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The spacer grid has a significant impact on the thermal-hydraulic characteristics of the rod
bundle channel, which directly determines the possibility of a boiling crisis. The multi-phase
flow model coupling boiling model is proposed to acquire the secondary flow and void
fraction for subcooled flow boiling in the fuel assembly. Compared with the experimental
data, the RNG k–ε turbulence model is selected in the current research. In addition, the
thermal-hydraulic parameters of subcooled boiling flow in the 5 × 5 rod bundle with a
spacer grid are studied focusing on the influence of different arrangements of mixing vanes.
It is found that the distribution of the vapor phase is greatly influenced by the intensity and
flow direction of secondary flow. In addition, the thermal–hydraulic characteristics in the
sub-channels and around the fuel rods are investigated, which demonstrates that uniform
crossflow makes vapor harder to accumulate around the fuel rods. Furthermore, the
mixing characteristics of different types of spacer grids are also discussed in detail.
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HIGHLIGHTS

• The multiphase flow model coupling boiling model has been applied in the fuel assembly.
• The distribution of secondary flow, secondary flow intensity, axial velocity, and void fraction
has been discussed.

• The thermal-hydraulic characteristics of sub-channels and fuel rod surfaces have been
analyzed.

• The numerical results of secondary flow intensity are proven to be in good agreement with
experimental data.

1 INTRODUCTION

Themain purpose of thermal-hydraulic research in the nuclear reactor is to improve the heat transfer
and its uniformity so that to keep more heat away from the fuel rod surface and increase the critical
heat flux. As a component existing in the heating section of the fuel rod, the spacer grid directly
affects the flow and heat transfer characteristics in the fuel assembly. The swirl flow in a rod bundle
with a spacer grid includes natural convection and forced convection. Natural convection occurs in
the rod bundle sub-channel, while forced convection is produced due to the strong disturbance of the
fluid caused by the leaf springs, dimples, andmixing vanes in the spacer grid. The 17 × 17 rod bundles
are used in the nuclear reactor. However, considering the experimental conditions, the number of
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fuel rods is reduced for research. Among so many studies, the rod
bundle size used by the researchers is not consistent, and 5 × 5 rod
bundles have been relatively more studied.

For the experimental study of the thermal-hydraulic
characteristics in fuel assemblies, there are some differences in
the obtained parameters due to different measurement methods.
Rehme (1987; 1989) studied the effect of velocity boundary layer
reconstruction downstream of the spacer grid on heat transfer
and analyzed the fluid pulsation between channels through the
measured interleaving coefficient. It is shown that the exchange of
heat is mainly caused by the hydrodynamic interaction between
channels.Wu and Trupp (1993) measured the axial velocity of the

FIGURE 1 | Structure of the rod bundle with spacer grid and arrangement of the rods.

TABLE 1 | Distance of different cross sections.

Cross section Distance (mm)

Upstream of spacer grid 2Dh 0
Upstream of spacer grid 1Dh 11.4
Upstream of spacer grid 0Dh 22.8
Middle of springs 41.8
Roof of mixing vanes 65
Downstream of spacer grid 0Dh 66.8
Downstream of spacer grid 1Dh 78.2
Downstream of spacer grid 2Dh 89.6
Downstream of spacer grid 3Dh 101
Downstream of spacer grid 4Dh 112.4
Downstream of spacer grid 5Dh 123.8
Downstream of spacer grid 6Dh 135.2
Downstream of spacer grid 7Dh 146.6
Downstream of spacer grid 8Dh 158
Downstream of spacer grid 9Dh 169.4
Downstream of spacer grid 10Dh 180.8
Downstream of spacer grid 11Dh 192.2
Downstream of spacer grid 12Dh 203.6
Downstream of spacer grid 13Dh 215
Downstream of spacer grid 14Dh 226.4
Downstream of spacer grid 15Dh 237.8
Downstream of spacer grid 16Dh 249.2
Downstream of spacer grid 17Dh 260.6
Downstream of spacer grid 18Dh 272
Downstream of spacer grid 19Dh 283.4

TABLE 2 | Operating conditions in two-phase flow.

