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ABSTRACT

Experimental studies have shown that the axial and azimuthal
turbulence intensities in the gap regions of rod bundles increase strongly with
decreasing rod spacing; the fluctuating velocities in the axial and azimuth aí
directions have a quasi-periodic behaviour. To determine the origin of this
phenomenon, an its characteristics as a function of the geometry and the
Reynolds number, an experimental investigation was performed on the
turbulent flow in several rod bundles with different aspect ratios (P/D, W/D).
Hot-wires and microphones were used for the measurements of velocity and wall
pressure fluctuations. The data were evaluated to obtain spectra as well as
auto and cross correlations. Based on the results, a phenomenological model is
presented to explain this phenomenon. By means of the model, the mass
exchange between neighbouring subchannels is explained.

INTRODUCTION

Experimental studies on turbulent flow along rod bundles have been
performed during the last years with the purpose of obtaining data on flow
velocity and turbulence distributions, necessary for turbulence modelling and
code validation. \ detailed review of the experimental works is given in Ref.

[1]. The results of these experiments show that the turbulence intensities in
the gaps are strongly anhotropic and higher than in pipe flow. The azimuth a I
component of the turbulence intensity has local maxima at the center of the
'gaps between the rods and between the rod and channel wall, respectively,
while the axial component shows local maxima at a position about 20° from the
gap between the rods and at about 25° from gap between the rod and channel
wall. The turbulence intensities increase when the gap width is reduced.
Across the gaps there is a quasi-periodic flow process which can be called
"flow pulsation".
This phenomenon was observed for the first time in 1964 by Hofmann
[2], as he measured the local heat transfer coefficient in a 7-rod-bundle. By
reducing the gaps between the rods and the channel wall he found unexpected
high heat transfer coefficients. This was explained by the presence of a
transverse component of the flow velocity, observed by means of flow
visualisation experiments.
Relative maxima of the turbulence intensities in the axial direction on
both sides of the gap, at positions of about 15° to 20° from the gap, were
found by Rowe [3] in his experiments with rod bundles of P/D=1.25 and
P/D-1.125 with water as working fluid using LDA-technique. His results show
that the turbulence intensities increase when the gap width is reduced. Auto
correlation functions of the axial fluctuating velocity indicated the existence of
periodic flow pulsations in the gap region, which he associated with the mixing
process between subchannels.
Hot'Wire measurements in air flow through two rod bundles in a
square array (P/D S 1.194, P/D=1.107) were performed by Hooper [ 4 ] , The
results showed the evidence of an azimuthal momentum transfer process across
the gap, which was more intense in the rod bundle with the smaller P/D-ratio.
Hooper and Rehrne [5,6] demonstrated with measurements the
presence of quasi-periodic flow pulsations between neighbouring subchannels.
Near the gap, tho spectra of the axial and azimuthal components of the
fluctuating velocity have a pronounced peak at a certain frequency. For one
rod bundle, they showed this frequency to bo a linear function of the Reynolds
number.
The purpose of this paper is to determine the origin of the flow
pulsations in rod bundles and their features as a function of the bundle
geometry and the Reynolds number. More details may be found in Ref. [ 7 ] .
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APPARATUS AND EXPERIMENTAL TECHNIQUE

