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Abstract

The local hydrulic characteristics in subchannels of 5 x5 nuclear fuel bundles with spacer grids
were measured at upstream and downstream of the spacer grid for the investigation of the spacer
arid effects on turbulent flow structure by using an LDV(Laser Doppler Velocimeter). The measured
parameters are axial velocity and turbulent intensity, skewness factor, and flatness factor. Pressure
drops were also measured to evaluate the loss coefficient for the spacer grid and the friction factor
for rod bundles. From these data, it was found that the turbulent mixing and forced mixing occur
up to x/D»=10 and 20 from the spacer grid, respectively. The turbulence decay behind spacer grid
behaves in the similar decay rate as turbulent flow through mesh grids or screens. Mixing factors
useful in subchannel analysis code were cormrelated from the data and show the highest value near
spacer grid and then have a stable values.
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1. Introduction

Research on the turbulent flow characteristics of
the fuel assembly with spacer grids is of importance
for thermal hydraulic design and safety analysis. This
study is focused on turbulent structure modulation
due to spacer grids in a 5X5 rod bundle which is a
scale-downed geometry of the fuel full-assembly. The
roles of the spacer grid are to support the rods regu-
larly and to promote flow mixing which in tum
enhances thermal mixing. The spacer grid tested in
the present work is a mixing spacer grid with mixing
vanes.

Major features of turbulent phenomena in subchan-
nels include cross-flow mixing between subchannels
(1], anisotropy of turbulent diffusion{2 —4], and sec-
ondary flow[5]. They are illustrated in Fig. 1. In ad-
dition to these turbulent phenomena, there is drastic-
al turbulence generation near spacer grid which is
caused by the sharp edge and blockage of spacer
grid. Generated turbulence due to spacer grid dec-
reases rapidly as the flow develops. In this study, tur-
bulence decay behind spacer grids and cross-flow
mixing phenomena between subchannels were inves-
tigated more in detail. There are two kinds of
cross-flow mixing mechanisms in rod bundle flow:
macroscopic mixing, which is due to the time mean

lateral or azimuthal velocity, and microscopic turbu-
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lent mixing, which is caused by fluctuating velocity. In
particular, the present work focuses on the micro-
scopic turbulent mixing between neighboring subchan-
nels, which is related to the turbulent thermal mixing,

Previous experimental studies on the flow char-
acteristics near spacer grids in bare rod bundles in-
clude Rehme[6], Rowe and Chapman{7], Rehme
and Trippel8], and Shen et al[9]. Rehme[6] meas-
ured the pressure drops for the various kinds of the
spacer grids. An experimental study by Rowe and
Chapman(7] was carried out to evaluate the effect of
spacer grids on the axial turbulent flow structure in
rod bundles. Local axial velocity and turbulent inten-
sity were measured upstream and downstream of
spacer grids by using a LDMLaser Doppler Velo-
cimeter). The highest intensity was observed down-
stream near the spacer grid and decayed rapidly to
stable value far downstream. However, they could
not give information on the correlations for the tur-
bulence behind spacer grids and for local mixing fac-
tors. And higher moments of turbulent fluctuations
were not measured. Compared to Rowe and Chap-
man, in the present work, more detailed measure-
ments for new turbulent parameters in axial locations
were performed upstream and downstream of spacer
grids, which gave information of the spacer grid ef-
fects on turbulent flow structure quantitatively. Reh-
me and Trippe measured, by using Pitot tubes, in de-
tail the velocity distributions upstream and down-
stream of spacer grids. The mass flow separation and
redistribution between the subchannels are discussed
and compared with the prediction by a subchannel
code. Shen et al. performed detailed measurements
using LDV in water to obtain information on the dis-
tribution of the transverse mean velocity and turbu-
lent intensity for a flow through a sixteen-rod bundle
with mixing blades on the spacer grid. They observed
that the mixing rate varies largely with the angle of
mixing blade on the spacer grid.

In this study, the detailed hydraulic characteristics
of the turbulent flow through mixing spacer grids in
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5x5 rod bundles were measured by using an LDV.
The measured parameters include pressure drops,
axial velocity and turbulent intensity, skewness factor,
and flatness factor. Loss coefficients for the spacer
grid and friction factors for rod bundles were estim-
ated from the measured pressure drops. Implications
regarding the turbulent thermal mixing caused by
spacer grids were investigated.