Boundary condition Value

Material Steam–water
Outlet pressure (MPa) 12.5
Inlet mass velocity (kg/m2·s) 1,990
Inlet temperature (K) 601
Inlet void fraction (steam) 0.39
Inner-rod power (kW/m2) 1,600
External-rod power (kW/m2) 2,100
Axial power distribution Uniform
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coolant between the rod bundles and the distribution of turbulent
kinetic energy by a hotline instrument. The experimental results
showed that the axial turbulent kinetic energy of the sub-channels
between the rod bundle and the near-wall surface was higher than
that of the channels between the rod bundles, and there were
differences in the flow patterns as well. McClusky et al. (2002)
determined that sub-channel heat transfer is mainly influenced by
mixed and interlaced flows. Although the experimental
measurements were unsatisfactory due to the shortcomings of
the experiment itself, the study still has an important academic
value. In the current experimental research, laser Doppler
velocimetry (LDV) and particle image velocimetry (PIV)
measurements were heavily used because of the high accuracy
of measuring the flow field parameters in the fuel assembly. Based
on the 4 × 4 rod bundle geometry model with the spacer grid
(mixing wing only) in the rectangular frame, Shen et al. (1991)
used LDV to measure the crossflow downstream of the spacer
grid in the center of the sub-channel and the transverse flow in
the gap between fuel rods. This study shows that the turbulence
intensity downstream of the spacer grid decays to almost zero at
21Dh, and the greater the angle of the mixing vane, the stronger
the crossflow is formed. By using 1-D LDV measurement, Yang
and Chung (1996) and Yang and Chung (1998) characterized the
variation trend of axial velocity upstream and downstream of fuel
assembly with the 5 × 5 rod bundle and the turbulent flow
between rod bundles and then explained the turbulent kinetic
energy caused by the spacer grid and the physical phenomenon of
gradual attenuation of turbulent intensity along the downstream
of the spacer grid. The results show that turbulent swirl flow and
forced swirl flow occur at 10Dh and 20Dh downstream of the grid,
respectively, and the swirl factor reaches the maximum near the
spacer grid. Through the flow field downstream of the grid
measured by the LDA system, Han et al. (2009) studied the
traditional split vane and the new series arranged mixing vane. It
shows that the vortex generated by the split mixing vane usually
reaches the maximum at 4–5Dh and then decays rapidly, and the

strong swirl flow generated by the new mixing vane can last up to
20Dh. The flow field distribution in the rod bundle channel
upstream and downstream of the spacer grid was, respectively,
measured with PIV by Dominguez-Ontiveros et al. (2009),
Dominguez-Ontiveros et al. (2012), Conner et al. (2013), and
Dominguez-Ontiveros and Hassan (2014). The research team has
carried out a lot of research work on different rod bundle
channels with spacer grids in recent years. They used DPIV
and MIR methods to capture the distribution of the flow field in
the rod bundle. They deeply analyzed the changes of the flow field
before and after the spacer grid and also measured the changes of
velocity in the 5 × 5 rod bundle channel and the changes of the
turbulent flow pattern and mainstream velocity in the 3 × 3 rod
bundle channel. The results show that the vortex decreases
gradually downstream of the spacer grid due to interaction
between the vortex, which can be used for the validation of
the computational fluid dynamics (CFD) calculation. In recent
years, with the development of experimental technology, many
researchers began to pay attention to the two-phase flow
characteristics of the coolant in fuel assemblies. Pham et al.
(2014; 2015) used a high-speed camera to study the cross-
sectional characteristics of the swirl flow in a 3 × 3 rod bundle
channel, which revealed the whole change process of the swirl
flow. Arai et al. (2012) studied the cavitation behavior and the
two-phase flow behavior of the sub-channel in a 10 × 10 rod
bundle channel, measured the void fraction and bubble velocity
with the advanced cavitation detection system, and established
the dynamic behavior of two-phase flow along the flow direction.
Cho et al. (2011) studied the change of droplets in the 6 × 6 rod
bundle channel when passing through the spacer grid as well as
clarified the process of breaking into smaller droplets after droplet
entrainment. By observing the characteristics of two-phase flow
in a single channel, Liu et al. (2021) studied the effect of the spacer
grid on the bubble behavior and the critical heat flux (CHF). Ren
et al. (2018a), Ren et al. (2018b), and Ren et al. (2021) carried out
the air–water two-phase flow experiment and determined the
distribution characteristic of the two phases in the rod bundle
channel by using a miniaturized four-sensor conductivity probe
(MFSCP).

Since the experimental method has many limitations in the
research of the spacer grid, most of the research is still based on
numerical methods. Navarro and Santos (2011) studied the
hydraulic performance of the 5 × 5 fuel assembly with a split
vane spacer grid. The results showed that the numerical results
were in good agreement with the experimental values, which
confirmed the feasibility of using the numerical method to study
the fuel assembly. Cinosi et al. (2014) used STAR-CCM +
software to compare the velocity values measured in the
experiment with the results calculated by the four turbulence
models. It was considered that the standard k–epsilon, k–omega,
and Reynolds tress turbulence models could predict the
distribution of average velocity, and the difference between the
simulation results of the standard k–ε model and the
experimental values was the smallest. Also using STAR-CCM
+ software, Podila and Rao (2016) used the realizable k–ε, k–ω
SST, and Reynolds stress models to simulate 5 × 5 rod bundles
with a split spacer grid. The results showed that the axial velocities

