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ARTICLE INFO ABSTRACT

Keywords: The thermal-hydraulic performance of nuclear fuel has a very important effect on the safety and economy of a
Nuclear fuel reactor. The helical cruciform fuel (HCF) is an innovative fuel design with a lot of potential advantages. HCF
Helical cruciform fuel assembly is a self-supporting assembly. It needn’t spacer grid which is usually used in the cylindrical fuel as-
Self-supporting assembly s . . . . .
o sembly. It has larger surface-to-volume ratio in comparison to the cylindrical fuel, which can increase the power
Transverse mixing . . . . . .
; - output without necessarily altering the operating surface heat flux. In this research, the thermal-hydraulic
Thermal-hydraulic characteristics - X . X X
characteristics of a 4 x 4 HCF bundle were investigated by numerical method. A numerical model of the
bundle was developed and validated with experimental data. Based on this model, five flow conditions were
respectively calculated. The transverse flow in the HCF bundle was analyzed, and the temperature distributions
of the bundle and the water were discussed. The results show that the transverse mixing of water in the bundle is
enhanced due to the helical geometry of the HCF rod. The mixing intensity periodically varies with twist angle
increasing, and every twist angle of 90° is a variation cycle. The temperature distribution on the rod surface
helically varies along the flow direction, and the temperature in the valley region is obviously higher than that in
the lobe region. Additionally, the water temperature in the back of the lobe is higher than that in the front of the
lobe.

and Rao, 2014). Massachusetts Institute of Technology (MIT) proposed
an innovative fuel design, internal and external cooled annular fuel, in
2006 (Feng, 2008). The annular fuel can allow a substantial increase in
power in pressurized water reactor (PWR) while maintaining or
improving safety margins. It has larger surface-to-volume ratio in
comparison to the cylindrical fuel. Thus, enlarging the
surface-to-volume ratio of the fuel may be an effective approach to in-
crease the power output without necessarily altering the operating
surface heat flux (Conboy et al., 2014). The helical cruciform fuel (HCF)
also has this feature. It can be used to improve the power density of PWR
and BWR.

The cross section of the HCF rod is cruciform shape and it is twisted
along the axial direction. This type of fuel was firstly proposed in Russia.
Afterwards, it was used in the SM-3 and PIK reactor of Russia (Ageenkov
et al, 2002). SM-3 reactor is a high-flux, water-cooled and
water-moderated tank-type reactor. Its thermal capacity is 100 MW. It
can be used to produce trans-uranium elements and radioactive isotopes
of light elements, as well as carry out irradiation studies of reactor
material samples (Anatoli, 2014). PIK is also a high-flux research reactor

1. Introduction

Safety and economy are the key factors affecting the development of
nuclear reactor. A good way to enhance the safety and economy of a
reactor is to improve the thermal-hydraulic performance of its fuel. In
traditional light water reactor (LWR) and boiling water reactor (BWR),
the cylindrical fuel is usually adopted. In order to improve the heat
transfer characteristic of the fuel assembly, the mixing vane spacer grid
is used, which can strengthen the flow mixing between the subchannels
in the assembly and raise the critical heat flux of the rod (Qu et al.,
2019). However, the resistance to fluid flow in the subchannel also in-
creases because of this. In new generation reactors, some other types of
fuels are adopted. For example, in the modular high temperature
gas-cooled reactor (MHTGR) and molten salt reactor (MSR), the spher-
ical fuel is adopted (Zhou et al., 2013; Chen et al., 2018), and in
sodium-cooled fast reactor (SFR), lead bismuth eutectic (LBE) cooled
reactor and supercritical water-cooled reactor (SCWR), the
wire-wrapped fuel is adopted (Jeong et al., 2017; Lyu et al., 2016; Podila
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Nomenclature

equivalent diameter [m]

frictional coefficient

generation of k due to mean velocity gradients
generation of  due to mean velocity gradients
heat transfer coefficient [W/(m2K)]
turbulence kinetic energy [m?/s%]

length of the channel [m]

surface heat flux [W/m?]

