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ABSTRACT: The flow and heat transfer characteristics of supercritical water
within a triangular subchannel of a supercritical water-cooled reactor (SCWR)
were numerically studied using the SSG turbulence model. The structural effect of
staggered-blade-type grid spacers on the flow and heat transfer characteristics of
supercritical water was analyzed. The results show that the wall temperatures
calculated by the SSG model are consistent with the experimental data. The
structure of the staggered-blade-type grid spacers has a significant effect on the
supercritical heat transfer in the large specific heat region. The change in the inner-
wall temperature and local heat transfer coefficient caused by the blocking rate at
different leaf deflection angles has the same trend in the flow direction. The heat
transfer coefficient peak gradually increases with an increase in deflection angle. A
clear vortex is generated downstream of the grid spacer, and when the blade angle increases from 0 to 90°, the secondary flow is
more obvious, and the velocity near the wall is the largest, which is about 1.99 times the center velocity. As the structure-blocking
effect increases, the pressure drop in the subchannel gradually increases and the performance evaluation criteria first increase and
then decrease. When using the staggered-blade-type grid spacer to improve the supercritical heat transfer effect, the spacing between
adjacent grids should be ensured as far as possible, and avoid using it at the end of the channel.

1. INTRODUCTION

Supercritical water-cooled reactor (SCWR) is a new type of
safe, high-efficiency nuclear energy system based on an
advanced water-cooled reactor and an innovative supercritical
power generation design, which was first proposed in the
1950s. Nuclear energy system using the SCWR is efficient,
simple, and safe, with zero carbon emissions. Oka1 and
Schulenberg2 designed the concept of SCWR and analyzed its
safety deeply. Scholars have conducted several research on the
flow and heat transfer characteristics of supercritical water and
supercritical carbon dioxide in conventional channels.3−5 The
research shows that the thermophysical properties of the
supercritical working fluid change drastically in the pseudo-
critical region, which determines the complexity of the heat
transfer characteristics of the supercritical working fluid.6

Shitsman7 first discovered that the heat transfer of supercritical
water deteriorated in the coal-fired tube, and Yamagata8

investigated the enhancement of heat transfer in the pseudo-
critical region. Chen9 compared different supercritical heat
transfer correlation formulas and found that these heat transfer
correlation formulas were only applicable to a specific test
parameter range, and the prediction error outside the
experiment is relatively large. Wang10 and Wang11 exper-
imentally studied the flow and heat transfer characteristics of
supercritical water in internally threaded tubes, respectively.

Supercritical water heat transfer is complex and influenced by
multiple parameters. Near the quasi-critical region, the physical
properties of supercritical water have changed dramatically. Its
specific heat increases sharply, while its density, viscosity, and
thermal conductivity drop sharply. Its flow and heat transfer
characteristics are completely different from conventional
single-phase flow and two-phase flow. In addition, most
studies on the heat transfer and flow characteristics of
supercritical fluids are aimed at the flow and heat transfer in
round tubes, However, in the SCWR core heat exchange, the
heat is generated by the fuel rods and used to heat the working
fluid flowing between the rod bundles. The interpretations of
the pseudo-critical region heat transfer mechanism and the
correlation of supercritical heat transfer prediction are
inconsistent, and thermal parameters and channel geometry
have significant effects on supercritical water heat transfer.
Different from the heat transfer of supercritical water in a

coal-fired boiler tube, the heat transfer law of the supercritical
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water in the coal-fired boiler tube cannot be extrapolated to
predict heat transfer in the noncircular channel of the SCWR
because of the uniqueness of the SCWR core channel. Many
numerical and experimental studies have been conducted on
the supercritical heat transfer characteristics of the SCWR. Li12

simulated core fuel rods with electric heating rods and
experimentally studied the flow heat transfer characteristics
of supercritical water in a square cavity channel. Comparison of
experimental data showed that the heat transfer was more
enhanced at the lower supercritical pressure, but the
deterioration was more likely to occur at the higher pressure.
Gang13 experimentally studied the flow and heat transfer
characteristics of supercritical water in annular channel
supercritical water and observed normal heat transfer and
deteriorated heat transfer. Under similar flow conditions, the
heat transfer coefficients for the 6 mm gap annular channel are
larger than those for the 4 mm gap annular channel. Wu14

