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The critical heat flux (CHF) is a vital parameter influencing the safety and
efficiency of reactor cores. In this study, the Eulerian two-fluid model coupled
with the extended wall boiling model in STAR-CCM+ was employed to simulate
the departure from nucleate boiling (DNB) phenomenon in a 5 × 5 pressurized
water reactor (PWR) fuel rod bundle channel with spacer grids under non-
uniform heating conditions. The transition in boiling curves was used as the
criterion of DNB occurrence, while the temperature distribution of rod surfaces
was utilized for CHF location predictions. The predicted CHF value and CHF
location exhibited good agreement with the experimental data. The deviation
between calculated and experimental CHF values was within 15% and the
deviation between predicted and experimental CHF locations was within one
grid-to-grid span length. The results of this study suggested good prospects for
the application of two-phaseCFDmodel in predicting CHF in fuel assemblies with
spacer grids.
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1 Introduction

The critical heat flux (CHF) is one of the most essential parameters in nuclear fuel
design and operational safety of nuclear power plants (NPP). When the local heat flux
reaches the CHF, the heat transfer from cladding surface to coolant sharply deteriorates.
The rapid reduction of the heat transfer coefficient will result in a significant increase in rod
temperature, which could weaken or melt the cladding surface, and in severe cases, lead to
fuel failure (Yang B. W. et al., 2021).

During the past few decades, researches on CHF have primarily been conducted
through experiments. Nevertheless, experimental studies are often considered costly and
time-consuming. A number of empirical or semi-empirical correlations have been
developed based on experimental data to predict CHF. However, these correlations are
limited to specific operating ranges and geometric structures.

With the continuous advancements in computer technology and computational
fluid dynamics (CFD), numerical simulations with CFD software have been widely
carried out to investigate the departure from nucleate boiling (DNB) phenomenon.
Ikeda et al. (2006) performed a single-phase CFD analysis using STAR-CD on a 5 ×
5 fuel rod bundle channel. They proposed a method to determine the rod with a higher
probability of DNB based on the enthalpy distribution. Nevertheless, their research was
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unable to directly determine the value and location of the CHF. In
order to simulate the boiling flow and the DNB phenomenon
more accurately, a growing number of researchers applied the
two-phase CFD model in the simulation. Alleborn et al. (2009)
used STAR-CD to analyze the two-phase flows and CHF
conditions in pipes and in subchannels with an estimation of
the near wall accumulation of vapor, which showed the potential
of predicting the CHF through the CFD analysis using wall
boiling model. Vyskocil and Macek (2010a), Vyskocil and
Macek (2010b) used NEPTUNE_CFD as the tool to simulate
the DNB process in a vertical tube and in a rod bundle. CHF
values were predicted by using the critical void fraction as the
criterion of DNB. Zhang et al. (2015) applied the two-fluid model
and the wall boiling model to investigate the DNB phenomenon
in vertical heated tubes with FLUENT code. Using the wall
temperature excursion as the criterion of DNB occurrence,
CHF values of 26 sets of working conditions were predicted,
which agreed well with the experimental data from Celata et al.
(1993). Besides, Zhang et al. (2019) employed the samemethodology
to investigate the CHF in a 2 × 2 fuel rod bundle under low flow rate
and high pressure. Li et al. (2018) used STAR-CCM + to numerically
simulate the DNB phenomenon in a vertical heated tube. The
transition in the boiling curves was used as the criterion for
DNB occurrence under uniform heating conditions while the
near wall void fraction was used for non-uniform cases. (Amidu
and Addad, 2020; Addad and Amidu, 2022) applied a hybrid
multiphase flow mode which combined the Eulerian two-fluid
model and the volume of fluid model and presented an extended
wall heat flux partitioning model for the prediction of slug flow on a
downward-facing heated wall.

As can be seen from the above introduction, due to the
complexity of two-phase flow phenomena and the immaturity of
interphase models, there is no research showing that one fixed set of
CFD model can accurately predict the CHF across different
conditions. Besides, there are still few investigations focusing on
the prediction of CHF value and CHF location with complex
structures, such as a rod bundle channel with several spacer
grids, and under non-uniform heating conditions. In this paper,
the Eulerian two-fluid model and the extended wall boiling model in
STAR-CCM+ were employed to simulate the DNB phenomenon in
a 5 × 5 rod bundle channel with multiple spacer grids and with non-
uniform heat flux. The values and locations of CHF under several
working conditions were predicted and compared to experimental
data to validate the CFD model.