FIGURE 2 | Comparison of simulated and experimental secondary flow
intensity.
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calculated by the three turbulence models were close to the
experimental results, but the turbulence intensity obtained by
the realizable k–ε model is the closest to the experimental
measurement value. Caraghiaur et al. (2009) studied the
turbulent flow behavior in the rod bundle with a spacer grid.
The result shows that the turbulence intensity downstream of the
spacer grid in the sub-channel gradually decreases to less than the
one upstream of the grid, then continues to increase until the
distance between the two grids is the largest, and then decreases
again. However, there is no such sudden increase in the
turbulence intensity in the side channel and corner channel,
and there is only a little increase when flowing after the mixing
vanes. Liu and Ishiwatari (2013) studied the single-phase flow
behavior of the sub-channel center under unsteady conditions.
The results show that the geometric structure of the sub-channel

center, the gap width between fuel rods, and the size of fuel rods
have a great influence on the flow. Agbodemegbe et al. (2015;
2016) studied the influence of mixing vanes on crossflow
according to the velocity changes of fluid along the deflection
direction of vanes as well as in the transverse and axial directions.
By comparing with the experimental data, the authors believed
that the realizable k–ε model could not accurately predict the
velocity fluctuation and established a model to calculate the
crossflow resistance coefficient. Liu and Ferng (2010), Chen
et al. (2014), and Lin et al. (2014) carried out in-depth
research on the thermal-hydraulic characteristics of the spacer
grid using the CFDmethod and studied the single-phase flow and
heat transfer of the spacer grid with single-channel and the 5 × 5
rod bundle channel with spacer grid, respectively. The study of
heat transfer characteristics in a single channel shows that the

FIGURE 3 | Cross-sectional profile of secondary flow along axial direction.
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grid with mixing vanes has a great influence on flow and heat
transfer. The comparison between the calculated Nusselt number
and the experimental value shows that the numerical method can

be used to study the thermal-hydraulic characteristics in fuel
assemblies. At the same time, the study also analyzed the thermal-
hydraulic characteristics of the rod bundle channel under the
condition of non-uniform heating. The results show that there is
no obvious difference between the steady-state calculation and
the unsteady-state calculation of the 5 × 5 rod bundle channel,
and the SST k–ω turbulence model is suitable for the geometric
structure. Based on the comparison results of the Nu number
downstream of the grid and in the circumferential direction of the
fuel rod, it is found that the flow characteristics are the main
factors that determine the law of heat transfer. Bakosi et al. (2013)
used large eddy simulation (LES) to study the turbulence and
mechanical behavior in a single channel. The study shows that
LES is suitable for studying the wear between fuel rods and grids.
Anglart and Nylund (1996) and Anglart et al. (1997) studied the
axial and transverse void distribution in the sub-channel and
predicted the variation trend of vapor and liquid flow fields in
two-phase flow. Considering the influence of buoyancy drift in
the rod bundle channel, Carlucci et al. (2004) explained the
relationship between swirl flow in turbulence under the single-
phase and two-phase conditions. Yang et al. (2021) proposed a
multiphase flow model based on the Euler equation, studied the
axial distribution of thermal-hydraulic parameters of subcooled
boiling in the 3 × 3 rod bundle channel, and obtained the
conclusion that the heat transfer characteristics of the coolant
will be significantly reduced when the deflection angle of mixing
vanes is greater than 30°. Wang et al. (2020), Khan et al. (2020),
and Zhang et al. (2022) have also developed and applied the high
fidelity thermal-hydraulic models using the CFD method to
analyze flow and heat transfer characteristics of the rod bundles.

Currently, most of the CFD research work is based on the
single-phase condition for the thermal-hydraulic
characteristics of the rod bundle with the spacer grid.
Considering the two-phase flow, especially the two-phase
flow under boiling conditions, the two-phase calculation
model and the boiling phase transition model needs to be
further improved. The CFD calculation results of the single-
phase flow in the complex fuel assembly with the grid have
limited guidance for the design of the fuel assembly. In
addition, the calculation results of single-phase flow cannot

FIGURE 4 | Flow direction diagram of secondary flow and sub-channel number.

FIGURE 5 | Distribution of secondary flow along axial direction in the
sub-channel and around the fuel rod.
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reflect the real two-phase flow, especially the distribution
characteristics of the void fraction in the fuel assembly and
the influence of void fraction distribution characteristics on
the critical heat flux. Therefore, it is of great significance to
study the two-phase flow in the fuel assembly based on the
CFD method (Wang et al., 2021).

