Journal of the Korean Nuclear Society
Volume 28, Number 2, April 1996

Measurements of Turbulent Flow in a 6 X6 Rod
Bundle with Spacer Grids

Sun Kyu Yang and Moon Ki Chung
Korea Atomic Energy Research Institute
(Received October 5, 1995)

AAAAE ZE 6x6 Erhiol o) FFFE 27

QM - HEII
FFUAd AT L
(1995.10.5 A 4)

Abstract

The local hydraulic characteristics in a single phase flow of a 6 X6 rod bundle with neighboring
different spacer grids were measured by using a LDV Laser Doppler Velocimeter) system. 6 X 6 rod
bundle is formed by two 3 X6 rod bundles with different spacer grids. The objective of this study in
a rod bundle is to investigate the thermal-hydraulic interactions between different spacer grids with
different configurations and resistance. By using a LDV system, the velocity and turbulent intensity
in axial and horizontal directions were measured. Pressure drop measurements were also performed
to evaluate the loss coefficient for the spacer grid and the friction factor for rod bundles. Implica-
tions conceming thermal mixing due to §pacer grids were investigated based on the hydraulic test
results. Swirl factor, which is assumed as a qualitative criteria for DNB(departure from nucleate boil-
ing), was defined and estimated from the horizontal velocity results.
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1. Introduction

In a nuclear fuel design field, the spacer grids in

rod bundles are being developed to enhance the ther-

mal mixing efficiency of the coolant flowing through
the fuel assembly. However, when the fuel assembly
with the newly designed spacer grid is loaded in a
reactor, the thermal-hydraulic compatibility between
the newly loaded and the existing assemblies is one
of the major problems concemed by the nuclear fuel
designer. In order to tackle this subject, we perfor-

med the experiments by a 66 rod bundle with neig-

hboring different spacer grids with different config-

urations and resistance. 6 X 6 rod bundle is a combin-

ed type with two 3X6 rod bundles with different
spacer grids. Literatures for the test of the rod bun-
dle with a mixed spacer grid reported in public are
scarce, while those for the test of the rod bundle wit-
hout or with a spacer grid with uniform resistance
can be met frequently in public domain.

Rowe et al.[1], Carajilescov and Todreas[2], Ren-
ksizbulut and Hadallerl3] and Vonkal4] performed
experimental studies on bare rod bundles using
laser-Doppler velocimeter(LDVI[5, 6]. Rowe et dl., in
one of the earliest applications of LDV to subchannel
flows, measured turbulent microscopic structurds that
were helpful in obtaining a better understanding of
crossflow mixing between neighboring subchannels.
Their results showed that rod gap spacing is the
most significant geometric parameter affecting the
flow structure. Decreasing the rod gap spacing
increases the turbulence intensity, the longitudinal
macroscale, and the dominant frequency of turbu-
lence. From the evaluation of the dominant fre-
quency of turbulence, they suggested the presence of
periodic flow pulsations in the gap region. Carajil-
escov and Todreas measured the distributions of
axial velocity, turbulence kinetic energy, and Reynol-
ds stresses using a LDV in a simulated interior sub-
channel of a triangular rod array with P/D=1.123
and x/Dh =77. Renksizbulut and Hadaller used a
square array with P/D=1.15. Turbulent mean vel-

ocity, intensities, and wall shear stress were measured
using a LDV and calibrated Preston tube. They sug-
gested the probable presence of secondary flows in
the comner from the results of the skewed wall shear
stress profiles and deformed constant-velocity lines.
Secondary flows were investigated by Vonka. He
explained that secondary flows of relatively low mag-
nitude are superimposed on a main or primary flow
and cause the flow to spiral through the passage.

In this study, the detailed hydraulic characteristics
of the turbulent flow in subchannels of a 6X6 rod
bundle with neighboring different spacer grids were
measured by using a LDV. The measured parameters
include the velocity and turbulent intensity in axial
and horizontal directions. Pressure drops were also
measured to estimate loss coefficients for the spacer
grid and friction factors for rod bundles. Thermal mix-
ing in rod bundles was studied based on the hy-
draulic test results. Swirl factor, which is assumed as
a qualitative criteria for DNB(departure from nucleate
boiling), was defined and estimated from the hori-
zontal velocity results.

