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SUMMARY

A six rod cluster rig was built to study the structure of turbulent velocity and pressure
fluctuations in a closely spaced square-pitched array of rods. The test section contains six
14 cm diameter rods arranged in two four rod subchannels, which are interconnected
across one rod gap; spaced at a pitch to diameter ratio of 1.193, and having a total length
of 9.14 metre. Walls were inserted in all other rod gap areas, and the effect of these walls
on the average velocity distribution in the interconnected gap region was compared num-
erically to the distribution for an infinite array, and this showed that the effect of the walls
was negligible for the chosen pitch to diameter ratio. This fact was confirmed experimen-
tally by Preston tube measurement of the wall shear stress distribution for the top and
bottom centre rods, showing that the effect of the wall extended approximately 30° around
the rod.

An investigation was made of the spectra of the dynamic pressure and the structure
vibration for the 45 kW centrifugal air blower; calming entry drum to the rig; and test
section, as a function of Reynolds number, for the range of 104 to 2.4 x 10%. The spectra
showed that some of the lower frequency pressure components of the blower were pro-
pagating through 15 metre of 20 cm diameter ducting to the drum and test section, and
exciting mechanical vibration of the test section. Approximate calculations of the possible
flexural mechanical resonances of the system indicated that the frequencies contained in
the pressure field were near some of the resonances, which would enhance the flow in-
duced vibration. This far field pressure effect was most evident at the lower Reynolds
numbers.

As the Reynolds number was increased above 1.1 x 105, a large low frequency peak de-
veloped on the pressure spectra of the test section. This effect was considered a near field
phenomenon, and associated with the local turbulent boundary layer. It is thought that
this peak in the spectrum, which is very dependent on the Reynolds number, is associated
with the growth of secondary flow components in the test section. The intensities of the
turbulent flow components were measured by hot wire anemomety, and showed a similar
magnitude to reported work in three rod subchannels.

An important finding of the investigation, apart from the propagation of source pres-
sure fluctuation to a large distance downstream, is the growth of the large low frequency
peak in the pressure spectra of the rig at high flow Reynolds numbers, which was not
matched by a corresponding peak in the rig vibrational spectra. This effect, considered to
be characteristic of secondary flows in large closely spaced rod arrays, could provide an
energetic source for flow induced vibration if its frequency was coincident with a mechan-
ical resonance.
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1. INTRODUCTION

Prediction of the vibrational response of a fuel pin, cooled by an axially flowing
turbulent fluid contained in the closed heat transfer system of a nuclear power reactor,
requires in part a knowledge of the local fluid pressure field fluctuations. This field con-
sists of a near field boundary layer noise, and a far field pressure noise generated by
remote system components. Sources of this far field pressure include flow pulsations
generated by the pumps, vortex shedding over surfaces projecting into the flow, such as fuel
pin grids and spacers, and fluid pressure fluctuations generated by the vibration of
structures remote to the fuel assembly. Both the far field system generated pressure noise
and the local turbulent boundary layer near field pressure fluctuations were measured in an
experimental rig approximating a fuel bundle arranged in a closely spaced square pitch array.
Although the far field pressure component, largely determined by the pump pressure noise and
the design of the flow ducting upstream of the test section, is the major component, it is
important to measure the near field boundary layer pressure fluctuations when examining the
lower frequency pressure pulsations. A significant proportion of the energy associated with
turbulent velocity fluctuations occurs at frequencies < 10 Hz, and the same effect is
observed for the pressure fluctuations.

2. EXPERIMENTAL ARRANGEMENTS

2.1 Experimental Rig

The rig consisted of six rods of 14 cm diameter arranged in two four rod subchannels,
which were interconnected across one rod gap to form the test section (Figure la). The rod
pitch/diameter ratio was 1.193, with a total test section length of 9.14 m. The effect of
the walls inserted in all other rod gap areas was investigated numerically. {Hooper, 1.}
For this pitch/diameter ratio the study showed that the effect of the wall was propagated
only a very small distance into the subchannel; this has been confirmed experimentally by
measurement of the wall shear stress variation with preston tubes {Hooper, 2}. The measured
wall shear stress distribution around the top and bottom centre rods of the array showed
that the effect of the wall extended ~30° around the rod, and the symmetry of these
distributions indicated the symmetry of flow conditions in the two subchannels. This
symmetry was confirmed by measurement of the mean velocity profiles in both subchannels.

Air was used as the working fluid, and a two-stage 45 kW centrifugal blower was used to
deliver air to the test section through 20 metre of 20 cm diameter ducting and a 1.2 m
diameter settling tank in a single pass system (Figure 1b). The total air flow was measured
by orifice plate before entry to the settling tank, and the pressure gradient along the rig
determined by 19 equally spaced static pressure tapping points. The rig pressure spectra
were measured 30° from the rod gap area on the top central rod of the array, (Figure la),
and 66 hydraulic diameters from the entry drum.

