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SUMMARY

It is well known that flow induced vibration is one of the factors which imposes limits
on the design of heat exchangers and steam generators employed in the Nuclear Power Industry.
The results of numerous liquid cross-flow tests conducted on single span laboratory tube
bundles have already been reported by the author. These test results have been utilized to
develop criterion for design purposes. It remains a fact, nevertheless, that there exists a
strong need for test results acquired on multi-span bundles. Such bundles much more closely
approximate real heat exchangers and steam generators. Like real heat exchangers, their
resonant frequencies are clustered close together, thereby overcoming one of the principal
shortcomings of single span test facilities.

In this paper, the design of a new four span test facility along with the results of a
series of vibration tests are discussed in detail. Using spectral analysis equipment the
tube response is carefully examined for the resonant frequencies which it contains and fluid-
elastic instability measurements have been made. )

To the author's knowledge, this constitutes one of the first reports in the literature
of the results of systematic laboratory vibration tests conducted on a realistic multi-span
tube bundle facility subjected to liquid cross-flow. It is expected that these test results,
coupled with the results of tests planned for the future, will throw significant new 1light
on this important industrial problem.



1. Introduction

Almost all of the published test data pertaining to the 1iquid cross flow induced vibra-
tion of tube bundles has been obtained from single span laboratory test facilities. Signi-
ficant advances have been made toward development of design criteria by means of these test
results. In particular, criteria have been developed for establishing upper flow velocity
1imits if hydro-elastic instability is to be avoided. Furthermore, design rules have been
developed for ensuring that tube response due to vortex shedding and turbulence excitation
is within acceptable Timits. There remains a strong need for further experimental work to
verify these design criteria and to extend the range of parameters over which they apply.

While the single span test data has been useful, it remains a fact that data from
multi span facilities is highly preferable. Among the many advantages related to this lat-
ter type of test data one might Tist:

(1) The experimental facility employed approximates much more closely these heat

exchangers and steam generators in industrial use.

(2) While, in general, only the first mode tube frequency is excited in single

span test bundles there will be numerous frequencies excited in a multi-
span facility. Again, real heat exchange systems will generally have
many modes excited.

(3) Tests with clearances between tubes and baffle plates can be conducted

in multi-span facilities. Such tests are virtually impossible to conduct
in single span faciities. There is a strong need for tests of this type
as most industrial heat exchangers have tube-to-baffle clearances.

(4) With a multi-span facility the effects of complex velocity fields in the

liquid turn-around region will be present.

It was in recognition of these other advantages that a new four-span water tunnel was
constructed at the University of Ottawa. This new tunnel has replaced the old single span
tunnel on which numerous tests have been conducted over recent years. The objective set
forth in this paper is to provide a brief description of the new test facility and to report
on the resultsof spectral studies and tube vibration response measurements which have been
performed.

2. The Four-Span Tube Bundle Test Facility
The facility consists essentially of a rigid horizontal water tunnel as shown in Figure
1. The tunnel is composed of four box sections of 1/2" aluminum plate bolted end-to-end

and resting on a heavy steel frame. Between each box section and at each end of the assem-
bly a sandwich type aluminum baffle plate is bolted in position. Each sandwich plate is
composed of a pair of 1/4" aluminum plates with an array of circular holes bored through
them. The holes of one of these plates is counter-bored and a circular 0-ring is inserted
in each hole between the two plates. Tubes of the test bundle pass through these holes as
shown in Figure 2 and they are-given simple support by the 0-ring where they pass through
the baffle plate.

