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The annular fuel has dual-cooled surfaces internally and externally. Compared
with traditional cylindrical fuel, the inner flow field is introduced on the annular
fuel assembly, and wire-wrapped can influence the inner flow field. In order to
research and compare the effect of wire-wrapped on the sub-channels and
inner flow field of the fast reactor annular fuel assembly, thermal-hydraulic
properties of the fast reactor annular fuel assembly with the inner and outer
wire-wrapped are investigated in this research. The flow, heat transfer, and
mechanical properties are analyzed, including temperature, transverse velocity,
pressure drop, and thermal stress. The temperature of three sub-channels is the
key that influences the temperature characteristics. The wire-wrapped reduces
the coolant temperature gradient, flattens the coolant outlet temperature, and
makes the coolant outlet temperature more uniform. The transverse velocity of
coolant in the sub-channels is about three times that of in the inner flow field.
From the perspective of the inner flow field, the increase in the number of wire-
wrapped leads to an increase in transverse velocity. The number of wire-
wrapped is not as good as possible from the perspective of sub-channels.
The pressure drop of the sub-channels is larger than the pressure drop of the
inner flow field. No matter the sub-channels or the inner flow field, the increase
in the number of wire-wrapped will cause an increase in the pressure drop. The
thermal-hydraulic properties of one inner and outer wire-wrapped are better
than other models. The stress in the cladding is about 1.75 times the stress in the
annular fuel rod, and the stress in the inner cladding is higher than that in the
outer cladding. The research provides a reference for the optimization design of
the fuel assembly.

KEYWORDS

annular fuel assembly, sodium-cooled fast reactor, inner and outer wire-wrapped,
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Introduction

Sodium-cooled fast reactors are one of the reactors selected by
international forums for generation IV nuclear energy systems that
can use nuclear energy efficiently. In sodium-cooled fast reactors fuel
assemblies, helical wire-wrapped is widely used to promote coolant
mixing and prevent mechanical vibration between the fuel assembly.
Many experiments are mainly focused on the thermo-hydraulic
properties of wire-wrapped. Some important correlations are also
developed in the experiments. Novendstern (1972) developed a
semi-empirical model that can predict the pressure loss for a
turbulent region with wire-wrapped. Rehme (1973) introduced
an effective velocity to take into account the helical flow velocity
around the rods caused by the wire-wrapped. Engel et al. (2017)
introduced the intermittency factor to correlate with a friction factor
based on their experimental results. Cheng and Todreas (1986)
developed their friction factor correlations with a complicated model
and upgraded their correlations twice till now (Chen S. K. et al,
2018; Pacio et al., 2022). Choi et al. (2003)developed a series of water
experiments using a helical wire-wrapped 19-pin fuel assembly and
performed a comparative study of five existing correlations.
Bertocchi et al. (2019) and Wang et al. (2020) conducted some
experiments to study the cross-flow caused by the wire-wrapped
using particle image velocimetry. Chun and Seo (2001), Pacio et al.
(2016), Hou et al. (2019), and Liang et al. (2020)studied the flow and
heat transfer characteristics with wire-wrapped along with different
fuel bundles. The abovementioned experiments on wire-wrapped
are based on cylindrical fuel bundles.

With the dramatic increase in computer performance, it is
more efficient to use numerical simulation to study the
characteristics of sodium-cooled fast reactors wire-wrapped. The
CFD method has great potential in the study of detailed three-
dimensional flow and heat transfer characteristics in wire-wrapped
compared with the experimental method. Gajapathy et al. (2015)
and Raj and Velusamy (2016) studied the characterization of
velocity and temperature fields in a 217-pin wire-wrapped fuel
bundle of a sodium-cooled fast reactor. Chen J. et al. (2018) and
Bieder et al. (2021) invested the pressure loss and velocity
distribution in a 217-pin wire-wrapped fuel bundle. Wang and
Cheng (2018) and Song et al. (2019) analyzed the sweeping flow
and vortex behavior in the 19-pin and 37-pin wire-wrapped fuel
assembly for a sodium fast reactor. Thermal-hydraulic comparisons
of 19-pin rod bundles with four circular- and trapezoid-shaped
wire-wrapped were performed in Liu et al. (2017)’s research. All of
the abovementioned researchers have conducted rich analyses of
the wire-wrapped structure, which has great significance. The
abovementioned research studies on wire-wrapped are all
carried out on the basis of cylindrical fuel bundles, and the
wire-wrapped is located in the sub-channels, which causes the
change of the thermal-hydraulic properties in the sub-channels.
Like pressurized water reactors, annular fuel assemblies are
employed in the sodium-cooled fast reactors. It is possible to
improve the overall performance of sodium-cooled fast reactors.
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The annular fuel has been proposed as one of the options to
achieve higher power density, larger safety margin, and reduced
electricity generation cost (Feng et al., 2007; Lahoda et al., 2007).
The annular fuel, mainly utilized in pressurized water reactors, is
less adopted in generation IV reactors. The United States (Kazimi
et al., 2006; El-Sahlamy et al., 2020), South Korea (Shin et al.,
2012), Iran (Zaidabadi et al., 2017), and other countries have used
annular fuel assembly for active pressurized water reactors,
proving many advantages of the annular fuel assembly.
Rowinski et al. (2015)described the innovative model of
annular fuel design for lead-cooled fast reactors. Due to the
introduction of the inner flow field, the research on the
mechanical properties of annular fuel assembly is of great
significance. Zhao et al. (2004), Kwon et al. (2013),and Xu
et al. (2020) analyzed the mechanical properties, such as
thermal stress and displacement of PWR with annular fuel
assembly. The abovementioned studies on the annular fuel
assembly are focused on the PWR without the effect of the
wire-wrapped. There are few studies on the mechanical
properties of Sodium-cooled fast reactor annular fuel assembly.