2. Experimental Method

The tested 6X6 spacer grid is shown in Fig. 1
with major dimensions. 6X 6 spacer grid is a combin-
ed type formed by two different 3X 6 spacer grids
with different configurations and resistance. One of
them is a spacer grid with mixing vanes. Mixing van-
es are attached on the spacer grid with an angle of
22°. The cross-section of 81mm square housing con-
sists of 36 rods of 9.5mm in diameter as shown in
Fig. 2. The rod bundle forms in a square array. The
hydraulic diameter{Ds) of the entire channel is 11.
468mm. Axial locations of spacer grids and pressure
taps together with a coordinate system are shown in
Fig. 3. Water is the working fluid and flows upward.
Test section is set up in test-loop shown schematical-
ly in Fig. 4, which includes variable speed pump, a
storage tank, flow control values, and turbine flow
meters etc. During the experiments, the water tem-
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perature in the test section was maintained at 25°C
by adjusting the feed and drain of water in the stor-
age tank. The flow rate was 20kg/sec resulting in an

average flow velocity of 5m/sec and a Reynolds num-

ber based on the hydraulic diameter of Re =63924.
The square housing is made of acrylic to allow ac-
cess for laser beams to the location where the vel-
ocity measurement is to be performed.

The one-component He-Ne LDV system from TSI
used in the present work was aligned by the
dual-beam backward scattered mode as shown in Fig.

5. The dual beam spacing is 50mm and the focal-len-

gth of the focusing lens is 350mm. Silicon carbide
particles, 1.5um in diameter, 3.2g/cm® in density, 2.
65 in refractive index, and 14 in geometrical stan-
dard deviation, were added into the fluid to obtain
the scattered signal. The signals from the photomul-

tiplier were processed using a counter type processor

Flow Channel

which consists of filters, an ampilifier, a timer, a digital
output, and a D/A(Digital to Analog) converter. The
signals from the digital output of the signal processor
were used to obtain the turbulent velocity and inten-
sity by using data analysis program FIND from TSI in-
stalled in a personal computer. In this software, the
correcting process for velocity bias is included. In or-
der to detect negative velocity in horizontal direction,
Bragg cell was added in the LDV alignment. Axail
and horizontal velocities were measured indepen-
dently by adjusting alignment angle.

Measuring paths and locations are shown in Fig. 2.
Turbulent velocities were measured at Paths 1~7
with varying the axial locations. In the present test
section, since flow region is not symmetric, Paths are
covering whole flow subchannels, and located at cen-
tral region in gap between rod bundles. Points 1~30
are indicated for representations of the turbulence
decay behind the spacer grid in Section 3. Pressure
drops were measured at pressure taps shown in Fig.
3.

3. Results and Discussions
3.1. Pressure Drops
Loss coefficients(Cs) for the spacer grid and fric-
tion factors for the rod bundles were obtained from

the measured pressure drops[7, 8. Fig. 6 shows the
loss coefficient profile with variation of Reynolds

° [

@ 25
({ =B Present data
%]
e 2 LIPS a Rehme
2 []
3]
R e
k) N
Q O¢c
Q 1 s S, —
4 .
3 os B
s
0
1000 10000 100000 1000000

Re

Fig. 6. Loss Coefficients for the 6 X6 Spacer Grid



166

0.05
0.04
0.03

0.02

Friction Factors, fu

0.01

Fig.

1.4

e -
{ b - [ ] Present data +—
»
\I Blasius corr

2 —
N
)
§
|
i

e i B

000 10000 100000 1000000

7. Friction Factors for the 6 X6 Rod Bundles

12

-

Axial velocity, U/Uav

— {/‘3
=

H

=t

1 oy ¥ e -/
e e~
0.8
—- #— x/Dh=2
067 — | — 00— x/Dh=4
— - +— x/Dh=8
0.4 o= x/Dh=16
— -+ x/Dh=32
02 —-6—= x/Dh=50
S
0 o1 02 03 04 05 06