Reynolds number

®

MR NAETFQQTTT
g

o

Sk user-defined source terms

So user-defined source terms

Thuik bulk temperature of water [K]
Twau wall temperature [K]

y velocity [m/s]

V; inlet velocity [m/s]

Ve velocity in x direction [m/s]

vy velocity in y direction [m/s]

Yi dissipation of k due to turbulence

Y, dissipation of @ due to turbulence
a twist angle [°]

y/] circumferential angle [°]

Ik effective diffusivity of k [kg/(m-s)]
r, effective diffusivity of o [kg/(m-s)]
AP pressure difference [Pa]

u dynamic viscosity [kg/(m-s)]

p density [kg/m>]

w specific dissipation rate s
Abbreviation

BWR boiling water reactor

HCF helical cruciform fuel

LBE lead bismuth eutectic

LWR light water reactor
MHTGR modular high temperature gas-cooled reactor

MSR molten salt reactor

PWR pressurized water reactor

SFR sodium-cooled fast reactor

SCWR  supercritical water-cooled reactor

and its thermal output is 100 MW. It can be used to conduct researches
about the weak interaction physics, nuclear physics, condensed matter
physics, radiation physics and chemistry, structural and radiation
biology and biophysics, and applied engineering. Besides the application
in research reactors, the feasibility of the application in Russian
icebreaker reactors was also analyzed, so that the high-enriched ura-
nium in reactor fuel could be converted to low-enriched uranium (Dia-
kov et al., 2006). A fast helium cooled reactor concept was developed in
Russia, and the application in this reactor was also investigated (Pono-
marev-Stepnoi and Glushkov, 2003). Moreover, the pressure drop and
heat transfer crisis of a similar fuel rod used in VVER-T reactor was
investigated with small-scaled model (Bol’ shakov et al., 2007). This fuel
rod is three-rayed in the cross section, rather than cruciform shape.

In recent years, MIT also have conducted some researches about the
HCF rod. T. M. Conboy et al. (2013) constructed an experimental facility
and measured the hydraulic resistance and assembly mixing within a
mock HCF bundle. Koroush Shirvan and Mujid S. Kazimi (Shirvan and
Kazimi, 2014) benchmarked the data of pressure drop and assembly
mixing obtained from this experiment with STARCCM+, and calculated
the 3D conduction effect of the HCF rod in steady state and transient
condition. In addition, Conboy et al. (2014) also evaluated the power
update potential of the HCF core in comparation to the reactor core of

15.218mm

(a)

traditional LWR. The results showed that the HCF core could respec-
tively allow power update of 24% for BWR and power update of 47% for
PWR within established safety limits. In order to explore the HCF
improved performance limits, Koroush Shirvan (2016) investigated the
boiling crisis of HCF rods at high pressures with STARCCM-+. The results
showed that HCF rods could result in maximum power uprate of 25% for
PWR and could not result in a benefit for BWR. This result was different
from the result in Ref. (Conboy et al., 2014), because the latter is eval-
uated with 1D empirical correlations.

HCF assembly has a lot of potential advantages (Conboy et al., 2013).
Its larger surface can proportionally lower the surface-averaged heat
flux at same power. The helical geometry can increase the transverse
flow mixing in the bundle, which can homogenize the temperature
distribution and reduce the impact of local peaking factors. HCF as-
sembly is a self-supporting assembly, so it needn’t spacer grid which is
usually used in the cylindrical fuel assembly. Because of this, the pres-
sure drop of the assembly can be reduced. HCF rod has a shorter heat
conduction path from the rod center to the coolant, so the maximum
temperature of the fuel can also be reduced. Currently, the under-
standing of the flow and heat transfer characteristics of the HCF as-
sembly is not very thorough, and relevant references are also little.

Therefore, it is very essential to further investigate the
Lobe
Valley 12=2.109mm
,/0.709mm
= _
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Fig. 1. (a) HCF bundle; (b) cross section of the HCF rod.
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Fig. 2. Grids of the HCF bundle.

thermal-hydraulic performance of the HCF assembly.

This paper is focused on investigating the thermal-hydraulic char-
acteristics of a 4 x 4 HCF bundle by numerical method. Firstly, the
numerical model will be developed and validated. Afterwards, trans-
verse flow in the HCF bundle will be analyzed, which is difficult to be
exactly shown by experimental method. Meanwhile, the variation of
frictional coefficient of the bundle will be given. Finally, temperature
distributions of the fuel bundle and the water will be analyzed, and the
variation of local heat transfer coefficient will also be given.