In this research study, the effects of the annular fuel assembly
and wire-wrapped on the flow, heat transfer, and mechanical
properties are considered together of the sodium-cooled fast
reactor. Due to the introduction of the inner flow field, the
thermal-hydraulic properties of the 7-pin annular fuel assembly
with the inner and outer wire-wrapped are investigated in this
research. It is a whole new way of wire-wrapped. The flow, heat
transfer, and mechanical properties are analyzed, including
temperature, transverse velocity, pressure drop, and thermal
stress. This article is organized as follows. Introduction
introduces the geometry, mesh, and boundary conditions.
Model validation is introduced in Introduction. Analysis
results and discussions include temperature field, flow field,
pressure drop, and thermal stress performances, which are
described in Introduction. Finally, the conclusion and future
works are given in Introduction.

Computional models

The computational models of the annular fuel assembly with
the inner and outer wire-wrapped for the Chinese Experimental
Fast Reactor are developed in Computational models, which
includes five parts, which are geometry models, mesh models,
turbulence models, thermodynamic models, and boundary
conditions.

Geometry models
The geometry models of the annular fuel assembly for the

Chinese Experimental Fast Reactor (Cui et al, 2013) are
established by 3D software based on the annular fuel assembly
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TABLE 1 Geometric parameters.

Parameters Symbol Dimension
The number of the fuel bundle N 7

Annular fuel inner diameter D, 4.4 mm
Annular fuel outer diameter D, 8 mm

Pitch of the annular fuel assembly P 9 mm
Wire-wrapped diameter D,, 0.95 mm
Helical pitch H 100 mm
Annular fuel length L 450 mm

design principles, and the geometric parameters are shown in
Table 1. The models are created according to the difference
between the number and position of the wire-wrapped. The solid
domain and fluid domain of the geometry models are shown in
Figures 1 and 2. In all models, the winding direction of the wire-
wrapped is clockwise, and the winding angle at the outlet of the
wire-wrapped is 30°. When the number of wire-wrapped is two,
the winding angle at the outlet of the wire-wrapped is different
by 180°.

Mesh models

The geometry models have been pre-processed by the design
modeler. The geometry sharp angle is easily produced in the
position where the connection between the wire-wrapped and the
annular fuel rods, owing to the contraction in this location, is the
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line. In addition, it can cause an increase in the number of grids
dramatically and a decrease in the quality easily. Both are moved
toward each other by 0.05 mm in order to solve this problem. The
effect of this treatment on the calculation can be ignored
(Natesan et al, 2010). Fluent mesh is used to develop
polyhedral mesh, and local meshes are refined around the
wire-wrapped. The boundary layer is created at the contact
surface between the fluid domain and the solid domain, and a
high-quality mesh is obtained. Figure 3A shows the mesh for the
thermal stress model at the outlet. Boundary layers are set where
the solids and fluids are in contact. Table 2 depicts the number of
grids of four cases in the five models. Figure 3B depicts the
coolant average temperature in the interior sub-channel in
different cases of the five models. The coolant average
temperature in the interior sub-channel increases gradually
with the increase of Z/Z,,. The maximum errors of the five
models are 0.007%, 0.38%, 0.05%, 0.6%, and 0.41%, respectively.
These errors are within acceptable limits. Finally, the cases with
consistent grid sizes are selected. The number of grids for the five
models is 2.31million, 1.04million, 1.28million, 3.73million, and
3.20million, respectively.

Governing equations and turbulent model

The equations that govern the steady-state sodium flow and
heat transfer process in the annular fuel assembly are as
follows.Continuity equation.

o(pu) N d(pv) + 9 (pw) -0

one outer wire- one inner wire-

wrapped wrapped

FIGURE 1
Geometry models (solid domain).
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FIGURE 2

Geometry models (fluid domain).

where u, v, w is the velocity component of fluid in x, y, z
directions, and p is the density of the coolant.Momentum

equation.
B(SZLt) . 8(§;u) . a(;;;:u) _ _g_i) a;;x N aar;x aar: + Suss
R
o) ), ) 3p B 2 e,
@

where 7 is the component of the viscous stress, Syry> Sprys Sarz is
the momentum source term, and p is the pressure of the
coolant.Energy equation.