2. Experimental Method
2.1. Test Facility

The tested 5x5 spacer grid is shown in Fig. 2.

Fig. 2. 5x5 Spacer Grid with Mixing Vanes
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The mixing vanes are attached on the spacer grid
with an angle of 22°C to enhance flow mixing. The
test section, as shown in Fig. 3, of 68mm square
housing consists of 25 rods of 9.5mm in diameter.
The rod bundle forms in a square array with P/D=1
326 and W/D =1.4263. The hydraulic diameter(Ds)
of the entire channel is 11.21mm. Axial locations of
spacer grids and pressure taps are shown in Fig. 4.
The mixing spacer grids are positioned in the rod
bundle with the span of 600mm. Water is the work-
ing fluid. Fluid enters the bottom of the flow housing
and flows upward. Test section is set up in test-loop
shown schematically in Fig. 5, which includes variable
speed pump, a storage tank, flow control valves, and
turbine flow meters etc. During the experiments, the
water temperature in the test section was maintained
at 25°C by adjusting the feed and drain of water in
the storage tank. Pressure drops were measured by
changing the mass flow rate controlled by variable
pump speed and measured by the turbine flow met-
er. For the turbulent velocity measurement, the flow
rate was 14.22 kg/sec resulting in an average flow
velocity of 5m/sec and a Reynolds number based on
the hydraulic diameter of Re=62500. The square
housing is made of acrlic to allow access for laser
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Fig. 3. Cross-Section of 5x5 Rod Bundles and
Measuring Location
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beamns to the location where the velocity measure-
ment is to be performed.

2.2. LDVLaser Doppler Velocimeter)

The LDV measurement method is a non-intrusive
optical technique with good spatial resolution, and is
based on the principle that coherent laser light scat-
tered from a particle moving with the flow experien-
ces a Doppler frequency shift by an amount directly
proportional to its velocity, i.e., to the fluid velocity.
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- The relation between the Doppler shift frequency fo

and the velocity component perpendicular to the op-
tical axis, u, is given by

fp=2usinx/A (1)
where A is the laser wavelength and x is the half
angle of laser beam intersection[10, 11]. The
one-component He-Ne LDV system from TSI, which
is used in the present work, was aligned by the
dual-beam backward scattered mode as shown in Fig.
6. The dual beam spacing is 50mm and the focal-len-
gth of the focusing lens is 250mm.

Silicon carbide particles, 1.5um in diameter, 3.2
g/cm® in density, 2.65 in refractive index, and 14 in
geometrical standard deviation, were added into the
fluid to obtain the scattered signal. The signals from
the photomultiplier were processed using a counter
type processor which consists of filters, an amplifier,
a timer, a digital output, and a D/A(Digital to Anal-
og) converter. The signals from the digital output of
the signal processor were used to obtain the turbu-
lent velocity and intensity by using data analysis prog-
ram FIND from TSI installed in a personal computer.
In this software, the correcting process for velocity
bias is included. In the present work, since the nega-
tive flow was not detected from the prior experiment
in our laboratory, frequency shift was not used in the
LDV alignment. Minimum measuring distance down-
stream of spacer was 5mm from the tip of the mixing
vane with thickness of 0.48mm. By this thin thickness
of the vane, the negative velocity is not existent in
the present measuring range.

Power Supply Photo- [ ] Counter Type
multiplier Signal Processor

Beam Spliner

Flow Channel

Focusing Lens

Fig. 6. Backward Scattered Alignment Mode of LDV
System
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2.3. Measuring Locations

Measuring paths and locations are shown in Fig. 3.
and tabulated in Table 1 in accordance with the pres-
ent coordinate system shown in Fig. 4. Turbulent vel-
ocities were measured at Paths 1, 2, and 3 with var-
ving the axial locations (x) in negative and positive
direction covering the entire span between spacer
grids. Paths are located at central region in gap be-
tween rods. At Points on the Paths more detailed’
flow measurements were performed in particular
near spacer grids. Pressure drops were measured at

pressure taps shown in Fig. 4.