2 Numerical models

2.1 Two-fluid model

The Eulerian two-fluid model is employed to simulate the liquid
and vapor phases within the studied rod bundle channel. The phases
are treated as interpenetrating continua coexisting everywhere in the
flow domain. Governing equations for mass, momentum, and
energy for each phase are solved and formulations describing
phase interactions at interfaces are introduced to close the equations.

Continuity equation:

∂
∂t

αkρk( ) + ∇ · αkρk �uk( ) � _mik − _mki

where αk, ρk and �uk are the volume fraction, density and velocity of
phase k, respectively. _mik denotes the mass transfer from phase i to
phase k, whereas _mki stands for the mass transfer from phase k
to phase i.

Momentum equation:

∂
∂t

αkρk �uk( ) + ∇ · αkρk �uk �uk( ) � −αk∇p + αkρk �g + ∇ · αk τk + τtk( )( )
+ _mik �ui − _mki �uk + �Mk

where p is the pressure, which is assumed to be equal in all phases. �g
denotes the gravity vector. τk and τtk are the molecular and turbulent
stresses, respectively. �Mk is the interphase momentum transfer.

Energy equation:

∂
∂t

αkρkhk( ) + ∇ · αkρk �ukhk( ) � ∇ · αk λk∇Tk + μk
Prt

∇hk( )( )
+ ∂
∂t

αkp( ) + _mikhi − _mkihk + Qk

where hk, λk and Tk are the enthalpy, thermal conductivity and
temperature of phase k, respectively. μk and Prt are the turbulent
viscosity and the turbulent Prandtl number. Qk is the heat transfer
to phase k.

2.2 Interfacial momentum transfer

In the momentum equation, the interphase momentum transfer
represents the sum of the forces that the phases exert on one another,
which is composed of the drag force and the non-drag forces. The
non-drag forces include the lift force, the turbulent dispersion force,
the wall lubrication force and the virtual mass force. Many
researchers convinced that the influences of the wall lubrication
force and the virtual mass force could be ignored in the calculations
(Li et al., 2011; Rabiee et al., 2017). Therefore, in this study, only the
drag force ( �FD), the lift force ( �FL) and the turbulent dispersion force
( �FTD) are considered:

�Mk � �FD + �FL + �FTD

The drag force is determined by the relative velocity between the
liquid and vapor, and it is calculated as a function of the drag
coefficient:

�FD � CD
1
2
ρl �ur| |Ai

4
�ur

where ρl is the density of the liquid phase. �ur � �ul − �ug is the relative
velocity between the continuous and dispersed phases. Ai stands for
the interfacial area. The drag coefficient CD is calculated by
Tomiyama formulation (Tomiyama et al., 1998) in this study.

The lift force is calculated as follow:

�FL � CLρlαg �ur × ∇× �ul( )( )
where �ul is the velocity of the liquid phase and CL is the lift
coefficient. αg is the volume fraction of the vapor phase. The
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classical lift forc derived analytically CL � 0.5 using a simple shear
model. However, this calculation was based on a weakly sheared
inviscid flow and wake effects were not taken into account. It was
reported by many studies that the lift coefficient became smaller for
viscous flow. Morage et al. (1999) pointed out the necessity for a
negative lift coefficient to fit certain experimental data. According to the
theory proposed by Tomiyama et al. (2002), a positive lift coefficient
indicates that the bubble will tend to migrate towards the wall while a
negative lift coefficient indicates that the bubble will tend to migrate
away from the wall. They also proposed a correlation of lift coefficient
based on experiments on vertical tubes, which can reach a minimum
value of −0.29. Hence, in order to reflect the non-uniformity effect
introduced by mixing vanes of spacer grids, the lift coefficient is
supposed to have a smaller value and it is set toCL � −0.5 in this study.

The turbulent dispersion force is calculated as follow (burns
et al., 2004):

�FTD � CTD
]tl
Prt

∇αl
αl

− ∇αg
αg

( ) � −CTD
]tl
Prt

1
αl
+ 1
αg

( )∇αg
� −CTD

]tl
αlαg Prt

∇αg

where αl is the volume fraction of the liquid phase. ]tl is the turbulent
kinematic viscosity of the liquid phase. CTD is a constant coefficient
and set to 1 by default.