2. Methodology

The structure of the HCF bundle in this research is shown in Fig. 1(a),
which is obtained from Ref. (Thomas, 2007). As can be seen, this HCF
bundle includes 16 HCF rods, and all rods have the same structures.
These rods are arranged in rectangular array. The distance between the
centerlines of two neighboring rods is 15.218 mm. The cross section of
the HCF rod is cruciform, and its detailed parameters are shown in Fig. 1
(b). The maximum diameter of the cross section is 14.718 mm. The
convex part and concave part of the rod are respectively named as lobe
and valley, which can facilitate the analysis later. With the increase of
the rod length, the cross section gradually rotates, resulting in that the
rod is finally in helical shape. The twist pitch of the rod is 0.5 m.
Considering the periodicity of the rod and the computational cost, the
rod length of 0.5 m (one twist pitch) is adopted in this research. This 4 x
4 HCF bundle is placed in a square channel with side width of 61.5 mm.
The material of the rod is UO,, and the coolant is water. Material
properties are calculated by using the user-defined function (UDF) of
FLUENT, which is a C language function and can be dynamically loaded
with the FLUENT solver.

Grids of the HCF bundle are shown in Fig. 2, which are generated by
ANSYS ICEM. All the grids are hexahedral volume grids or quadrate
surface grids. As can be seen, grids close to the surface of the rods are
refined, due to that temperature gradient and velocity gradient of water
in this region are greater than those in the other regions. Similarly, grids
near the wall of the channel are also refined. In real HCF bundle, there
are many contact points between neighboring rods. In order to improve

the quality of the grids, a small gap of 0.5 mm is retained at every
contact point in this research. This method has also been adopted by Ref
(Gajapathy et al., 2015). and Ref. (Zhao et al., 2017), and the effect of
this small gap on the computational result can be neglected. For all grids
in the model, the mean grid quality is greater than 0.84, and the mini-
mum is greater than 0.63. Based on the computational result of grid
independence, the numerical model contains 28.81 million grids finally.

In the numerical model, the inlet boundary condition is set as the
velocity inlet boundary. The outlet boundary condition is set as the
pressure outlet boundary, and the value is 0 Pa. Moreover, the four side
walls of the channel and the two end surfaces of the HCF bundle are
considered as adiabatic wall. Based on the local temperature and pres-
sure, the physical properties of water are calculated. Governing equa-
tions of the numerical model are discretized by the finite volume
method, and the second order upwind scheme is used for the spatial
discretization. For the couple of pressure and temperature, the SIMPLE
algorithm is adopted. In the end, the calculation is implemented with
ANSYS FLUENT.

In order to investigate the effect of turbulent model on the compu-
tational result, the pressure drop experiment in Ref (Thomas, 2007). is
simulated by the Realizable k-¢ model, Transition SST model and Stan-
dard k-0 model in this research, respectively. In this experiment, the
operation pressure and temperature of water are respectively 0.1 MPa
and 22 °C. According to the range of the Reynolds number in the
experiment, five inlet velocities are respectively calculated, which are
1.16 m/s, 1.94 m/s, 2.72 m/s, 3.50 m/s and 4.60 m/s. The Reynolds
number, frictional coefficient and local heat transfer coefficient of the
HCF bundle are respectively calculated by following equations:

pvD.
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Fig. 3. Frictional coefficient of the HCF bundle.

where p is the density; v is the velocity; D, is the equivalent diameter; y is
the dynamic viscosity; L is the length of the channel; AP is the pressure
difference between the inlet and outlet; q, Tyyqy and Ty are respectively
the area-averaged surface heat flux, area-averaged wall temperature and
mass-averaged cross-sectional temperature of water at one axial
location.

