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The ﬂow characteristics of reactor fuel assembly always intrigue the designers and the experimentalists
among the myriad phenomena that occur simultaneously in a nuclear core. In this work, the visual
experimental method has been developed on the basis of refraction index matching (RIM) and particle
image velocimetry (PIV) techniques to investigate the detailed ﬂow characteristics in China fast reactor
fuel subassembly. A 7-rod bundle of simulated fuel subassembly was fabricated for ﬁne examination of
ﬂow characteristics in different subchannels. The experiments were performed at condition of Re ¼ 6500
(axial bulk velocity 1.6 m/s) and the ﬂuid medium was maintained at 30  C and 1.0 bar during operation.
As for results, axial and lateral ﬂow features were observed. It is shown that the spiral wire has an
inhibitory effect on axial ﬂow and signiﬁcant intensity of lateral ﬂow mixing effect is induced by the wire.
The root mean square (RMS) of lateral velocity ﬂuctuation was acquired after data processing, which
indicates the strong turbulence characteristics in different ﬂow subchannels.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Sodium-cooled Fast Reactor (SFR), as one of the 6 candidate
Generation-IV reactors, is attached great importance from countries all over the world due to its high efﬁciency in using uranium
resources and function of transmuting long-life high level radioactive waste, which contributes to the sustainable development of
nuclear energy.
In the design of fast reactor fuel subassembly, a triangular rod
bundle with spiral wire is used to maximize the volume proportion
of the fuel for the operation under fast neutron conditions. The
positioning of fuel rod bundle and mixing of coolant in fast reactor
are accomplished by the metal spiral wire wrapped around the fuel
rod [1]. This special structure leads to complex ﬂow characteristics
in fuel subassembly. In particular, due to the ﬁne size of the ﬂow
subchannels, the coolant ﬂow velocity varies rapidly. Therefore,
from the perspective of fuel assembly design and heat transfer
exploration, the study of ﬂow ﬁeld characteristics is of great signiﬁcance to ensure the safe operation of reactors.
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There are a lot of work on the measurement and numerical
simulation of the ﬂow characteristics in the PWRs, but similar study
on the fast reactor is still far from sufﬁcient. There have been many
efforts to analyze the effects of ﬂow and heat transfer in wire
wrapped rod bundle in the fast reactor via computational ﬂuid
dynamics (CFD) approach [2e5]. However, no CFD code can be fully
acknowledged for an accurate estimation of the ﬂow characteristics
because of the complexity of the turbulent diffusion in core and the
various approximation introduced in CFD calculation. To validate
the result calculated by CFD, visual measurement methods
including Particle Image Velocimetry (PIV) and Laser Doppler
Velocimetry (LDV) have been developed extensively. L.D.Smith
et al. [6] used PIV to measure the global velocity distribution of the
rod bundle in PWR fuel assembly for the validation of CFD calculation. Glenn et al. [7]measured ﬂow in simulated module using PIV
method, accumulating the basic data for turbulent ﬂow in the fast
reactor. Seok Kyu Chang et al. [8]measured the transverse turbulent
ﬂow inside the subchannels by 2D-LDV, and obtained the crosssectional transverse ﬂow velocity distribution under different
structure of grid spacers. Xiong Jinbiao et al. [9]carried out visualization experiments on the 6  6 rod buddle, they measured horizontal and axial velocity distribution at the upstream and
downstream of the positioning grid with 3D-LDV system. Lee et al.
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[10] investigated the effect of gap width on the ﬂow pulsation and
turbulent mixing using PIV. However, most of these investigations
are dedicated to understand the ﬂow pulsation of turbulent ﬂows
in the bare rod bundles or the effect of grid spacer used in PWRs.
As for wire wrapped rod bundles, there has been much progress
recently. Seok Kyu Chang et al. [11]focus on ﬂow distribution,
pressure loss in subchannels of a wire-wrapped 37-pin rod bundle
for SFR. Pacioet al. [12]studied both the pressure drop and heat
transfer performances of 19-rod bundle with wire spacers. Thien
Nguyen et al. [13,14] experimentally investigated the ﬂow ﬁeld
characteristics in a 61-rod bundle with wire spacers by PIV. However, there are still great difﬁculties in this study, both experimentally and numerically. The measurement is limited by the
narrow gap around spiral wire, and the challenge of numerical
simulation is meshing difﬁculties caused by the contact of wire and
fuel rod. Experimental and numerical study on ﬂow characteristics
of fast reactor fuel subassembly will provide the basis for the design
of commercial demonstration fast reactor in China.
In this study, with reference to the structure and parameter of
fuel subassembly in China Experimental sodium-cooled Fast
Reactor (CEFR) designed by China Institute of Atomic Energy (CIAE),
the PIV method was used to carry out the measurement of ﬂow
ﬁeld in simulated fast reactor fuel subassembly. The experimental
data of ﬂow characteristics on a tightly packed 7-rod buddle was
presented and analyzed by the RMS velocity and turbulent transverse ﬂow mixing intensity. In addition, numerical investigation
through CFD method was performed under certain conditions for
further analysis to be compared with the measured data
quantitatively.