The experimental setup consists of a 7 m long rectangular channel
with four aluminium tubes which simulated the rods. The geometry of the
bundle could be changed by displacing one of the short walls or by using tubes
with different diameters. The measurements wore performed at about 20 mm
before the outlet. Air was the working fluid. A schematic of the cross section
of the channel is shown on Fig. 1 together with the locations of the
measurements described below. Main dimensions of all geometries investigated
are listed in Table I.
The experiments were controlled by a PDP 11/23 computer [8].
During an experiment, a Pitot tube placed in the center of one of the corner
subchannels was used to measure a reference velocity, which for the standard
conditions (P alm s O.T MPa, T=25°C) was U ref =27.75 ms" 1 . The value of U r e f
was maintained constant by adjusting the speed of the air blower to compensate
atmospheric variations and thus to keep the Reynolds number constant during
an experiment.
- The flow velocity was measured with a Pitot tube and the wall shear
•stress with a Preston tube; the outside diameter of the probes was 0,6 mm.
Measurements of all Reynolds stresses were performed only on the rod bundle
With P/D=W/D=1.072 by DISA constant temperature anemometers. A single wire
perpendicular to the main flow was used to measure the turbulence intensity in
the axial direction ( * / ? ) . The other components ( A ^ , /w J ) and the shear
stresses (uv~, üw~, vw) were obtained using a slant* ire probe. The method
usod for the evaluation of the results was that proposed by Hooper [4,9].
For the determination of power spectra and correlations, microphones
and hot-wires were used. Condenser microphones (Druel & Kjacr Type 4138)
flush-mounted with the channel walls were applied for the measurement of the
wall pressure fluctuations. The fluctuating velocities ware measured by means
of DISA double-hot-wire probes. The probes had one wire perpendicular to the
main flow and one 45° slant wire, allowing the simultaneous measurement of two
components of the turbulent velocity. The method proposed by Hooper was
adapted for the evaluation of the signals of the hot-wires to obtain the
momentary values of the fluctuating velocities.
At first the flow velocity and wall shear stress were measured. Dy
integration of the measured velocities the mean subchannel velocity during an
experiment was obtained for the calculation of the Reynolds number.
Afterwards the hot-wires were installed; one probe was placed in the center of
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a gap while a second one was moved to different positions. The fixed probe was
placed in the gap between the rods, while the other probe was moved to
different positions on the symmetry lino of the subchannel or along a line
parallel to the rod wall; two microphones were placed symmetrically at the
opposite channel walls. For the measurements in the region between rod and
channel wall, the fixed probe was installed in the gap between rod and channel
wall, while the second one was moved to several positions along a line parallel
to channel wait; the microphones were placed on both sides of the gap. This
case is shown In Fig.1 and refers to the experimental results shown in this
paper.
The output signals of the hot-wires and of the microphones were
recorded simultaneously with an analog "FM" tape recorder for spectra and
correlation measurements. Afterwards they were digitized and stored on a
digital tape for the evaluation of the results on the KfK main computer. Each
record was digitized .twice in order to obtain a good resolution of the results in
the whole range investigated. The first digitization was performed with a
sampling frequency of 2000 Kz with an anti-aliasing filter set at 640 Hz; for the
second digitization, a sampling frequency of 32 kHz was used and the filter was
set at 12,8 kHz. The resulting series had each 61440 elements. The
corresponding real times were 30.72 s for the first digitization and 1.92 s for
the second digitization. From the series of the first digitization, spectra up to
500 Hz with a bandwidth of 3.9 Hz as well as auto, cross correlations 2nd
correlation functions wore determined. Spectra from 500 to 12800 Hz with a
bandwidth of 62.5 Hz were determined from the second digitisation. The
FTFPS-subroutine of the IMSL-Library [10] was used for the calculation of
spectra.
The measurements of the velocities, wall shear stresses and the
Reynolds stresses were performed fully automatic controlled by a PDP 11/23
computer, which adjusted the speed of the blower, positioned the probes, and
executed the measurements [8]. The recording of the output signals of the
microphones and of the double-hot-wire probes was done by hand, while the
computer controlled the blower and the positioning of the probes. The same
computer was also used for the digitization of the signals and the subsequent
recording of the series on the digital tape.

•*
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EXPERIMENTAL RESULTS

Axial velocities
The axial velocities measured with a Pilot tube in the rod bundle
with P/D=\Y/D=1.07