2.3 Wall boiling model

The classical numerical method for calculating flow boiling is the
Rensselaer Polytechnic Institute (RPI) wall boiling model developed by
Kurul and Podowski (1990). The RPI model partitions the total heat
flux (q″t ) into three components: the liquid phase convection heat flux
(q″l ), the evaporation heat flux (q″e) and the quenching heat flux (q″q).
According to the Weisman-Pei bubble crowding model (Weisman and
Pei, 1983), when the vapor volume along heated walls becomes high
enough, the capability of the liquid to remove heat from the wall is
restricted. The vapor phase convection heat flux (q″g) is taken into
account and the original RPI wall boiling model is extended as follow:

q″t � q″l + q″e + q″q( ) 1 −Kdry( ) + q″gKdry

where Kdry is the wall contact area fraction for the vapor that is
estimated as:

Kdry � 0, αδ ≤ αdry
β2 3 − 2β( ), αδ > αdry{

where

β � αδ − αdry
1 − αdry

where αδ is the vapor volume fraction averaged over the bubbly layer
thickness. αdry is the critical vapor volume fraction.

The four components of total heat flux are calculated as follow:

q″l �
ρlcplul*

Tl
+ TW − Tl( )

q″e � Nwf
πdw

3

6
( )ρghlg

q″q � 2FA
πdw

2

4
Nwf

�������
ρlcplλltw

π

√
TW − Tq( )

q″g � ρgcpgug*

Tg
+ TW − Tg( )

where cpl and cpg are the specific heat capacities of the liquid and
vapor phases, respectively. ul* and ug* are the near-wall velocities of
the liquid and vapor, respectively. Tl

+ and Tg
+ are the dimensionless

temperatures of the liquid and vapor, respectively. TW, Tl and Tg are
the wall temperature as well as the liquid temperature and the vapor
temperature close to the wall, respectively. Tq is the quenching
temperature, that is, the temperature at which liquid is brought to
the wall by the departure of a bubble. Nw, f and dw are the
nucleation site density, the bubble departure frequency and the
bubble departure diameter, respectively, and these parameters are
derived by additional auxiliary models. hlg is the latent heat. λl is the
liquid conductivity. tw is the time elapsed between bubble departure
and the nucleation of the next bubble. FA is an area scaling
coefficient and is set to 2.0 according to Bartolomei and
Chanturiya (1967).

2.4 Turbulence model

Turbulence in the continuous phase is modelled using realizable
two-layer k-epsilon model. For the dispersed phase, turbulence can
be modelled with two alternative methods: either with full
turbulence models or with response models. Many researchers
recommended the Issa turbulence response model in their studies
(Liu et al., 2021; Povolny and Cuhra, 2014; Yang P. et al., 2021),
which used a semi-empirical correlation to link the turbulent
fluctuations of the continuous and dispersed phases. Thus,
aiming to improve computing efficiency, the Issa turbulence
response model is employed in this study to model turbulence in
the dispersed phase.

The detail settings of all the principal and auxiliary models for
the CHF prediction are summarized in Table 1.

3 CFD models

3.1 Geometric model and mesh
independence verification

The geometric configuration utilized in this study was a 5 × 5 PWR
fuel rod bundle assembled in a square channel as shown in Figure 1. The
rod bundle consisted sixteen cold rods, eight hot rods and one guide
thimble at the center. The cladding outer diameter was 9.5 mm and the
cladding thickness was 0.6 mm. The thimble outer diameter was
12.5 mm. The pitch of the rod bundle was 12.6 mm.

A total of ten spacer grids were positioned along the 3.7 m heated
length, including sevenMixing Grids (MG) with a height of 33mm and
three Mid Span Mixing Grids (MSMG) with a height of 18 mm, as
shown in Figure 2. MG and MSMG were primarily composed of inner
strips, outer strips, steel dimples, springs and mixing vanes. The strips
arranged in a crisscross pattern formed a basic framework of the spacer
grid. The steel dimples and springs maintained the fuel rods and the
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guide thimble in their proper radial position, preventing vibration under
the impact of the fluid. Furthermore, the mixing vanes located at the
end of the spacer grid were designed with a deflection angle with respect
to the flow direction, so as to generate lateral flow and enhance fluid

mixing. The inlet section was extended by an additional 0.3 m to ensure
that the fluid was fully developed before the heating length. A schematic
of the arrangement of spacer grids in the rod bundle is illustrated
in Figure 3.

