel assembly, thus enhancing the heat transfer and increasing the
heat flux. Therefore, it is very important to analyze the coolant flow
and heat transfer characteristics in fuel assembly with spacer grids
using high fidelity simulation method.

Experimental method is a traditional approach to study the
thermal-hydraulic performance of fuel assembly with spacer grids
(M. Wang), dlzhang@mail.

by Elsevier Korea LLC. This is an
[1e3]. By using advanced measurement technology such as Particle
Image Velocity (PIV) and Laser Doppler Velocimetry (LDV), the
intuitive flow field information could be obtained [4e6]. Also, the
experimental data could be used as the validation standard for CFD
methods [7]. Compared with the experimental research on fuel
assembly with spacer grids, the CFD simulation is more flexible and
timesaving. With the continuous improvement of computing per-
formance and the completeness of commercial CFD codes, the high
fidelity numerical simulation is a hot research topic and used as a
common practice in nuclear industry [8e11]. Actually, many CFD
numerical simulation studies were performed on reactor fuel as-
sembly with spacer grids in the literatures, especially on the
configuration of 5 � 5 fuel rod bundles [12e15]. During the process
of CFD numerical simulation, the high quality mesh conditions and
appropriate selections of turbulence model are critical to enhance
the credibility of calculation results. Krishna Podila and Yanfei Rao
[16] used STAR-CCM þ to model the single-phase flow through a
5 � 5 rod bundles with a split-vane spacer grid. The polyhedral
meshes were used to discretize the computational domain, along
with prismatic cells near the walls. The influences of different
turbulencemodels were considered in their work, which have been
also concerned by many other scholars. Five turbulence models in
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STAR-CCMþ were used to carry out the numerical simulation of a
5 � 5 fuel rod bundle in Ref. [17]. Results show that the calculation
results with Standard k-ε model agree well with the experimental
values. C. C. Liu [18] also evaluated different turbulence models in
the simulation of fuel assemblies with spacer girds. Results show
that the SST k-umodel has higher accuracy than RKE (Realizable k-
ε) and RSM (Reynolds Stress model). Otherwise, Unsteady
Reynolds-Averaged NaviereStokes (URANS) approach [19] and
Large Eddy Simulation(LES) approach [20] were also used in the
simulation of fuel rod bundles with spacer grids.

In general, the best practice guideline for CFD applications in the
nuclear industry is significant and it should be determined before a
specific problem is solved. In this paper, the international bench-
mark MATiS-H [21] was selected as the baseline for the rod bundles
CFD simulation. Firstly, the benchmark was introduced and the CFD
simulation was carried out to compare the simulation results with
experimental values. During the simulation process, the appro-
priate methodology of meshing and turbulence models were
identified. Then detailed thermal-hydraulic characteristics in the
new concept fuel assembly 5 � 5 rod bundles with spacer grids of
advanced pressurized water reactor (PWR) were studied and
analyzed using the CFD method.

2. Theoretical model

2.1. Basic governing equation

The single-phase turbulent flow and heat transfer process
through the rod bundles satisfies the governing equation as the
following general form:

vðr4Þ
vt

þdivðrU4Þ¼divðG4grad4Þ þ S4 (1)

where ris the coolant density; t is the time; 4 is a universal variable,
which can represent u; v;w; T and other solution variables; G4 is the
generalized diffusion coefficient; S4 is the generalized source term.

2.2. Turbulence model

The method of Reynolds-averaged Navier-Stokes (RANS) de-
composes the solution variables into mean (ensemble-averaged or
time-averaged) and fluctuating components [25]. For instance, the
velocity component is decomposed as:

ui ¼ u!i þ u
0
i (2)

Other solution variables are decomposed in the same way. With
the decomposition, the ensemble-averaged momentum equations
can be yielded in Cartesian tensor form by substituting new form of
flow variables into instantaneous continuity and momentum
equations and taking a time average:
Table 1
Geometrical parameters and operating conditions.