are shown in Fig. 2 as contours. The experimental

velocities are related to the reference velocity U

,=27.75 ms

Power Spectra
The spectra of two components of the fluctuating velocity in the gap
between rod and channel wall are shown in Fig. 3 (P/D-W/D-1.072). The
spectrum the axial component is similar to those observed in pipes [11],
however, the azimutha! component shows a very pronounced peak at 62.5 Hz.
At the location of this measurement, the azimuthal turbulence intensity has a
local maximum [ 1 ] .
At a location 20 mm from the gap, the peak in the spectrum of the
azimuthal component is weaker than in the gap, but the spectrum of the axial
component shows a pronounced peak at the same frequency as the azimuths!
component, i. e. at 62.5 Hz (Fig. 4 ) . Near this location on the line of the
maximum distance normal to the wails, the axial turbulence intensity has a local
maximum [ 1 ] .
The spectra of the wall pressure fluctuation on both sides of the gap
between rod and channel wall are.shown on Fig. 5. The microphones were
placed at 35 and 25 mm from the gap. The spectra exhibit not only the
characteristic peaks of the flow near the gaps, -but also various narrow peaks
which disappear in the spectrum of the pressure difference P a 'Pu since they
have same phase and intensity and are supposed to be produced by resonances
of the test section. In the spectrum of the pressure difference, the peak
corresponding to the flow pulsation is magnified, and lies at the same
frequency as in the spectra of the fluctuating velocities.
The investigation of the dependence of the peak-frequency on flow
velocityyields that the frequency increases with increasing the flow velocity.
This confirms previous results by Hooper and Rehme with one rod bundle [ 6 ] .
The frequency is also a function of the gap width: for the same Reynolds
number, the frequency increases if the gap width is reduced. The nondimensional frequency of the peaks in spectra is a Strouhal number
Str t = f D / u*,

(1)

- 6 With the rod diameter D and the friction velocity
«* = / t

w

/ p.

(2)

The inverse value is plotted in Fig. 6 versus the Reynolds number
-Ro=Um De / v,

(3)

With D as the hydraulic diameter and the dimensionless gap width S/D (P/D-1
or W/D-1) as a parameter, for three different rod bundles with P/D="1.036,
1.072, and 1.148, all having a constant W/D=1.072. The Strouhai numbers do
not depend on the Reynolds number, but they depend on the gap width: for
the smallest S/D the Strouhai number is the highest (the lowest inverse value)
of the three geometries investigated. This shows that the Strouhai number is a
only function of the geometry, therefore, its inverse value can be expressed,
by means of linear regression, as a function of the geometry, i.e. of the
dimensionless gap width S/D, as shown on fig. 7, thus
Str^= 0.808 S/D • 0.056.

(4)

The upper and the lower bounds denote the standard error (9.13 X) of the
calculation of the spectra. In addition, there is the error due to the resolution
of the spectra. The bandwidth is 3.9 Hz in the frequency range where the flow
pulsations occur.
Correlation analysis
The cross-correlation function of two quantities x(t) and y(t) is the
average product of x(t) at a time t with y(t) at, a time (t+x) for an appropriate
averaging time t. [12):
'
R xy (O

s

, t.
tb"' J0D x(t)y(fi)dt.

(5)

The ratio of the cross-correlation function at a time lag i to the
square root of the product of the auto-cor relation functions of the two
quantities at TS0 is called cross-correlation coefficient function:

e W = H (,)/f\j«i V o ) -

<6>
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For simplicity Cxy (x)wiil be called here cross-correlation,
Figure 8 shows the cross-correlation between the azimuthal
components of the fluctuating velocity in the center of the gap between the rod
and channel wall at the positions 1 and 2 (Fig. 1) for the rod bundle with
P/D=W/D=1.072. The distance between gap and the locations 1 and 2 is 20 and
40 mm, respectively. The cross correlations oscillate with a period of 16 ms,
and have very high maxima and minima. The functions correlate very strongly,
even for the location with largest distance. Another important feature of these
functions is that the absolute maximum appears on the negative time axis, with
a delay time that increases with the distance. This demonstrates a preference
of the direction of "w" always from the center of the sub-channel towards the
gap.
The correlation function, which was first introduced by Taylor, can
give a quantitative statement regarding the spatial structure of turbulence by
simultaneously observing the velocity fluctuations at two different points of the
flow field [13]. Taylor's correlation function can be defined as the value of the
cross-correlation at a time lag of zero.
In Fig. 9 C
is the correlation function of the axial fluctuating
* velocity and C
of the azimuthal velocity taken on a line parallel to the
channel wall and referred to the corresponding fluctuating velocities at the
center of the gap (P/D=W/D= 1.072). The extension of the correlation functions
of both components of the fluctuating velocity indicates the presence of a large
scale turbulence structure in the gap region and that the effects of the flow
pulsations propagate over a large region of the sub-channei.