The inner section area of the tunnel is 30" deep by 6" across (76.2 cm x 15.2 cm).
Tubes running from one end of the tunnel to the other receive support at three equally
spaced internal positions. the bundle thereby comprising 4 spans, each of length 3' (91.4 cm).
The Tiquid flow path can be observed in Figure 1. Liquid enters the tunnel at the upper
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right end span from a rectangular feed box. After flowing across the bundle the Tiquid pas-
ses through a rectangular hole in the adjacent baffle plate into the next span. There it
rises across the bundle before passing into the third span, etc. Finally, it leaves through
a converging duct at the top of the fourth span. The feed box at the upper right end of the
tunnel was designed so.as to permit any air entrapped in the water to rise to the top and

be vented off. Two large lucite windows located on each side of the inlet span permit un-
obstructed view of the bundle. It is readily verified that all entrapped air is removed
from the water before it reaches the bundie. The water leaving the tunnel passes into a
collection basin where it again enters the re-circulating pump.

It will be appreciated that numerous types of tube bundles can be tested in this faci-
lity. The current test bundle is shown in cross section in Figure 2. It consists of stain-
less steel tubes of.512 "(1.30cm), outside diameter and .423(1.07 cr) inside diameter. This
tubing is part of a production run for the steam generators of a large nuclear power plant.
It will be noted in Figure 2, that the tubes are in a normal equilateral triangular array,
i.e., flow is normal to one of the bases of the cells which make up the equilateral triangu-
lar array. The pitch-to-diameter ratio for this bundle equals 1.30. During testing, the
interior of the tube is empty. In order to better simulate real bundles, a set of half-
tubes are mounted on the walls of each box section. These half-tubes are so positioned
along the walls that they fi1l out the pattern of the 6" wide bundle as shown in Figure 2.

Water flow rates are monitored by means of a calibrated orifice located in a 6" (15.2cm)
pipe running from the pump to the tunnel. Tube vibration is measured by means of bi-
directional accelerometers located inside the tubes. The instrumented tube can be moved to
any desired position and the accelerometer can be located anywhere along the tube. The
leads from an accelerometer can be seen in Figure 2.

3. Presentation of Experimental Results

3.1 Spectral Studies of Measured First Span Tube Displacement

For all tests reported here the accelerometer of the instrumented tube was located
mid-way along the inlet span shown on the right hand side of Figure 1. Five different tube
positions were studied. They are as follows:

(1) dinlet tube - this tube was Tocated in the upper tube row.

(2) second row tube - this tube was located in the second row from the top.

(3) third row tube - this tube was located in the third row from the top.

(4) interior tube - this tube was located at the centre row of the bundle.

(5) down-stream tube - this tube was located in the bottom row of the bundle.

A1l monitored tube positions were Tocated mid-way between the tunnel walls.

Before examining the results of the spectral data, it is advantageous to examine the
modes and frequencies of the tubes which are 1ikely to be excited. It is shown that the
first five eigenvalues for the four-span tubes are 12.56, 13.57, 15.71, 17.85, and 25.13 |1].
The first four frequencies are grouped fairly close together and it is to be expected that
modes with frequencies beyond this group will not be excited. This was found to be the case
experimentally. The lowest and third lowest frequencies will have mode shapes which are
anti-symmetric with respect to the centre of the tunnel. The other two have modes which are
symmetric. A1l four of these modes and their associated frequencies are shown sthematically
in Figure 3. The directions of the flow are also shown.
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Results of the spectral studies are shown in Figures 4 through 8. Almost all of the
vibration energy was found to be contained between 20 and 80 Hz. It is seen that spectral
studies of both transverse and longitudinal tube displacement have been conducted at four
different mean liquid approach velocities (mean velocity of liquid approaching the bundle)
and at all five different tube positions. It should be understood that the spectrum curves
are intended to permit a study of the character of the response only. They are not intended
to give relative measures of the magnitude of the response and were not so calibrated.

It is apparent in Figure 4 that the dominating frequency in the inlet tube response is
the fundamental frequency of about 33.8 Hz. The third mode response (~ 53 Hz), is dominant
at the two intermediate 1iquid velocities for the transverse response. One notes that these
are the two antisymmetric modes as discussed above. There is 1ittle evidence of symmetric
mode response.

Similar observations can be made for the second row tube response of Figure 5. There
is some evidence of second symmetric mode response (~ 68 Hz) for the two intermediate velo-
cities.