experimentally studied the flow characteristics of supercritical
water in the 2 × 2 rod bundle channel, and the results showed
that the pressure drop in the pseudo-critical region and the
high-enthalpy region changed significantly, and the friction
factor of the 2 × 2 rod bundle was significantly larger than that
of the smooth pipe. Based on a large amount of experimental
data, Lv15 proposed a heat transfer correlation formula suitable
for the vertical cooling pipe of the SCWR system, and its error
with experimental data is within 10%. However, experimental
research is costly and time-consuming, and the influencing
parameters in the experimental process are not unique.
Therefore, numerical methods are widely used to study the
flow and heat transfer characteristics of supercritical water with
a single parameter.16,17 Yang18 carried out a numerical
calculation on the heat transfer of supercritical water flow in
a 4 m long circular tube and compared the results with the
experimental results to verify the accuracy of the numerical
calculation. Shang19 used CFD software coupled with STAR-
CD subroutine to conduct a numerical study on the flow and
heat transfer characteristics of supercritical water in SCWR.
The results show that the geometry and direction of the rod

bundle have a greater impact on the wall temperature
distribution and heat transfer.
The grid spacers were proposed in the concept design of the

SCWR and were widely used for the precise grid of fuel
components in a pressurized water reactor (PWR) and boiling
water reactor (BWR), which can grid-enhance the supercritical
water heat transfer and reduce the cladding temperature.
Wang20 studied the effect of spiral winding of vertically rising
annular subchannels on the heat transfer of supercritical water
rod bundle channels. Special attention has been focused on the
effect of grid spacer on heat transfer characteristics of
supercritical water. Li21 experimentally studied the effects of
grid spacer on the flow and heat transfer characteristics of
supercritical water in different channels, and methods to avoid
deterioration of heat transfer were proposed. Dhurandhar22

numerically studied the heat transfer characteristics and spacer
effect of R-134a under supercritical conditions in a loop tube
with grid spacer. The results show that the wall temperature at
the grid spacer decreases and the heat transfer coefficient
increases significantly. Xiao23 numerically studied the heat
transfer characteristics of supercritical R134a in the annular
channel. The study showed that the grid spacers significantly
enhance the heat transfer, which can also increase the channel
resistance. Different grid spacer structures affect heat transfer
to different degrees and different areas.
Many studies on the flow and heat transfer characteristics of

SCWR core have been carried out, and the research on the
heat transfer effect of the SCWR core grid spacer has also been
launched. However, there have been fewer studies on the
influence of the grid spacers structure with enhanced features
on the flow and heat transfer of the SCWR core. Moreover, in
the application of the SCWR core grid spacer, multiple grids
are generally used together, and the heat transfer effect of the
multigrid core has not been studied so far. This study focuses
on the flow and heat transfer rule of the geometry structure, a
staggered-blade grid spacer in a triangular supercritical water
subchannel, by defining the dimensionless geometry structure
and longitudinal distance parameters to determine the optimal

Figure 1. Schematic diagram of the supercritical pressure water loop system.
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Figure 2. Schematic of test section structure. (The length of the test tube section of the triangular core channel is 1000 mm, and the structural
section at the standard grid spacer is shown).

Figure 3. Arrangement of measuring points in test section: (a) arrangement of measuring points before and after grid and (b) arrangement of
measuring points at grid parts. (Six measuring points were arranged in sections 1, 2, 6, and 7, as shown in (a), and the measuring points were
arranged in sections 3−5, as shown in (b)).

Figure 4. Schematics of core channel and calculation area: (a) grid spacer layout and (b) cross section of the calculation area. (Three grid spacers
are arranged at the same interval in the core channel, as shown in (a), and the grid spacer is located in the center of the core channel, with
staggered-blade strengthening features, as shown in (b)).
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structure and layout. This research can provide a basis for the
optimal design of an SCWR grid spacer. It can provide
favorable theoretical support for the arrangement and
structural optimization of the core grid spacer.