Table 1. Measuing Locations for 5X5 Rod Bundle Test

coord.
x/Dh y/H z/H
Point

1 -11~53 0.097 0.06

2 -11~53 0.097 013

3 -11~53 0.097 022

4 -11—53 0.097 0.31

5 -11~53 0.097 041

6 -11~53 0.097 0.50

7 -11~53 0.28 0.06

8 -11~53 0.28 013

9 -11~53 0.28 022

10 -11~53 0.28 031

11 -11~53 0.28 041

12 -11~53 028 0.50

13 -11—53 047 0.06

14 -11~53 047 0.13

15 -11—53 047 0.22

16 -11—~53 047 031

17 -11~53 047 041

18 -11~53 047 050

coord
x/Dy wH z/H
Point

1 2,4,8, 16, 32,50 0.097 0019~054
2 2,4, 8,16, 32,50 028 0019—054
3 2,4,8,16, 32,50 047 0019—054
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3. Experimental Results and Discussions
3.1. Pressure Drops

The pressure drop at the spacer grid (4 Pg) is re-
lated to the bulk average fluid velocity, Ua, in the rod
bundle[6].

U
2

where Cs is the loss coefficient of the spacer and p is

APGZ CBAO {2)

the fluid density. Fig. 7 shows the loss coefficient
profile with variation of Reynolds number based on
hydraulic diameter and average velocity. Loss coeffic-
ients are compared with the reproduced Rehme[6]’s
data for the square aray with the spacer grid of tube
squares axially connected. The present data show
lower values than those reported by Rehme.

The friction factors(f) in rod bundles were estim-
ated as shown in Fig. 8 from measured pressure
drops and compared with the Blasius[12] correlation

w

~N
23

& Present

W ¥ Rehmel6)’

N

Loss coefficient, Cpg
P

08§

1000 10000 100000 1000000

Fig. 7. Loss Coefficients for 5 x5 Tests

005 -

Present data

2
|
4
o

Blasius cofr

Friction factor, f

|
002 f—— - I
PSS
1000

o
2

{

i
0000 100000 1000000
Re

Fig. 8. Friction factors for 5x5 Tests



Spacer Grid Hfects on Turbulent Flow in Rod Bundles---

given by f =0.316/Re"?, where f is Darcy friction fac-
tor. The friction factors were estimated as

__ dP 2D,
1= o )

The results show that those of the present work are
a little higher, about 2.5%, than the values given by
the Blasius curve.

3.2. Axial Velocity

Figs. 9—~11 show the axially developing velocity
profiles at Paths 1~3. The velocitiy profiles at Paths
1 and 2 are similar each other, however, different
from that at Path 3 which is in the wall and corner
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Fig. 9. Developing Axial Velocity at Path 1
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subchannels. The lower spacer grids disturb the local
velocity field, which causes a change in mass flow wit
hin each subchannel through the spacer grids. Near
the upstream spacer grid, at x/Dy =2, the flow fluc-
tuates drastically due to the flow blockage and turbu-
lence generation induced by the sharp edge of the
spacer grid. At x/Dv=32 and 50, the flow is nearly
developed. Fig. 12 shows the axial velocity distri-
bution at points 1~6 at different axial locations dow-
nstream of spacer grid. The velocities at points 1, 3,
and 5 decrease and those at points 2, 4, and 6 in-
crease through spacer grids. Fig. 13 represents the
comparisons of the axial velocity distributions at Poin-
ts 1—18. It is observed that flow mixing occurs inten-
sively after passing through spacer grids up to about
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%x/Dh=20. As the flow develops, the flow distribution
become recovered to the original one just before the
AT i lower spacer grid.
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3.3. Axial Turbulent Intensity

Fig. 14 is the typical time history of the turbulent
velocity for at Point 5 upstream and downstream of
spacer grid. Before passing through spacer grids,
x/Dy = —6.24, velocity fluctuation is small, and after
passing through spacer grids, immediately behind
spacer grid, x/D»=133, the velocity is fluctuating
very intensively. As the flow goes downstream, the
fluctuation level becomes to the original one below
the lower spacer grid. Fig. 15 represents the axial tur-
bulent intensity distributions at Paths 1~3 in differ-
ent axial locations. The highest intensity is distributed
at x/D,
decreases to the lowest value at x/Dy=32 and 50.