2. Experimental setup and procedure
2.1. Details of the test loop and section
The experimental facility contains a 7-rod bundle test section
was built for visualization measurement. Fig. 1 shows the test loop
of the visualization experiment, where the rod bundle section with
the length of 900 mm was placed in a vertical position for measurement. The test loop is composed of a water tank, a frequency
conversion pump, ﬂowmeters, pressure difference transmitters,
test section and valves. The water tank has a volume of 120 L.
Pressure gauges are installed at the upstream and downstream of

the test section to measure pressure drop. The experiment was
carried out at the temperature of 30  C, using MIR solution as test
medium. The test condition was calculated from the experimental
data of CEFR via the Reynolds number similarity criterion. The
working ﬂuid is circulated around the loop by a variable frequency
pump that can provide a maximum ﬂow rate of 17 m3/h. The ﬂow
rate is controlled by the variable frequency pump and backﬂow. To
measure the ﬂow characteristics, the camera and Argon-ion laser
was placed during the test. The test section is completely transparent to accommodate high quality measurements with PIV
equipments. The photograph of the experimental setup is shown in
Fig. 2 and test condition is present in Table 1.
Fig. 3 shows a layout of the experimental simulated fuel subassembly. In order to realize the visualization measurement, the
test section including the pipe, fuel rod bundles and wire are all
made of polymathic methacrylate (PMMA) materials. The length of
the rod bundles in the test is shortened to 500 mm to make sure the
straightness of the rods is no more than 0.9 mm/m. The simulated
test subassembly consists of 7 PMMA rods, each of which is surrounded by transparent wire and supported by a stainless steel
framework at the bottom to prevent ﬂow-induced vibration, with
hexagonal assembly box on the outside. The light transmittance of
the rod buddle is no less than 85%.
Furthermore, a rectangular sleeve with a thickness of 2 mm was
added outside the hexagonal component to ensure the vertical
incidence of light, where the NaI solution was ﬁlled. In the process
of measurement and data processing, subchannels are divided into
3 types, as shown in Fig. 4. The region of 1, 2 and 3 represent the
measurement areas of edge channel, corner channel and inner
channel respectively.
The detailed geometrical dimensions and measuring area for
horizontal and axial measurement are shown in Fig. 5. According to
the empirical relation, in a vertical tube, a fully developed ﬂuid
should be greater than 30e60 times hydraulic diameter, which is
171 mme342mm under the current experimental conditions, so
the measured section is 340 mme440mm from the inlet of the test
section to reduce the impact of the inlet ﬂow effect.

2.2. Refraction-index-matching of working ﬂuid
There will be refraction when the laser passes through different
media, which in this case is the transparent component box, PMMA

Fig. 1. View of test loop.
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Fig. 2. Photograph of experimental setup.