The delivery system of the blower was designed either to blow air through the ducting
to the test section (normal flow), or to draw air through the test section (reverse flow).
The rig pressure spectra for reverse flow were measured 93 hydraulic diameters from the rig
entry, and at a corresponding location on the top central rod. This reverse flow mode was
used to greatly reduce the effect of far field blower pressure noise, and to reduce the
pressure field generated by the settling tank. The range of the flow Reynolds numbers for

the noxrmal mode was 104 to 2,3 x 105, and in the reverse flow mode 10% to 1.4 x 10°.
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2.2 Instrumentation

The pressure spectra measured on the test section, flow entry drum and blower outlet
were determined by means of a B & K 3.8 mm diameter condenser microphone, with a flat
frequency response of 15 to 20 kHz. The supplied microphone response curves showed a 3 dB
drop in response for the microphone and preamplifier at 5 Hz. The microphone used was
calibrated by means of a piston-phone over the frequencies 15 - 600 Hz, and had a linear
response in this frequency range. The pressure fluctuations were measured by means of a 1.2
mm diameter static tapping hole in the test section wall, to which the microphone was
connected by a rubber compression ring.

The effect of varying the connecting volume of air between the wall of the test section
and microphone sensor was shown experimentally to be negligible in the frequency range used
in the spectral analysis, 1 - 500 Hz. The use of larger connecting air volumes, when tested
to a higher upper frequency limit, revealed sources of error due to the generation of guarter
wavelength air oscillations in the connecting volume, and the progressive attenuation of the
higher frequency components of the signal. Our primary aim was to measure the high energy
low frequency portion of the pressure spectra, which is of primary interest in the study of
flow induced vibrations. The nature of the higher frequency section of the pressure spectra
has been adequately specified by others {Willmarth & Yang 3, Chen & Wambsganss 4}.

The vibrational response of the test section, entry drum and blower was measured by
means of an accelerometer, next to the pressure tapping. All spectral data were obtained by
means of a Spectral Dynamics Corporation model SD 301 B analyser, which was interfaced to a
PDP 11/10 computer. The spectrum analyser determined the amplitude spectral density at 500
discrete points over the selected frequency range of 1 - 500 Hz, with a resolution of
approximately 1.5 Hz.

3. CALCULATION OF NATURAL FREQUENCIES OF THE SYSTEM

The calculation of the noxrmal vibrational frequencies for the experimental system is
made difficult by the various interconnections; however, an estimate of these frequencies
can be obtained by considering each rod as a simple fixed-free cantilever. The inter-
connecting pieces act as perturbations, causing the estimates of the resonant frequencies to
be slightly in error.

The resonant frequencies for a fixed-free simple cantilever can be computed using

equation (1),

m
£ Lx e s 2, (L
21.2
where fn is the resonant frequency, L the length of the cantilever (9.14 m), K the radius of
gyration of a cross-section (0.0667 m), (Y/p)% the velocity of longitudinal waves {~ 5,000

ms 1), and Bn having the values,

8, = 0.597
B, = 1.494

By = 2.5

B = n-%(n>2 .
n

Using equation (1) the resonant frequencies below 500 Hz are (to the nearest Hz) 2, 14, 39,

77, 127, 190, 265, 353, and 454 Hz.



D 3/10

4 EXPERIMENTAL RESULTS

4.1 Normal Flow Conditions - Blower to Test Section

The pressure amplitude spectra of the two-stage centrifugal blower, measured at the out-
let section for Rn = 1.0 x 10" to 2.3 x 105 is shown in Figure 2. The pressure spectra show
discrete maxima, confined to a narrow band of frequencies, with both the amplitude and
frequency of these maxima strongly dependent on the Rn. For the lower flow range, including
Rn = 1.0 x 10* to 1.2 x 105, the maxima occur at frequencies near 48, 125, and 175 Hz. The
peak at 125 Hz is of most significance, and at a Rn of 1.0 x 105 this frequency contained
~34% of the signal energy. The higher Rn have peaks near 41 and 75 Hz, and the frequency of
these maxima drops slightly with increasing Rn.

The vibrational spectra of the blower over the same flow range is shown in Figure 3, and
for the lower flows the 48 Hz pressure maxima coincides with a maxima in the blower vibrating
spectra. The consistent shape of the vibration spectra for different Rn, compared with the
pressure spectra, suggests that there may be sufficient reciprocal coupling between the air
flow and the blower structure to cause the pressure field to successively lock onto different
vibrational modes.

The pressure spectra of the rig entry drum are shown in Figure 4. At the lower flow
rates, Rn < 7.0 x 10%, few of the pressure pulsations generated by the blower are present in
the drum to any significant extent. At higher flow rates, the maxima in the blower pressure
spectra, centered around 41, 75 and 125 Hz, form a significant proportion of the drum
pressure energy. The vibrational spectra of the drum (Figure 5) show very little response
near 240 Hz, suggesting that vortex shedding by the orifice plate may be the primary source
of this pressure noise.

