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Computer Simulation of Anisotropic Turbulent Flows
in Nuclear Subchannels

Hyu-Chan Kim* and Sin Kim**
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ABSTRACT

The prediction of thermal hydraulic field in nuclear subchannels is important to the design and the safety
analysis of nuclear reactor. The accurate prediction requires the detailed knowledge of the flow structure. which
is complicate due to anisotropic turbulent phenomenon. The flow pulsation phenomenon in rod bundle flow fields
has been proposed as one of main causes of anisotropic eddy diffusion. In this study. the anisotropy factor for
the fluid flows through rod bundles is estimated with the scale analysis on the flow pulsation phenomenon.
Based upon the assumption that the transport process is composed of isotropic turbulent motion (turbulent
motion without the flow pulsation) and flow pulsation. the scale relation for the anisotropy factor is derived.
The derived scale relation is compared with published experimental results and show good agreements. Also, an
anisotropy factor model for the numerical calculation of the turbulent flow field in rod bundles is suggested

based on the derived anisotropy factor scale relation.

Key words : Anisotropy factor, Flow pulsation, Scale analysis, Nuclear subchannel

| Introduction flow fields are characterized by secondary flows and

strong anisotropy of turbulent diffusivities which are

Nuclear fuel assemblies are comprised of many not observed in a circular tube or between parallel

subchannels, typically rod bundles. The rod bundle plates. Therefore, it is necessary to understand the

fundamental characteristics and to predict their

* AF Y AFAEN

Dept. of Office Automation, Cheju Halla College
- 43942 4UAF43
Dept. of Nuclear and Energy Eng., Cheju Nat'l Univ.

effects for the thermal hydraulic analysis of rod
bundles.
The experimental results of eddy viscosity in rod
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bundle geometries show consistency. The normal
eddy viscosity is similar to that of the circular tube
near the wall and is twice as much far from the

1"® However, the parallel eddy viscosity is

wal
quite different from the normal viscosity as well as
that of the tube.”

Rowe et al.” carried out an experiment on the
turbulent mixing phenomenon between subchannels
of rod bundles and found a macroscopic flow near
the gap. They interpreted it as the cause of the
anisotropy.

Bartzis and Todreas” experimentally and
numerically investigated the turbulent flow field in
triangular-arrayed rod bundles with P/D=1.124.
They adopted the 2-equation model with anisotropy
and secondary flow models and developed a simple
anisotropic model for length scales. Their results
showed that the effect of anisotropy was greater
than that of the secondary flow.

From experiments and numerical analysis,
Seale™” concluded that secondary flow hardly
contributed to the velocity and temperature profiles
and the high mixing rate at the gap could be
modelled with anisotropy. In terms of gap Stanton
number, St,, the isotropic model with secondary

flow produced about 13% higher mixing rates than
without. However, the discrepancy with the
measured data was still very wide up to 10 times.
Hence, he decided to include the anisotropic model.
He assumed that the anisotropic factor, =, was a
function of wall distance because =z had the
maximum value near the wall and rapidly decreased
to about 1. Through testing various functions, he
chose the following distribution function:

n = 50exp{~(3y/y)*} + 2. (D

The calculated St, with this function agreed with

the experimental results within a 50% error.
Slagter” proposed a one-equation model excluding

L]

the wall function and analyzed the turbulent flow in
rod bundles neglecting the secondary flow. In this
work, he used Carajilescov and Todreas’ anisotropic
length scale model” in order to reflect the
anisotropic eddy diffusion. Also, he added some
modification to it for the damping effect near the
wall.

Yang and Chieng'® recommended the following
anisotropic factor which had been tested by Seale,”

n = 30exp{—By/y) + 1, 2

after they computed the flow and temperature fields
with various types of functions neglecting secondary
flow.

Wu'” analyzed the turbulent flow in a trapezoidal
duct with a single rod. and adopted the anisotropy
and secondary flow models simultaneously. The
Launder-Ying model'” was used as an algebraic
stress model and the anisotropic factor was
developed from the experimental data.