Parameters Values

Rod diameter (D) 25.4 mm
Bundle pitch (P) 33.12 mm
Hydraulic diameter (Dh) 24.27 mm
Shroud length 170 mm � 170 mm
Rod length 3863 mm
Mass flow rate 24.2 kg/s
Temperature 35 �C
Pressure 156.9 kPa
Bundle Reynolds number 50250
Average axial velocity 1.5 m/s
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An additional term, the Reynolds stress tensor � ru0
iu

0
j, appears

in the momentum transport equation. Then two approaches are
used in closing the governing equations. One is the Boussinesq
approach and the other is the Reynolds stress transport models. The
former one could be presented as a variety of forms, while the latter
one is usually represented with the RSM model. The Boussinesq
hypothesis is commonly employed to relate the Reynolds stresses
to mean velocity gradients:
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In the case of the k� εmodels, the turbulent (or eddy) viscosity,
mt , is computed as the function of k (the turbulent kinetic energy)
and ε (the turbulence dissipation rate) with additional transport
equations:

mt ¼ rCm
k2

ε

(6)

where Cm is a constant. The main differences between Standard k�
ε and Realizable k� ε are the turbulent Prandtl numbers governing
the turbulent diffusion of kand ε, as well as the generation and
destruction terms in the εequation.

In the case of the k� umodels, mt is computed as the function of
k and u (the specific dissipation) with additional transport equa-
tions. For SST k� u model, the turbulent viscosity is computed as
follows:
Fig. 1. The geometry of split-vane spacer grids

Fig. 2. The computational fluid domain.



Fig. 3. (a) The global mesh; (b) cross-section of the mesh in the sub-channel in upstream and downstream; (c) cross-section of the mesh in part of the sub-channel in spacer grids.

Fig. 4. Variations of pressure drop with different mesh types.

Fig. 5. Contours of the calculated axial velocity component in a zx-plane at y ¼ 0.5 P.
(a) Standard k� ε; (b) SST k� w; (c) Realizable k� ε; (d) RSM.

Fig. 6. Lines of measurement in the gaps between the channels.
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Fig. 7. Comparison of simulated and experimental components of velocity of line
0.5 P at 0.5 Dh downstream of the spacer grids.
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where a*is the coefficient given by other variables, which damps
the turbulent viscosity.

For the RSM model, the Reynolds-averaged Navier-Stokes
equations are closed by solving transport equations for each term in
the Reynolds stresses, together with an equation for the dissipation
rate. The transport equations for Reynolds stresses are written as:
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The left-hand side are local time derivative term and convection
term, respectively. On the right-hand side, DT ;ji is the turbulent
diffusion term, DL;ji is the molecular diffusion term, Pij is the stress
production term, Gijis the buoyancy production term, 4ij represents
the pressure strain, εij represents the dissipation, Fij represents the
production by system rotation, Suser is the user-defined source
term. Of the various terms in these exact equations, DL;ij, Pij and Fij
do not require any modeling, while DT ;ijGij 4ij, εij need to be
modeled to close the equations. The details about the modeling
could be found in the reference [22].

3. CFD benchmark simulation

The benchmark exercise used for model validation is the MATiS-
H (Measurements & Analysis of Turbulence in Sub-channels-
Horizontal) experiment performed by OECD/NEA-KAERI. This
benchmark was conducted to test the ability of cutting-edge CFD
codes for predicting important turbulence parameters downstream
of spacer grids in a rod-bundle geometry. The test loop mainly
consists of a storage tank, a circulation pump, and a test section.
There are cooler and heater in the storage tank tomaintain the loop
coolant temperature at 35 �C within a range of ±0.5 �C. The mass
flow rate in the loop during operation is controlled automatically by
adjusting the rotational speed of the circulation pump. Other
equipments like flowmeter and pressure transmitter are installed
in the loop to monitor and control the loop parameters. These rods
are maintained in the configuration of a 5 � 5 array by spacer grids
with mixing vanes. Experiments were conducted for two spacer
grid designs. The first one is the split-type, while the other one is
the swirl-type. Herewe focus on the test of split-type mixing vanes.
The relevant geometric parameters and operating conditions are
illustrated in Table 1. A 2-D LDA system is used to measure the
detailed velocity field at four locations downstream from the spacer
grids with 0.5 Dh, 1.0 Dh, 4.0 Dh and 10.0 Dh. A more detailed
description of the benchmark test facility as well as adopted non-
intrusive measurement techniques can be found in the reference
[23]. A set of turbulence mixing experimental data in the 5 � 5 rod
bundles with split-type spacer grids was obtained.