The computational result of the frictional coefficient of the HCF
bundle is shown in Fig. 3. As can be seen, with the increase of the
Reynolds number, the frictional coefficient gradually decreases and all
the variation tendencies of the computational results of these three
turbulent models are similar with that of the experimental result.
However, there are still some errors between the computational result
and the experimental result. For the Realizable k-¢ model, Transition
SST model and Standard k-w model, the maximum relative errors all
occur at the point where Reynolds number is equal to 9222, and the
values are 24.83%, 13.40% and 4%, respectively. In the whole range of
the Reynolds number, the mean relative errors are 20.72%, 6.56% and
1.87%, respectively. Therefore, the computational result of Standard k-o
model agrees well with the experimental result. In later calculation, only
the Standard k-o model will be adopted, and enhanced wall treatment is

X (a)
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employed as the wall function.
Governing equations of the fluid flow in the channel adopted in
ANSYS FLUENT are shown as follows (ANSYS and Inc, 2011):
Continuity equation:

op 0 _
E—Fa—Xi(pui)—o (4)

Momentum equation:

0 0 _op 0 ou; Ou; 2_ 0w d —
o (pus) + ox; (puity) = ox; + 0x; {” (dxj * 0x; 35’70)@)} * 0x; ( pu,-uj)
)]

Energy equation:

%(pE) +V- (7(ﬂE +I7)) =V. <kgﬁrvT - Zh]7] + (?Eﬁf . ?)) + Sh (6)
J

where y is the dynamic viscosity; ke is the effective conductivity; 7j is

the diffusion flux of species j; Sy, is the volumetric heat source.
Transport equations for the turbulence kinetic energy (k) and specific

dissipation rate (®) in Standard k-o model are given by the following

expressions:
Turbulent kinetic energy (k):
0 i} i} ok
a (pk) + o (pku;) *a—xj (F"a_x,-) +Gp — Y + S @

Specific dissipation rate (®):

0 0 d ow
E(pw)-‘r()—x,(pwul)_a_x] (r(ua—x!) +Gw_Yw +S(u (8)

where I'y and I',, are respectively the effective diffusivity of k and w; G is
the generation of k due to mean velocity gradients; G,, is the generation
of w; Yy is the dissipation of k due to turbulence; Y, is the dissipation of
®; Sk and S,, are user-defined source terms.

The effective diffusivities for k and w are given by

Fk=ﬂ+& (C)]
O
H
r,= — 1
Bt 10)
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——7=500 mm, a=360°

(b) ——2z=250 mm, a=180°

——7=0 mm, 0=0°

(©)

Fig. 4. Nomenclature: (a) HCF rod, subchannel and interface; (b) twist angle; (c) circumferential angle.
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Fig. 5. Pathlines of the water.

where y; is the turbulent viscosity; oy and o, are respectively the tur-
bulent Prandtl number of k and w.

3. Results and discussion

Based on the numerical model above, the thermal-hydraulics of the
HCF bundle are calculated and analyzed in this research. Five inlet ve-
locities, including 1 m/s, 2 m/s, 3 m/s, 4 m/s and 5 m/s, are respectively
calculated. The operation pressure and inlet temperature of water are
respectively set as 15.51 MPa and 565.85 K. Moreover, the volume heat
flux of the bundle is set as 2.0 x 10 W/m>.

In order to make it convenient to analyze the computational results,
the rods and subchannels in the HCF bundle are named as shown in
Fig. 4(a). The name of subchannel is composed of capital letter and
number, and the name of rod is composed of lower-case letter and
number. The interface between two subchannels is named by the names
of these two subchannels. For example, the interface between sub-
channel B3 and C3 is named as B3-C3. Along the length of the fuel rod,
the position of the lobe moves (rotates) counter clockwise when it is
viewed from the top. This angle is defined as twist angle (), as shown in
Fig. 4(b). With the increase of the axial (+z) position, the twist angle also
gradually increases. There is a one-to-one correspondence between twist
angle and axial position. Therefore, the twist angle gradually varies
along the length of the rod. When the axial positions are 0 mm, 250 mm
and 500 mm, the twist angles are 0°, 180° and 360°, respectively. Fig. 4
(c) shows the definition of circumferential angle (), which can be used
to indicate the position of one point on the surface of the rod at one
cross-section. The 0° is corresponding to the +x direction.

3.1. Flow analysis

Fig. 5 shows the pathlines of the water when the inlet velocity is
equal to 5 m/s. It can be seen that the water rotates along the surface of
the HCF rod when it flows forward. This phenomenon can enhance the

Progress in Nuclear Energy 148 (2022) 104228

transverse mixing of the water in the bundle, which will be helpful for
reducing the temperature difference between different subchannels.

