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Abstract Investigations on the thermal-hydraulic behavior in the SCWR fuel assembly have obtained a significant

attention in the international SCWR community. However, there is still a lack of understanding of the heat transfer

behavior of supercritical fluids. In this paper, the numerical analysis is carried out to study the thermal-hydraulic

behaviour in vertical sub-channels cooled by supercritical water. Remarkable differences in characteristics of

secondary flow are found, especially in square lattice, between the upward flow and downward flow. The turbulence

mixing across sub-channel gap for downward flow is much stronger than that for upward flow in wide lattice when the

bulk temperature is lower than pseudo-critical point temperature. For downward flow, heat transfer deterioration

phenomenon is suppressed with respect to the case of upward flow at the same conditions.
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1 Introduction

Supercritical water-cooled reactor (SCWR) is
characterized as low flow rate, high enthalpy rise, and
single-phase water-cooling, with which high thermal
efficiency is achieved. Design of SCWR is based on
the proven LWR technology and experiences of fossil
power plants with supercritical steam conditions. The
role of SCWR has been emphasized on economical
electricity generation for near- or mid-term nuclear
The SCWR has been regarded as an
innovative reactor and selected as one of candidates of

market.

Generation IV reactor systems. Research efforts have
been made worldwide to develop SCWR type nuclear
power plants!'™].

A main feature of supercritical water is the strong
variation of its thermal-physical properties in the
vicinity of the pseudo-critical line. This leads to an
unusual flow and heat transfer behavior. Therefore, a
reliable knowledge of the thermal-hydraulic behavior

in reactor relevant conditions is of great importance in

designing a SCWR core. Studies on thermal-hydraulic
behavior of supercritical fluids can be traced back to
the 1950s. Experimental and theoretical studies on
heat transfer in supercritical pressure conditions were
reviewed in Refs. [6-10]. Pioro and Duffey ' found
that a majority of the experimental data were obtained
in vertical tubes, while Silin et al. "' performed an
experiment on heat transfer in larger bundles at
supercritical pressures and found that the heat transfer
data could be satisfactorily described by correlations
obtained for water flow in tubes at supercritical
pressures for normal heat transfer regime, but no heat
transfer deterioration (HTD) in rod bundles were
observed within the same test parameter range for
which heat transfer deterioration occurred in tubes. It
is noticed that the experimental investigations devoted
to heat transfer in bundles cooled with water at
supercritical pressures are very limited, and more
research efforts must be made to provide reliable
information for SCWR designs.

limited measurement

Due to techniques,
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numerical investigations using Computational Fluid
Dynamics (CFD) codes is great help for a better
understanding of the heat transfer mechanism. But
difficulties in the numerical analysis are related to the
turbulence modeling at supercritical pressures. In the
earlier works, turbulence modeling was based on
simple eddy diffusivity approaches!'”. Qualitatively,
the numerical prediction agrees with the experimental
data. In spite of quantitative deviations between the
numerical and experimental results, CFD is a suitable
approach for analyzing the thermal-hydraulic behavior
of supercritical fluids. In recent years, with increased
computer capability, advanced turbulence models have
been increasingly applied to numerical studies. Due to
a sharp variation of properties near the heated wall,
either a fine numerical mesh structure or a suitable
wall treatment is necessary. During the past a few
years, extensive efforts have been made to assess the
applicability of existing CFD codes to the heat transfer
simulation at supercritical pressures. In comparing
their results of numerical analysis using over 10 first
order closure turbulence models to experimental data
for upward flows in circular tube, Kim et al. ¥ found
that RNG ke model with enhanced near-wall
treatment gave the most outstanding prediction. This
was confirmed by Roelof and Komen '*. Yang ez al!"”!
used 13 turbulent models to study heat transfer in
upward flows of supercritical water in circular tubes
with different wall treatment in STAR-CD3.24, and
found that both two-layer model "® and standard k—¢
high Re model with the standard wall function gave
acceptable prediction. In flow channels other than a
circular tube, e.g. the typical flow channels of a
SCWR  fuel
turbulence and secondary flow occurred "%, Thus,

assembly, anisotropic behavior of
turbulence models, which are capable of simulating
anisotropic behavior of turbulence, are highly required
for analyzing heat transfer in sub-channels. Using
CFX5.6, Cheng et al. *" studied the effect of mesh
structures and turbulence models on heat transfer of
supercritical water. Based on the circular tube studies,
and due to capability requirement on simulating
anisotropic behavior of turbulence, the SSG Reynolds
stress model is recommended for sub-channel
geometry applications.