In this article, the two-phase flow model and the boiling
phase transition model for the complex fuel assembly are first
established. Second, based on the CFD method to calculate the
two-phase flow in the fuel assembly, the two-phase flow
behavior characteristics, including the mixing characteristic
of the spacer grid, the secondary flow evolution, the sub-
channel characteristics as well as the void fraction
distribution characteristics, and their influence on the CHF
are studied. The quantitative analysis of the flow parameters

will provide theoretical support for the thermal design of the
fuel assembly.

2 GEOMETRIC MODEL AND NUMERICAL
METHOD
2.1 Geometric Model and Boundary
Conditions
The geometric configuration used in this article is a 5 × 5 rod
bundle channel with a spacer grid as shown in Figure 1, and the
fuel assembly is placed in a 65 mm × 65 mm rectangular frame.
The total length of the fuel assembly is 283.8 mm, including the
length of the spacer grid downstream and upstream as 228 and
22.8 mm, respectively, and the spacer grid of height 33 mm. A

FIGURE 6 | Variations of vapor-phase distribution along axial direction.
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total of 25 fuel rods were used in the fuel assembly with an outer
diameter of 9.5 mm, and the rod bundle hydraulic diameter (Dh)
is 11.4 mm. The rod bundle with spacer grid is divided into
different sections along the flow direction, for which the distance
is shown in Table 1. The geometry structure of the spacer grid is
very complex, which consisted of dimples, springs, and mixing
vanes. On the one hand, the springs and dimples can clamp fuel
rods to prevent sloshing. On the other hand, these structural
components will produce a very strong secondary flow.
Furthermore, the mixing vanes can induce secondary flow
intensity, which affects the phase distribution characteristics of
the two-phase flow downstream of the spacer grid in the fuel
assembly.

The iterative method of pressure coupling velocity field is
performed in this study. The boundary conditions involved are
shown in Table 2. A uniform velocity inlet with a mass flow rate
of 1990 kg/m2 s is considered, a pressure (12.5 MPa) outlet
boundary condition is used for the outlet, the inlet
temperature and inlet average void fraction are set to 601 K
and 0.39, respectively, and the wall boundary is a no-slip

boundary condition. Due to the power distribution of the fuel
rods in a nuclear reactor are not uniform, the different heating
power of fuel rods is imposed as shown in Figure 1, in which the
heating power is 2,100 kW/m2 for the 16 fuel rods (No. 1–16)
outside the fuel assembly and 1,600 kW/m2 for the 9 fuel rods
(No. 17–25) inside.

2.2 Mathematical Model

2.2.1 Turbulence Model
For most research on flow and heat transfer characteristics in fuel
assemblies, the turbulence model generally uses the Reynolds-
averaged Navier–Stokes equations due to the complexity of the
geometric model. By comparing the experimental measurements
with the numerical results, the standard k–εmodel can predict the
mean velocity better (Cinosi et al., 2014), while the realizable k–ε
model calculates the turbulence intensity closer to the experimental
measurements (Podila and Rao, 2016). The author of this article
concluded that the RNG k–εmodel is more suitable for the current
calculation conditions through a comparative analysis between the
sub-channel temperature obtained by experimental measurements
and the results calculated by different turbulence models in
previous studies (Chen et al., 2016). In addition, the flow and
heat transfer characteristics downstream of the spacer grid under
single-phase conditions have been investigated. This article is a
further discussion of the thermal-hydraulic characteristic of the
downstream of spacer grid under two-phase conditions based on
the previous study; therefore, the turbulence model, mesh analysis,
near-wall treatment, and numerical solution involved in this study
are the same as in the article (Chen et al., 2016) and no longer
described in this article. Thus, the RNG k–ε model is used for the
flow field and temperature distribution inside the rod bundle. In
the present study, Fluent software is adopted to solve nonlinear
equations.

2.2.2 Mixture Model
Considering that the void fraction in fuel assembly exceeds
10% and the vapor–liquid interface is not required to be
tracked, the mixture model is selected to solve the mass,
momentum, and energy conservation equations of
vapor–liquid two-phase flow in rod bundles. Although the
Eulerian model considers the flow of the vapor phase and the
liquid phase, it requires huge computational resources and is
more difficult to converge. Therefore, the mixture model is
applied to calculate the two-phase flow of fuel assemblies with
a spacer grid in this article.