The transverse velocity vectors at different twist angles are shown in
Fig. 6. As can be seen, a strong transverse flow occurs in the valley region
of the rod, because this region is adjacent to the side of the lobe. The
transverse flow rotates around the rod and its direction is identical with
the twist direction. At the gap between two neighboring rods, two re-
gions with opposite flow direction simultaneously occurs. The reason for
this phenomenon is that the twist directions of two neighboring rods are
just opposite at the gap. Due to that the center region of the subchannel
is far from the rod lobe, the effect of the lobe on the flow is small, so the
transverse flow in this region is not very obvious. In the range between
180° and 225°, with the increase of the twist angle, the gap between two
neighboring rods gradually increases, resulting in that the flow mixing
between two neighboring subchannels are gradually strengthened. In
this process, the variation of the transverse velocity in the valley region
of the rod is very small. As shown in Fig. 6, when twist angle is equal to
180°, the gap has the smallest width, while it has the largest width when
twist angle is equal to 225°. In the range of the whole length of the
bundle, the gap between two neighboring rods periodically varies with
the increase of the twist angle, as shown in Fig. 7. It is an increase
process of the gap when twist angle increases from 180° to 225°, while
when twist angle increases from 225° to 270°, it is a decrease process.
Thus, every 90° is a variation cycle. Under the effect of the periodic
variation of the gap, the intensity of the flow mixing between two
neighboring subchannels also periodically varies.

Fig. 8 shows the velocity distributions in interface B3-C3 between
twist angle of 180° and 270° (z = 250 mm ~ z = 375 mm), in which
Fig. 8(a) and (b) are respectively the velocity distributions of x direction
and y direction. In Fig. 8(a), the flow directions on the left and right side
are opposite at same twist angle, which is same as shown in Fig. 6. With
the increase of the twist angle, the flow direction on one side periodi-
cally varies. On the left side, it is along the +x direction at the beginning.
Afterwards, it gradually changes to the -x direction. Then, it gradually
changes to the +x direction and -x direction again. The variation ten-
dency on the right side is just opposite. Thus, there are two variation
cycles for the velocity of x direction. The whole variation process can be
divided into four parts. In every part, there is a pair of regions in which
the flow directions are opposite. The velocity distribution of y direction
is different from that of x direction, as shown in Fig. 8(b). The flow di-
rection on the left side is along the -y direction throughout all twist
angles, and the direction on the right side is along the +y direction.
There is only one pair of regions with opposite flow directions. With the
increase of the twist angle, the value of the velocity increases firstly, and
then, it gradually decreases. This process forms the only variation cycle.

The variation of the transverse velocity in interface B3-C3 is shown
in Fig. 9, in which the velocity at every twist angle is the mean velocity
at this twist angle (the surface average value over constrained plane). It
can be seen that the transverse flow has obvious periodicity under the
conditions of different inlet velocities, and the larger the inlet velocity is,
the stronger the transverse flow is. There are four cycles in the twist
angles of 360°. In every cycle, the variations of twist angle for the in-
crease process and decrease process of the velocity in -y direction are
nearly same. The value of the velocity is less than 0 throughout, which
means that the net flow in y direction in this interface is always along the
-y direction. The peak value and valley value of the velocity in x di-
rection respectively occurs in the front and back of the peak value in -y
direction. Differing from that in -y direction, the peak value in x direc-
tion is greater than 0, while the valley value is less than 0. It indicates
that the net flow in x direction is alternately along the +x direction and
the -x direction. Moreover, it also can be seen that the transverse flow in
-y direction is stronger than that in +x direction in this interface. The
peak value of the velocity in -y direction is more than twice of that in +x
direction. In Fig. 9, the transverse velocity at 0° is equal to 0, which is
due to that the velocity inlet boundary is adopted as the inlet boundary
condition of the numerical model. In future research, the periodical
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Fig. 6. Transverse velocity vectors at different twist angles.
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Fig. 8. Velocity distributions in interface B3-C3: (a) x direction; (b) y direction.

boundary will be adopted, so that the entrance effect can also be
eliminated.