Most of the numerical studies on heat transfer of

supercritical fluids were done with simple flow
channel geometries, e.g. circular tubes, but outcomes
in circular tubes cannot be directly extrapolated to
non-circular flow channel. Also, few studies have been
done on thermal-hydraulic behavior for downward
flow. To avoid overheated fuel pins in hot channel and
to achieve higher core exit temperatures, Shulenberg et
al ! proposed several multi-flow pass SCWR core
structure designs, in which both downward and
upward flow existed in fuel assemblies. In this paper,
numerical analysis is carried out to provide basic
understanding of supercritical water thermal-hydraulic

behavior in vertical upward/downward flow channels.

2 Computational procedures

In the present study, regular sub-channels of bare
rod bundles are considered, both in square and in
triangular arrangement (Fig.1). Due to the symmetric
feature, only 1/4 of a regular sub-channel of the square
lattice and 1/3 of a regular sub-channel of the
triangular lattice are taken as computational domain
for the CFD analysis, with the Reynolds number of
51,000 at the sub-channel inlet. The other parameters
(Table 1) were decided according to those widely used
in SCWRs'!
water were taken from Ref. [22]. In all simulations, a

The thermal physical properties of

constant wall heat flux was added on the fuel wall,
with application of the second order closure turbulence
model SSG, which, among all the four e-type models
in CFX5.6, is the only turbulence model capable of

simulating the anisotropic behavior of turbulence.
3 Results and discussion

3.1 Flow pattern

Fig.2 shows the projection of velocity vector on
the X-Y plane in square and triangular lattices at
various pitch-to-diameter ratios for upward and
downward flows. The bulk fluid temperature on the
elevation is 384°C, very close to the pseudo-critical
value. It can be seen that secondary flow appears in all
rod bundles. One secondary flow cell can be found in
each one-eighth sub-channel of the tight square lattice
with P/D=1.2, while the direction of secondary flow is
opposite in two conditions. Considering that the mean
axial velocity is 2.3 ms’ in the square lattice with
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P/D=1.2, the maximum velocity of the secondary flow
in tight square lattice is about 0.36% and 0.44% of the
mean axial velocity for upward and downward flow,
respectively. There are two secondary flow cells in the
wide square lattice with P/D=1.4 for upward flow,
while only one cell is observed in the same condition
for downward flow. The maximum velocity of the
secondary flow in the wide triangular lattice of
P/D=1.4 is about 0.22% and 0.18% of the mean axial
velocity for upward and downward flow, respectively.
These agree well with the experimental findings in
Refs. [18,23,24].The secondary flow for upward flow
is much stronger than that for downward flow in
triangular lattice with P/D=1.4 at T,=384°C (Fig.2¢),
as the secondary flow is in square lattice rather than in
triangular lattice at same pitch-to-diameter ratio.

(a) Square lattice

T —

(b) Triangular lattice

Fig.1 Sub-channels configuration.

Table 1 Parameters used for the CFX simulation

Parameters

Range

Rod bundle arrangement
Rod diameter / mm

Pitch-to-diameter ratio

Square, triangular
8.0
1.1-14

Rod length / m 4.0
Pressure / MPa 25.0

Mass flux / kg'm™s™ 350— 2000
Wall heat flux / kW-m™ 600

Fluid bulk temperature / °C 280-510

Reynolds number

Turbulence model

51,000 — 500,000
SSG

To present the amplitude of secondary flow as a
function of bulk temperature clearly, the parameter,
dimensionless secondary flow energy, can be defined
as

K:lj mufeCdA/lj mw’dA4
A A4
= J.A m(u +v)’d4d/ L mw’d4 Q)

where u, v and w is the velocity along X, Y and Z axis,
respectively.