Due to the complexity of the spacer grids geometry, the flow
domain where spacer grids were positioned was discretized with
unstructured polyhedral meshes while a stretch mesh generator
was employed to obtain extruded meshes for the fluid domain of
rod bundles. In order to capture the flow details close to the wall,
two layers of wall prism meshes were applied. For independence
verification, five sets of meshes were tested under the same
working condition. Figure 4 shows the variation of pressure
drop with the number of cells. As can be seen, the pressure drop
decreased gradually with the increase of the cell number. When
the cell number exceeded 21.6 million, the influence on the
calculation result of pressure drop could be neglected.
Therefore, the mesh configuration with 21.6 million cells was
selected for CHF prediction in this study. Figure 5 shows the

TABLE 1 Detail settings of CFD model.

Parameters Selected model

Drag force Tomiyama (Tomiyama et al., 1998)

Lift force Lift coefficient CL = −0.5

Turbulence dispersion force Burns (burns et al., 2004)

Continuous phase Nusselt number Ranz-Marshall (Ranz and Marshall, 1952)

Dispersed phase Nusselt number Constant 2.0

Liquid Turbulence Realizable two-layer k-epsilon

Vapor Turbulence Issa turbulence response (Behzadi et al., 2004)

Nucleation site density Lemmert-Chawla (Lemmert and Chawla, 1977)

Bubble departure diameter Tolubinsky-Kostanchuk (Tolubinsky and Kostanchuk, 1970)

Bubble departure frequency Cole (Cole, 1960)

FIGURE 1
Schematic of 5 × 5 rod bundle channel.

FIGURE 2
Geometric model.
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final generated meshes of one of the regions of MG and MSMG,
respectively.

3.2 Boundary condition

Four experimental cases with significantly different working
parameters were selected for the validation of the CFD analysis.
Their working conditions are presented in Table 2, where p, G, and
Tsub represent pressure, mass flux, and inlet subcooling, respectively.

As shown in Figure 1, fuel rods in the rod bundle were divided
into two types: the sixteen fuel rods on the periphery were low-
power rods, also known as cold rods, while the other eight fuel rods
were high-power rods, also known as hot rods. The power ratio
between a hot rod and a cold rod was 1.28. Having the heat flux
shape identical to the experiment, the power distribution of fuel rods
followed a cosine distribution in the axial direction. In addition, the
guide thimble had no heat flux boundary and was set to adiabatic
condition in CFD calculation. The heat flux distribution for all fuel
rods was defined through the user-defined field function in
STAR-CCM+.

The axial heat flux distribution applied to the inner surface of the
cladding of cold rods was as follow:

qcold
″ z( ) � qref

″ × f z( )
where z is the axial elevation and f is a normalized fitted cosine
distribution function. qref″ is named reference heat flux, which was
progressively increased in CFD calculation.

The axial heat flux distribution applied to the inner surface of the
cladding of hot rods was as follow:

qhot
″ z( ) � 1.28 × qref

″ × f z( )

To calculate the total heating power, the axial heat flux
distributions of all cold rods and hot rods were integrated and
summed together as follow:

Q � 16 ×∫ qcold
″ z( )πDindz + 8 ×∫ qhot

″ z( )πDindz

� 16 + 8 × 1.28( ) × qref
″ πDin ∫f z( )dz

where Din is the cladding inner diameter.
Then the average heat flux could be derived by dividing the total

heating power by the total heating area as follow:

qavg
″ � Q

16 + 8( ) × πDoutHheat

where Dout is the cladding outer diameter and Hheat is the
heating length.

In the CFD analysis, a method similar to that in the experiment
was adopted. The reference heat flux qref″ was set to a specific value
and a steady calculation was carried out. Then important

FIGURE 3
Schematic of spacer grids arrangement (dimensions in mm).

FIGURE 4
Variation of pressure drop with mesh number.

TABLE 2 Conditions of the four experimental cases.

Case p (MPa) G (kg/m2s) Tsub (K)

C1 14.5 2,730 29.45

C2 10.7 4,000 50.01

C3 16.6 2,710 69.35

C4 12.6 3,450 54.43
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parameters, such as the wall superheat and the maximum volume
fraction of vapor, were monitored. When the monitored parameters
were stable and the calculation was convergent, the reference heat
flux was increased to the next level and the next steady calculation
was carried out. Such a process was repeated until the determination
of the CHF. Between two steady calculations, the reference heat flux
was increased in steps of 100 kW/m2.

