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SUMMARY

In this paper, the turbulent flow in the entrance region of a simulated rod bundle is investigated.
The test section consists of a 4-rod bundle, in square arrangement, with a pitch-to diameter ratio P/D =
1. 15, Measurements of velocity were made by means of Pitor tubes and hot wires. Dimensionless results show
that the development of the velocity profiles is influenced, as expected, by the walls, due to the non-slip
condition. It is strongly influenced by the narrow gaps as well, so that in that region, the particular features

of the flow development in rod bundles starts.

INTRODUCTION

Rod bundles are the most common geometry of
nuclear reactors fuel elements. The heat generated by the
nuclear reaction is removed by the coolant, usually m
turbulent flow parallel to the rods. The design of the fuel
elements requires the solution of the conservation equations
for mass, momentum and energy, to arrive at their safe and
reliable operation. Detailed expenimental data of velocity,
turbulence and temperature are, therefore, necessary for
wrbulence modeling and code validation.

With this purpose, a lot of effort has being devoted in
the last years to obtain experimental results from the turbulent
flow in rod bundles, showing that the structure of the fully
developed wrbulent flow in this type of channel differs strongly
from the flow in pipes (Rehme, 1987-a). This is due 10 a
process of guasi-periodic flow pulsations in the narrow gaps
between the rods, which is responsible for the mass and heat
exchange between adjacent subchannels (mixing) and, due to
its features, can induce vibrations on the rods (Moller, 1988,
1991, 1992; Wu, Trupp, 1994). The particular geometry of rod
bundles is responsible for this phenomenon.

Entrance effects were not considered in most of the
experimental studies in the literature, although heat is
generated at short distances from rod tip. Heat transfer
coefficients in this region are expected to be higher than in
other regions and there exist a lack of information for the
subsequent structural analysis. The work of Presser, (1967),
dealing with heat transfer and pressure drop in rod bundles, is
singular in the literature considering entrance effects. It is also
the only one in this subject cited by Rehme (1987-b), in his
extensive review about flow through rod bundles. Flow
visualizations with smoke and a high speed camera,
performed by Guellouz and Tavoularis (1995) to complement
their hot wire measurements of developed flow in a
rectangular channel, where a single rod was placed to
simulate the gap region between rod and channel wall, show
the presence of flow pulsations even in regions near the
entrance.

In this paper. the velocity and velocity
fluctuations distributions of the turbulent flow in the
entrance region of a simulated rod bundle are
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investigated with the purpose of determining the
characteristics of the flow development in rod bundles, as
presented in more detail in Panizzi (1998).

APPARATUS AND EXPERIMENTAL TECHNIQUE

The test section, shown in Figure 1, consists of a 4-
rod bundle, in square arrangement, with a pitch-to diameter
ratio P/D = 1.15, placed in a 1370 mm long rectangular
sleeve, with 146 mm height and a width of 193 mm. This
sleeve could be slidden in the main channel, with rectangular
cross section, with 146 mm height and a width of 193 mm to
create the entrance conditions by inserting the rod bundle at
different lengths.

Air is the working fluid, driven by a centnfugal
blower, passed by a settling chamber and a set of honeycombs
and screens, before reaching the rod bundle with about 2 %
turbulence intensity. The rods were hollow with chamfered
edges to reduce disturbances effects that might affect the
formation of the boundary layer at the entrance and a diameter
of 60 mm. One of the rods could be changed, having lengths of
65 mm (L/Dh = 1.62), 350 mm (L/Dh = 8.65), 550 mm (L/Dh
= 13.59) and 800 mm (L/Dh = 19.77). At the external extremity
of the rod measurement probes were placed, allowing
measurements of air flow velocity and wrbulence intensities at
about 30 mm before the outlet of the rectangular channel.
Measurements were performed in a quadrant of the subchannel,
as shown, schematically in Fig. 2 for the Pitot tube.

.IEi.gurc I: General view of the test section. Flow is from
right to left.




Wall shear stresses were measured by a Preston
tube (Patel, 1965), while a Pitot tube was used for
velocity measurements, Both had 1.3 mm external
diameter and were connected to a Hartmann & Braun
ARA 500 pressure transmitter, Velocity and velocity
fluctuations in axial direction were measured by means of
a DANTEC StreamLine hot wire anemometer. Axial
velocity and its fluctuations were measured with a
“boundary-layer” hot wire probe, with a single wire
perpendicular to the direction of the main flow. The
results of the measurements were directly evaluated with
the help of the software StreamWare.