2 2 2
o (puT) . o(pvT) . o(pwT)\ _ A B_T+ o°T o°T ‘s,
0x oy 0z C,

_+_

ox2  0y* 0z?
(3)
where S, is the viscous dissipation term, A is the thermal

conductivity of the coolant, T is the temperature of the
coolant, and C, is the heat capacity at constant pressure.
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By solving the governing equations, the flow and heat
transfer characteristics of the 7-pin annular fuel assembly
with wire-wrapped are obtained in Table 3. The Standard k-¢
model (Launder and Spalding, 1983), SST k-w model
(Menter, 1994), and Realizable k-¢ model (Shih et al.,
1995) are selected to compare the changes in the average
temperature in the outlet of the interior sub-channel and
pressure drop. The Y+ of the three turbulence models is
327 < Y+<76.4, Y+~1, 52.4 < Y+<72.8. The coolant
temperature and pressure drop in different turbulence
models are similar. The maximum error range is 5.1%,
which is an acceptable range. The majority of wall Y+ cells
are below 100, so the high Reynolds k, ¢ turbulence is well-
adapted to represent the turbulence existing in the fluid
domain. Moreover, the calculation time of the Standard
k-e¢ model is shortest compared to the others. To sum up,
the Standard k-¢ model is selected as the turbulence model
that can yield optimal results in terms of efficiency and
accuracy.

As a double-equation model, the equation of turbulence
dissipation rate is introduced based on the k equation. The
double-equation is shown from Eqs. 4-7.
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B The coolant average temperature in the interior sub-channel.
FIGURE 3
Mesh models and grid independence tests.
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TABLE 2 Number of grids in different models (unit: million).

Model Casel Case2 Case3 Case4
One outer wire-wrapped 2.31 2.85 293 3.01
One inner wire-wrapped 0.95 0.98 1.00 1.04
Two inner wire-wrapped 1.28 1.30 133 1.36
Two outer wire-wrapped 2.84 3.05 3.58 3.73
One inner and outer wire-wrapped  2.10 2.30 3.20 3.24

a(pku) (1 2)2]

= +2ySg"Si‘—P5, (4)
ox, ax, ¢9ij * Oij

b + &) Ok 2

0 (pew;) [(t“ a. 3X1] £ €
ox, = axj + CZBE 2,utS,'j . Sij = Cap % (5)

where
K2
Ht = pCH?, (6)
Ju; Ou;

S. = Ly ), 7
H (ax] * ax,-> ( )

where k is turbulent kinetic energy, ¢ is the rate of dissipation
of turbulent kinetic energy, oy is the turbulent Prandtl number
for k, o, is the turbulent Prandtl number for ¢, y is molecular
dynamic fluid viscosity, u, is turbulent viscosity, and S;; is the
rate of deformation. The coefficients of the Standard k-¢
model are as follows: C;, = 1.44, C,, = 1.92, C, = 0.09, 0} =
1.0, and 0, = 1.3.

Thermodynamic model

The annular fuel bundle is set in the condition of steady-state
in this research. It is assumed that the physical parameters of the
annular fuel bundle are constant and a uniform heat source is

10.3389/fenrg.2022.973390

available. Then the equation of thermal conductivity can be
simplified as Eq. (8).
oO’T T T O

— 0, 8
ox2 0y "oz T A ®

where T'is the temperature of each part of the annular fuel, and @
is the annular fuel heat source.

It is assumed that the material of the annular fuel bundle is
uniform and homogeneous in calculating the thermal stress. The
annular fuel bundle is approximated as an elastic object
generating elastic strain because of the thermal stress with the
following equations.

6 = % [0 - (0, + 0.)] + oT
&= 5[0, - (0. + )] +aT
& = % [0. - (0. + 3,)] +aT
) . @Tﬂ , )

where €x, €y, €z is the strain in x, y, z direction, E is Young’s
modulus, « is the thermal expansion coefficient, 7 is the Poisson’s
ratio, oy, 0,, 0, is the stress in x, y, z direction, y is the shear strain,
and 7 is the shear stress.

Boundary conditions

Liquid sodium metal is the coolant for the sodium-cooled fast
reactor. It is assumed that the physical parameters of the coolant
are not constant, including density, thermal conductivity, heat
capacity at constant pressure, and dynamic viscosity. the

TABLE 3 Flow and heat transfer characteristics with different turbulence models.