=2 near the lower spacer grid. The intensities

Axial turbulent intensities at Points are shown in Figs.
16 and 17. Fig. 16 is the turbulent intensity at Points
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1—6, showing the spacer grid locations. The turbu-
lent intensity increases drastically through spacer grid-
s, and decreases rapidly to the stable level as the
flow develops. Fig. 17 represents the comparisons of
axial turbulent intensity at Points. It is observed that
the intensities far downstream in the upper grid span
coincide excellently with the values far downstream
in the lower grid span. This implies that the intensity
distributions are repeatable with the grid spans.

The turbulent intensity decay behind the spacer
grid can be explained by turbulence decay in turbu-
lent flows through mesh grids[13, 14] or screens[15].
Usually the relation of the turbulence decay rate is

expressed as
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18~20, and compared with the Sreenivasan et al.’s
data[14). For the case of Sreenivasan et al, the val-
ues of a, %/M, n are 0.04, 3 and 1.2, respectively.
However, the virtual origin, xo/M, of the correlation
compared with the present work in Figs. 18 ~20 was
shifted from 3 to 0. The values deviate from the cor-
relation in Path 2 and more so in Path 3. It is gener-
ally observed that the turbulent intensity decay at
Points inner region behaves as that of the mesh grid.

Some observations from the results of axial turbu-
lence decay can be deduced by referring to conser-
vation equation of axial turbulent intensity in steady
state, constant density and three-dimensional con-

dition.

du’ 3u i’ _
U e +V +W—§—
|
- U BU ToU
ax dy W9z
II
0u: v duw
dax dy dz
I
2 dpu a’” il a u ; T u
o Ox +u ayz )t oy ox
11 Iv
—2u | ( all) + ( all) + ( )2 } (5)

A%
where the designated terms [, II, lll, IV and V rep-
resent Convection, Production, Diffusion, Pressure
re-distribution, and Dissipation terms, respectively.
For the case of developing region, particularly im-
mediately behind spacer grid, it is hard to explain the
turbulence increase and decay. In developing region,
all terms in Eq.(5) are contributing to axial turbulent
intensity. Regarding the sharp increasing of the tur-
bulence through spacer grids, notice the first term in
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Production in Eq.(5). As can be seen in Fig. 12, the
axial velocities at Points 1, 3, and 5 decrease rapidly
=4, which
causes the first term of the Production to generate

through spacer grid up to nearly x/Ds

higher turbulence production. The axial velocities at
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2, 4, and 6 increase through spacer grid, which
means that the first term of the Production generates
the negative-production. This fact is indicating that at
points 2, 4, and 6, V, W, velocities as well as Press-
ure re-distribution are dominantly contributing to
axial turbulent intensity. Considering the fully devel-
oped flow, x-derivatives, V and W become 0. In this
case, the second and third terms in Production and
Dissipation are dominant.

3.4. Higher Moments of Velocity Fluctuation

The skeWness factor, S, and flatness factor, F, whic-
h are third and fourth moment of tubulent fluctu-
ation, are defined as [16] :
@ ©
S= - 6
(o)

j )
(')

S and F at Points 1~18 are shown in Figs. 21 and
22. The reference values, S, and F for the Gaussian
nomal distribution are 0 and 3, respectively. For
skewness factor, the fluctuation distribution is skewed
upstream of the spacer grid, however just behind the
spacer grid after passing through spacer grids, skew-
ness factors are tended to be nomal values. This
implies that the turbulent flow becomes more iso-
tropic through spacer grids. By Townsend[17], the
skewness factor is related to the turbulent energy con-
vection from larger turbulent regions to smaller tur-
bulent regions. The flow far downstream region is
strongly non-isotropic due to complex flow passage,
which causes the flow region to be non-homogenious
in turbulent energy and to be deviated from normal
values of skewness factor. By Townsend{17], the flat-
ness factor is related to intermittency. The effects re-
lating to flatness factor are more pronounced the
greater the difference in sizes between the energy
containing eddies and the viscous eddies that dissi-
pate the turbulent energy. In the present flow, be-
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cause of non-isotropic and complex flow behavior
such as inter-mixing between subchannels, the flat-
ness factors show higher values than the normal val-
ue and some scattering values. The effects of the
spacer grid on the flatness factor are not so pronoun
ced in the results.