The Pitot tube or the hot wire probe were
mounted in the extremity of the rod with variable length,
as shown in Fig. 3. This positioning device allowed the
radial displacement of the probes, with help of a
micrometer, perpendicular to the rod wall. It could also
be rotated, so that the measurements of velocity and
velocity fluctuations could be performed at vanous
angles, covering 90° starting from the lower narrow gap
between the rods. This procedure allowed measurement
of these quantities in one quadrant representative of the
central subchannel of the test section.

Data acquisition was carried out with help of a
Keithley DAS-58 A/D converter board connected to a
personal computer, with a sampling frequency of 50 kHz
and a time record of 10 seconds.

RESULTS

Velocity Field

Figure 3-a-d shows the dimensionless velocity
profile. The measured velocities are scaled by the mean
friction velocity, given by the local wall shear stress Tw
and the fluid density p, as

w =t I/ p (n

Hence, the dimensionless velocity u” will be
defined as

i o e
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Fig. 2 Schematic view of the subchannel quadrant with
the points for velocity measurement with the Pitot tube.

Figure 2: Detail of the outlet of the test section, showing
the instrumented twbe and the micrometric positioner
with the Pitot tube placed at the lower gap (0"),

and presented as a function of the dimensionless distance
from the wall

o __yu*
§i" = (3)
1

where y is the distance from the wall and v the kinematic
viscosity.

Overbars will denote, henceforth, time averaged
quantities.

For comparison, as a continuous line
Nikuradse's *Law of the Wall” (Nikuradse, 1936)
distribution of the time-averaged velocity of the trbulent
isothermal flow in a smooth pipe, is also shown, given by

ut =25Iny* +55 4)

As the L/Dh ratio increases, experimental
points approach Nikuradse's curve. The influence of the
free stream in the channel is gradually reduced as the
constant dimensionless velocity values at higher y+
values start to follow the slope of the Law of the Wall.
The flow is not completely developed at the largest L/Dh
ratio, although in the regions of the narrow gaps between
the rods the boundary layer formation is complete, since
all data points of the angles 0" to 20" and 75" to 90°
follow the Law of the Wall,

The same velocity fields, scaled with the
reference velocity are presented as contours in figures 4 -
a-d. The smallest L/Dh ratio shows very high velocity
gradients near the walls and the region of constant
velocity in the center of the subchannel observed in Fig.
3. As the L/Dh ratio increases, velocity gradients near the
walls are reduced, while the velocity near the center of
the subchannel increases and, from the narrow gaps
toward the center of the subchannel, velocity gradients
parallel to the walls are being formed. The latter is the
condition of existence of flow pulsations between the
subchannels (Moller, 1988, 1992), which may indicate
that mixing takes place at short distances from the
entrance.




Turbulence Measurements

The normal components of the Reynolds stress
tensor are usually presented in form of turbulence
intensities, i.e. the square root of the mean square value
of the component of the velocity fluctuation in axial,
radial and azimuthal directions, respectively, scaled with
the friction velocity. Figure 5-a-d shows the distribution
of the axial component, given by

Va? Jus.

For comparison, results for pipe flow are
presented as a dotted line (Lawn, 1971).

In the entrance, experimental values of axial
turbulence intensities are scattered, showing the influence
of the channel turbulence. As the L/Dh ratio increases,
experimental points tend to approach pipe flow results,
although some scattering is still observed for the largest
L/Dh ratio, indicating again that the flow is not entirely
developed. On the other side, in the regions of the narrow
gaps the data points follow the same distribution of the
fully developed pipe flow. Near the largest distance from
the wall, at 20-25° and 75° a small growth of the
turbulence intensities is observed, similar to the results of
Rehme (1986) indicating the presence of flow pulsations
(Mdller, 1988, 1991).

Spectral analysis

The Fourier Analysis is a valuable 1ool for the
study of random phenomena being widely applied to
turbulence studies. Usually, random data are presented in
form of time series, representing a continuous (analog)
function of time, sampled for digital analysis with a
frequency f as a sequence of numbers at regular time
intervals.