Models

Average temperature in the interior sub-channel/K

Pressure drop/Pa

Frontiers in Energy Research

One outer wire-wrapped
One inner wire-wrapped
Two inner wire-wrapped
Two outer wire-wrapped

One inner and outer wire-wrapped

One outer wire-wrapped
One inner wire-wrapped
Two inner wire-wrapped
Two outer wire-wrapped

One inner and outer wire-wrapped

06

Standard k-¢ SST k-w Realizable k-¢
770.45 764.04 766.19
808.17 809.03 809.31
808.13 807.95 808.44
804.84 803.17 804.14
771.41 767.39 769.89
49574.96 48974.70 49406.41
35453.79 35963.91 36292.78
34197.20 34396.63 3272421
61350.31 62068.14 63739.91
49643.00 49046.96 49484.88
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TABLE 4 The physical parameters of the fluid domain.

Physical parameters
Density

Thermal conductivity

Heat capacity at constant pressure

Dynamic viscosity

10.3389/fenrg.2022.973390

Correlations
59.566 — 7.9504 x 107> (1.8t + 32) — 0.2872 x 107°
= 16.0185
P X [ (1.8t +32)% +0.603 x 107 (1.8¢ + 32)°
54.306 — 1.878 x 1072 (1.8¢ + 32)
A=172
72958 x [ +2.0914 x 107° (1.8 + 32)?
0.389352 — 1.10599 x 10~ (1.8T)
C, = 4186.8
, x [ +3.41178 x 10 (1.8T)*
4 = (0.1235 + 0.0018)p" e T, T < 773K
4= (0.0851  0.0013)p"3e ““T%, T > 773K

TABLE 5 The physical parameters of the solid domain.

Solid domains

Cladding and wire-wrapped Density

Thermal conductivity

Heat capacity at constant pressure

Physical parameters

Poisson’s ratio

Thermal expansion coefficient

Young’s modulus

Annular fuel pellet Density

Thermal conductivity

Teat capacity at constant pressure

Poisson’s ratio

Thermal expansion coefficient

Young’s modulus

relationship with temperature is shown in Table 4 (Cui et al,
2013). These parameters are imported in the form of UDF. The
solid part, which mainly includes an annular fuel pellet, inner and
outer cladding, and wire-wrapped, and its thermal properties and
mechanical parameters are shown in Table 5.

According to the parameters of the Chinese Experimental
Fast Reactor, the coolant inlet temperature is 633.15 K, and the
inlet velocity is 3.5-8 m/s. The outlet is the pressure outlet, and
the outlet’s static pressure is 0. The annular fuel rod is assumed to
have the same heat flux on the inner and outer surfaces. The heat
flux on the inner and outer surfaces are both 1.49 x 10°W/m’.
The heat flux of the 7-pin bundle annular fuel assembly is set to
the average surface heat flux density. The part of wire-wrapped is
set to be without heat flux. The surface of the wrapper tube, the
annular fuel rods surface, and the wire-wrapped surface are all
no-slip surfaces. In this study, a pressure-based solver is used to
calculate the discrete equations using the SIMPLE algorithm with
the second-order upwind format. When the residuals of the
momentum and turbulence equations reach 107 and the
residuals of the energy equation reach 10, the calculation is
finished.
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Dimension

7,814 kg/m’
19.47 W/(m-K)
550 J/(kg'K)
0.3

1.8 x 10~ 1/°C
1.8 x 10" Pa

10500 kg/m*
45 W/(m-K)
300 J/(kg-K)
0.316
1x107°1/°C
1.42 x 10" Pa

Model validation

In this research, the flow and heat transfer process in sub-
channels of the 7-pin annular fuel assembly of sodium-cooled
fast reactors is verified. Considering that the experiments of flow
and heat exchange are based on the traditional fuel assembly with
outer wire-wrapped, the model with one outer wire-wrapped is
selected for verification in this research. The friction factor fis the
most important dimensionless parameter to solve the pressure
drop, and its value is related to the Reynolds number and the
geometric structure of the fuel assembly, such as P/D and H/D. Its
equation is as follows:

L pv?
Ap = D 2’ (10
where Ap is the pressure drop, L is the length of the coolant
channel, v is the velocity of the coolant, and D, is the equivalent
diameter. Friction factor correlations, such as the Rehme model
and the Cheng and Todreas simplified model, are widely used for
a wire-wrapped fuel bundle. Each friction factor is calculated

using the following correlations. The Rehme model and the
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TABLE 6 Applicable range of models.