The pressure spectra of the test section at the lower flow rates show that the maxima
in the pressure spectra of the blower are transmitted at a significant level to this location
(Figure 6). At Rn = 9 x 10%, the energy associated with the pressure maxima centred at 125
Hz comprises ~ 58% of the rig pressure signal, and this same peak in the drum pressure is
~51% of the pressure signal energy. At Rn = 1.0 x 105, the relative proportion of the test
section pressure signal centred at this same frequency is 28%, while in the drum this has
dropped to only 8%. The vibration spectra of the rig, shown in Figure 7, demonstrate that
the pressure maxima generated by the blower excite corresponding vibrations on the test
section for some values of Rn. The large response near 125 Hz is caused by the coincidence
of the frequencies of the driving force and noxmal mode of the rig. The test section was a
relatively stiff structure, as the aluminium tubes forming it were 6.4 mm thick, and held
together in a rigid box structure. The magnitude of the flow induced vibrations in the test
section is less than those induced in the entry drum constructed of thinner sheet metal. The
exponentially decaying low-frequency pressure field, typical of the near field pressure noise
generated by a turbulent boundary layer, is largely swamped by the far field effect of the
blower for this mode of operation. In addition, pressure noise generated in the ducting to
the test section, probably by vortex shedding at the orifice plate, is also larger than the
near field effect.

4.2 Flow Reversed - Rig to Blower

The effect of the far field pressure noise was found to be greatly reduced by reversing
the flow direction, enabling measurements of the near field boundary layer pressure fluctua-

tions. The range of Rn was 1.0 x 10% - 1.4 x 105, and the pressure amplitude spectra for the
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test section are shown in Figure 8. The amplitude of these pressure fluctuations decreased
by a factor of 16, compared to those of normal flow direction; indicating the significance
of the far field pressure noise produced by the blower and flow ducting.

The drum pressure amplitude spectra for the same range of Rn are shown in Figure 9, and
a correlation is apparent between the pressure maxima centred around 240 and 380 Hz for both
the drum and test section. The amplitude of these two broad band peaks is considerably
higher in the drum than the test section, and it appears that this component of the pressure
noise in the test section is propagating upstream from the drum. Also apparent is the
sharply defined pressure maxima at approximately 50 and 125 Hz, due to far field pressure
noise propagating upstream from the blower, but lower in magnitude than the other components
in the spectra.

The broad spectral peak at 130 Hz present on the amplitude spectra for the test section
is not present on the drum spectra, and is probably caused by near field pressure noise in
the rig itself., 1Its origin may lie in the secondary flow components present in the test
section, whose presence is indicated by the flattening of the wall shear stress distribution
{Hooper, 2}. similar flattening of the wall shear stress distribution has been shown by
similar experiments on three rod clusters {Kjellstrom, 5, Trupp & Azer, 6}. The normalised
power spectra of the test section near field pressure fluctuations are shown in Figure 10,
for the reverse flow case and Rn between 1.0 x 105 - 1.4 x 10°. The normalised power

: , o p2(F) 3,2
spectrum is defined as ¢Pp(f) P<(£) /V7p dhe . ... (2)

with p the air density, V the mean test section velocity, and dhe the subchannel hydraulic
diameter. The frequency was scaled by £ dhe/V. The ratio of the R.M.S. near field
pressure fluctuations to the mean wall shear stress for reverse flow in the test section for
the Rn range 1.0 x 105 - 1.4 x 10% was 6.30. The value of this ratio reported by Willmarth
& Yang {3} was 2.5, where a lower cutoff frequency of 44 Hz was used.

5. CONCLUSIONS

The far field pressure noise, generated by the blower and ducting before the test
section, is at least an order of magnitude greater in amplitude than the near field boundary
layer pressure noise for the system used in the experiment. The sharply defined frequency
peaks in the pressure noise generated by the blower were found to be very dependent on flow
rates for both amplitude and frequency. The proximity of a maximum in the pressure noise to
a normal mode of the rig produced a significant vibrational response for this mode. This
shows the importance in assessing the far field pressure noise generated by pumps over the
whole flow operating range, because of a strong dependence on Rn, and the fact that low
frequency far field noise will readily propagate through a gas coolant.

A secondary pressure peak in the test section pressure spectra near 130 Hz, though
relatively small, is probably associated with the test section flow geometry and with
gradients of the wall shear stress distribution indicative of secondary flows. The proximity
of this peak in the pressure spectrum to a resonance of the structure (~ 127 Hz) produced a
vibrational response, but not of the same magnitude as that caused by the far field pressure
noise generated external to the test section.
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Figure 1(a)

Cross-section of Experimental Rig. Location of pressure tapping shown

Flow
L
Figure 1(b)
Schematic drawing of experimental rig
45 kW Centrifugal blower 4 Flow settling drum

Orifice plate 5 Test section

vaned elbow fitting 6 Measurement location for mean velocity
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