3.5. Implications Regarding Turbulent Thermal
Mixing

Thermal hydraulic behavior of the fluid at the spac
er grid is hard to analyze in detail due to the com-
plex geometry[18]. In a possible way to approach
this problem, the relation between heat and momen-
tum transfer in turbulent flow can give information
on the thermal behavior near spacer grid. Yao et al.
[18] studied heat transfer augmentation by straight
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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 observed 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 tur-
bulent thermal mixing which significantly contributes
to the heat transfer augmentation near spacer grid
were evaluated as follows.

Consider thermal energy balance in subchannels
as schematically shown in Fig. 23 cited from Stewart
et al. [19]. Energy conservation equation is given as

A—(%<<ph>>,,+§;<puh>A+ ( D'ed { Covhdes) =

Qcv

67

{ D",)[ PeHN [ D,] { T)
Qr

+{Dwt T LHI[ Dyl ( T}
Qw

8 4, 8T« _, T 1 SCCO
+ 3xA<x e >a—{ D'} Le 10 Dl (T}

Qc

—{ D7}l my'1 [ Dl L) (8)
Qt

where the designated terms Qcv, Qr, Qw, Qc, Qt rep-
resent Convection Heat Transfer to V, Heat Transfer
to V from Rod, Heat Transfer to V from Wall, Con-
duction Heat Transfer to V, and Turbulent Heat Tran-
sfer to V, respectively. Most of detailed notations in
each term are described in Ref. 19. Present study is
focusing on the turbulent heat transfer, Qt in Eq.(8).
The lateral thermal energy exchanges at a gap are
based on a fluctuating mass exchange between neig-
hboring subchannels. The heat transport through the
gap per unit length can be expressed as

qii= ml'j'Cp(Ti—Tj) (9)
Subchannel, V Conducting
(O Qw +1— Q& Wall
« —* ? - Q,/

Energy Balance Equation

Qv =Qr+Qw+Qc+Q

Qecv = Convection Heat Transfer To V
Qr = Heat Transfer To V From Rod

Qw Heat Transfer To V From Wall
Qc = Conduction Heat Transfer To V
Qt = Turbulent Heat Transfer To V

Fig. 23. Schematic Diagram of Energy Balance
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where T. T and my are the bulk temperatures of two

adjacent subchannels i and j, and the fluctuating cros-

s-flow mixing rate per unit length between subchan-
nels, respectively. m; is defined as[19]

m,—,-' = PW S (10)

where wy and s are the effective mean mixing vel-
ocity and rod gap spacing, respectively. If the enthal-
pies and welocities of the neighboring subchannels
are different, an exchange of energy and nomentum
flux will occur. The expressions for the net turbulent
energy flux, Fr, and momentum flux, F.., between sub-
channels can be given, respectively, by {19]

Fy= pwysdh (11)
and

Fo=Fpw U (12)

where 4dh and 4U are the average enthalpy and
axial velocity difference between subchannels, and F,
is a correction factor which is related to the differ-
ence between turbulent energy and momentum tran-
sport. The turbulent cross-flow flux can be expressed

as diffusive energy flux between centroids of subchan-

nels, by introducing a mixing factor[20~23], can be
given as

Fy= sYp% (13)

where ¢, Y and 4y are, respectively, the reference tur-

bulent eddy viscosity, a mixing factor and the cen-
troid or mixing distance between subchannels. Inges-
son and Hedberg[24] used the eddy viscosity at the
center of a circular tube as a reference eddy viscosity,

ie.,
e=f,/8)"3Re/20 (14)

where f. and v are the friction factor of a circular
tube and a kinematic viscosity of a fluid, respectively.
Equating Eq.(11) to Eq.{13) vields