Mixture model continuity equation:

z

zt
(ρm) +  · (ρm v

.
m) � 0 (1)

v
.

m � ∑n
k�1αkρk v

.
k

ρm
(2)

ρm � ∑n

k�1αkρk (3)
where v

.
m and ρm are average mass velocity and mixture density,

respectively, and αk is the volume fraction of the k phase.
Mixture model momentum equation:

FIGURE 7 | Average void fraction along axial direction in the sub-channel
and around the fuel rod.
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z

z
(ρm �vm) +  · (ρm �vm �vm) � −p +  · [μm( �vm +  �vTm)]

+ ρm �g +  ·⎛⎝∑n

k�1αkρk �vdr,k �vdr,k
⎞⎠
(4)

v
.

dr,k � v
.

k − v
.

m (5)
μm � ∑n

k�1αkμk (6)
where v

.
dr,k is the drift velocity of the k phase and μm is the

mixture viscosity.
Mixture model energy equation:

z

zt
∑n

k�1(αkρkEk) +  ·∑n

k�1(αk �vk(ρkEk + p)) �  · (keffT)
(7)

keff � k + kt (8)
where keff is the effective thermal conductivity and kt is the
turbulent heat conduction. For incompressible phase: Ek � hk.

Volume fraction equation for the secondary phases:

z

zt
(αpρp) + ∇ · (αpρp �vm) � −∇ · (αpρp �vdr, p) +∑n

q�1( _mqp

− _mpq)
(9)

2.2.3 Boling Model
As the heating power increases, fine vapor bubbles start to form
on the fuel rod surface and gradually grow into big bubbles on the
rod bundle surface. The continuous big bubble separates the
heated wall surface from the liquid phase, making a liquid film
appear between the big bubble and the heated wall surface. The
heated wall delivers energy to the bubble by heat transfer through
the micro-layer liquid film, while the vapor–liquid interface
transfers energy through convective heat transfer. For the
mass transfer process, the vapor generation rate due to the

phase change will be calculated based on the energy balance.
Therefore, in this article, the process of mass and energy transfer
of the phase transition is implanted into the CFD codes through
user-defined function (UDF) by considering the heat and mass
transfer at the bubble contact area and the phase interface to
realize the numerical analysis of the two-phase flow and obtain
the phase distribution characteristics in the fuel assembly. The
mathematical equations for the mass and energy transfer between
phase interfaces during the phase transition are described as
follows:

The mass source by phase transition Δ _m is defined as

Δ _m � _mw,n + _mv,m (10)
where the vapor generation rate on the heated wall _mw,n and the
vapor generation rate on the liquid–vapor interface _mv,m are
defined separately for

_mv,m � ρlcp,lΔTsub,mΔVl

hfgτm
(11)

_mw,n � qw,nAw,n

hfg
(12)

where ρl is the density of the liquid phase, cp,l is the specific heat
capacity of the liquid phase, ΔTsub,m is the superheat of the
vapor–liquid interface grid, ΔVl is the liquid phase volume of cell
volume, τm is bubble relaxation times, qw,n is the heat transfer of
cell by the heating wall, Aw,n is an area of wall grid, and hfg is the
latent heat of vaporization.

3 SIMULATION RESULTS AND
DISCUSSION

When the coolant flows through the fuel assembly with the spacer
grid, it is affected by the spacer grid belts, springs, dimples, and
mixing vanes, which will result in a very strong swirl flow in the
lateral direction. Due to the guidance of the design, the mixing of
the coolant by the mixing vanes will lead to regular secondary flow

FIGURE 8 | Structure of the spacer grids (A) and (B).
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(SF �
�������
V2

x + V2
y

√
) downstream of the spacer grid. The strength

and the attenuation rates of the secondary flow at the downstream
of the spacer grid play an important role in the cooling of fuel
assemblies and have a great impact on the accumulation of vapor
on the surface of fuel rods. In addition, the secondary flow intensity
is also defined (Busco and Hassan, 2018) as Eq. 13. As shown in
Figure 2, the simulation values of secondary flow intensity are
compared with the experimental data measured by Xiong et al.
(2020) and Busco and Hassan (2018). It is observed in the figure
that the variation trends of CFD simulation and experimental data
are similar for secondary flow intensity. However, the downstream
secondary flow intensity decreases more slowly in this study, and it
is about 0.1 in the type A spacer grid at 18Dh, while the secondary
flow intensity already falls to approximately 0.05 in the study of
Xiong et al. (2020)and Busco and Hassan (2018).

SFI � 1
A
∑

i

Ai

�������
V2

x + V2
y

√
Vz

(13)

In this article, the effect of spacer grids on the mixing
characteristics of two-phase flows in fuel assemblies, especially
the evolution of secondary flow between channels after passing
through the spacer grid is investigated. Then, the trends of
secondary flow and void fraction in different sub-channels
under boiling conditions as well as at the downstream of two
different spacer grids are compared. Consequently, the swirl
capacity of the mixing vane is quantitatively evaluated.