Fig. 3 shows the dimensionless secondary flow
energy versus the bulk temperature in the square
lattice of P/D=1.1 and 1.4, respectively. In the tight
square lattice with P/D=1.1 (Fig. 3a), the secondary
flow energy decreases with increasing bulk
temperature at a bulk temperature lower than the
pseudo-critical value. The minimum secondary flow
energy is achieved when the fluid temperature
approaches the pseudo-critical value. The secondary
flow energy increases with the bulk temperature that
exceeds the pseudo-critical value. In addition, higher
secondary flow energy can be obtained for downward
flow. For example, when the fluid bulk temperature is
384°C, the secondary flow energy for downward flow
is almost seven times that for upward flow. In contrary
to the result for the tight square lattice, the secondary
flow energy increases at first and then decreases with
increasing bulk temperature for the wide square lattice
with the maximum value occurring at pseudo-critical
temperature, except downward flow at bulk
temperature far lower than pseudo-critical temperature.
Except for the pseudo-critical region, the secondary
flow energy for downward flow is higher than that for
upward flow in wide square lattice.
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(c )P/D=1.4, triangular lattice

Fig.2 Flow patterns in square and triangular bundle lattices (7,=384°C).
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Fig.3 Secondary flow energy in square lattice at two P/D ratios.
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The effect of pitch-to-diameter ratio on the
secondary flow energy in a triangular lattice is similar
to that in a square lattice for upward flow (Fig.4). But
in contrary to the result for the tight square lattice, the
secondary flow energy is stronger for upward flow
than that for downward flow in tight triangular lattice,
except in the vicinity of the pseudo-critical region.
Meanwhile, the secondary flow energy is much lower
in the triangular lattice than that in the square lattice.

Triangular lattice
PID=1.1

K/10®

0 1 1
300 330 360 390 420 450 480
Bulk temperature / °C

(a) PID=1.1
2.0
Triangular lattice —— Upward flow
16 HPID=14 | | | ----- Downward flow
12
e 0.8
<
04
O i 1 1 1 1 1
300 330 360 390 420 450 480

Bulk temperature / °C

(b) PID=1.4

Fig.4 Secondary flow energy in triangular lattice at two P/D
ratios.

3.2 Turbulent mixing

From the definition of the Reynolds stress, which
can be directly provided by the CFX calculation, one
can obtain the relationship between the Reynolds

stress vv:
J— 1 )
vw=—|v'dt 2
Tl )
and the average amplitude of the velocity fluctuation

across the gap |v| :

M= - ae ®

It yields
et -]
v T’Ith T‘J.M + v |de
= +% [var=pf 4)

T

In Eq. (4), T stands for the time interval
considered, ¢ for time, v for velocity fluctuation and
v' for the deviation of the velocity fluctuation
amplitude from the average value of the fluctuation

amplitude, as defined below
_ 1%
= F=ph L [ 6)
0

The statistical feature of the velocity fluctuation
in turbulent flows depends on flow conditions.
However, according to some experimental information
available, the Gaussian distribution of the probability
distribution was found, in many cases, to be a fairly
good approximation for the velocity fluctuation .
Therefore, in this study, a Gaussian distribution of the
probability distribution for the velocity fluctuation is
assumed, i.e.

2
F(v)=——e ®)

2no

Using the probability density function, it yields

2
o

vv=.([v -f(v)dv=7 (7)

and

v| =J‘v-f(v)dv=m ()

From Egs. (7) and (8), it yields

e
M= N (€))
Eq. (9) is used in the present study to derive the
average amplitude of the velocity fluctuation across
the gap by knowing the Reynolds stress, which is

obtained from the CFD analysis.
Fig.5 shows the average amplitude of the velocity
fluctuation across the gap normalized by the shear

velocity, 1i.e. c=|v|/ u, in the square lattice of
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P/D=1.2 at two different thermal boundary conditions.
The shear velocity u, is calculated by

ut=\/r7?=\/§w (10)

Here 7, is wall shear stress, p density, w axial
mean flow velocity and f friction factor, which can be
calculated using the conventional Blasius correlation

(1)

It has to be pointed out that Eq.(11) is valid for
Re<10°. However, its application is extrapolated to the
entire parameter range considered in the present paper.
From the results in Fig.5, the average amplitude of the
velocity fluctuation across the gap has its maximum
close to the wall. It decreases with the increasing
distance to the wall. It can be found that the effect of
Reynolds number on normalized velocity fluctuation
in the gap of tight lattices is negligibly small. The
effect of flow direction on the velocity fluctuation
across the gap in the tight lattice is not so apparent.