The computational fluid domain was established in ANSYS
Design Modeler (DM) with the simplified spacer grid geometry,
eliminating the buttons and springs. The geometry of split-type
spacer grids is shown in Fig. 1 and the computational fluid
domain is shown in Fig. 2. Because at least an upstream length of
30.0 Dh is required to minimize the influence of entrance lengths
on the turbulence intensities downstream of the spacer grids [16],
the domain length in the axial direction is ranging from 30.0 Dh
upstream and downstream of the spacer grids, respectively.

The dramatic change of flow parameters would appear in the
spacer grid region and so the refined mesh is required. Because of
the complexity of spacer grids and mixing vanes, the tetrahedral
mesh type was generated in this region. The fluid domain in the
channels between the rods upstream and downstreamwasmeshed
with prismatic cells by extruding the cross-sectional mesh profile at
the inlet and outlet of spacer grids. Besides, a fine grid scheme in
the boundary layer was adopted on the wall of rod bundles and
guide tubes. Finally, the complete mesh model was achieved
through patching conforming, inflation and sweep, as shown in
Fig. 3. The grid independence study was conducted by adjusting the
growth rate and the minimum or maximum mesh size within the



Fig. 8. Comparison of simulated and experimental axial velocity of line 1.5 P and 2.45 P at 0.5 Dh downstream of the spacer grids.
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fluid region. Also, more than one mesh types with different height
of the first layer was applied to achieve the target value of yþ. Fig. 4
shows that the pressure drop between the inlet and outlet in-
creases more slowly with the increase of mesh quantities. As the
mesh number increases from type 3 to type 4, the pressure drop
increases (about 0.1%) less than that from type 2 to type 3 (about
0.9%). The pressure drop only increases by 0.07% from the mesh
type 4 to type 5. So the mesh type 3 is regarded as the gird inde-
pendent solution.

The turbulence model selected in CFD modeling is another key
factor. The RANS approach has been used in the majority of in-
dustrial simulation, due to its weak demand for computation re-
sources and appreciable results. In this paper, the steady RANS
approach with different turbulence models such as Standard k� ε,
Realizable k� ε, SST k�w, and RSMwas used in the simulation. The
most appropriate turbulence model could be figured out to simu-
late the current investigation by comparing the numerical results
with the experimental data. The boundary conditions in Table 1
were imposed at the computational fluid domain. The pressure
was solved in a segregated way using SIMPLEC algorithm. The en-
ergy and momentum equations were discretized using second or-
der upwind scheme, while turbulent viscosity equations using first
order upwind scheme. The target value for residuals in momentum
equations was set to 10�5.