Peaks in the third row tube response of Figure 6 are rather well defined. There are
definite peaks for the first and second antisymmetric mode response for the intermediate
liquid velocities. At the higher velocities only the first mode response produces a well
formed peak.

Response curves for the interior and down-stream tubes of Figures 7 and 8 are of the
broad band type. Only at the first mode frequency of 33.8 Hz 1is there some evidence of
peaking.

3.2 Measured Displacement Contributions of the First Four Modes

It is recalled that the spectrum response curves relate to tube acceleration
only. It is desirable to separate out the contributions of each of the first four modes to
displacement. In an attempt to achieve this goal, the accelerometer signals were passed
through an electronic filter. The filter was successively centered on each of the four
natural frequencies for each flow condition and for each tube position. The characteristics
of the filter were such that it had a fall off ‘rate of 25 db. per octave on each side of
the central frequency. The filtered acceleration signals could easily be converted to dis-
placement based on the mode frequency.

Results of these studies are presented in Figures 9 through 13. It is seen that the
displacement signals have relatively Tow amplitudes. The maximum amplitude measured was
about 3.5 x 10_3ll (~ 0.087 mm). This is related to the first mode response of the inlet
tube (Figure 9). It will be noted that the second mode response as shown in Figure 9, for
example, appears to be stronger than one would have expected based on the spectrum studies.
This is quite possibly due to the band width of the filter being too Targe and permitting
some of the first mode energy to be included in the filtered second mode signal. It is
noted that contributions of the third and fourth modes to the overall displacement are very
small. The mean Tiquid approach velocity at which hydro-elastic instability of the tube
bundle is encountered is indicated in each figure by the symbol Vcr' This critical velocity
is discussed below.

3.3 Hydro-Elastic Instability Velocity

With the 1iquid approach velocity increased, the bundle was found to enter
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abruptly into an unstable condition at a velocity of 1.26'/sec (0.384 m/sec). In this un-
stable condition, the tubes exhibited characteristic behaviour. Noisy clanging of tubes
could be heard as inter-tube contact was made. The bundle would have quickly destroyed it-
self if Teft in this condition.

4. Discussion and Conclusions

The relatively low amplitude vibration measured for tubes of this bundle is similar to
the amplitude measured earlier for a sihgle span bundle of approximately the same geometry.
The main difference is that the inlet tube of the single span bundle had a high peak reso-
nance attributed to vortex shedding. No such high amplitude resonance was measured here,
although there is some peaking of the transverse response of the inlet tube fundamental
mode (Figure 9). The other major difference is the existence here of the response of at
least one of the higher modes.

The measured 1iquid approach velocity at which instability occurs is higher for the
four-span bundle than for its single span counterpart. Critical velocity for the single
span bundle was measured at about 0.95'/sec (0.289 m/sec). This difference may be the
result of higher damping in the multi-span bundle. This is not certain as damping tests
for the current bundle have not yet been performed.

In summary, the new facility makes possible the testing of bundles which more closely
approximate real heat exchange systems. By changing box sections and baffle plates, it is
possible to test bundles of various tube arrays and various support lengths. The removal
of 0-rings from internal baffle plates will permit a study of the effect of tube-to-baffle
plate clearance on tube response. The major differences between the results obtained for
the present four-span bundle and its single span counterpart involves the absence of a high
amplitude resonance in the inlet tube and the existence of higher mode tube response. The
four-span bundle has a higher instability velocity which may be attributable to higher
damping.

One may question the term "inlet tube" for the multiple span bundle. One could argue
that the "down-stream" tube experiences a similar flow pattern. The major difference is that
only the inlet tube is fed from the inlet supply box and the bundle inlet flow at all other
spans comes from one of the turn-around regions of the tunnel. This may be an important
consideration which will have to be examined in future tests. It is expected that these
future tests will throw 1ight on many other questions related to liquid cross-flow induced
vibration of tube bundles,
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FIGURE 2. END VIEW OF FOUR SPAN TEST
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