3.1 The Mixing Characteristics of Spacer
Grid With Boiling
3.1.1 The Secondary Flow Distribution Characteristics
Based on the secondary flow distribution under boiling conditions
shown in Figure 3, it can be found that a strong secondary flow
begins to appear at the root of the mixing vane and is located in the
inclined direction of the mixing vanes. On the contrary, there is no
strong secondary flow in the opposite direction. The phenomenon
shows that the secondary flow is mainly caused by the mixing
vanes, and the direction of the mixing vanes will directly determine
the location of the strong vortex. Comparing the secondary flow on
the cross sections at 1Dh, 8Dh, and 18Dh, once the coolant flows
through the grid region, the fluid mixing and pulsation between
different sub-channels makes a non-uniform distribution of the
secondary flow intensity downstream of the spacer grid as shown in
Figure 4, and different sub-channels will be affected by the energy
and mass exchange as well as the wall effects. Because the wall
effects of the side sub-channel and corner sub-channel are more
obvious than those of the middle sub-channel, the secondary flow
of the side sub-channel and middle sub-channel will be smaller. In
addition, because of the flow resistance of fuel rods and no further
excitation ofmixing vanes, the secondary flow continues to weaken
at the downstream of the whole spacer grid. As shown in Figure 3,
themaximum secondary flows of 1Dh and 18Dh downstreamof the
grid are 1.7 m/s and 1.1 m/s, respectively. According to the
aforementioned analysis, the lateral flow of the flow field
downstream of the grid is mainly caused by the mixing vanes,
while the structure and arrangement of the mixing vanes have a
significant influence on the distribution and intensity of the
secondary flow downstream of the grid. However, the influence
disappears in a certain distance, and the secondary flow
distribution downstream of the grid presents an asymmetric
morphology.

In the analysis of the thermal-hydraulic characteristics in
the rod bundle channel, the flow field on the cross section
along the flow direction cannot fully express the local
characteristics, but the changing trend of the flow pattern in
the sub-channel can truly reflect the heat transfer
characteristics of the internal flow. Meanwhile, the flow
field on the surface of the fuel rod is also selected to study
its importance on the critical heat flux. In this article, the
average secondary flow evolution in adjacent sub-channels and
on the fuel rod surfaces is analyzed, and the selected sub-
channels and fuel rods are shown in Figure 4. Since the sub-
channel data cannot be extracted by the original calculation
software, they are obtained by UDF.

FIGURE 9 | Distribution of velocity along axial direction for different types
of the spacer grid.
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According to the arrangement of mixing vanes of the current
spacer grid, three sub-channels, including two middle sub-
channels (21 and 33) and one corner sub-channel (1), and the
surfaces of three corresponding fuel rods (9, 21, and 25) are
selected as the research objects. The secondary flow curves along
the axial direction in the three sub-channels and on fuel rod
surfaces are shown in Figure 5. As one can see, the secondary flow
along the axial direction shows a similar trend for both the sub-
channel and the fuel rod surface roughly. The largest secondary
flow all appears at the top of the mixing vanes and then gradually
attenuates along the downstream of the grid, while the secondary
flow at the root of the mixing wing is about 1 m/s, which indicates
that the springs and dimples in the spacer grid will also cause the

transverse mixing of the coolant. For different sub-channels, the
secondary flow of the corner channel is only caused by a single
vane and limited by the casing tube, while in the middle channels
it is affected by a pair of mixing vanes. The secondary flow in the
corner channel at the upstream and downstream of the spacer
grid is smaller than that in the other two middle channels. The
secondary flow in the corner channel does not decay and
fluctuates after 6Dh. This phenomenon mainly lies in the fact
that the corner channel is influenced by the wall channel
downstream of the grid. For the middle channel, sub-channel
33 is more obviously affected by the transverse pulsation of the
surrounding sub-channel flow field than sub-channel 21, so the
secondary flow of the former is a little larger than that of the latter

FIGURE 10 | Distribution of secondary flow along axial direction in the sub-channel and around the fuel rod.
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before 12Dh. Since the arrangement of the mixing vanes around
fuel rod 9 is different from that of fuel rod 21 and fuel rod 25, the
secondary flow velocity at the upstream and downstream of the
mixing vanes on the surface of fuel rod 9 is greater than that of the
other two, and its attenuation rate is also greater. The data
analysis shows that the secondary flow in the fuel assembly is
mainly caused by the mixing vanes in the spacer grid and
attenuates gradually after passing through the grid, but there
are differences in the changing trend between different sub-
channels.