Recently, using scale analysis methodology, Kim
and Park™ derived scale relations for anisotropy
factor and turbulent mixing rate based on the flow
pulsation phenomenon under the assumption that
the phenomenon might considerably affect the
anisotropic feature of eddy diffusion as well as the
turbulent mixing in rod bundles. Although their
work was a novel attempt, it has proven that their
scale relation can not reproduce some experimental
data which were not quoted in their work. Hence, in
this study, their model should be throughly
examined and re-evaluated so as to be modified and
extended.

The anisotropy factor is re-estimated with Kim

¥ The improved

and Park's analysis methodology.
scale relation is compared with experimental data
and shows good agreements both with respect to
trend and magnitude for various geometries.

Also. an anisotropy factor model for the

numerical calculation of the turbulent flow field in
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rod bundles is proposed, and the model is verified
by comparing the numerical results with experi-
mental data.

It. Flow Pulsation Phenomenon

In compound flow fields connected narrow
passages such as rod bundles, macroscopic flow
pulsations are observed. Recently, it was reported
that this phenomenon could be found even in the
gaps between axial fins.""® Such large scale eddies
due to flow pulsation are regarded as the main
cause for turbulent mixing since these move across
the gap between subchannels and blend the mass,
momentum and energy. Since this phenomenon
becomes more energetic as the relative gap size is
reduced. it can explain why high mixing rates are
obtained even in closely packed rod arrays. Also, the
flow pulsation may significantly affect turbulent
structures such as strong anisotropy of turbulent
diffusion as well as mixing."”

Kim and Park' carried out scale analysis on the
phenomenon and estimated two main turbulent
parameters: anisotropy factor and turbulent mixing
rate. These two parameters in rod bundles are
essential in precise thermal hydraulic analysis of fuel
assemblies by using the distributed and the lumped
parameter approaches, respectively. In this work,
their model is discussed for the modification of the
anisotropic factor scale relation.

2.1. Hypothetical flow

The velocity fluctuation behavior in the gap
region should be determined by the interaction with
adjacent subchannels rather than being described
independently. Experiments show that in rod bundles
there are pressure fluctuations acting alternatingly,
that is, at one time from right to left and at
another time reversely. These make almost periodic
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(b) Triangular array

Fig. 1 Schematic of rod bundle geometries

flow pulsations. In order to simulate the flow
pulsation, Kim and Park™® suggested hypothetical
macroscopic flows which move through the gap to
the center region of the subchannel circulating
clockwise and counter-clockwise alternately between
adjacent subchannels. The ellipse in Fig. 1 denotes
the hypothetical flow path assumed in this study.
These flows are presumed to have the following
characteristics:

(1) The flow path is an ellipse whose major and
minor axes are half of the parallel and normal
length scales of the flow pulsation, respectively.

(2) When the flow pulsation moves from left to
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right, the flow circulates clockwise in the upper gap
region and counterclockwise in the lower, and vice
versa. That is, the two independent flows move in
the opposite direction.

(3) The velocity of the flow is equal to that of the
flow pulsation at the gap.

(4) The flow circulates with the frequency of the
flow pulsation.

2.2. Estimation of the length and veiocity scales of
the flow pulsation
The spatial correlation coefficient is a measure for
the degree of correlation between the variables
observed at two spatial points. The experimental

" for the spatial

results of Hooper and Rehme'®
correlation coefficient of the parallel components of
the velocity fluctuation showed a value above 0.2.
Thus the gap size, g, may be proper for the
normal length scale of the flow pulsation. L,. It
was reported that the spatial correlation coefficients
between the gap center and the other point were
measured above 0.1, even in the central region of
the subchannel.” Hence, the parallel length scale of

the flow  pulsation, L,. is about the

centroid-to-centroid distance. &. Then. Kim and
Park? suggested that the parallel length scale
should be shortened in the triangular-arrayed rod
bundle (Type "T") or at the rod-rod gap of the
wall-bounded subchannel (Type 'RR’), since there
are obstacles in the front of the flow pulsation. This
is different from in the square-arrayed rod bundle
(Type 'S') or the rod-wall gap of wall-bounded
subchannel (Type 'RW'). They introduced the shape
factor & to reflect such openness as:

L,= b8, L,= g, (3)

In this. for an open path such as in the Types 'S’
and 'RW’, they recommended & = 1.0. and for a
blocked path such as in Types “T" and 'RR’

%

b = 2/3. In fact, the flow pulsation phenomenon
is a pulsation alternating the flow direction. Hence,
in this study. it is assumed that in case the
configuration of the flow domain permits all of the
pulsation to proceed without any interference each
other the shape factor is set to be & = 1.0. But,
if the configuration hinders the pulsations by making
neighbouring pulsations collide each other the shape
factor should be less than 1 and in this case
b= 2/3 is assumed. As shown in Fig. 2
square-arrayed rod bundles and wall bounded rod
bundles correspond to the first case and
triangular-arrayed rod bundles are the second case.