The simulation results are presented and compared with the
experimental data in terms of different RANS models from Fig. 5 to
Fig. 9. Fig. 5 shows the results of calculated axial velocity compo-
nent in a zx-plane at y ¼ 0.5 P with the comparison of different
turbulence models. The flow conditions (in terms of mean and
fluctuating velocities) are provided at axial positions located 0.5 Dh,
1.0 Dh, 4.0 Dh and 10.0 Dh downstream of the mixing vanes,
respectively. At each position, the measurement lines of velocity
components and their fluctuations between the rod gaps located at
0.5 P, 1.5 P, 2.45 P are shown in Fig. 6. Fig. 7 shows the simulation
results of velocity components of line 0.5 P at 0.5 Dh comparedwith
the experimental data. Fig. 8 shows the axial velocity of line 1.5 P
and 2.45 P at 0.5 Dh compared with the experimental data. Fig. 9
compares the simulation results of axial velocity at 1.0 Dh, 4.0 Dh,
and 10.0 Dh of the line 0.5 P with the experimental data. Results
show a rather good agreement between simulated results and
experimental data, and the realizable k� ε turbulent model doesn't
show better prediction capability than standard k� ε turbulent
model. Besides, compared to RSM or SST k�w approaches, velocity
can be better predicted at some peaks using the standard k� ε. So
the standard k� ε is the most suitable model to carry out the flow
and heat transfer simulations in the rod bundles of advanced PWR
core fuel assembly.

4. CFD simulation of 5 £ 5 fuel rod bundles

In this section, the flow and heat transfer characteristics in the
rod bundles of advanced PWR fuel assembly were studied in detail.
The fuel assembly in advanced PWR consists of 264 fuel rods in a
17 � 17 square array [24]. There is a guide tube reserved for in-core
instrumentation in the center position of fuel assembly. The
remaining 24 positions also have guide tubes reserved for control
rods. There are totally 15 different kinds of grids in this fuel as-
sembly. The top and bottom grids provide sufficient clamping force
for the fuel assembly throughout its life cycle. The four mixing grids
placed in the upper part of the fuel assembly could enhance the
mixing effect and improve the bending resistance as well as the
strength of fuel assembly. The 5 � 5 rod bundles with a spacer grid
including mixing vanes, springs and dimples were studied using
CFD method. The diameter of fuel rod is 9.5 mm and the center of
grid is the guide tubewith a diameter of 12.24mm. The pitch of fuel
rods is 12.6 mm and the calculated hydraulic diameter is 9.48 mm.
The geometry model of spacer grids is shown in Fig. 10.

4.1. Computational model

The computational fluid domain is also created in ANSYS DM by
stretching the fluid domain in the upstream and downstream of
grids to the length of 30.0 hydraulic diameters respectively, as
shown in Fig. 11. In terms of meshing, the tetrahedral mesh is used
for the spacer grid region, while the upstream and downstream are
meshed with prismatic cells by extruding the cross-sectional mesh
profile at the inlet and outlet of spacer grids. The boundary layer
mesh is also used in each region on the wall of fuel rods and guide
tubes. The height of first layer is adjusted to achieve the target value
of yþ. Themesh sensitivity study is performed by applying different
minimum or maximum mesh sizes, and five different mesh type
conditions are obtained. Fig. 12 shows the calculated pressure drop
between the inlet and outlet and the average outlet temperature. As
shown in Fig. 12 (a), the pressure drop between type 3 and type 4
decreasesmuch less than that between type 2 and type 3. As shown
in Fig. 12 (b), the temperature difference varies greatly from type 1
to type 2 and type 2 to type 3 mesh, while it nearly keeps the same
from type 3 to type 4. At last, the mesh type 3 is deemed adequate



Fig. 10. Spacer grid of the fuel assembly in the advanced PWR.

Fig. 11. The computational fluid domain of rod bundles.

Fig. 9. Comparison of simulated and experimental axial velocity at 1.0 Dh, 4.0 Dh, 10.0
Dh downstream of the spacer grid and at 0.5 P.
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for the simulations.
The standard k� ε is chosen as the turbulence model based on

above analysis. The boundary conditions referring to the actual
reactor operation [25,26] in Table 2 are imposed at the computa-
tional fluid domain. In order to study the effect of spacer grids on
the flow and heat transfer in channels, a CFD model of 5 � 5 rod
bundles without spacer grids was also built to perform the com-
parison study.
5. Results and analysis

The single-phase heat transfer and turbulent flow features were
investigated through the 5 � 5 rod bundles with and without
spacer grids. The effect of spacer grids on the flow, pressure drop
and heat transfer in the channels were analyzed. The Y-axis of the
model is the axial flow direction, and the root position of mixing
vanes is the zero point of y-axis coordinate.