Distance from wall, ZH

Fig. 8. Developing Axial Velocity at Path 3

J. Korean Nuclear Society, Vol. 28, No. 2, April 1996

number based on hydraulic diameter and average vel-
ocity. Loss coefficients are compared with the reprod-
uced Rehme[7]’s data for the square array with the
spacer grid of tube squares axially connected. The
present data show higher values than those reported
by Rehme. The friction factors(f) in rod bundles were
estimated as shown in Fig. 7. and compared with the
Blasius[9] correlation. The results show that those of
the present work are a litle higher, than the values
given by the Blasius curve.
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3.2. Velocity Profiles

Figs. 8~10 show the dewveloping axial velocity
profiles at Paths 3~5. The lower spacer grids disturb
the local velocity field, which causes a change in
mass flow within each subchannel through the spacer
grids. Near spacer grid, at x/D, =2, the flow fluctuat-
es drastically due to the flow blockage and turbu-
lence generation induced by the sharp edge of the
spacer grid. At x/D,=50, the flow is nearly devel-
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Fig. 11. Horizontal Velocity Profiles at x/Dr=1

oped. The velocity profiles at Path 4, which is along
the central gap between different spacers, are differ-
ent from the others. This is due to that the flow at
this gap is not disturbed by any obstacles.

Horizontal velocities at diferent axial locations are
shown in Figs. 11~14. Horizontal velocities at
x/Dy =1 are fluctuating intensively in particular at Pat-
hs 1—3. This implies that the mixing vaned spacer
grid generates higher turbulence. The inconsistent
data points in numbers at Paths are caused from
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beam blockade by rod bundles or housing wall. Two
beams are going through test section in parallel for
measuring the horizontal velocity. In some distance,
beams are touched with the housing wall or the sur-
face of rods arranged closely. The maximum local
horizontal velocity is shown at Path 2, x/D, =1, as
—0.675m/sec. As the flow develops, horizontal vel-
ocities become smaller to nearly zero. In Fig. 13 for
x/D, =50, the horizontal velocities do not vanished
near wall at some Paths. This implies that the flow is

dJ. Korean Nuclear Society, Vol. 28, No. 2, April 1996

2.00¢ 01

Path 7
1.000.01 p—

0.00g.00 f A= "va Andasaa

i
-1.00¢-01 i

-2.002-01
2.00g-01

Path 6
1.008.01 f— . UGN SN S T D—

0.00£+00

1 00e.01 f——. L
¢
|
1

2.00€-01

200800 (o —— [

1.00€.08 }— P S

-4,00£400 [-oaa

1.002.01 pomee . - - - —_d

-2.00z-08 Lo . . -
2.00€-01 oo e

1.00E-01

0.00€+00 . ey

1.00€-01

-2.00€-01
2.002.01 —_
Path 3

Horizontal velocity, V/Uav

1.00£-01

!
-

0.00€400

-1.00€-01

2.90€-01
2.008-00 (- - S - - —

1.00¢ 01

0.00.00 1Ry P SOV PRSP

-1.002-01 — —

<2.00¢-01
2.006.01 _

| rath 1
1.00E-01 - ——

0.00£.00 P PN N

+1.00€ 01

2.00e.01
0.00€+00 | 00£ 01 2.00f 01 ) 00E 0 4 0GF 0] * 0OF 01 6 GDE o1

Distance from wall,z/H

Fig. 13. Horizontal Velocity Profiles at x/Dy=50

not fully developed locally in the grid span. Fig. 14
represents horizontal velocities at different axial loca-
tions at gap between different spacer grids. The hig-
hest average horizontal velocity at Path 4 is observed
at x/D» =2, whose magnitude is 0.1m/sec. It should
be noted that the highest velocity is not found at
x/Dh=1 but x/D,,=2. This can be explained by the
enertia force of the flow leaving the leading edge of
the spacer grid in the gap between different spacer

grids.
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3.3. Turbulent Intensity

Figs. 15~16 represent axial and horizontal turbu-

lent intensity profiles at different axial levels. The hig-
hest intensity is distributed at x/D, =2 near the lower
spacer grid. The turbulent intensity increases drasti-

cally through spacer grids, and then decreases rap-

idly to the stable level as the flow is developing. The
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intensities decrease to the lowest value at x/Dy =32

and 50. Horizontal turbulent intensities show lower
values than axial ones. Above x/D), =32, the turbu-
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Fig. 16. Turbulent Intensity at x/D»=32

lent intensity distributions are nearly fully developed.
Behind the spacer grid, mixing vaned spacer grid gen-
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Table 1. Average of u’ and v’ at x/Dn=2 Along Paths