3.3 Criterion of DNB occurrence

In the studies of CHF prediction using CFD, different
methods have been used to determine whether DNB occurred.
A common method is estimating the maximum void fraction of
heating wall. DNB is considered to have occurred when the void
fraction exceeds the critical value. However, for different
researchers, the critical void fraction may take different values,
such as 0.74 proposed by Podowski and Podowski (2009),
0.8 proposed by Vyskocil and Macek (2010b) and
0.82 proposed by Weisman and Pei (1983). Another common
method is based on the wall temperature excursion. When a large
temperature increase is monitored, the corresponding heat flux is
considered as CHF (Yan et al., 2013; Karoutas et al., 2015).
Considering that temperature excursions in numerical
simulations could occur at low-mesh-quality cells due to
numerical variations, Xu et al. (2019) proposed a new method
by defining a variable called DNB indicator which was related to
multiple thermal parameters. DNB occurred when the DNB
indicator was larger than the indicator threshold, that need to
be determined empirically with experimental cases. The studies
of Li et al. (2018) and Liu et al. (2021) reported that the transition
of the boiling curve could be used as an effective criterion of DNB
occurrence. When plotting the curve of the wall superheat against
the heat flux, in the subcooled boiling area, the wall superheat
increases linearly with the increasing heat flux. As the heat flux
continues to increase and reaches a certain value, a turn in the
boiling curve can be noticed. This is because when the CHF is
reached, the wall temperature will increase rapidly with the

increasing heat flux, resulting in a rapid decrease in the slope
of the boiling curve. In this study, the final method was adopted
to determine the CHF values of the experimental cases.

4 Results and discussion

4.1 Calculation results and CHF prediction

The velocity distribution of liquid in the region between the inlet
section (z � 0 m) and the beginning of heating length (z � 0.3 m)
was assessed to verify the validity of the additional 0.3 m extension.
Taking case C1 as an example, the contours of the velocity of liquid
at different sections are shown in Figure 6. As can be seen, the liquid
velocity distribution of the beginning of heating length had a high
similarity with the section at 0.2 m elevation, which indicated that
the fluid was fully developed.

A series of steady-state CFD calculations were conducted
for each of the four experimental cases. Based on the calculation
results, the curves of the wall superheat against the reference heat
flux qref″ of the experimental cases were plotted, as illustrated in
Figure 7. As can be seen, for each case, the points of the boiling curve
were initially located nearly in a straight line. Then the boiling curve
turned when the wall superheat increased to a higher level. The
transition of the boiling curve was taken as an indication of the
occurrence of DNB, and the first point after the transition was
considered the predicted CHF point. Therefore, the predicted values
of the reference heat flux corresponding to the CHF points for cases
C1 to C4 are 1,200 kW/m2, 1700 kW/m2, 1,600 kW/m2 and
1900 kW/m2, respectively.

For each case, based on the reference heat flux corresponding to
the predicted CHF point, the corresponding average heat flux was
derived, which represented the predicted CHF value. Predicted CHF
values of all calculated cases were compared to the experimental
CHF values, as shown in Figure 8. As can be seen, the predicted
results agreed well with experimental ones. Deviations between the
predicted and the experimental CHF values for the four cases
were within 15%.

FIGURE 5
Generated meshes of spacer grids region.
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4.2 Effect of mixing vanes

It is well known that the enhancement of the CHF by mixing
vanes is attributed to the generation of swirl and cross flows and the
increase in the turbulent intensity. Taking the CHF point of case
C1 as an example (when reference heat flux qref″ was set to
1,200 kW/m2), the influence of the mixing vanes was illustrated.
Four observation sections, naming Section A to Section D, were
defined as shown in Figure 9, which were located in the upstream
and downstream areas of the 7th and 8th spacer grids, respectively.
The contours of secondary flow distribution (

��������
vx2 + vy2

√
) in these

sections were shown in Figure 10. As can be seen, the maximum

secondary flow velocity in the cross-section at the inlet of the 7th

spacer grid was 0.70 m/s. When the fluid passed through the 7th

spacer grid, due to the effect of the mixing vanes, the secondary flow
velocity at Section B increased significantly to 2.23 m/s. From the
downstream area of the 7th spacer grid to the upstream area of the 8th

spacer grid, the secondary flow velocity decreased to 0.77 m/s
because the grid effect started disappearing. After flowing
through the 8th spacer grid, the secondary flow velocity at Section
D increased again and reached 2.39 m/s. The presence of mixing
vanes enhanced the lateral flow within the channel and in general,
the location of CHF was most likely to be in the upstream area of the
spacer grid.

FIGURE 6
Contours of the velocity of liquid at different sections.

FIGURE 7
Calculated boiling curve for cases C1 to C4.