Table 1
Experimental condition.
Items

Parameters

Value

Temperature
Pressure
Equivalent diameter
Bulk velocity
Reynolds number



30
0.1
0.00325
1.6
~6500

C
MPa
m
m/s

fuel subassembly and the working medium. In order to eliminate
the refraction during light propagating of laser beam in different
medium and to improve the measurement accuracy, the refractionindex-matching of the working medium [15] was accomplished
before the measurement. The working ﬂuid was appropriately
mixed by adding NaI into water, then refractive index of the solution was measured by Abbe Refractometer. Among the candidate
solution, NaI was chosen because it won't change the viscosity of
water. Dale-Gladstone formula [16,17]is adopted as the principle of
refraction-index-matching, as shown in formula (1).

n12  1

r12

¼

n1  1

r1

p1 þ

n2  1
p2

r2

(1)

where ni ði ¼ 1; 2Þ denotes the refractive index, ri ði ¼ 1; 2Þ represents the density in kg/m3. pi ði ¼ 1; 2Þ is the mass ratio of the pure
components in the mixture. The subscript of ‘1,2’ denotes two pure
substances respectively. The subscript of ‘12’ denotes the mixed
solution.
The corresponding optical ﬁlter of the Abbe Refractometer was

custom-made to match the wavelength of laser beam (532 nm)to
eliminate the error of refractive index caused by wavelength, the
measurement accuracy is ±0:0001. When the mass ratio of water
and NaI is 1:1.816, the refractive index of the solution is 1.49, which
is the same as that of PMMA. As can be seen from Table 2, the
calculated refractive index and the experimental data have a relative error less than 2%. It could be caused by the instability of sodium iodide solution, which may precipitate NaI$2H2O and
NaI$5H2O under the condition of temperature below 65.6  C.
However, it is proved that the measurement accuracy and reliability
can be extremely improved by using the solution after RIM. It's
worth mentioning that the ﬂuid discoloration with time has little
effect on measurement, the transparency of the dark ﬂuid under
the laser can still meet the measurement requirements with ﬂuorescent particles.

2.3. Experimental method
2.3.1. Particle image velocimetry technique
Due to the complex geometric structure and ﬁne size of fuel
subassembly, PIV method is selected to realize the measurement of
the turbulent velocity. Fig. 6 shows the features of the PIV system
schematically, of which the PIV principle can be found in TSI user's
guide [18]. It comprises of a ND:YAG double pulse laser source, CCD
cameras, calibration components, PIV image acquisition and data
analysis system. The laser beam has a wavelength of 532 nm, with
single pulse energy no less than 430 mm, energy instability less
than 2%. Within a certain time interval Dt, the pulsed laser emits a
piece of light and records the instantaneous position of the

Fig. 3. Structure of the simulated fuel subassembly.
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Fig. 4. Outer sleeve of the fuel subassembly and division of subchannels.

particles on the CCD camera through the lens set to obtain the
velocity of the ﬂuid. The CCD camera offers 2352  1768 pixel
resolution with a pixel size of 5.5mm  5.5mm, operates at 16 frames
per second and provides a 12-bit or 14-bit output, with a 190ns
frame straddle time. The PIV post-processing program is Insight 4G
of TSI. The interrogation window is 32pixel32pixel, the number of
particles in the window is 5e10, the particle displacement of
adjacent images is 5 pixels and the window overlap rate is 50%.
Frame frequency is set as 5 Hz, measurement resolution is
142mm  142mmper data points. Cross-correlation between image
frames was performed using the fast fourier transform (FFT) algorithm that reduces interference of noise peaks caused by the
random pairings of images of different particles, and the

Fig. 5. Geometrical dimensions and measuring area.