10.3389/fenrg.2022.973390

Models P/D H/D Re Pe
Rehme 1.125 < P/D < 1.417 5 < H/D <50 2000 < Re < 250000 -
Cheng and Todreas 1.067 < P/D < 1.35 4 <H/D <52 400 < Re < 100000 -
Schad 1.1<P/D<15 - - 150 < Pe < 1000
Westinghouse 1.1 <PD<14 - - 10 < Pe < 5000
Mikityuk 1.1 < P/D <195 - - 30 < Pe < 5000
Borishanski 1.1<P/D<15 - - 60 < Pe < 2200
A 0.036 B 7.5
A —=—CFD —=— CFD
0034 o V\\‘ Il:e}ﬁme od 7.0 |-|—— Schad
Se Ty Chme Tevise —a— Weshinghouse
e VW —v—CTD o5 LI Mikityuk e
0.032 ) o v— N —&— Borishanski '/././
e T 6.0 - 7
0.030 |- cT it o —2
—e = —
Z /‘/ﬁ/’/
55 F
0.028
5.0
0.026
4.5
0.024
1 1 1 1 40 1 1 1 1
3 4 5 6 7 8 150 200 250 300 350 400
Re/10000 Pe
FIGURE 4

Comparison of the CFD analysis results (A) with the friction factor correlations and (B) with heat transfer correlations.

Cheng and Todreas simplified model can be defined by Eqs
11-15, and the applicable range of models is shown in Table 6.
Rehme model (Rehme, 1973):

64 s 0.0816 435\ Pup
f = <EF + R60.133F ) P—wt (11)
Rehme revised model.
64 0.0816 Py,
=(—F"" + F°'9335) —2 - 0.0045, (12)
f ( Re Reb133 »

where Re is the Reynolds number, P, is the wetted perimeter of
the rod bundle, P,, is the total wetted perimeter, and F is the
square of the ratio of this effective velocity to the bundle average
axial velocity. It is related to the geometry parameters.

) T w

Cheng and Todreas simplified model (Cheng and Todreas,
1986):

Frontiers in Energy Research

f= Cr (14)

Re018’

H
Cyr = [0.8063 - 0.9022 10g<5>

+ 0.3526(10g(%>)2] (g)gj(%)l'm_zm), (15)

where C is the friction factor in turbulence.
The average heat transfer coefficient at the outlet is
calculated as

_1

h_AT 16)
N _hD,’

Y=

where AT = T.-Tj, T, is the cladding temperature of all bundles
at the outlet, Ty is the coolant temperature at the outlet, and g
is the heat flux of the annular fuel rod. The Nusselt number is
an important parameter to reflect the heat transfer
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FIGURE 5
Serial number of sub-channels and inner flow field.
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characteristics in the fuel assembly, and its value is not only
related to the Peclet number but also to the structural
parameter P/D of the fuel assembly. These models can be
defined by Eqs 17-20, and the applicable range of models is

shown in Table 5.

Schad model (Kazimi and Carelli, 1976):

P P\?
Nu=( -16.15+24.96— —8.55( —) |Pe">.
u < 6.15 + 96D 855(D)> e

Westinghouse model (Kazimi and Carelli, 1976):

P 3.8 Pe 0.86 P 5.0
Nu = 4.0+0.33< ) (—) +O.16(—> .
D 100 D

Mikityuk model (Mikityulk, 2009):

Nu = 0.047 (1 — e >8EP1) (P77 1 250).

Borishanski model (Borishanskii et al., 1969):

B 750

—®— a_ one outer wire-wrapped
@ b. one inner wire-wrapped
—4A— ¢. two inner wire-wrapped
v d. two outer wire-wrapped
4 e. one inner and outer wire-wrapped

725

Temperature/K
3
(=]

=N
3
[

650

z/Z.,
D
B a. one outer wire-wrapped ) ,/'
750 | ®  b. one inner wire-wrapped N A
4 c. two inner wire-wrapped v d /’
v d. two outer wire-wrapped g/,/ ‘//1/‘ 4
4 ¢. one inner and outer wire-wrapped 1/, s 2
725 | v S
) . : g "
2 'y x ! o
£ 700 e 34
2. Al 4
=] ',', N &
o ey 2
= Y
675 | - r}
‘/ 7l
,/'” ‘4‘/
P
650 - m o B
1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
zZlZ,,

Distribution of temperature in the (A) interior sub-channel, (B) edge sub-channel, (C) corner sub-channel, and (D) inner flow field.
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p P\?
Nu =24.15log| -8.12 + 12.765 - 3,65(5) +0.0174(1

— g S(P/D)-1 ) B,
(20)

where

B 0, Pe <200
~ ] (Pe -200)*, Pe =200

Figure 4A depicts the comparison results of the CFD analysis
results and the friction factor correlations. With the increase of the
Reynolds number, the friction factor decreases gradually. Each
friction factor correlation tends to be consistent with the change
of the Reynolds number. Compared with correlations, the friction
factor of the CFD analysis results in this study is smaller because
when the total pressure drop of the core is constant, the pressure
drop of the inner flow field will affect the pressure drop of the sub-
channels and affect the variety of the friction factor f. The turbulence
model has the smallest error with the Rehme revised model, and the
errors with other correlations are also within an acceptable range.