Path2 Path3 Path4 Pathd Path6
Aver. of u’
(m/sec) 0671 067 0638 058 0564
Aver. of v’
(m/sec) 0535 0458 0465 0448 0433

erates higher turbulence than that without mixing van-
es. In Table 1, averages of axial and horizontal turbu-
lent intensities at x/Dy =2 are tabulated. The values
at Paths 2 and 3 in the mixing vaned spacer grid re-
gion show higher magnitude than those at Paths 5
and 6. This implies that the mixing vaned spacer grid
generates higher turbulence.

3.4. Thermal Mixing in Rod Bundles

Thermal hydraulic behavior of the fluid at the spac-
er grid is hard to analyze in detail due to the com-
plex geometry. Unal et al.[10] measured the press-
ure drops at rod bundles spacer grid for the
post-CHF condition. However, the evaluation of the
experimental results was mentioned not to be easy
because of the diffculty in prediction of the complex
thermal hydraulic phenomena at the spacer grid. It
has been reasonably suggested [11] that more detail-
ed descriptions for the single phase flow be needed
for a better understanding of the multiphase flows. In
a possible way to approach this problem, the relation
between heat and momentum transfer in turbulent
flow can give information on the thermal behavior
near spacer grid. Yao et al. [12] studied heat transfer
augmentation by straight grid spacers in rod bundles.
For single phase flow and for post-critical heat flux
dispersed flow, the local heat transfer at a straight
spacer and its upstream and downstream locations
were treated. The highest local heat transfer is obser-
ved near the spacer grid, and downstream of the
spacer grid, the heat transfer augmentation rapidly
decays with x/D, exponentially. In the present study,
some quantitative values of thermal mixing due to
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turbulence and convective flow swirling were evaluat-
ed as follows.

3.4.1. Heat Transfer Due to the Turbulent Mixing

The mixing factor related to the turbulent mixing
was obtained from the measured turbulent parameter
by imploying Yang and Chung’s method[8). In Fig.
17, local mixing factors, Y, were obtained at Paths
3~5. Mixing factors show the higest values near the
spacer grid and they decrease rapidly up to about
x/D,=15. After x/D,=15, the stable values are
observed. However, slight increasing is found at Pat-
hs 4 and 5 after x/D»=15. This increasing of the
mixing factor is caused by the turbulence increase
which was also observed for the 5X5 rod bundle
test in Ref. 8.

3.4.2. Heat Transfer Due to the Convective Swirl-
ing

Following the analegy of heat and momentum
transfer, convective heat transfer correlation in rod
bundles with spacer grids is obtained[12]. The ratio
of the pressure drops in rod bundles with and with-
out the spacer grid is
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Fig. 17. Mixing Factors at Paths 3~5

where f is the friction factor without spacer grids and
Cs is the loss coefficients which can be given by a
blockage ratio

Cp=C, £ (2)

Here p and C, are a blockage ratio and a modified
loss coefficient, respectively. The blockage ratio is the
ratio of the projection area of spacer grid and mixing
vanes to the flow area of the entire subchannel in
axial direction. Marek and Rehme[13] suggested the
heat transfer augmentation at straight spacer grids on
smooth rods in a sigle phase flow by correlating pres-
sure drop data and considering the analogy between
heat and momentum transfer.

Nu _
Nor = 1+5.554° (3)

where Nuo is the Nusselt number for rod bundles wit-
hout spacer grids. Yao et al.[12] extended the local

Nusselt number correlation up to the downstream re-
gion behind the spacer grid with mixing vanes as

Nu 2 —0.13(x/ D)
Nu, ={ 1+5.558% ]