Anisotropic Factor
]

e

1.0E+0
ne0177 () 032

106 A 7

g/D

Fig. 2 Experimental and estimated anisotropy
factors

The principal frequency of the flow pulsation at
the gap f, can be expressed in terms of the path
length zgzp and the flow pulsation velocity Ugp as
f» = Ugp/zpp. Hence, introducing Strouhal
number Str = f,D/u’, the parallel and normal
velocity scales of the hypothetical flow U, and
U, can be obtained as

U 2 Zpp

*D

u.

U 2Fp
o ZFP
2 ) Str .

Str  and
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The velocity coefficients a, and @, denote the
ratio of each velocity scale to Upgp. Also. Wu and

Trupp's Strouhal number correlation.”

Str! = 0.822(%) + 0.144 (5)

is used as recommended by Kim and Park.”’ Since
the hypothetical flow has elliptic motion with the
major and minor axes, L,/2 and L,/2.
respectively. velocities for each direction can be
obtained from the kinetic energy conservation.
Assuming that v, and 2, denote the paralle] and
normal velocity of the fluid particle moving along
the ellipse. the particle satisfies following equations:

2 2

X y
@2 IR

=1, (6)

l)i + Ui = U’i‘p . (7)

If the average value of each velocity component can
be regarded as directional velocity scales of the flow
pulsation. the velocity coefficients become

—_— vx —
G Urp
2 f 1 in T A2
Y] s 1 - /1
TV 1-4 @)
Y _
and a, Urp

where the aspect ratio A = L,/L,. If the aspect

ratio is sufficiently small, the velocity coefficients
become approximately

2%
b4

a, = 11— and

Z 9)
(n2-2mA) & .

&
‘c
[

These are applicable to any geometry. while in Kim

and Park the velocity coefficients were obtained for
a square-arrayed rod bundles and they were used
for all geometries. As to the path length, it can be
approximated as

ZFp bé
2 _ 9 bdyy
D D (10)

(-3 w@+4ww-1)7

Original Kim and Park’ expression. however. shows
somewhat large differences from the real elliptic path
length for small aspect ratios.

IN. Estimation of Anisotropy Factor

In order to estimate the anisotropy factor of the
turbulent flow # = vp/vy on the basis of the flow
pulsation in rod bundles, it is assumed that the
observed eddy viscosity consists of two components:
the isotropic eddy viscosity without the flow
pulsation v and the flow pulsation eddy viscosity
caused by this phenomenon. Then. total eddy

viscosities for each direction are given as.

vp = vy + v,
(11
and vy = vr t+ v,,

where v, and v, are the parallel and the normal

eddy viscosities caused by the flow pulsation. If
each eddy viscosity can be regarded as a
multiplication of corresponding velocity and length
scales as Prandtl suggested in the mixing length
hypothesis. each eddy viscosity component can be

expressed as,
vr = Cu' g, (12)
v, = CU,L,, v, = CU,L, . (13)

The proportional coefficient C is assumed to be the
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same for all cases. The velocity scale of the
isotropic eddy viscosity is selected as the friction
velocity 2" since " is the most typical velocity
scale in turbulent flows. As for the length scale, the
gap size g is adopted while Kim and Park?
suggested the profile length at the gap. g/2.
However, g seems to be more pertinent because the
eddy may extend itself to the maximum size that
the  geometry  permits.  Consequently,  the
representative anisotropy factor # can be expressed
as the ratio of each scale as.