Figure 4B shows the comparison results of the CFD analysis
results and the heat transfer correlations. With the increase of the
Peclet number, the Nusselt number increases gradually. In terms
of curve growth rate, the growth rate of the CFD analysis results
is greater than that of the heat transfer correlations. The annular
fuel assembly is developed in this research, so the heat exchange
in the inner channels accounted for part of the share of the total
heat flux in the annular fuel pellet, which will decrease the heat
exchange in the sub-channels. Considering the various
uncontrollable factors of the experiment itself and the
difference between the Prandtl number of the liquid metal
NaK or LBE used in the experiment and the Prandtl number
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FIGURE 8
Overlap of wire-wrapped in the model of model (e).

of the liquid metal sodium used in the numerical simulation in
this study, the errors are all within an acceptable range.

Numerical results and analysis
Temperature distribution in the bundle

Figure 5 shows the serial number of the sub-channels and
the inner flow field of the annular fuel assembly. Model (a) is
taken as an example in Figure 5. The research selects the more
representative sub-channels 4, 7, and 18 to analyze the change
in the coolant temperature in different sub-channels. It is
shown in Figure 6. Figure 6A shows the coolant temperature
at the interior sub-channel 4. The coolant temperature
increases gradually with the increase of Z/Z,,. When the
sub-channel is winding with wire-wrapped, there are
different the
temperature. The coolant in the interior sub-channel is

numbers of peaks in distribution  of
mainly affected by the surrounding wire-wrapped from three
annular fuel rods, so the number of the peak is disordered. The
temperature of model (d) is bigger than that of model (a) and
model (e). Figure 6B depicts the coolant temperature at the edge
sub-channel 7. The temperature of the edge sub-channel is
mainly affected by the two surrounding annular fuel rods, and
the number of peaks in the temperature is more obvious than
that of the interior sub-channel. On the whole, the temperature
of the sub-channel in model (a) and model (e) are the highest.
Figure 6C is the coolant temperature at the corner sub-channel
18. The temperature distribution of the corner sub-channel is
mainly affected by the wire-wrapped of the annular fuel rod
adjacent to it. Therefore, there are four peaks for model (a) and
model (e). The number of wire-wrapped increases by one time
in model (d), so the number of peaks has also doubled. The
temperature of the five models is the highest in the interior sub-
channel, followed by the corner sub-channel, and the lowest
temperature is in the edge sub-channel. The temperature
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Velocity vector of the transverse velocity of cross-session with different models.

characteristics of model (a) and model (e) are better than others Figure 7 shows the temperature gradient of the five models.
in the sub-channels. Figure 6D is the distribution of the coolant With the increase of Z/Z,,, the temperature difference of each
temperature in the inner flow field 1. The number of wire- model increases gradually. The temperature difference in model
wrapped is two in model (c), and the helical wire-wrapped (b) and model (c) is the largest, which is 105K. The temperature
mixes the coolant fully and strengthens the heat transfer difference in model (a) and model (e) is the smallest, only 46K.
between coolant and fuel bundles. The coolant outlet The temperature difference in model (d) is 90K. It is not difficult
temperature is the lowest, which is about 742K. The number to find from the above data that the key to affecting the
of wire-wrapped is only one of model (b) and model (e) in the temperature difference is the temperature of the three sub-
inner flow field. The flow heat transfer effect of the wire- channels. The outer wire-wrapped reduces the coolant
wrapped is inferior to the former slightly. The temperature temperature difference and flattens the coolant outlet
of the two models is about 754K. temperature difference, and makes the coolant outlet
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Distribution of pressure drop in the (A) interior sub-channel, (B) edge sub-channel, (C) corner sub-channel, and (D) inner flow field.

temperature more uniform. The effect of flattening the
temperature difference in model (a) and model (e) is better
than that in model (d). When the ratio of the rod pitch to rod
diameter (P/D) is constant, the number of the outer wire-
wrapped increases, which will cause overlap between the wire-
wrapped and wire-wrapped from the adjacent fuel rod. It may
cause the coolant flow channel and poor heat transfer. Figure 8 is
the overlap of wire-wrapped in the model of one inner and outer
wire-wrapped. Considering the sub-channels, inner flow field,
and temperature difference, the temperature field characteristics
of one inner and outer wire-wrapped (model e) are better than
those of others.

Transverse velocity distribution in the
bundle

Figure 9 is the velocity vector of the transverse velocity of
cross-session for the five models. It can be seen from the figure
that the transverse velocity of the five models is 1.74 m/s, 0.54 m/