Square lattice
MA A P/D=1.2

06t

0.8

04 r Upward flow B

O Re=74000

A Re=174000

0.2 - | Downward flow
—— Re=74000
- - -Re=174000

Velocity fluctuation

0 0.2 0.4 0.6 0.8 1.0
Rel.distance

Triangular lattice
P/D=1.2

0.8

0.4 - | Upward flow

O Re=74000
A Re=174000
Downward flow
021 | Re=74000
----Re=174000

Velocity fluctuation

0 0.2 0.4 0.6 0.8 1.0
Rel.distance

Fig.5 Effect of Reynolds number on normalized velocity
fluctuation at the gap in square lattice.

According to the definition of turbulent mixing
coefficient widely used in sub-channel analysis

codes®, the mixing coefficient can be derived as

Pl_ete _ o seresrs (12)
w W

Eq. (12) has the similar form as that proposed by
Rogers & Todreas. *7!

Fig. 6 shows the mixing coefficients across the
bulk fluid

pitch-to-diameter ratios. Generally, CFD code gives

p=

gap versus temperature at various
similar behavior of mixing coefficients for both square
and triangular arrangements. At a pitch-to-diameter
ratio of < 1.3, the dependence of the mixing coefficient
on the pitch-to-diameter ratio and bulk temperature is
small, except that an abrupt fluctuation with small
amplitude occurs in the vicinity of the pseudo-critical
region. In the tight lattice, the effect of flow direction
on turbulent mixing is small. In a wide lattice
(P/D>1.3), the mixing coefficient decreases rapidly
when bulk temperature approaches the pseudo-critical
value for upward flow, while the sharp decrease in
turbulent mixing coefficient is not seen for downward
flow (Fig.6). So the turbulent mixing is much stronger
for downward flow than that for upward flow in wide
lattice with the bulk temperature lower than pseudo-
critical point temperature. The mixing coefficient
depends on sub-channel geometry as well as flow
parameters as discussed in Ref. [28]. Further investi-
-gation with a wider range of parameters is needed.

0.030 Downward flow
® P/D=1.1
A pP/pD=12
€ 0.025 " P/D=1:4
o Upward flow
sg O P/D=11
o B AP/D=12
g 0.020 ¢ DP/D=14
o
2
< 0.015¢
=
0.01 : : ‘
%20 360 400 440 480
Bulk temperature /°C
(a) Square lattice
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® P/D=11
0025 2% iy
) e P/D=1.
= g%:géA' Upward flow
g 8 sappama CEDT
— =] o
£0020 "o, el § 6 0P =14
Q = #:p -
(8] o
o a
£ 0015 | ° 5
a
= e
0.010 - - ;
320 360 400 440 480

Bulk temperature /°C
(b) Triangular lattice

Fig.6 Effect of pitch-to-diameter ratio on turbulent mixing
coefficient.
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3.3 Heat transfer

Local Nusselt number at different bulk fluid
temperatures for upward and downward flow in square
lattice with a pitch-to-diameter ratio of 1.2 is given in
Fig.7, which shows the results on the rod surface along
three lines, i.e. in the gap (6=0°), on the symmetrical
line (6=45°), and on the center line (6=22.5°). A
circumferentially non-uniform distribution of the
Nusselt number is clearly identified in both lattices.
Generally, heat transfer in the gap (6=0°) is less
efficient. Heat transfer is enhanced by increasing the
angle from the gap to the symmetric line. A much less
non-uniformity in the circumferential distribution of
Nusselt number can be seen in the vicinity of
downward flow

pseudo-critical temperature for

compared with that for upward flow.