Fig. 10 shows the variation of the transverse velocity in interface
B2-B3. The transverse velocity in this interface also varies periodically.
Different from the phenomenon in interface B3-C3, the value of the
velocity in x direction in this interface is greater than O throughout,
while the value of the velocity in y direction alternately varies between
negative number and positive number. It indicates that the net flow in x
direction in this interface is always along the +x direction, while the net
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Fig. 11. Frictional coefficient of the HCF bundle.

flow in y direction is alternately along the -y direction and the +y
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Fig. 12. Frictional coefficient of the HCF bundle.

direction. Meanwhile, the twist angle occupied by the flow in +y di-
rection is greater than that occupied by the flow in -y direction, and peak
value of the velocity in +y direction is also greater than that in -y di-
rection, which indicates that in most locations, the flow in y direction is
along the +y direction. The transverse flow in +x direction is stronger
than that in +y direction. The peak value of the velocity in +x direction
is more than three times of that in +y direction. With the inlet velocity
increasing, the difference between the velocities in +x direction and in
+y direction also gradually rises.

Fig. 11 shows the variation of the frictional coefficient of the HCF
bundle. As can be seen, the frictional coefficient gradually decreases
with the increase of the Reynolds number, and the decrease rate also
gradually diminishes. When Reynolds number increases from 61,675 to
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308,376, the frictional coefficient decreases from 0.0208 to 0.0143. The
result in this figure can merge with the result in Fig. 3, forming a new
variation curve which can be used in a wider range of Reynolds number,
as shown in Fig. 12. The variation range of Reynolds number in this new
curve is 9222-308,376. The computational results are validated with
four empirical correlations, which are Blasius correlation, Nikuradse
correlation, Altschull correlation and McAdams correlation, respec-
tively. These correlations can be found in Ref (Thomas, 2007). and
Ref. (Kong, 2007). It can be seen that the computational results agree
well with the results of Blasius correlation and Altschull correlation
when Reynolds number is less than 40,000. The relative errors between
them are within 3.9%. When Reynolds number is more than 22,000, the
computational results agree well with the results of McAdams correla-
tion, and the relative errors are within 2.9%. For the results of Nikuradse
correlation, the relative errors are within 3.3% when Reynolds number
is more than 130,000. Therefore, by choosing the most appropriate one
based on Reynolds number, these correlations can be used to calculate
the frictional coefficient of the HCF bundle.

3.2. Heat transfer analysis

Temperature distribution on the surface of the HCF bundle is shown
in Fig. 13, in which the inlet velocity is 5 m/s. As can be seen, the
temperature distribution also helically varies along the flow direction.
On the surface in the valley region, the temperature is higher than that in
the lobe region. Along the flow direction, the increase rate of the tem-
perature in the valley region is also higher. The reason for this phe-
nomenon is that the surface area in the valley region is relative smaller,
which is detrimental to the dissipation of heat. This phenomenon is more
obvious inside the bundle. At twist angle of 135° and 360°, the tem-
perature at the top of the lobe is distinctly lower than those in other
regions. Fig. 14 shows the temperature variations on the surface of rod
b2 at twist angle of 135° and 360°. It can be seen that the temperature
periodically varies along the circumferential direction. The peak value

Fig. 13. Temperature distribution on the surface of the HCF bundle.
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Fig. 14. Temperature variations on the surface of rod b2 at different twist
angles: (a) 135°; (b) 360°.
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Fig. 15. Variation of the mean wall temperature of the HCF bundle.

Progress in Nuclear Energy 148 (2022) 104228

585 T T T T T
v 580
I
=
©
8
£ 575
2
ol
s
570
565 . . . . . .
0 60 120 180 240 300 360
a/®

Fig. 16. Variation of water temperature.

in the curve is the temperature near the bottom of the rod valley, and the
valley value is the temperature near the top of the rod lobe. Thus, there
are four variation cycles in one circumference. At both twist angles, the
wall temperature decreases with the increase of inlet velocity, and the
decreasing extent also diminishes. Moreover, the difference between the
peak value and the valley value also gradually decreases, which means
that the flow mixing in the HCF bundle is strengthened. At twist angle of
135°, this difference decreases from 61.0 K to 19.5 K when inlet velocity
increases from 1 m/s to 5 m/s. At twist angle of 360°, this difference
decreases from 70.4 K to 36.0 K. For the same inlet velocity, this dif-
ference gradually increases with the increase of twist angle.