Fig. 13 shows the cross-sectional profile of axial velocity at 1.0
Dh upstream of the spacer grids, 0.5 Dh and 5.0 Dh downstream of
the mixing vanes. Due to the mixing effects, the axial velocity
distribution at the 0.5 Dh position downstream of mixing vanes is
extremely uneven, and two velocity peaks appear at the channel
center position of each pair mixing vanes. As the flow moves
downstream, the cross-flow velocity propagates throughout the
cross-sections and the cross-flow energy is gradually dissipated,
leading to a uniform distribution. As the coolant flows through the
spacer grids, the lateral velocity is induced due to the blocking and
mixing effects of vanes. The lateral velocity is defined by:

Vlateral ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
x þ V2

y

q
(9)

where Vx and Vy are the crossflow velocities.
The cross-sectional profile of velocity vectors at four positions

are shown in Fig. 14. The lateral flow is mainly induced by springs
and dimples in the spacer grids region. The effect of mixing vanes is
much more obvious and the maximum lateral velocity could reach
3.24 m/s. As shown in Fig. 14 (b), the lateral velocity in each sub-
channel is elliptic in shape, while the flow direction is different.
As the coolant flows downstream, the lateral velocity decreases
gradually, as shown in Fig. 14 (c) and Fig. 14 (d). At the 20.0 Dh
downstream of mixing vanes, the maximum lateral velocity is
1.46 m/s, which is much less but still exists. The lateral velocity at
the upstream of spacer grids is about 10�2m/s which could be
ignored. The average lateral velocity in each plane is extracted and
illustrated along the flow direction in Fig. 15. Before the coolant
flows into spacer grids, the average lateral velocity is nearly zero,
while at the entrance of grids, the average lateral velocity is steep,
up to the value of 0.99 m/s. The average lateral velocity during the
spacer gird decreases obviously, while it begins to rise again
dramatically, up to the value of 1.44 m/s. The mixing effect grud-
ually weakens until reaching the outlet.

The mixing effect of spacer grid also increases the pressure drop



Fig. 12. Variations of simulation results with different mesh types.

Table 2
The boundary conditions settings.

Parameters Values

Inlet Temperature: 552 K. Velocity: 1.5 m/s
Outlet Pressure: 0 Pa
The wall of the rod bundles Uniform heat flux: 623220 W/m2

The wall of the guide tube Thermal insulation
The surrounding wall Symmetry
Operation conditions Operation pressure: 15.52 MPa

Y. Wang et al. / Nuclear Engineering and Technology 52 (2020) 1386e13951392
in the sub-channel. The pressure drop of spacer grid includes the
friction pressure drop of rod bundles and the grid partial resisi-
tance. The total pressure drop in spacer grid zone can be expressed
by

DP¼DProd þ DPgrid (10)

where the DProd can be obtained by simulation results of the 5 � 5
rod bundles without the spacer grids. The coefficient of partial
resistance is defined by
Fig. 13. Cross-sectional profile of axial velocity, (a) 1.0 Dh upstream of the grid; (b) 0.5
K ¼DPgrid
2

rV2 (11)

where rand Vare average density and velocity of the fluid. Actually,
the pressure at each plane is the pressure drop between the plane
and outlet due to the 0.0 Pa pressure setting at the outlet.