THE PHENOMENOLOGICAL MODEL

Turbulence is a phenomenon of strong vortex motion in a flow, where
curl U exists and does not vanish [14], The vorticity vector can, in vectorial
notation, be expressed as

V e«k fe,uk •

<7>

It is often possible to obtain a qualitative view of the distribution of
vorticity throughout the fluid from the inspection of the boundary conditions
[15). In the flow field shown in Fig. 2 a strong rotational field can be seen,
not only parallel to the walls, but also perpendicular to the walls due to the
strong azimuthal velocity gradient on both sides of the gap.
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From equation (7) it is clear that the vorticity at a wall is the partial
derivative perpendicular to the wall of the velocity vector, therefore, wall
turbulence consists of large oddios rotating toward the wall, fig. 10. Their
motion is obstructed by the wall, and they decay in smaller eddies while
transported by the main flow. In this motion, large eddies whithdraw energy
from the main flow and transfer it to the small eddies, in a constant "stream of
energy" from the larger to the smaller eddies [16].
In the gap a similar phenomenon occurs, but there is no wall to
obstruct the motion of the eddies which stem from the vorticity field
perpendicular to the walls and which are strongly influenced by vorticity
parallel to the walls. Assuming that the turbulent flow is fully developed and
that the test section is long enough to complete flow redistribution caused by
the inlet conditions, the flow on both sides of a gap between two identical
subchannels is symmetric with respect to the gap, with identical velocity
profiles, i. e. identical vorticity fields. The eddies are generated on both sides
of the gap turning one against the other in a meta-stable equilibrium. There is
no mass or momentum exchange between the subchannels, as shown in Fig. 11,
However, these ideal conditions cannot exist, since the subchannels
are not equal due to geometrical tolerances. Therefore, different velocity
profiles with different vorticities will occur on both sides of the gap. Since no
wall is there to obstruct the motion of the eddies, they continue to rotate and
cross the gap, while they are transported by the main flow. From the adjacent
subchannel, in a similar way, eddies rotating in the opposite direction cross
the gap and so forth, Fig. 12. This local phenomenon propagates throughout
the subchannel and, thus, destroys a meta-stable equilibrium which may occur
in other gaps. The resulting motion, shown schematically in Fig.13, is very
similar to a von Kármán vortex street with a stable and ordered pattern;
A - At some distance from the gap, corresponding to the local maximum
of the axial turbulence intensity, the spectrum of the axial component
of the fluctuating velocity has a peak at a certain frequency as well
a» the azimuthal component.
B - Directly in the gap, corresponding to the maximum of the azimuthal
turbulence intensity, a peak appears only in the spectrum of the
azhnuthal component of the fluctuating velocity.
The quasi-deterministic features of this motion, the large distances
over which the turbulence components correlate and the size of tho eddies,
allow to classify the turbulence structure in the gap region of rod bundles as a
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coherent structure [17]. This motion is responsible for the mass exchange
between subchannels of rod bundles.
The analysis can be suported - by a comparison between the
distribution of the vorticity perpendicular to the wall and the azimuthal
component of the Reynolds stress uw, Fig. 14. Doth show a similar distribution
with local maxima located at almost the same positions. This means that the flow
pulsations between subchannels of rod bundles is a phenomenon generated by
the turbulent motion itself. The particular geometry of rod bundles leads to
this quasi-periodic behaviour.

SUMMARY AND CONCLUSIONS

An experimental study of the turbulent flow through rod bundles
with several aspect ratios was performed to determine the origin of the flow
pulsations between the subchannels. Based on the distribution of velocity and
turbulence measurements a phenomenological model was suggested which
, describes the formation of large eddies near the gaps and their effect on the
fiuid motion through rod bundles.
An empirical equation was developed for the determination of the
frequency (Strouhal number) of the pulsation as a function of the geometry.
The flow pulsation is the origin for the good mixing between subchannels. By
this means, the high local heat transfer coefficients, as well as the transverse
flow component, which were observed by Hofmann, are explained. The cyclic
momentum exchange between the subchannels observed by Hooper and Rchme is
also explained.
Since the flow pulsations consist of large regular eddies, with a
regular frequency, generating a pressure field around the rods with the same
frequency of the pulsations, it is possible that they give rise to one of the
generating mechanisms of flow induced vibrations in rod bundles [18].
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NOMENCLATURE

C
D

(T)

Cross correlation coefficient function.
Rod diameter - m.