(2gp/D)(8/D)
1 + a.b — D

1 + ay(.ZFp/D) Str

Str

(14

n =

Actually, the anisotropy factor is a function of
position. Hence, when Kim and Park' compared

the scale relation for anisotropy factor with
experimental data. they regarded the anisotropy

factor at y/y=0.3 as a representative value.
Table 1 lists the experimental data and the results
from the scale relation for anisotropy factor derived
in this study as well as those from Kim and Park.
As shown in the table, Kim and Park's scale
relation fails to reproduce the Meyer's™ and Krauss
" experimental data. Hence, it can be
deduced that the predictability of the present scale
relation is more preferable compared to Kim and
Park's.

Rehme®  reviewed many experimental data of

and Meyer's’

eddy viscosity parallel to the wall close to the gaps
and correlated them as a function of the relative
gap size g/D. If it is assumed, as he said, that the
reference eddy viscosity scaled by friction velocity

Table 1 Experimental and Estimated anisotropy factors

Experiment : Eslt;)rnation
Kim and Park Present
Rehme [1978]"
P/D = W/D = 107 R-R* 67 70 76
R-W* 200 220 140
R-W 130 220 140
Rehme [1987)%
P/D =1.036 W/D = 1.072 R-W 130 200 120
Seale [19791°
P/D =1.833 W/D = 1.875 R-R 2.94 2.6 2.6
1.375 1.402 R-R 4.44 7.3 6.9
1.100 1.186 R-R 28.32 53 60
Tahir and Rogers [1986]"
AP/D = 1.06 R-R 40 54 2
Meyer [1991]%
AP/D = 112 R-R 38 22 8.8
Krauss and Meyer [1995]%"
AP/D = 112 W/D =106 R-R 57 22 8.8
R-W 150 310 190
R-W 100 310 190

*R-R = rod-rod gap. *R-W = rod-wall gap.

‘A = triangular array.
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u" and profile length y is 0.1, the anisotropy
factor can be expressed as

-2.42

= 0.177(%) : (15)

Figure 2 shows the Rehme's correlation and the
estimated anisotropy factors with the experimental
data listed in Table 1. As seen in Fig. 2, the
experimental data is scattered even at the same
g/D. Therefore. even if Rehme's correlation can
predict the overall trend of the anisotropic factor
according to g/D. it seems to be inappropriate in
reflecting the effect of the detailed configuration on
the anisotropy since it is expressed only in terms of
g/D. On the contrary, the present scale relation
considers the detailed configuration of the flow
channel and can predict more reasonably.

Iv. Numerical Modeling of Anisotropy
Factor

In the analysis on rod bundle flow fields with a
distributed  parameter model. usually  various
anisotropic eddy viscosity models are used since
without the models the numerical calculations fail to
predict the thermal hydraulic behaviors of the flow
fields. For this reason, many models have been
proposed. However, most of them were selected after
the numerical tests performed with prescribed model
functions or were made by data fitting with specific
experiments without any universal reasoning.

As discussed above. Seale” and Yang and
Chieng'® had tested various types of model
functions to simulate the anisotropic feature of eddy
diffusion and proposed a error function type model
function:

n = Aexp{—(By/ »*}+C. (15)
Seale concludled A=50. B=3, and C=2,

however Yang and Chieng set A, B, and C to be
30. 3, and 1. respectively. Even though they used
different model constants, they agreed that the
anisotropy has a maximum value adjacent to the
wall and rapidly decreases to near unity and the
error function is most appropriate to describe such
damping characteristics. A means the magnitude of
anisotropy and Seale and Yang and Chieng used
constant values irrespective of geometry. However
many experiments show that the magnitude of
anisotropy depends on the geometry.” As to C.
describing the anisotropy factor on the maximum
velocity line, it might be controversial to determine
the value. On the maximum velocity line. although
there is no apparent evidence that the anisotropy
disappear, the isotropic turbulent diffusion can be
regarded as a reasonable assumption since the
anisotropy may be weak there, as can be seen in
Seale and Yang and Chieng.