2. EXPERIMENTAL FACILITY AND METHODS

2.1. Experimental Loop. The experiment was completed
on the high-temperature and high-pressure test stand of the
State Key Laboratory of Multiphase Flow in Power Engineer-
ing at Xi’an Jiaotong University. The test system is shown in
Figure 1. Deionized water was used as the test working
medium, which was circulated through a plunger pump. A
bypass system is provided next to the main pipeline to adjust
the flow and pressure. After the deionized water passes through
the filter, the pressure is boosted by the high-pressure plunger
pump through the orifice flowmeter, the regenerator, and the
preheater into the test section. The working fluid flows
vertically upward in the test section. The test section simulates
the heat release of the fuel rod by direct heating, and the test
target temperature is reached by changing the heating power of
the test section. The high-temperature test working fluid is
condensed by the cooler and then returned to the water tank.
2.2. Test Section Geometry. The cross section of the test

piece is shown in Figure 2; the grid pitch ratio P/D = 1.4, and
the hydraulic diameter is 5.27 mm. The grid spacer is 50 mm
long and 0.5 mm thick, and welded at the design position. The
arrangement of the measuring points is shown in Figure 3.

3. NUMERICAL APPROACH

3.1. Grid Model. In the numerical calculation, the core
channel of the fuel bundle length is 3000 mm and the three
grid spacers are evenly arranged. The layout of the grid spacer
and the calculation area are shown in Figure 4. The body
length of the grid spacer is 50 mm, and the staggered blades
(reinforcement feature) are located at the end of the grid
spacers in the mainstream direction. The thickness of the
staggered blades and the body of the grid is 0.5 mm. The
triangular area between the rod bundles is the calculation area.
The Pro/E 5.0 software was used to establish a physical

model of a triangular core channel with a staggered-blade grid
spacer; the fluid domain was used as the calculation region.
With the help of the ANSYS ICEM 14.5 software, a hexahedral
meshing method was used to structure the mesh of the fluid
domain. The changing boundary layer and flow field were
encrypted to improve calculation accuracy. The physical model

for numerical calculation and grid structure meshing division
are shown in Figure 5. A schematic diagram of the bundle fuel
assembly and the staggered-blade spacer grid is given in Figure
6.

3.2. Numerical Calculation Model and Boundary
Conditions. In this paper, the governing N−S equation is
used; the finite volume method is used to discretize the
governing equation. The momentum, turbulent kinetic energy,
and dissipation rate terms are discretized using the second-
order upwind style. The physical properties of supercritical
water are calculated by the NIST REFPROP software, which is
given by the method of piecewise interpolation. The
convergence criterion of the calculation variables is that the
dimensionless residual is less than 1*10‑6. The symmetry plane
takes the symmetry boundary condition. The dimensions of
the subchannel and boundary conditions are shown in Table 1.

3.3. Turbulence Model. The choice of turbulence model
plays a vital role in the numerical simulation of supercritical

Figure 5. Physical model and meshing for numerical calculation: (a) physical model and (b) meshing. (Physical model of the staggered-blade-type
grid spacer in the core channel, as shown in (a), and the grid structure of staggered-blade-type grid spacer in the core channel, as shown in (b)).

Figure 6. Sketch of structure for rod bundle with grid spacer.

Table 1. Dimensions of Subchannel and Boundary
Conditions

parameter/unit value

fuel rod diameter/mm 8.0
fuel rod length/mm 3000
grid pitch ratio P/D 1.12−1.4
inlet fluid temperature/°C 250
pressure/MPa 23−28
average heat load/kW·m−2 400−1000
mass flow/kg·m−2 s−1 700−1300
blade angle/° 15, 30, 45, 60
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fluids. Although researchers have developed more than 10
turbulence models, in view of the dramatic physical changes of
supercritical water at the quasi-critical point, none is
universally applicable to accurately predict heat transfer in
supercritical water. Based on numerous research results of
researchers, the SSG turbulence model best predicts the
supercritical fluid flow heat transfer process.17,24 The SSG
Reynolds stress model is also known as the second-order
pressure-strain model, and its specific expression is shown in
formula 1. In addition, the SSG turbulence model considers
the effects of streamline curvature, vortex, and sudden changes
in the strain rate in the flow process; it is suitable for flow field
simulations with a high flow anisotropy.
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Constant: C1 = 3.4, C1* = 1.8, C2 = 4.2, C3 = 0.8, C3* = 1.3, C4 =
1.25, C4 = 0.4.
Figure 7 shows the inner-wall temperature obtained by the