The autospectral density function (or power
spectrum) represents the rate of change of the mean
square value of a certain time function x(t) with the
frequency f (Bendat and Piersol, 1986).

1 [8 5
¢“{"”=EJ-| x“(f B, 1)di (5)

|

where 8 is an adequate integration (observation) time and
B the bandwidth.

In the Fourier space, the autospectral density
function will be defined as the Fourier transform of the
autocorrelation function R, (1), defined as the mean value
of the product of this function at a time t, with its value at
atime (+1.

Let x(1) be a generic function of time, so that a
correlation function of x(t) can be written as

1
R.(1)= Eﬁx(r)x(r +T)dt (6)

The function defined via equation (6) is called
autocorrelation function, when divided by the mean
square value of x(t), will be called autocorrelation
coefficient function, noted by C,.. The autospectral
density will be given by
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Fig. 3: Dimensionless logaritmic velocity field: (a) L/Dh
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Pxx(f)= I:R_u (e 2T 4y

In this research work, time function x(t) is the
axial velocity fluctuation of the flow,

The autospectral density for the position at
8 =65 L/Dh = 13.5, is shown in Fig. 6. The choice of
this measuring point is based on results by Rehme (1987-
a), Moller (1988, 1991) and Wu and Trupp (1994) that
show that flow pulsations appear in the axial direction at
locations were a small growth of this component of the
turbulence intensity is observed near the largest distance
from the wall. The analysis of the spectra in all L/Dh
ratios allows to identify the small peak at about 40" as
produced by the rod bundle, other peaks are attributed to
the channel, since they appear in all spectra measured,
with decreasing intensity as the L/Dh ratios increase.

This frequency can also be identified in the plot
of the autocorrelation, Fig. 7, where this function
presents an oscillation with a period of about 20 to 25
ms, corresponding to a frequency of 40 o 50 Hz. By
calculating a Strouhal number with the hydraulical
diameter and the friction velocity at the nearest gap, a
value of Str=4.72 is obtained, 17 % lower than the value
obtained for this P/D ratio (Str = 5.69) through the
relation (Moller, 1988, 1991)

sl = osos% +0056 (8)

where S is the gap width (P-D).

CONCLUSIONS

This paper presents the experimental study of
the flow development in one quadrant of a subchannel of
a simulated rod bundle.
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Fig. 6: Autospectral density of the axial turbulence
intensity at 8 = 65 ™ L/Dh = 13.5.
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Fig. 7: Autocorrelation function of the axial turbulence
intensity at 8 =65 ™ L/Dh = 13,5,

Dimensionless  results  show  that the
development of the velocity profiles is influenced, as
expected, by the walls, due to the non-slip condition. It is
strongly influenced by the narrow gaps as well, so that in
that region, the particular features of the flow
development in rod bundles starts,

Results of axial turbulence intensities and of
autospectral densities and autocorrelation functions show
that the phenomenon of flow pulsations, responsible for
the mass exchange between subchannels starts during the
flow development.

This study considered only entrance effects due
to the boundary layer formation on the rods, since they
were hollow to avoid entrance effects due to flow
acceleration around plugs in their extremities or other
structural elements like perforated plates, as in actual fuel
elements. Future work will consider this aspect. Effects
of flow redistribution due to asymmetric entrance
conditions will also be studied.
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LIST OF SYMBOLS

Cot Autocorrelation function - (m/s).

D Rod diameter - m,

f Frequency - Hz.

4 Pitch - m.

Ryw Autocorrelation coefficient function.
Re Reynolds number (U, Do/ V).

S Gap width (P-D) - m.

Str Strouhal number (f.D/u*).

t Time - s,



U Axial velocity - m/s,

u' Axial velocity fluctuation - m/s.
Un Mean axial velocity - m/s,

L3 Maximal axial velocity - m/s.

u* Friction velocity (1,/p)”"? - m/s.

u+ Dimensionless velocity (U hu*).
y Distance to pipe wall - m.
y+ Dimensionless wall distance (yu*/v).

[ Autospectral density function - (m/s)*/Hz.
v Kinematic viscosity - m’/s.

P Density - kg/m’.

e Anguiar position - deg.

T Time lag for autocorrelations - s.

Wall shear stress - Pa.

Va? Ju» Turbulence intensity.
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