Table 2
Results of refraction-index-matching.
Volume of solvent (mL)

Density (g/cm3)

Experimental refractive index (nD-e)

Calculated refractive index (nD-c)

Relative error (%)

100
200
500

1.88
1.88
1.87

1.4907
1.4986
1.4939

1.469
1.47
1.4643

1.46
1.91
1.98
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Fig. 6. Schematic diagram of PIV system.

measurement accuracy is ensured by matching the Gaussian peak
algorithm to FFT algorithm.
Charonko [19] found PIV uncertainty is correlated with image
quality, so the uncertainty of measurement is based upon multiple
sources of error in PIV image processing. The magnitude of uncertainty can be calculated with equation (2):

2

juncj ¼

M exp


 ! !2 
2
1 Q 1 2

þ AQ B þ ðCÞ2
2
s

(2)

where, M, s, A, B, C are ﬁtting coefﬁcients in Insight 4G software. Q is
Primary Peak Ratio (PPR), which is the primary measure of local
image quality.
When mainstream velocity is 1.6 m/s, the main error contribution are shown in Table 3. The PIV uncertainty in this experiment is
3.7%.
During the measurement, each velocity data set was timeaveraged over a series of 1000 instantaneous ﬂow ﬁelds, and the
time-uniform velocity distribution of all measured plane is obtained in data processing, as shown in formula (3).

Table 3
PIV uncertainty analysis.
Error sources

Error contribution

Calibration error
Interrogation window size
Pixel displacement
Image pre-processing
Particle velocity
Total error

5.362 mm/s
0.259 mm/s
52.726 mm/s
0.036 mm/s
0.817 mm/s
59.2 mm/s

v¼

n
1X
v
n i¼1 i

(3)

where, vi denotes the instantaneous velocity measured in each
time.
In the progress of turbulence analysis, the RMS of velocity
ﬂuctuation and lateral ﬂow mixing strength is used to analyze the
intensity of lateral ﬂow, as shown in formula(4) and formula (5).

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u n
u1 X
RMSðvi Þ ¼ t
v2i
n

(4)

i¼1

s ¼ uc =ub

(5)

where, vi denotes the instantaneous velocity, uc denotes the
average transverse velocity in the subchannels, and ub is the axial
mainstream bulk velocity.

2.3.2. Following feature of tracer particles
In the PIV measurement, the following feature of tracer particles
[20]is determined by the ratio of particle velocity to ﬂuid velocity
(h ¼ up =uf ). The velocity amplitude ratio h is obtained through the
equation of motion state of particles, which is depended on the
equation of force of particles. Assuming a tracer particle as a rigid
sphere, ignoring the effect of gravity, buoyancy, additional mass
force, the Saffman lift force, the Magus lift force and the Basset force
[21], the BBO equation (Basset-Bousinesq-Oseen) which describing
the force on the particle can be simpliﬁed as equation (6):
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pd3p dup
pd3p duf 1 pd3p dV
¼  3pmdp V þ

rp
rf
rf
6

dt

6

dt

2 6

dt

(6)

where, dp is the diameter of the particle, r denotes the density, m
denotes the dynamic viscosity of the ﬂuid (Pa$s), V ¼ up  uf denotes the relative velocity of particle and ﬂuid. The subscript of ‘p’
denotes particle and the subscript of ‘f’ denotes the ﬂuid. For a
single angular frequency motion condition, uf , up can be expressed
as formula (7) and formula (8):

uf ¼ AðuÞeiut

(7)
Fig. 7. Meshing of the rods.

iðutþbÞ

up ¼ BðuÞe

(8)

where u is the angular frequency of turbulent motion (rad= s). b
denotes the phase difference between particle velocity and ﬂuid
velocity. Substituting formula (7) and formula (8) into equation (6),
h can be expressed using formula (9):

2
BðuÞ 4
¼ 1
h¼
AðuÞ

31=2
ðs  1Þðs þ 2Þ
5
2
18N 2 þ ðs þ 0:5Þ2

Table 4
Mesh quantity veriﬁcation.
Name

Mesh Size (million)

Mesh 1
Mesh 2
Mesh 3

120
284
486

(9)