Frontiers in Energy Research

s, 0.62 m/s, 1.65 m/s, and 1.74 m/s, respectively. The transverse
velocity of coolant in the sub-channels is about three times that of
in the inner flow field. The sub-channels of the annular fuel
assembly can be considered a whole, and the coolant can flow
from one sub-channel to another sub-channel. Therefore, the
flow of the coolant in the sub-channels is affected by all the wire-
wrapped twined bundles. Every inner flow field is an independent
individual. The inner flow fields do not affect each other. The
transverse velocity of model (b) is smaller than that of model (c).
It may be that because of the increase of the number of wire-
wrapped, the direction of the coolant flow is hindered by the
wire-wrapped. The velocity components in the x and y directions
increase, which is behaved as an increase in the transverse
velocity. From the perspective of the inner flow field, the
increase in the number of wire-wrapped leads to an increase
in transverse velocity. Due to the number of wire-wrapped being
two in model (d), there will be an overlap between the wire-
wrapped and the wire-wrapped adjacent rod bundles. The flow of
the coolant is blocked, the velocity of the coolant decreases, and
the transverse velocity also decreases. Thus, the effect of model
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Cross-section of the thermal stress model

(a) and model (e) is better than that of model (d). The number of
wire-wrapped is not as good as possible from the perspective of
sub-channels. Overall, the transverse velocity of one inner and
outer wire-wrapped (model e) is better than that of others.

It can be seen from the local enlarged vector of the transverse
velocity in Figure 9 that the flow of coolant is blocked when the
coolant encounters the wire-wrapped during the flow of the
coolant. The flow area of the coolant decreases, and the
advancing direction is hindered by the wire-wrapped. The
coolant gathers in a narrow position between the annular fuel
rod and the wire-wrapped. It appears that the transverse velocity
is greatest at the narrow location between the wire-wrapped and
the annular fuel rod. Figure 9A depicts the local enlarged vector
of the transverse velocity that the flow of the coolant in the
interior sub-channel is affected by the wire-wrapped from three
directions of the adjacent three annular fuel rods, and a vortex
appears at the gathering position.

Pressure drop in the bundle

Figure 10 shows the pressure drop of the coolant in different
sub-channels and inner flow fields. With the increase of Z/Z,,,
the pressure drop of the coolant decreases gradually, and it is 0 Pa
at the outlet. The pressure drop of the sub-channels is all larger
than the pressure drop of the inner flow field. Figure 10A-C are
the coolant pressure drop at the sub-channels 4, 7, and 18. There
is only one wire-wrapped in the sub-channels of models (a) and
(e). The existence of the wire-wrapped in models (a), (d), and (e)
causes the coolant pressure drop to increase in the sub-channel.
The pressure drop is the largest in model (d), which reaches 6.1 x
10*Pa. In addition, the pressure drop of the coolant exhibits a
periodic decrease during the wire-wrapped outer. There are four
peaks on the pressure drop curve. This is because the winding
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position of the wire-wrapped has an influence on the coolant
flow. Therefore, the flow velocity of the coolant increases, and the
pressure drop decreases. This phenomenon disappears when the
coolant flows through the wire-wrapped.

Figure 10D depicts the pressure drop of the coolant in the
inner flow field. The coolant pressure drop decreases linearly as
Z/Z., increases. The main factor that affects the pressure drop in
the inner flow field is whether the wire-wrapped in the inner flow
field. The number of wire-wrapped is two in model (c), so the
pressure drop is the largest, which is reach to 4.1 x 10*Pa. In
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addition, the pressure drop of model (b) and model (e) is in the
middle, and the pressure drop is 3.2 x 10*Pa, which is about 22%
smaller than the maximum pressure drop. No matter the sub-
channels or the inner flow field, the increase in the number of
wire-wrapped will cause an increase in the pressure drop. The
increase in pressure drop may have an impact on the normal
operating conditions of the core. Overall, the pressure drop of
one inner and outer wire-wrapped (model e) is better than that of
others. According to the design criteria of sodium-cooled fast
reactors, the pressure drops of the above five models are all within
their safety margins and meet the design criteria.

Thermal stress in the rod

The fuel pellets will have a visible temperature gradient from
the center to the surface during the operation of the annular fuel
rod in the reactor. The annular fuel rod will generate thermal
stress by the influence of the temperature gradient, which leads to
the deformation of the annular fuel rod. As the first shelter to
tolerate the deformation of the annular fuel rod, it is very
important to study the deformation and thermal stress of the
annular fuel rod and the cladding. Figure 11 is the cross-section
of the thermal stress model. At the same time, a line in 0 = 45° is
selected to extract the data of temperature and thermal stress of
coolant, cladding, and annular fuel rod in radial.