SSG turbulence model at the standard grid spacer when the

pressure P = 25 MPa, the heat flux density q = 400 kW/m2,
and the mass flow rate G = 1000 kg/(m2·s). Meanwhile, the
comparison of numerical simulation results and the exper-
imental data is also shown in Figure 7. It indicates that the SSG
turbulence model of supercritical water flow heat transfer
considering the wall temperature of the grid spacer core
channel is consistent with the experimental data. In fact, the
turbulence and cross-flow of supercritical water flow in the
channel caused by the staggered-blade structure locator are
complex. The SSG turbulence model can predict this complex

flow field, ensuring the reliability of the numerical simulation
calculation results.

3.4. Grid Sensitivity Analysis. To ensure the reliability of
numerical simulation, a high-quality mesh of a sufficient
number is established by dividing the boundary layer near the
solid heating surface and performing grid encryption at the grid
spacer. Because the axial distance of the calculation area is
considerably long, the size and number of meshes near the wall
must be adjusted accordingly; that is, the number of radials
and axial mesh nodes is changed. An appropriate boundary
layer number and boundary division method is chosen to
obtain a grid that provides high calculation accuracy. In
addition, by changing the thickness of the boundary layer and
comparing the y+ numbers of different near-wall grids, the heat
transfer coefficient changes with the enthalpy value, and grid-
independent solutions can be obtained. Table 2 shows the
minimum near-wall y+ number, boundary layer number, and
the total number of meshes corresponding to different meshing
methods.

Figure 8 shows the influence of the four meshing methods
on the local heat transfer coefficient when the pressure P = 23

MPa, the heat flux density q = 1000 kW/m2, and the mass flow
rate G = 600 kg/(m2·s). The simulations are all based on the
Reynolds stress SSG k−ω turbulence model, with good
applicability. Figure 8 indicates that the results corresponding
to different meshing methods are not significantly different. In
the mainstream enthalpy zone, there is little difference between
the calculation results of schemes 3 and 4, and a further
increase in the number of grids has essentially no effect on the
results. Thus, the grid division method of scheme 3 is adopted
to ensure the reliability and accuracy of the numerical
calculation results.

4. RESULTS AND DISCUSSION
4.1. Geometric Structure of the Staggered-Blade. To

strengthen the local heat transfer, and increase the critical heat
flux (CHF) of the supercritical water core channel heat
transfer, the influence of different types of grid spacer and

Figure 7. Comparison of numerical simulation and experimental data.

Table 2. Grid Independence Verification Study

scheme
minimum near-wall

y+
number of boundary

layers
total number of

grids

1 10 5 702 500
2 5 8 760 000
3 0.1 10 947 500
4 0.04 12 1 010 000

Figure 8. Comparison of heat transfer coefficient with enthalpy value
at given y+.
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staggered-blade structure declination on the flow heat transfer
characteristics of triangular core channels is studied. A
dimensionless parameter, flow blocking ratio e, is proposed
to evaluate the geometric structure of the grid spacer and is
expressed as

=e A A/ scgp (4)

where Agp is the projection of the grid spacer along the flow
direction of the core subchannel and Asc is the cross section of
the core subchannel. The flow blocking ratio of the standard
grid spacer is egs, which is 0.1625, as yielded by the flow
blocking ratio expression.
The structures of the staggered-blade locators with different

blade angles and flow blocking ratios are shown in Table 3.

The deviating angles of the staggered blades and the flow
direction are 15, 30, 45, and 60°, respectively. The grid spacers
with different blade deflection angles are shown in Figure 9.