1=2

where N ¼ ðm=rf ud2p Þ
is Stokes number, s ¼ rp =rf denotes the
density ratio between tracer particles and ﬂuid.
According to formula (9), the following feature of tracer particles is related to particle density, particle diameter and turbulent
angular frequency of the ﬂuid. In the experiment, the average
density of working ﬂuid is 1.80 g=cm3 . In addition, the ﬂuorescent
particle with the average diameter of 12mm and density of 1.05g=
cm3 is used as following particle. Under the condition of u < 2500,
h > 0:99 was obtained by calculation, so the following performance
of particles was regarded to be reliable, velocities of tracer particle
can be used to represent velocity of ﬂuid.
3. CFD modeling
In this work, CFD method is used to accomplish the numerical
simulation of the simulated fuel subassembly. Turbulence models
including Standard kee model, SST model and RSM model are
investigated since they are widely used. The working condition is
set fully in accordance with experiment, periodic boundary conditions are set for ﬂuid inlet and outlet.
In order to avoid point contact of wire with rod surfaces, a
method [22] is used in this study to deal with the complex
geometrical structures, which is inserting the wire into the surface
of the rod by enlarging the wire diameter, so that the line contact
(2D) between these two parts becomes surface contact (3D). ICEM
was chosen to complete the establishment of the mesh. Unstructured grid was chosen because of its good geometric adaptability
and high computational efﬁciency. As the ﬂow information around
the wire is our main concern, we improved the quality of mesh
around the wire and rod. The Y-plus values of different turbulence
models have little difference, with the range of 18.2e104.9, the Yplus near the wire is relatively low but acceptable [23]. The
meshing of the rods is shown in Fig. 7.
The mesh quantity veriﬁcation is shown in Table 4. Mesh
sensitivity analysis result is shown in Fig. 8.
The sub-channel 1,2,3 in Fig. 8 respectively represents the edge
channel, inner channel and corner channel as shown in Fig. 4. It can
be seen from the results that there is a considerable discrepancy
between mesh 1 and mesh 2. However, the difference between
mesh 2 and mesh 3 is less than 5%, thus it can be considered that

Fig. 8. Mesh independence analysis.

mesh 2 meets the calculation requirement. Finally, mesh 3 was
selected for detailed calculation.
4. Results and discussion
4.1. Axial ﬂow features
The measurement plane is set vertically to explore the change of
axial velocity with height. When the inlet bulk velocity is 1.6 m/s,
the axial velocity contour is shown in Fig. 9. The result shows that
the axial velocity at the center of the ﬂow channel is higher, while at
the edge of the channel is relatively low. This is mainly because
viscous force has prominent effect on ﬂuid under a low ﬂow rate.
The pitch between two adjacent rods is less than 1 mm, thus the
viscosity will decelerate the ﬂuid, resulting in a lower velocity in
the area near the wall. The spiral wire is wrapped counterclockwise
on the rod, the velocity vectors showed that the ﬂow direction and
velocity distribution followed the spiral direction of wires. In the
inlet area of C1 and C2, the maximum velocity is skewed to the right
of the ﬂow channel, and then turned to the left after passing
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Fig. 9. Velocity counter in longitudinal section.

through the wire region. The opposed streamtraces in C1, C2 and C3
also shows the coolant will spirally ﬂow in the direction of the wire.
Take two different longitudinal ﬂow channels (C1 and C2) as
analytic objects, the average velocity of ﬂow per 5mm  0.83 mm
area in axial direction is taken as one data point. The changes of
axial velocity and radial velocity with height are shown in Fig. 10. It
can be concluded that the wire interferes with the originally
smooth ﬂow boundary layer, blocking the axial ﬂow while causing
the transverse turbulent pulsation at the same time, which promotes the ﬂow mixing between the subchannels. Fig. 10(b) shows
that the wire gradually enters into the cross sections of C1 and C2,
resulting in an increase in the transverse velocity. At the highest
point, it went through a ﬂuctuation that decreases and then rises up
a little, which is because of the vortex structure was generated due
to the sudden expansion after passing through the wire region.
After reaching the highest point, the wire gradually exit the cross
section of C1 and C2, the radial velocity begins to reduce.
4.2. Transverse ﬂow features
Since the axial ﬂow resistance is increased, the spiral wire has a
strong mixing effect on transverse ﬂow. The results of experiment
and numerical simulation at Z ¼ 75 mm are shown in Fig. 11. It can
be seen from Fig. 11(a) and (b) that there are signiﬁcant differences