In this study. in order to reflect the effect of
geometry on the anisotropy the anisotropy factor
scale relation derived above is used to find A. If it

is assumed that the anisotropy at y/y=0.3 is a
representative value and B=23 is proper to describe
the damping of the anisotropy, A can be expressed
as n=Aexp{—(3x0.3)*}+1 or
A=2.2(n—1). Hence, the anisotropy factor
proposed in this study for the numerical analysis of
turbulent flow field in rod bundles becomes

n = 2.25(n—Dexp{—(3y/ 3} +1 (1)

with the representative anisotropy factor. Eq. (14).
For the verification of the proposed anisotropy
factor model, some numerical analyses are performed

24
k23)2) and

using the code developed by Kim and Par
adopting the proposed anisotropy factor model. The
code uses Lam and Bremhorst low-Reynolds number
k— e model® to simulate the rod bundle turbulent

flow field up to the wall and is formulated in finite
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Experiment.
Carajilescov et al
11976) (9)

oss 085 100 09 088

uny

Fig. 3a Axial velocity contour in a triangular
array (P/D=1.123, Re=27000)

Experment:
Meyer [1991] (20)

0% 0% 0% 0%
UMV e

Fig. 3b Axial velocity contour in a triangular
array (P/D=1.12, Re=71000)

element method. In order to describe the anisotropic
feature of turbulent momentum transport. an
anisotropic eddy viscosity model based on Eq. (16) is
used. The secondary flow is neglected because it gives
only marginal effect on the turbulent flow structure

100

in rod bundles”*" The full description of the code
can be found in Kim and Park's works.®?"

Figure 3 shows the comparison of the computed
axial velocity contours with the experimental results
on a triangular array of Carajilescov and Todreas”
for  P/ID=1.123 and [Re=27,000 and of
Meyer™ for P/D=1.10 and Re=61,000. The
predictions with the present model reproduce the
experimental results sufficiently well.

To verify the predictability of wall shear stress,
Trupp and Azad's” and Meyer's results® are
compared in Fig. 4. Analogously to the axial
velocity  profile prediction, the prediction is
successful. Especially. Fig. 4b shows the calculated
distribution of wall shear stress by Meyer”™ also
and the present model produce better agreements.
The comparison with the experimental data of Rowe
et al” in square-arrayed rod bundles is given in

Fig. 5 and it also shows reasonable agreement.

1.2 =

.

———  Experimant: Trupp snd Azad [1975) (3
——— Cukulstion Present

To/ Tuave

AT BT RSN U IS B AN G T A

o8 LI SLANL LI (N S B (L L B B B B B |

] § 10 15 20 25 30
Angle (deg)

Fig. 42 Wall shear stress variation in a triangular
array (P/D=1.20, Re =49000)

V. Conclusions

The flow pulsation phenomenon has been
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Expenment Meyer [1991] (20}
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——— Calculation: Present
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Fig. 4b Wall shear stress variation in a triangular
array (P/D=1.12, Re=27000)

iment
Rowe et al. [1974] (4)

UIU

Fig. 5 Axial velocity contours in a square
array (P/D=1.25, Re=100,0M)

highlighted as a main cause for turbulent mixing.
Under the assumption that the flow pulsation also
affect the turbulent structure and can be a major
contributor to the anisotropy feature of the

turbulent diffusion, a scale analysis on the flow
pulsation is performed following Kim and Park's
attemptm to obtain the anisotropy factor. As a
result. a new scale relation for anisotropy factor is
suggested. The derived scale relation is verified with
published experimental data for various geometry. It
can be concluded that the flow pulsation is a
significant contributor to the anisotropic turbulent
diffusion.

Moreover. adopting the derived anisotropy factor
scale relation in this study. an anisotropy factor
model is developed for numerical analysis on the
turbulent flow fields in rod bundles. The numerical
results with the model are successfully compared
with published experimental data. Therefore. the
model will be useful in the thermal hydraulic
analysis on the nuclear subchannels comprised of rod

bundles.
Nomenclature
a,. a, velocity coefficients
b shape factor
C arbitrary proportional coefficient
D rod diameter
g gap size
L,,L, length scales of flow pulsation

n anisotropy factor

representative anisotropy factor at the

gap

P rod pitch

Str Strouhal number

u’ friction velocity

Ugp velocity of flow pulsation at the gap

u.,, U, velocity scales of flow pulsation

Ve, Uy parallel and normal velocities of
hypothetical circulating flows

w wall pitch
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y profile length

Zpp hypothetical path length of flow
pulsation

Greek

é centroid-to-centroid distance

vr isotropic eddy viscosity

Ve, Vy parallel and normal eddy viscosity due

to the flow pulsation, respectively
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