—0.034(x/ D;.)] 0.4

[ 1+ A%tan’ge (4)

for the downstream region for single phase flow. This

equation is valid for the vane angles less than 45

deg.
In this work, swirl factor is defined as
Sw o=~ [ a2 (5)
where

L : length of integral path

V:lateral velocity at measurement location per-
pendicular to the integral path

U : axial velocity at measurement location

Fig. 18 shows the swirling rotations generated by
the mixing vaned spacer grid. The mgnitude of swirl
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Fig. 18. Swirling Roation in Subchannels
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Fig. 19. Local Swirling Factor in Axial Variations

factor is assumed to be a qualitative indicator of the
spacer design on DNB(departure from nucleate boil-
ing) performance(14]. Swirl factors were estimated
from the measured horizontal velocities as shown in
Fig. 19. In axial variations, swirl factors are plotted

for the different Paths. Higher swirling are indicated

dJ. Korean Nuclear Society, Vol. 28, No. 2, April 1996

in the mixing vaned spacer grid region. By this swirl
factor, Eq.(4) can be written as

Nu _ —0.13(x/ Dy
Noeo = | 1+5.558% 1

[ 1+Swz(x,g,)] 04 (6)

The heat transfer predictions for the present case
were performed by using the ‘experimental data. In
obtaining Nusselt numbers, Eq.(6) was used instead
of Eq.(4), since swirl factor was directly obtained by
Eq.(5) using the experimental results. In 6X6 rod
bunles, two different types of spacer grids are combin-
ed with different blockage ratios, 0.3 for the mixing
vaned spacer grid and 0.214 for the straight spacer
grid. In cakulations at Paths 3 and 5, blockage ratios
are used their own values differently. In Fig. 20, the
predicted local Nusselt numbers for the present case
are plotted and compared with those by Yao et al.
for a blockage ratio of 0.328, and swirl factors of 0.
57 and 1.0 at the inlet. As shown in Fig. 20, the
coolant themal efficiency of the mixing vaned spacer
arid is higher than that of the straight spacer grid. In
this case, the blockage ratios of the spacer grids are
more influential in heat transfer phenomena of rod
bundles.
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Fig. 20. Nusselt Numbers in Axial Variations
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Table 2. Uncertainty Values

Parameter Norminal Value Uncertainty Values
Value Persent(%)

Asial Mean 507 m/s 0.15m/s +3

Velocity, U

Horizontal Mean 05m/s 0.015 m/s +3

Velocity, V

Turbulent 0.043 0.00258 +6

Intensity, u’ /U,

v /AU

Axial Location, + 0.1mm

X

Transverse + 0.005mm

Location, y, z

3.5. Uncertainty Analysis

An Uncertainty analysis was performed to estimate
data accuracy by the error and uncertainty methods
of Moffat{15]. Table 2 is a summary of the uncer-
tainty analysis.

4. Concluding Remarks

Measurements of turbulent flow in subchannels of
a 66 rod bundle with neighboring different spacer
grids were performed by using a LDWlaser Doppler
velocimeter). Pressure drops were also measured to
estimate the loss coefficients for the spacer grid and
the friction factors for the rod bundles. The exper-
imental results led to the following conclusions.

The friction factors for the 6 X6 rod bundie show
a little higher values than those given by the Blasius
curve. The maximum local horizontal velocity is foun-
d at Path 2, x/D.=1, as —0.675 m/sec. The highest
average horizontal velocity in the gap between the dif-
ferent spacer grids is 0.1m/sec which is observed at
x/Dy =2. Thermal mixing in rod bundles with spacer
grids was discussed based on the hydraulic test res-
ults. Quantitative correlations of thermal mixing due

to turbulence and convective swirling were estimated

from the measured data. Mixing vaned spacer grid
generates higher turbulence and thermal mixing than

that without mixing vanes.
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Nomenclatures

Cs loss coefficient
C. modified loss coefficient
D rod diameter, m
D. hydraulic diameter, m
friction factor
Nu Nusselt number
Nu,Nusselt number far downstream
P pitch, m
P pressure, Pa
Re Reynolds number (U, D./v), dimensionless
rod gap spacing, m

axial time mean velocity, m/s

o e

8

entire subchannel average velocity, m/s

axial fluctuating velocity, m/s

<

root mean square of u, m/s
radial time mean velocity, m/s
radial fluctuating velocity, m/s
axial coordinate, m

mixing factor

lateral coordinate, m

N‘C-<>(C<C

"azimuthal coordinate, m

Greek Symbols

B blockage ratio

v kinematic viscosity, m?/s
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