FIGURE 8
Predicted CHF vs. experimental CHF.
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Calculation results of case C1 were used as an example to verify
the accuracy of the predicted CHF locations. The temperature values
of all cells of hot rod surfaces along with the vertical location were
extracted and plotted. Figure 11 shows the extracted temperature
distribution of hot rod surfaces with the reference heat flux setting to
1,100 kW/m2, which was the working condition before the CHF was
reached. Each point in Figure 11 represented the value of one cell on
the surface of the hot rods. The positions of all spacer grids were
indicated in the figure. Data in different spans were shown in
different colors for suitable distinguishment. It can be seen that

due to the cosine shape axial power profile, the highest temperature
did not occur at the outlet of the rod bundle channel, but in the
region close to the axial power peak. It can also be noticed that after
flowing through a spacer grid, the temperature would drop slightly.

Figure 12 shows the temperature of hot rod surfaces with the
reference heat flux setting to 1,200 kW/m2, where the CHF was
reached. The shape of the temperature distribution was similar to
that in Figure 11. However, a large temperature increase was
observed in the upstream area of the 8th spacer grid, indicating
that the predicted CHF occurred at this location. Besides,

FIGURE 9
Schematic of cross sections.

FIGURE 10
Contours of secondary flow velocity distribution.
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temperature excursion could also be observed in the upstream area
of the final spacer grid and in the end region of the rod bundle
channel, but to a lesser extent, which indicated the possible location
of the next CHF.

To visually assess the thermal-hydraulic parameter distributions
around the CHF location, the contours of the temperature and the
vapor volume fraction on the surface of the rod with the highest
temperature in the channel close to the 8th spacer grid were shown in

FIGURE 11
Temperature distribution of hot rod surfaces (qref

″ = 1,100 kW/m2).

FIGURE 12
Temperature distribution of hot rod surfaces (qref

″ = 1,200 kW/m2).
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Figures 13, 14, respectively. As can be seen, at the CHF location, the
temperature was the highest and the vapor volume fraction was the
larger. The larger vapor volume fraction was 0.9947.

The comparison between CFD simulation results and
experimental data was summarized in Table 3. The deviation
between predicted CHF values and experimental CHF values of
the four cases was within 15%. All the predicted CHF locations
were in the upstream area of a spacer grid, which was consistent
with the experiment. The deviation of predicted and
experimental CHF locations was within one grid-to-grid
span length.

5 Conclusion

Based on the Eulerian two-fluid model and the extended RPI
wall boiling model, the DNB phenomenon in a 5 × 5 PWR rod
bundle channel combined with several spacer grids was investigated
with different non-uniform heating conditions. The following
conclusions were achieved from the results.

(1) The CFD model combination utilized in this paper was
capable to simulate the DNB phenomenon in a complex
rod bundle channel with spacer grids and was capable to

FIGURE 13
Contour of temperature around the CHF location.

FIGURE 14
Contour of vapor volume fraction around the CHF location.

TABLE 3 Comparison between CFD and experiment.

Case Predicted CHF value
(kW/m2)

Experimental CHF value
(kW/m2)

Relative error of
CHF value

Predicted CHF
location

Experimental CHF
location

C1 1,154 1,162 −0.64% Upstream of grid 8 Upstream of grid 7

C2 1,636 1874 −12.72% Upstream of grid 8 Upstream of grid 7

C3 1,539 1,498 2.76% Upstream of grid 8 Upstream of grid 8

C4 1828 1700 7.53% Upstream of grid 8 Upstream of grid 8
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predict the CHF values accurately. The deviation between
predicted and experimental CHF values was within 15%.

(2) Spacer grids and mixing vanes had a significant influence on
the flow and the temperature field. The secondary flow caused
by mixing vanes could decrease the possibility of DNB and
enhance the CHF.

(3) By analyzing the temperature distribution of rod surfaces, the
possible CHF location could be effectively predicted. Both the
predicted and experimental CHF locations were in the
upstream area of a spacer grid. The deviation was within
one grid-to-grid span length.

(4) The CFD scheme and prediction method proposed by this
study showed good potential in predicting CHF value and
CHF location in complex structures and under different
working conditions. Further verification with more
experimental cases should be performed. Besides, it is
necessary to verify the effectiveness of the proposed
CFD scheme and prediction method for different
fuel types.

(5) The complexity of spacer grids leads to significant computational
cost of the simulation. It is possible that a certain degree of
geometric simplification for spacer grids located upstream and
far from the CHF location will not affect the prediction results.
More research should be performed.
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