D

Hydraulic diameter - m.

®iik
f
fs
L

Unity tensor.
Peak frequency in spectra - Hz.
Sampling frequency - Hz.
Channel width - m.

p
p .
P
X
Re
R (t)
R (T)
S
Str
t
fcj
T • .
u
u*
U
U #

Pressure fluctuation - Pa.
Atmospheric pressure - Pa.
Pitch - m.
Coordinate - m.
Reynolds number (U D / v ) .
me
Auto correlation function.
'
Cross correlation function.
Gap width - m.
.
•
Strouhal number (f D/u*).
Time - s.
Integration time for correlation - ms.
Temperatura - °C.
Axial fluctuating velocity - m s .
Friction velocity - m s" .
Mean subchannel flow velocity - m s .
Reference velocity - m &' ,

U

Time average flow velocity - m s" .

V

Radial fluctuating velocity - m s" .

w

Azimuthai fluctuating velocity - m s

W
4

Distance between rod and channel wall plus rod diameter - m.
Angular position - dog.

A '

Normalized standard error.

.
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p
f

2 -1
Kinematic viscosity - m s .
_3
Density - kg in .
Time lag - ms.

t

Wall shear stress - Pa.

•«CO'
Ü

2-1
2-1
Frequency spectrum - (m/s) Hz or Pa Hz .
Vorticity vector - s" .

v
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Fig, 1 : Cross section of the channel with location
of the measurements.
Table I - Main dimensions of the test section. '
- Symmetrical arrangement:
W/D

I/CMS
1,071
V,071
1,071
1,072
1,071
1,071
1,147
1,147
1,183

P/D

1,149
1,007
1,017
1,036
1,072
1,100
1,148
1,037
1,147
1,224

e
mm

mm

mm

mm

mm

47,29
44,67
45,92
48,11
52,65
55,57
60,85
59,22
71,58
76,10

139,0
157,5
157,5
157,5
157,5
157,5
157,5
139,0
139,0
139,0

20,66
1,14
11,35
15,79
23,24
5,12
20,50
31,09

6,09
11,24
11,24
11,19
11,39
11,19
11,18
20,38
20,46
25,50

700,0
656,0
6G1,2
669,7
686,8
700,0
722,6
612,2
658,9
700,0

mm

mm

mm

mm

mm

42,56
76,10

139,0
139,0

5,00
5,00

9,96
31,06

2,75
5,72

- Asymmetrical arrangement:
W/D

1,072
1,223

P/D

1,036
1,036

D.

e
612,2
612,2

I I I 1 I I I I I I I I I I II

i i i i i i i i
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Fig. 2: Contours of the axial velocity.
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Fig. 3: Spectra of the axial (a) and azimuthal (b)
components of the fluctuating velocity in the
centor of the gap between rod and channel wall.
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Fig. 6: Strouhal number (Str f ) as a function of
the Reynolds number with the dimensioniess gap
width as parameter.
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Fig, 7: Strouhal number (Str f ) as a function of
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(P/D=W/D=1.072, Re=8.5»lCr)
Fig. 8: Cross-correlation of the azimutlial
fluctuating velocities in the gap between rod and
channel wall and at locations 1 and 2.

Fig. 9: Correlation function of the axial and
azimuthal components of the fluctuating velocity
along a line parallel to channel wall.
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Fig. 10: Large eddies at a wall (schematic).
Fig. 11: Large eddies at the- gap - ideal case
(schematic).

Fig, 12: Large eddies at the gap • actual case
(schematic).

Fig. 13: Schematic representation of the eddy
flow at the gap.
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(P/D=W/D=1.072,

Re=8.5*104)

Fig. 14: Vorticity field normal to th© walls (a)
and Reynolds stresses parallel to the walls (b).