3.1.2 The Vapor-Phase Distribution Characteristics
The boiling crisis is usually under a low void fraction in a
pressurized water reactor. In this case, the accumulation of the
vapor phase on the surface of the fuel rod and the formation of a
vapor film are the key influencing factors for DNB. The phase
distribution characteristics of boiling two-phase flow are revealed

at the downstream of spacer grid with mixing vanes, and the
accumulation degree of vapor on the surface of different fuel rods
after passing through the spacer grid is quantitatively studied.
Figure 6 shows the vapor phase distribution clouds at the root of
the mixing vane, 1Dh, 8Dh, and 18Dh. The vortex at the root of the
mixing vane makes the vapor phase involved in the vortex center,
resulting in more obvious vapor accumulation around the mixing
vanes. With the increase of vortex intensity and bubble growth
along the axial direction, more vapor phase is brought into the
vortex center along the flow direction, making the vapor phase
gather in the center of the sub-channel. However, after 1Dh

downstream of the grid, the decrement of vortex intensity and
the development of secondary flow lead to non-uniform
distribution of vapor phase distribution. Taking fuel rod 14 as
an example, the local extreme value of the void fraction on the
fuel rod surface is continuously changed along the axial direction
due to the influence of secondary flow, and the changing direction

FIGURE 11 | Variations of vapor-phase distribution at different axial cross sections.
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of the void fraction is the same as that of secondary flow.
Combined with the secondary flow distribution diagram
shown in Figure 4, it can be seen that the more uniform
distribution of secondary flow around the fuel rod
corresponds to a more uniform distribution of the vapor
phase because the uniform transverse flow field around the
fuel rod will not make the vapor phase stay in this region. As
shown in Figure 7, the variation trend of the void fraction
increases gradually along the axial flow direction. However,
since the secondary flow in the corner channel is larger than
that in the middle channel after 12Dh, its void fraction becomes
smaller. At the downstream of the spacer grid with mixing vanes,
a part of the vapor phase is taken away from the center of the sub-
channel and the rest accumulates on the surface of the fuel rod,
when it is mixed by the transverse flow. As the transverse mixing
capacity decreases gradually along the flow direction, the vapor
phase accumulation phenomenon is more obvious in the area far
from the downstream of the grid.

3.2 Comparison of Mixing Characteristics of
Different Types of Spacer Grids
3.2.1 The Secondary Flow Distribution Characteristics
The geometric structure of the spacer grid, especially the
arrangement and guidance of its mixing vanes, has a very
important influence on the mixing characteristics of the spacer
grid. To fully verify the mixing characteristics caused by the
spacer grid, it is necessary to analyze the influence of the mixing
vane arrangement of the spacer grid on the secondary flow and
phase distribution. In this article, two different types of spacer
grids are taken as the research objects, and their structures are
shown in Figure 8. The type-A grid and the type-B grid have
different arrangements of mixing vanes around external fuel rods.

From the curves of secondary flow and axial velocities for the
cross section along the axial direction in Figure 9, one can see that
they increase and then decrease along the flow direction, the
maximum value of secondary flow appears at the top of the

mixing vanes, and the maximum value of axial velocities
appears at the bottom of the spring. The difference in axial
velocity between the two types of grids is greater than that in
secondary flow. Due to the differences in the arrangement and
guidance of the mixing vanes in the two spacer grids, a stronger
disturbance occurs in the type-B grid. The larger secondary flow
after the grid strengthens the interaction between the lateral flow
fields, resulting in a greater decay rate of the mixing flow caused by
the mixing vanes of the type-B grid than that of the type-A grid,
especially the secondary flow is smaller than that of the type-A after
12Dh downstream of the grid. Because of differentmixing capacities
and different secondary flows, the axial velocity of the type-B grid is
smaller than that of the type-A grid while downstream is reversed.
By comparing the secondary flow and axial velocities of the two-
type grids in the flow direction, it can be seen that the type-B grid
results in a stronger mixing rate than the type-A grid.

As shown in Figure 10, for the type-A grid, the trends of the
secondary flow in the two middle sub-channels are the same, and
both of them have smaller secondary flow before 12Dh