Figure 12 depicts the radial temperature of the annular fuel
rod and cladding along the line of 0 = 45° with different Z/Z,.
Along the X-axial, from left to right, are the inner coolant, inner
cladding, annular fuel rod, outer cladding, and outer coolant,
respectively. The thickness of the inner and outer claddings is
4 mm. Here, Z is the Z-coordinate, and Z,, is the total length of

Frontiers in Energy Research

14

10.3389/fenrg.2022.973390

Inner cladding Annular fuel 74.%:025
m=0-
L4 e 7/7,=0.5
—A—7/7,=0.75
12
<
&
=
X
210 |
g
12
0.8 |
0.6 1 1 1 1 1 1
20 22 2.52.6 3.0 3.53.6 4.0
R/mm
FIGURE 15

Stress of solid domain.

the annular fuel rod. With the increase of Z/Z,,, the temperature
of both the fluid domain and the solid domain increases, and the
temperature at the outlet (Z/Z,,, = 1) is the highest. Overall, the
temperature of the annular fuel rod is high in the middle and low
on both sides. At the radial midpoint of the fuel rod (R =
3.1 mm), the annular fuel rod temperature is the highest,
reaching about 830K. The heat flux of the annular fuel rod is
transferred to the inner and outer claddings on both sides
through the method of heat conduction. Sufficient heat
transfer can achieve the purpose of taking away the heat of
the annular fuel rod by the inner and outer claddings and the
coolant. The temperature on the left side of the symmetrical
position (R = 3.1 mm) is higher than the temperature on the
right side.

Figure 13 is the distribution of temperature with the inner
and outer flow fields of the annular fuel rod. With the increase of
Z|Z,,, the temperature of the inner and outer flow fields increases
gradually. In addition, the temperature difference larger between
the inner and outer flow fields increases with the increase of
Z/Zy,. The maximum temperature difference is about 40K on the
coolant outlet (Z/Z,, = 1). This may be caused by the fact that the
surface area of the fuel pellet per unit of coolant flow which acts
as the area for heat transfer from the fuel to the coolant at the
inner flow field is larger than that of the outer flow field. In
addition, the annular fuel rod is positioned by the wire-wrapped,
and the spiral method of the wire-wrapped has an impact on the
flow of the coolant in the outer flow field. Therefore, lower
temperature in the outer flow field than in the inner. There are
four peaks in the temperature curve. There is no wire-wrapped
effect in the inner flow field, so the temperature rises linearly.

Figure 14 indicates the total deformation of the solid domain
along the Z-axial. The total deformation of the middle part (Z =
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0.24 m) of the solid domain is the largest and about 79 um. Due
to the fixing effect of the structure on both sides of the annular
fuel rod, the displacement of both sides of the annular fuel rod
and the inner and outer claddings is the smallest. Overall, the
deformation of the whole solid domain is characterized by small
at both slides and large in the middle. The total displacement
distribution curve is similar to the shape of a parabola. Excessive
displacement can affect the safety of the annular fuel rod and
even the whole core. Swelling and cracking of the cladding will
happen. Therefore, the total deformation of the annular fuel rod
is considered an important parameter. Figure 15 shows the stress
distribution of the annular fuel rod and claddings of the inner
and outer. The stress variation in the solid domain is mainly
along the radial direction. The axial variation tends to be
consistent. The stress in the cladding is about 1.75 times the
stress in the annular fuel rod, and the stress in the inner cladding
is higher than that in the outer cladding.

Conclusion

Thermal-hydraulic characteristics of the 7-pin annular fuel
assembly with the inner and outer wire-wrapped are investigated
in this research. The flow, heat transfer, and mechanical
properties are analyzed, and the conclusions are as follows.

The temperature of three sub-channels is the key that
influences the temperature characteristics. The wire-wrapped
reduces the coolant temperature gradient, flattens the coolant
outlet temperature, and makes the coolant outlet temperature
more uniform. The increase in the number of wire-wrapped is
not better, and the geometry of the annular fuel assembly should
be fully considered. Considering the sub-channels, inner flow
field, and temperature difference, the temperature field
characteristics of one inner and outer wire-wrapped (model e)
are better than those of others.

The transverse velocity of coolant in the sub-channels is
about three times that of in the inner flow field. From the
perspective of the inner flow field, the increase in the number
of wire-wrapped leads to an increase in transverse velocity. The
number of wire-wrapped is not as good as possible from the
perspective of sub-channels. The transverse velocity of one inner
and outer wire-wrapped (model e) is better than that of others.

The pressure drop of the sub-channels is greater than the
pressure drop of the inner flow field. No matter the sub-channels
or the inner flow field, the increase in the number of wire-
wrapped will cause an increase in the pressure drop. The pressure
drop of one inner and outer wire-wrapped (model e) is better
than that of others. In conclusion, the thermal-hydraulic
properties of one inner and outer wire-wrapped (model e) are
better than those of other models.

The temperature of the annular fuel rod is high in the middle
and low on both sides. The total deformation of the middle part
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of the solid domain is the largest and about 79 ym. The stress
variation in the solid domain is mainly along the radial direction.
The axial variation tends to be consistent. The stress in the
cladding is about 1.75 times the stress in the annular fuel rod, and
the stress in the inner cladding is higher than that in the outer
cladding because the inner cladding surface area is less than the
outer cladding surface area. These findings provide a reference
for the optimization design of the fuel assembly. In future work,
special conditions or the effect of variable conditions on the
fatigue life of wire-wrapped assemblies is yet to be investigated.
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