4.2. Influence of Flow Blocking Ratio on Heat
Transfer. Figure 10 shows the influences of the longitudinal

distance of grid on heat transfer characteristics at the pressure
P = 25 MPa, the mass flow rate G = 700 kg/(m2·s), and the
heat flux density q = 600 kW/m2; including the axial
distribution of the inner-wall temperature and heat transfer
coefficient when the longitudinal distance of grid is 500, 600,
and 750 mm.
Figure 10 demonstrates that the temperature distribution of

the inner wall and the heat transfer coefficient of the channel
axially fluctuates at the grid spacer, and the disturbance effect
of the grid spacer on the inner-wall temperature along the
direction of fluid flow gradually weakens, but the heat transfer
coefficient gradually increases. When the fluid in the channel
flows through the grid spacer, the cross-sectional area of the
channel suddenly becomes smaller, the fluid velocity increases,
the heat exchange between the fluid and the wall surface is
accelerated, and the wall surface temperature decreases.
As can be seen from the figure, the lattice has little effect on

the heat transfer coefficient upstream of the separator but has a
significant effect on the heat transfer capacity at the
downstream position of the spacer. The heat transfer
coefficient of 425 ≤ Z/Dh ≤ 450 is much larger than other
longitudinal distances of the grid, but the heat transfer is
weakened in the range of Z/Dh ≥ 450. This phenomenon may
be caused by the decrease in axial velocity in the downstream
area of the grid. In the area downstream of the second grid
spacer, the temperature of the inner wall decreases gradually
and the temperature of the inner-wall downstream of the front
and rear grid spacers increases in varying degrees. Near the
second grid spacer, the working medium reaches the pseudo-
critical temperature, the superheated water’s specific pressure
heat capacity is at a peak value much higher than the
corresponding heat of the adjacent water, the density and
dynamic viscosity decrease sharply, and the special physical
properties that cause the fluid to absorb heat are stronger,
which effectively reduces the temperature of the heating wall.
Due to the large temperature difference between the fluid

and the heating wall at the inlet grid spacer, the flow velocity of
the fluid downstream of the grid spacer decreases and the wall
temperature increases rapidly. The fluid at the end of the grid
spacer is further heated to a value above the critical
temperature. Considering the influence of longitudinal distance
of grid on enhanced heat transfer, the use of staggered-blade-
type grid spacers in high-temperature areas should be avoided.
The specific heat decreases sharply and the heat exchange

Table 3. Structure and Description of Different Flow
Blocking Ratios

serial
number

blade
angle (°)

flow blocking
ratio e grid spacer geometry

1 0 no grid piece
2 15 0.2157 interleaving the flow direction of the

blade angle of 15°
3 30 0.2653 interleaving the flow direction of the

blade angle of 30°
4 45 0.3078 interleaving the flow direction of the

blade angle of 45°
5 60 0.3405 interleaving the flow direction of the

blade angle of 60°

Figure 9. Shapes of the split-vanes.

Figure 10. Effect of the longitudinal distance of grid on heat transfer characteristics. (a) Axial distribution of inner-wall temperature and (b) axial
distribution of heat transfer coefficient.
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energy level between the fluid and the wall surface decreases,
leading to an increase in the wall surface temperature. This
shows that the heat exchange effect between the fluid and the
wall surface is the best in the vicinity of the second grid spacer.
Thus, it is the key area of the structural effect of the grid
spacer.
The structural effect of the staggered-blade grid is analyzed

mainly through the local enhanced heat transfer characteristics
of different blade angles at the end of the grid spacer. Figure 11
shows that when the pressure P = 25 MPa, the heat flux density
q = 600 kW/m2, and the mass flow rate G = 700 kg/(m2·s), the
flow blocking ratio affects the local heat transfer downstream of
the grid spacer.
Figure 11 illustrates that the local heat transfer coefficient

between the fluid and the tube wall increases first and then
decreases along the fluid flow direction when the working
medium flows through the grid spacer. The peak appears at the
end of the grid spacer and is much higher than the heat transfer
coefficient in the smooth channel without a grid spacer. The
changing trend of the inner-wall temperature along the flow
direction is exactly opposite to the trend of the local heat
transfer coefficient, indicating that the staggered-blade grid
spacer has a significant effect in locally enhancing heat transfer
and effectively reducing wall temperature. This is due to the
influence of the angle of the blade at the end of the grid spacer.
The strengthening feature at a certain blade declination greatly
enhances the disturbance of the fluid flowing through it,
increasing the convective heat transfer between the super-

critical water and the cladding tube wall. The local heat transfer
coefficient peaks at the end of the grid spacer, and the
corresponding inner-wall temperature reaches a minimum. In
addition, upon gradually increasing the deflection angle of the
staggered blades of the grid spacer, the local heat transfer
coefficient and the wall surface temperature change rule are
essentially consistent. Compared with the other three grid
pieces, the inner-wall temperature and local heat transfer
coefficient of the grid piece with a blade angle of 45° are more
continuous; a larger blade deflection angle and a greater flow
blocking ratio cause the degree of turbulence at the end of the
grid spacer to increase, resulting in a decrease in the axial
velocity of the working fluid in the channel and reduced heat
transfer.
A comparison of the flow blocking ratio is presented in