Y=w,dy/e (15)
Moller{20] obtained the mixing velocity by supposing

that the dominant frequency eddies are responsible
for the turbulent mass flow exchange between the

dJ. Korean Nuclear Society, Vol. 28, No. 1, February 1996

gaps. However, in the present study, we considered
that all the different size eddies are contributing for
turbulent cross-flow mass exchange. This consider-
ation led to that effective mixing velocity, weff, equals
to the azimuthal turbulent velocity, w’ . However, weff
is not available in the present measurement, weff/wef-
f(far downstream)=u’/u’ (far dwonstream), was as-
sumed at the central region in the gap. This assump-
tion is valid in the present P/D ratio range by refer-
ring to Trupp and Azad[25] and Rehme[3]. In Fig.
24, local mixing factor, Y, nondimensionalized by
that far downstream, Y., was obtained and compared
with the local heat transfer rate[18] , Nu, nondim-
ensionalized by that far downstrem, Nu,. Mixing fac-
tors show the highest value near spacer grid and
they decrease rapidly up to about x/Dy, =15. A fitted
correlation for mixing factors was obtained as

Y/ Yo — 1+3 ,97558@ ~0.387(x/ D, +0.57) (16)

- Y/ Ya =1+3.97558¢ ~0.387(x/ D, +0.57)
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Fig. 24. Local Mixing Factor Compared with Local Nus-
selt Number
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This correlation is compared with that of local Nus-
selt number in Ref. 18 for the spacer grid with the
nearly same blockage ratio as the present. Local Nus-

selt number correlation is given as

Nu/Nu,=1+0.672¢ SBFPD 49

The tendency between mixing factors and Nusselt
number is the same. Both of them, near spacer grid,
decays rapidly with x/Dy exponentionally. As a matter
of fact, mixing factors are not compared with local
Nusselt number quantitatively, since local Nusselt
number is global phenomena in a flow cross-section.
Thermal phenomena in entire subchannels are gov-
emed by various contributing factors, i.e. forced con-
vective, conductive, and turbulent mixing heat trans-

fer etc.
4. Concluding Remarks

In order to investigate the effects of mixing spacer
grid on the turbulence in rod bundles, the detailed
hydraulic characteristics in subchannels of 5x5 rod
bundles with mixing spacer grids were measured by
using an LDV(laser Doppler Velocimeter). The exper-
imental results led to the following conclusions.

It was generally observed that the turbulent inten-

sity decay rates behind the spacer grid can be explain-

ed by turbulence decay in turbulent flow through
mesh grids or screens, and show similar trends as
mesh grid or screen flows. The flow immediately be-
hind the spacer grid is intensively fluctuating with a
higher turbulence energy and more isotropic than
just before the spacer grid.

For skewness factor, the fluctuation distribution is
skewed upstream of the spacer grid, however just be-
hind the spacer grid after passing through spacer
grids, skewness factors are tended to be normal val-

ues. The effects of the spacer grid on the flatness fac-

tor are not so pronounced in the results.
A mixing factor correlation was generated and
compared with that of nondimensionalized Nusselt

numbers. Finally, the spacer grids actively affect the

turbulent flow of rod bundles up to about x/D, =20
and are significantly influencing the thermal mixing.
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Nomenclatures

D  rod diameter, m

D.  hydraulic diameter, m

F. net turbulent energy flux, J/(m’)

F. momentum flux, kg/(ms?)

F.  correction factor

f  friction factor

fo  Doppler shift frequency, 1/s

h  enthalpy, J/kg

4h enthalpy difference between subchannels, J/kg
P pitch, m

p  pressure, Pa

Re Reynolds number (U.. Dw/v), dimensionless
s rod gap spacing, m

U  axial time mean velocity, m/s

4U velocity difference between subchannels, m/s

entire subchannel average velocity, m/s

2

instantaneous velocity, m/s

e

axial fluctuating velocity, m/s

root mean square of u m/s
subchannel control vol ume in Fig. 23
radial time mean velocity, m/sec
radial fluctuating velocity, m/s

wall distance, m

£ <<rE

azimuthal time mean velocity, m/sec

azimuthal fluctuating velocity, m/s

root mean square of w, m/sec
axial coordinate, m

mixing factor

« < % £ g

traversing coordinate, m
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4y centroid or mixing distance between subchannel-

Q ¥ > R O

. K Rehme,

s m

traversing coordinate, m
Greek Symbols

turbulent eddy viscosity, m?/s

half angle of laser beam intersection, Degree
laser wavelength, m

kinematic viscosity, m?/s

fluid density, kg/m®
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