Fig.16 shows the pressure of rod bundles with andwithout grids
along the flow direction. As the coolant flows through the 5� 5 rod
bundles without spacer grids, the pressure drops uniformly along
the axis direction. As for the bundles with spacer grids, the pressure
decreases uniformly with the same speed in upstream firstly and
then descends sharply at 1.0 Dh upstream of the grid root. Before
the coolant flows into the spacer grid region, the pressure gradually
decreases because the fluid is subjected to friction between the
surface of the wall and rod bundle. When the fluid flows in the
spacer grid region, due to the blocking effect of grids, the pressure
drop is very large, causing the steep pressure decline. As shown in
the figure, the blocking effect could affect the flow within the dis-
tance of 1.0 Dh upstream of grids. The pressure drop rate in the
spacer grid region is much larger compared to that in the upstream
Dh downstream of the mixing vanes; (c) 5.0 Dh downstream of the mixing vanes.



Fig. 14. Cross-sectional profile of the lateral velocity, (a) 20 mm downstream of the grid inlet; (b) 0.5 Dh downstream of the mixing grid; (c) 4.0 Dh downstream of the mixing grid;
(d)10.0 Dh downstream of the mixing grid.
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region. The reason is that the reduced flow area causes the
increased fluid speed. When the coolant arrives at the vanes root,
the fluid velocity decreases because of the effect of mixing vanes, so
the pressure rises until reaching 3.0 Dh downstream of the mixing
vanes. After the coolant flows through the region of mixing vanes,
the fluid velocity stabilizes gradually and the pressure decreases at
the same rate. From 1.0 Dh upstream to 3.0 Dh downstream of the
spacer grids, the total pressure drop is 102200.66 Pa, while the
DPgrid is 943.09 Pa. The calculated partial resistance coefficient of
Fig. 15. Variation of average lateral velocity along the flow direction.
the whole spacer grid is 1.01036. At the same time, the calculated
partial resistance coefficient from the root of spacer grid to the root
of vanes is 0.66896. Fig. 17 shows the comparison temperature
distributions on the surrounding wall between the rod bundles
with and without spacer grids. Obviously, due to the mixing effect
of mixing vanes, the coolant flow direction changes, thus the
temperature distribution with spacer grids are not as uniform as
that without spacer grids. In addition, it can be seen from Fig. 17
that the spacer grids enhance the heat transfer in rod bundles
obviously.
Fig. 16. Variation of the pressure drop relative to outlet along the flow direction.



Fig. 17. Temperature distributions on the surrounding wall, (a) with spacer grids; (b) without spacer grids.
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6. Conclusions

An OECD/NEA CFD benchmark study on modeling a 5 � 5 rod
bundles with split-vane spacer grids was performed and the best
practice guideline was achieved for the reactor core fuel assembly
CFD simulation. An appropriate method for meshing and the choice
of turbulence models were identified. Then the detailed CFD
analysis of fuel assembly in the advanced PWR was carried out in
order to predict the flow and heat transfer characteristics down-
stream of the split-vane spacer grids. The main conclusions are
achieved as follows:

1) Among the four turbulence models applied to the simulation,
the standard k� ε turbulencemodel proved a certain priority for
the fuel rod assembly simulation.

2) The axial velocity distribution at the 0.5 Dh position down-
stream of mixing vanes is extremely uneven. Two velocity peaks
appear at the channel center position of each pair mixing vanes.
As the flowmoves downstream, the entire velocity field tends to
be evenly distributed.

3) The lateral flow is mainly induced by the springs and dimples in
the region of spacer grids. The mixing effect induced by mixing
vanes is much more obvious and the maximum lateral velocity
can be large as 3.24 m/s. At the 20.0 Dh downstream of mixing
vanes, the maximum lateral velocity is 1.46 m/s, which is much
less but still exists.

4) The mixing effect brings the greater pressure drop in the sub-
channels. The calculated partial resistance coefficient of the
whole spacer grid is 1.01036. Meanwhile, the calculated coeffi-
cient of partial resistance from the root of spacer grid to the root
ofmixing vanes is 0.66896. Themixing vanes change the coolant
flow direction obviously, causing the uneven distribution of
temperature. In addition, the spacer grid is beneficial for the
enhancement of heat transfer in the rod bundles.
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