Figure 12a taking into account the temperature difference
between the main fluid at the grid spacer and that in the area
downstream of the grid spacer. Figure 12b shows the heat
transfer coefficient according to the enthalpy under the given
working conditions.
In Figure 12a, the temperature difference exhibits a

downward trend as the blocking rate increases in the
mainstream enthalpy. In the high-enthalpy region, the
temperature difference of the channel without the blocking
effect increases fastest with increasing mainstream enthalpy.
The temperature in the channel with the reinforced grid spacer
also increases, and the corresponding wall temperature increase
is larger. When the fluid flows through the grid spacer, the

Figure 11. Effect of flow blocking ratio on local heat transfer characteristics: (a) temperature on the inner wall of the locator and (b) local heat
transfer coefficient of the locator.

Figure 12. Effect of flow blocking ratio on transfer characteristics: (a) change in temperature according to enthalpy and (b) change in heat transfer
coefficient according to enthalpy.
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temperature difference distribution is consistent and the value
coincidence is high. With increasing mainstream enthalpy, the
temperature difference decreases first and then increases, and
reaches the minimum value near the quasi-critical point.
Figure 12b shows that the heat transfer coefficient reaches

the maximum value near the large specific heat zone. The heat
transfer coefficient of the grid spacer with strengthened
features is greater than that of the smooth channel and is
approximately 13.1 kW/(m2·k). This is related to the change in
the physical properties of supercritical water in regions with
different enthalpy values. In the entire mainstream enthalpy
area, the heat transfer coefficient has a high degree of fit with
the change of enthalpy value, especially the heat transfer
coefficients with blockage rates of 0.3078 and 0.3405.
The staggered-blade-type grid spacer in the subchannels of

the supercritical water-cooled reactor can enhance the
disturbance of the fluid downstream of the grid and enhance
the heat exchange between the fluid and the heating surface.
With the increase of the blade angle, the local heat transfer
coefficient in the downstream of the grid increases, but the
increase in the flow blocking ratio will also lead to an increase
of the flow resistance in the channel. It is necessary to
comprehensively consider the flow blocking ratio on the heat
transfer and flow in the subchannel effect of resistance. Figure
13 indicates the variation of Nu and pressure drop at different

flow blocking ratios (subscript 0 means no spacer), and the
Nusselt number is calculated by the following formula

λ=Nu hD /h (5)

The pressure drop and Nusselt number in the subchannel
increased with the increase in the flow blocking ratio, but the
rate of change was different, the flow blocking ratio increased
from 0.2157 to 0.3405, the pressure drop increased from
1.25ΔP0 to 1.84ΔP0, the Nusselt number increased from
1.08Nu0 to 1.21Nu0. It can be seen that the increase of the flow
resistance in the subchannel is greater than the increase of the
heat transfer capacity.
Figure 14 shows the changes in performance evaluation

criteria (PEC) under different flow blocking ratios. The
definition of PEC is as follows

= ∧Nu Nu f fPEC ( / )/( / )0 0
1/3

(6)

ρ= Δf PD LV(2 )/( )h
2

(7)

The change of PEC with the flow blocking ratio is that it first
increases and then decreases. When the flow blocking ratio is
0.3078 (blade angle = 45°), the PEC is the highest. Although
the value of PEC is less than 1, but the main function of the
spacer is to provide support for the fuel rods, and the second is
to improve the local heat transfer coefficient downstream of
the grid and improve the safety margin of the reactor core. In
the case of increasing part of the flow resistance, the heat
exchange efficiency can be improved, but the extent of
improvement is limited.