700
‘ Square lattice Upward ﬂ°wﬁ
600 4 P/D=12 é é ﬁﬂﬁ:ijgz .
o 500 0 Angle=45°
g a : Pl Downward ﬂgw
el B ol L
= 300 r gz 8893 © 0 O| m Angle=45’
2 3
@ 200 g %““‘2‘&‘/‘ rarh A
= prg piY 2
Z qop [ A £4 :
0 . .
300 350 400 450

Bulk temperaute / °C

Fig.7 Nusselt number at various circumferential angles for
square lattice.

Fig. 8 compares the calculated Nusselt number in
both lattice different
pitch-to-diameter ratios for upward and downward

arrangements with

flow. The results on the rod surface along the gap
(6=0°) is presented. In square lattice, at low bulk
temperature, i.e. lower than pseudo-critical
temperature, the flow direction has small effect on the
transfer, owing to small buoyancy effect. In the
vicinity of pseudo-critical temperature, the sharp
change in density lead to significant buoyancy effect.
A much stronger heat transfer is obtained for
downward flow in this temperature region. Due to the
higher fluid velocity in triangular lattice, a lower
buoyancy effect is achieved, so the effect of flow
direction on heat transfer in triangular lattice is not as
strong as that do in square lattice except the wide

lattice.

Upward flow
O PD=11
A PID=12
v P/D=1.4
o Downdwar flow
3 —P/D=1.1
E —P/D=12
S | mmp/D=1.4
c
=
[
173
1%}
>
=z
300 350 400 450
Bulk temperature / °C
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£ P/D=1.1
3 V| —P/D=12
€ 300 —P/D=1.4
=
Q
2 200
2 = &
=
100 oo
0

300 350 400 450
Bulk temperature / °C

Fig.8 Nusselt number for square and triangular lattices at
various circumferential angles and pitch-to-diameter ratios.
Fig.9 show velocity and turbulence energy
distribution along the axial #=22.5° on an elevation
where the bulk fluid temperature is 384°C. For upward
flow, both natural convection due to buoyancy effect
and forced convection act in the same direction, the
water is accelerated in the region close to the channel
wall. Because of mass continuity, the flow is retarded
in the core. Therefore, the velocity profile becomes
steeper close to the walls and flattens in the center. The
situation is vice versa for downward flow. The
turbulence production depends on the difference
between the velocity at the rim of the viscous layer
and that in the core of the flow. So the turbulence
production in downward flow is higher than that in
upward flow as shown in Fig.9. According to Prandtl
model®, heat transfer to turbulent flows is controlled
by two mechanisms in series, i.e. heat conduction
through the viscous layer and diffusive energy
transport from the border of viscous layer to the core
of the turbulent flow, with the latter being the
significant one. The diffusive energy transport is
proportional to the turbulence production in the area
close to the rim of the viscous layer. So the heat

transfer is improved for downward flow.
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Fig.9 Velocity and turbulence energy distributions.

4  Summary

CFD analysis was carried out to gain basic
knowledge of supercritical water flows in typical flow
SCWR  fuel

thermal-hydraulic behavior in the sub-channels of both

channels  of assemblies.  The
upward and downward flow is analyzed. The results
can be summarized as follows.

(1) The structure and amplitude of secondary flow
cell mainly depends on geometric configuration of
sub-channels as well as flow direction. The secondary
flow energy in a square lattice is much larger than that
in a triangular lattice at the same pitch-to-diameter
ratio.

(2) The turbulent velocity fluctuation across the gap
is an important parameter determining the
inter-channel exchange. The results show that the
velocity fluctuation is similar in both square and
triangular lattices. It has the maximum value close to
the wall surface and decreases with the distance to the
wall. The effect of flow direction on velocity
in both
arrangements with small pitch-to-diameter ratios.

While in wide lattice (P/D>1.3), the turbulent mixing

fluctuation is negligibly small lattice

for downward flow is much stronger than that for
upward flow.
(3) A strong circumferential non-uniformity of wall
temperature and heat transfer is observed in tight
lattices, especially in square lattices for upward flow.
The heat transfer is improved for downward flow
compared with upward flow, especially in wide lattice.
Finally, it has to be pointed out that the
conclusions achieved in this paper are only valid for
the parameter ranges considered. Further analysis with
a wider range of parameters is needed and underway.
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