downstream of the grid than that of the type-B grid, while it
is larger in the latter half downstream of the grid than in the type-
B grid. Such a trend is consistent with that of the cross-sectional
secondary flow. Although the decay rate of the type-A grid is
greater in the middle section downstream of the grid in the corner
channel, the secondary flow is still greater in the latter half of the
downstream section of the grid than in the type-B grid. The same
trend can be seen in the secondary flow variation near the fuel
rods, where the trend of the type-A grid is larger than that of the
type-B grid in all the latter half of the downstream parts of the
grid. Based on the analysis of the changing trend of the secondary
flow on the surface of fuel rod 21 and fuel rod 25, the difference of
the secondary flow after 12Dh is strong due to the different
guidance of the mixing vanes. Therefore, the influence
distance of the type-A grid downstream of the grid is farther
than that of the type-B grid, which might be associated with the
direction of the induced secondary flow and the effect of the
casing tube. In summary, the mixing vane leads to strong
secondary flow. The arrangement and guidance of different
mixing vanes have a great impact on the secondary flow
downstream of the grid. The patterns of secondary flow
between the same sub-channels are different, but the change
trends are consistent with the cross-sectional average one. The
secondary flow can maintain larger values at locations further
from the grid, but the distance of influence is limited, which will
have an important impact on the suppression of boiling crisis
occurrence.

3.2.2 The Vapor-Phase Distribution Characteristics
The variation of the secondary flow directly affects the degree
of vapor phase accumulation on the fuel rod surfaces. Since the
secondary flow has a large effect on the vapor phase
distribution and a limited effect on the average void fraction
at the cross-section, the difference in the average void fraction
distribution between the two types of grids is small upstream of
the spacer grid and inside the grid. However, for different fuel
rod surfaces, the degree of vapor accumulation is different due
to the influence of different secondary flows around the fuel

FIGURE 12 | Average void fraction of cross sections along axial
direction.
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rods. As shown in Figures 11, 12, the void fraction distribution
of the two types of the grid shows different changes, especially
at the top of the mixing vane. The vapor phase of the type-A
grid is more concentrated in the center of the channel, while the
vapor phase of the type-B grid is concentrated on the surface of
the fuel rod and the vapor phase accumulation is more
pronounced at 18Dh. In contrast, the secondary flow of the
type-A grid does not decay significantly after 12Dh, so the vapor
phase distribution on the fuel rod surface is more uniform at
the 18Dh position. To deeply analyze the vapor phase
distribution characteristics downstream of the two grids, the
void fraction of different fuel rods and sub-channels of the two
types of grids were compared and analyzed. It can be seen from
Figure 13 that the void fraction increases gradually in the flow
direction, both in the sub-channels and around the fuel rods.
However, since the secondary flow of the type-B grid is smaller

than that of the type-A grid, its void fraction is overall larger
than that of the type-A grid, and such a trend is consistent with
the variation of the average void fraction of the cross section
along the flow direction. Through the analysis of the void
fraction of different sub-channels, it can be seen that
whether the sub-channel or the fuel rod surface is selected
as the analysis object, and there is no difference in the variation
trend of the void fraction.

4 CONCLUSION

In this article, a multiphase flow model coupling boiling model
based on thermal equilibrium was applied to investigate the
two-phase flow characteristics in a 5 × 5 rod bundle with a
spacer grid. The analysis of secondary flow and vapor phase

FIGURE 13 | Average void fraction of cross sections in the sub-channel and around the fuel rod along axial direction for different spacer grids.
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distribution at different axial positions was carried out,
including sub-channels, fuel rod surface, and cross sections.
The main conclusions are listed as follows:

• The secondary flow is mainly caused by mixing vanes; the
springs and dimples can induce a secondary flow of about
0.25 m/s, and the difference of secondary flow before and
after the grid is about 0.64 m/s. The intensity and flow
direction of secondary flow lead to the different
distribution of the vapor phase on the fuel rod surface.
Furthermore, the uniformity of secondary flow also has a
great influence on the vapor accumulation of the fuel rod
surface.

• Comparing two different types of spacer grids, the
secondary flow of the type A spacer grid is greater
after 12Dh than that of the type B spacer grid both in
the sub-channel and around the fuel rod. The vapor phase
of the type B spacer grid is easier to accumulate on the
surface of fuel rods, and the average void fraction of the
type A spacer grid is generally less than that of the type B
spacer grid.
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NOMENCLATURE

Aw,n area of wall grid, m2

cp,l specific heat capacity of the liquid phase, J/(kg·°C)
Dh hydraulic diameter, mm

�g gravity acceleration, m/s2

hfg latent heat of vaporization, kJ/kg

keff effective thermal conductivity

_mw,n vapor generation rate on the heated wall

_mv,m vapor generation rate on the liquid–vapor interface

ΔTsub,m superheat of the vapor–liquid interface grid, °C

μm mixture viscosity, kg/m·s
ΔVl liquid phase volume of cell volume, m3

VSF velocity of secondary flow, m/s

v
.

m turbulence kinetic energy, m/s

�vk velocity of the k-phase, m/s

αk volume fraction of the k-phase

ρm mixture densities, kg/m3

ρk density of the k-phase, kg/m3

ρl density of the liquid phase, kg/m3

τm bubble relaxation times
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