903

in secondary ﬂow features between different subchannels. The
velocity vectors shows that in the narrow gaps between the rods
and the wire where the lateral ﬂow mixing is extremely strong,
vortex structure is easily to be found in the inner channel (shown in
Fig. 11(c)), also in the edge channel along with the direction of the
wire. Due to the generation of vortex structure, the Reynolds stress
inside the ﬂuid increases, and the heat transfer coefﬁcient can be
enhanced.
In order to quantitatively analyze the lateral ﬂow mixing effect
deﬁned as formula(4), the lateral ﬂow mixing strength of transverse ﬂow along axial direction in inner channel, edge channel and
corner channel (division shown in Fig. 4) are shown in Fig. 12
respectively. The average ﬂow ﬁeld of 5 cross sections within one
wire pitch (H ¼ 100 mm) were obtained by experiment, while the
simulation results contains ten cross sections. The standard k-e
model has a certain degree of distortion when dealing with vortex
motion and the curved wall surface, thus the accuracy of k-e model
is lower. The experimental results agree well with results obtained
by SST model and RSM model. At the mean time, the computational
cost of SST model is lower, so the SST model is considered to be an
optimized model for the rod bundle case. As shown in Fig. 12, there
is highest lateral ﬂow mixing strength as well as the highest ﬂow
ﬂuctuation frequency at the inner channel, the value of the edge
channel is in a relatively low range, while there is no periodicity
and distinctive variation trend in corner channel.
The different lateral ﬂow mixing strength characteristics of
different subchannels were caused by the structure of fuel subassembly. The lateral ﬂow mixing of inner subchannel and edge
subchannel can be regarded as synchronous. The inner subchannel
is affected by the three wires of the adjacent subchannels, so the
average mixing intensity is the highest, and the turbulence is highly
anisotropic. This is because the suddenly changed ﬂow area caused
by the change of wire angle forced the ﬂow to alter its direction to
the inner subchannel, the large vortex is created in the inner subchannel, and the ﬂow strength ﬂuctuates between 0.04 and 0.08 in
one wire pitch. The edge secondary ﬂow strength shows the same
variation trend but at a relatively low level, approximately from
0.03 to 0.07. As for the corner subchannel, transverse ﬂow changes
greatly along the Z-axis because it's only affected by one single wire
at the corner, so basically the secondary ﬂow mixing strength in the
corner channel depends on the position of the only spiral wire. Due
to the inhibition of the wall surface, there is no fully developed
vortex structure found, but the transverse ﬂow still shows a large
peak and ﬂuctuates a lot in one pitch. Despite the lack of

Fig. 10. Velocity changes with height in channel 1 and 2.
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Fig. 11. Transverse ﬂow features.

experimental data under the same condition and geometric form,
the phenomenon and trend in each subchannel show high consistency compared with previous literatures, as recorded in Jae-Ho
Jeong's study [4] and Liu's numerical simulation [24], also in Thien
Nguyen's research [14,15], who experimentally investigated the
ﬂow characteristics using SPIV techniques, liquid p-cymene as
working ﬂuid.
4.3. Turbulence characteristics
In order to show the turbulence characteristics of the ﬂow ﬁeld
inside the fuel subassembly intuitively, RMS of velocity ﬂuctuation
is introduced to evaluate the intensity of velocity ﬂuctuation, as
shown in formula (4).
The RMS of radial velocity ﬂuctuation in different cross sections (Z ¼ 0 mm,Z ¼ 50 mm) are shown in Fig. 13. It can be
concluded from Fig. 13 that the high velocity ﬂuctuation distributes mainly in the internal channels and regions adjacent to the
wire. Vortices were periodically created in the inner subchannel,
changes of the ﬂow area caused abrupt change in ﬂow velocity,