4.3. Structural Effects of Grid Spacer on Flow. Figure
15 shows the distribution of fluid streamlines for the four-blade
deflectors in the triangular core channel.
Figure 15 indicates that the fluid velocity gradually increases

along the flow direction. The velocity increase is larger after
passing through the second grid spacer due to the heating of
the wall, increasing of the temperature of the working fluid,
and rapid decreasing of the density of the working fluid at the
quasi-critical point. The streamline distribution of the fluid at
the inlet is essentially the same; however, extreme turbulence
occurs after it flows through the grid spacer. This is the result
of the staggered blades angled at the end of the grid spacer.
Disturbed by the grid spacer, the streamline bends and rotates
at the end of the grid spacer. The velocity increase is larger
after passing through the second grid spacer, and the radial
velocity of the fluid increases. In addition, the degree of the
vortex at the center of the triangular channel also gradually
increases along the flow direction. Overall, the increase rate of
the fluid velocity in the channels with blade angles of 45 and
60° is significantly greater than in the channels with angles of
15 and 30°. After the turbulence of the three grid spacers, the
radial velocity component of the fluid continues to increase,
resulting in a significant decrease in its axial velocity
component. Thus, a certain length should be set aside, or a
flow corrector should be used to prevent the deterioration in
heat transfer at the end of the triangular channel.
Figure 16 shows the secondary flow distribution of the

upstream and downstream sections and the position of the grid
spacer in the triangular channel. The figure illustrates the six
vortex-shaped regions with uniform symmetrical distribution
formed upstream of the grid spacer at a blade angle of 15°. The

Figure 13. Effect of flow blocking ratio on Nu and pressure drop.

Figure 14. Effect of flow blocking ratio on PEC.
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vortex shapes are similar, and the vortex directions of adjacent
vortices are opposite, an obvious secondary flow phenomenon.
The maximum flow velocity at the cross section occurs
between adjacent vortex-shaped areas, but the flow velocity in
the entire cross-sectional position is not significantly different.
At the cross section of the grid spacer, the cross-sectional area
of the channel suddenly decreases due to the flow through the
grid spacer. Thus, the fluid velocity near the grid spacer
increases significantly, which promotes fluid mixing. In
addition, the vortex formed upstream of the grid spacer
disappears; however, the symmetry is maintained. In the area
downstream of the grid spacer, a vortex flowing clockwise is
formed in the center of the flow channel and the fluid velocity
difference between different areas in the cross section is large.
The secondary flow characteristics are more obvious. The
velocity is greatest near the solid wall and is approximately 1.99
times the central velocity.

5. CONCLUSIONS
This paper presents the concepts of the blocking rate of the
SCWR core grid spacer. There is an influence of dimensionless
longitudinal distance and blocking ratio on the flow, and the
heat transfer of supercritical water in triangular-like sub-
channels is studied. The primary conclusions can be
summarized as follows:

(1) The staggered-blade-type grid spacer can significantly
improve the supercritical heat transfer effect in the large
specific heat zone. Increasing the flow blocking ratio can
increase the heat transfer coefficient, which increases
heat transfer but leads to an increase in fluid resistance.
The heat transfer effect is the best when the flow
blocking ratio is 0.3078 (blade angle = 45°).

(2) There is a vortex downstream of the grid spacer; the
vortex degree becomes more obvious as it flows through
the grid spacer, and the intensity of the secondary flow
increases. The maximum velocity near the wall surface is
approximately 1.99 times the central velocity.

Figure 15. Streamline distribution at different leaf angles: (a) 15°; (b) 30°; (c) 45°; and (d) 60°.
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(3) When arranging the core grid spacers in SCWR
subchannels, the spacing should not be too small, and
the use of grid spacers at the end of the channel should
be avoided. Increasing the spacer spacing before the
pseudo-critical temperature region is beneficial to
enhance heat transfer.
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■ NOMENCLATURE

Asp projection area of grid spacer
e flow blocking ratio
P/D grid pitch ratio
D rod diameter
Dh hydraulic diameter = 4Asc/Psc
G mass flow rate
L channel length
ρ density
ΔP pressure drop
PEC performance evaluation criteria
Asc area of subchannel
egs flow blocking ratio of standard grid spacer
p pressure
q heat flux density
T temperature
Z longitudinal distance parameter
λ thermal conductivity
V velocity
Nu Nusselt number
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