The variation of the mean wall temperature of the HCF bundle is
shown in Fig. 15, in which the mean wall temperature is calculated by
the area-weighted average method. In the region near the inlet, the
boundary layer has not been fully developed, so it is relatively thin
compared to those in other regions, which is good for the heat transfer
between the wall and the fluid. As can be seen, due to the influence of
entrance effect, heat transfer process near the inlet is enhanced, so the
wall temperature in this region is obviously lower than those in other
regions. When twist angle is more than 30°, the mean wall temperature
approximatively linearly rises with twist angle increasing, and the rising
rate gradually decreases with the increase of inlet velocity. It is caused
by the variation of water temperature, as shown in Fig. 16, in which the
temperature at one twist angle is the average value at this twist angle. It
can be seen that the water temperature linearly increases with the in-
crease of twist angle. When inlet velocity rises, both the water temper-
ature and its increasing rate decrease, because the heat power of the rod
is constant.

Fig. 17 shows the temperature distributions of water at different
twist angles when inlet velocity is equal to 5 m/s. In this figure, the twist
direction is along the anticlockwise direction. As can be seen, the tem-
perature in the valley region of the rod is higher than that in the center
region of the subchannel, because the valley region is adjacent to the
rod. With the increase of twist angle, the temperature in the back of the
lobe is higher than that in the front of the lobe. The reason is that the
water in the back of a lobe partly comes from the front of the latter lobe,
and this part of water has absorbed some heat from the latter lobe. The
variation of the local heat transfer coefficient of the HCF bundle is
shown in Fig. 18. As can be seen, the local heat transfer coefficient near
the inlet is relatively high due to the entrance effect. It gradually de-
creases with the twist angle increasing. When twist angle is more than
60°, the local heat transfer coefficient increases firstly, and then grad-
ually decreases again with the twist angle further increasing. With inlet
velocity rising, the local heat transfer coefficient gradually increases, but
the increasing rate gradually decreases. Therefore, the entrance effect



H. Zhao et al.

590.00
588.75
587.50
586.25
585.00
583.75
582.50
581.25
580.00
578.75
577.50
576.25
575.00
573.75
572.50
571.25
570.00
568.75
567.50
566.25
565.00

240°

i
i

Progress in Nuclear Energy 148 (2022) 104228

HH

135°

345° 360°

Fig. 17. Temperature distributions of water at different twist angles.
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Fig. 18. Variation of local heat transfer coefficient of the HCF bundle.

has a great influence on the local heat transfer coefficients of the HCF
bundle.

4. Conclusion

The thermal-hydraulic characteristics of a 4 x 4 HCF bundle were
investigated by numerical method in this research. A numerical model of
the bundle was developed, and it was validated with the experimental
data in Ref. (Thomas, 2007). Based on this model, five flow conditions
were respectively calculated. According to the computational results,
the transverse flow in the HCF bundle was analyzed, and the tempera-
ture distributions of the fuel bundle and the water were discussed.
Moreover, the variations of the frictional coefficient and the local heat
transfer coefficient of the bundle were also given. The main conclusions
from this research are listed as follows:

10

(1) Due to the helical geometry of the HCF rod, the water rotates
along the rod surface when it flows forward. The transverse
mixing of water in the bundle is enhanced because of this. In the
valley region of the rod, the transverse flow is strong, while it is
not very obvious in the center region of the subchannel, because
the transverse flow is mainly caused by the rod lobe.

Under the effect of the periodic variation of the gap, the intensity
of the flow mixing between two neighboring subchannels also
periodically varies, and every twist angle of 90° is a variation
cycle.

In every variation cycle of the gap in interface B3-C3, there are
four pairs of regions in which the flow directions are opposite in x
direction, while there is only one pair of regions with opposite
flow directions in y direction. Moreover, with the increase of the
twist angle, the net flow in x direction is alternately along the +x
direction and the -x direction in this interface, while the net flow
in y direction is always along the -y direction. In interface B2-B3,
the net flow in x direction is always along the +x direction, while
the net flow in y direction is alternately along the -y direction and
the +y direction.

The temperature distribution on the rod surface also helically
varies along the flow direction, and the temperature in the valley
region is obviously higher than that in the lobe region. At one
twist angle, temperature periodically varies along the circum-
ferential direction. There are four variation cycles in one
circumference. Additionally, the water temperature in the back of
the lobe is gradually higher than that in the front of the lobe with
twist angle increasing.

(2

3)

4
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