and prompted extremely active mixing phenomenon of the
coolant.
The RMS of radial velocity ﬂuctuation along the vertical height
in different subchannels are shown in Fig. 14. In Fig. 14(a) and (b),
the radial velocity ﬂuctuation suggests that there is a distinct
relationship between the turbulence intensity and its location. The
vortex structures occur as the ﬂow is blocked by the wire, velocity
ﬂuctuation along with the vortex determines the velocity distribution in the different subchannels. At inner channel 2 (Fig. 14(b)),
the radial velocity ﬂuctuation has maximum values, while at inner
channel (Fig. 14(a)) the turbulence intensity is signiﬁcantly low, it
may due to the ﬁne size of inner channel where the wire takes up
the space between the rods and blocks the ﬂow of the ﬂuid. In
Fig. 14(c), the radial velocity ﬂuctuation is decaying gradually as the
ﬂow passes, but the corner channel still has large values at the
beginning, it is because the location of the only one wire attached to
the adjacent rod has dominant inﬂuence on turbulence intensity in
the corner channel. In Fig. 14(d), the turbulence intensity of edge
channel is somewhat lower than that in the inner channel 2, the
variation trend is also ﬂat.

C. Zhang et al. / Nuclear Engineering and Technology 52 (2020) 897e907
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Fig. 12. Distribution of cross ﬂow strength in subchannels.

Fig. 13. RMS of radial velocity ﬂuctuation in different cross sections.

In order to illustrate more turbulent characteristics and variation trends in the edge channel, a straight line in the edge channel
was selected to analyze the detailed lateral velocity ﬂuctuation.
Fig. 15 shows the tendency of lateral velocity ﬂuctuation along a

lateral straight line in edge channel, where Dx denotes the length of
the selected line. From Z/H ¼ 0 to Z/H ¼ 1.0, the radial velocity
ﬂuctuation peak gradually moves from the edge of the channel to
the rod direction. In the corner subchannel, the wire passes the
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Fig. 14. RMS of radial velocity ﬂuctuation in different subchannels.

subchannel once for one wire pitch, and a vortex is created only
when the wire passes the corner subchannel (Z/H ¼ 1.0), after the
wire exits the subchannel, the cross ﬂow mixing reduces at the
corner immediately. Consequently, most of the RMS radial velocity
value is distributed from 0 to 1 (Z/H ¼ 0.0,Z/H ¼ 0.25, Z/H ¼ 0.5, Z/
H ¼ 0.75). This suggests the effect of the position of the wire on the
lateral velocity ﬂuctuation and it proves that there is obvious
change tendency at the edge channel, where the cross ﬂow strength
is not extremely strong.

5. Conclusions and future work
To investigate the detailed ﬂow characteristics of fast reactor
fuel subassembly, the visual testing method has been developed on
the basis of RIM and PIV techniques. The ﬂow loop applied to ﬂow
visualization experiments were designed to research the coolant
ﬂow in China fast reactor core. A 7 wire-wrapped rods bundle was
fabricated by PMMA as the original size of CEFR for ﬁne examination of ﬂow characteristics.
The contribution of spiral wire to the ﬂow ﬁeld mixing of rod
bundle channel at low Reynolds number is measured and analyzed
quantitatively. The spiral wire has an inhibitory effect on axial

velocity, at the same time, the wire has important impact on the
lateral ﬂow mixing effect in ﬂow channels. The CFD results were
carried out for the comparison of lateral ﬂow strength and variation
trend in different subchannels. The location and the number of the
spiral wire cause the turbulent intensity unbalanced in different
types of subchannels and inﬂuence the turbulence characteristics
in such a way that the turbulent intensity is descending by the
order of the inner channel, the edge channel and the corner
channel. From the center to the periphery, transverse ﬂow presents
different ﬂow characteristics in different regions.
For the ﬁrst time, the rare experimental data of the internal ﬂow
ﬁeld for the structure of China fast reactor components were obtained by visual experiment. The experimental results from this
work would be useful for the development of the turbulence model
for applications, also for the veriﬁcation of CFD codes. Further experiments should be carried on under different condition of the
Reynolds number and different P/D for more detailed comparative
study. More thermal-hydraulic phenomena like the pressure drop
should be paid close attention to form empirical formula for China
fast reactor. Also, more in-depth CFD simulation strategies should
be studied in future. It is expected the detailed experimental data
can be utilized for the veriﬁcation of CFD code in the future.
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