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Vorticity Shedding and Acoustic
Resonance in Tube Bundles

This paper describes the vorticity shedding excitation in tube bundles and its relation to
the acoustic resonance mechanism. These phenomena are investigated by means of
velocity and pressure measurements, as well as with the aid of extensive visualization of
the unsteady flow structure at the presence and absence of acoustic resonance. Vorticity
shedding excitation is shown to be generated by either jet, wake, or shear layer
instabilities. The tube layout pattern (in-line or staggered), the spacing ratio, and Reynolds
number determine which instability mechanism will prevail, and thereby the relevant
Strouhal number for design against vorticity shedding and acoustic resonance excitations.
Strouhal number design charts for vortex shedding in tube bundles are presented for a
wide range of tube patterns and spacing ratios. Regarding the acoustic resonance
mechanism, it is shown that the natural vorticity shedding, which prevails before the onset
of resonance, is not always the source exciting acoustic resonance. This is especially the
case for in-line tube bundles. Therefore, separate "acoustic” Strouhal number charts must
be used when appropriate to design against acoustic resonances. To this end, the most
recently devel oped charts of acoustic Strouhal numbers are provided.
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Introduction

Flow-induced vibrations of heat exchanger tube tes\dften
cause serious damages resulting in lost revenuehégid repair
costs. A wide range of flow-induced vibration araise problems in
heat exchangers is reviewed by Paidoussis (1988).€Kkcitation
mechanisms causing flow-induced vibrations of tutndles in
cross-flows are generally classified as (a) tubsomance by
vorticity shedding, (b) acoustic resonance, (chtilent buffeting
and (d) fluid-elastic instability. Due to space sieration, this
paper will focus only on the first two of these rhagisms for the
most common layout patterns of tube bundles. Figuskows these
patterns, classified into in-line (IL), parallelamngle (PT), normal
triangle (NT), and rotated square (RS) arrays. No#¢ the normal
square (NS) geometry is a special case of the gkimeline pattern.
As illustrated in Fig. 1, the parallel triangle ayrhas staggered
tubes, similar to NT and RS arrays. However, intiast to the latter
arrays, it allows the flow to proceed relativelgdly along the lanes
between adjacent tube columns, which is somewlmaitesi to the
case of in-line tube pattern. For this reason, illso& shown in this
paper, the flow excitations in IL and PT tube besdilisplay some
common features, which are different from thoseeoled in NT
and RS arrays.

Parallel Triangle (PT) Normal Triangle (NT)

Normal Square (NS) Rotated Square (RS)

Figure 1. Standard layout patterns of tube arrays a nd corresponding
patterns of flow “lanes” for a selected pitch ratio (P/d=1.4).
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Vorticity Shedding and Acoustic Resonance M echanisms

Tube arrays in cross flow are excited, to varyiregrées by
periodic fluid forces, the frequency of which variemearly with the
flow velocity. This periodic excitation is varioysknown as: flow
periodicity, Strouhal periodicity, or vorticity stiéing. It appears in
the turbulence and pressure spectra as a narrow ek, which
indicates that it is basically a periodic phenonmenthe turbulence
spectra given in Fig. 2 illustrate the dependenté¢he vorticity
shedding peakfy) on the gap velocity\f). When the frequency of
this vorticity shedding coincides with a mechanicakonance
frequency of the tubes, resonant vibration anddrapbe damage
can occur, especially in liquid flows. The flow geity at which this
occurs is known as the critical flow velocity foarbe resonance, and
the velocity range over which the tubes exhibigéammplitude
vibration is referred to as the "Lock-in" range.thdugh this
excitation has been recognized since the 19568'saiise has been
disputed in the literature (Owen, 1965). Recendlissihave shown
clearly that it results from vortex shedding frone tubes (Weaver,
1993; Ziada et al., 1989a & 1992).
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Figure 2. Typical spectra of fluctuating velocity b ehind the third row of an
in-line tube bundle illustrating the nature of vort icity shedding. (a) air
tests; (b) water tests; Vi gap flow velocity; fv: vortex shedding frequency.
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Vorticity Shedding and Acoustic Resonance in Tube Bundles

Acoustic modes of the tube bundle containers cao dle
excited by gas flow across the tubes. The excitedes are those
consisting of acoustic standing waves in a directiormal to the
tube axes and the flow direction, see Fig. 3. Abnance, an intense
pure tone noise, which can reach 175 dB, is pradiuthis level is
sufficiently high to disturb the operation of powsants and cause
structural failure. The excitation mechanism ofstheesonances is
strongly dependent on the tube layout pattern padisg ratio.
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Figure 3. Schematic presentation of the wind tunnel test section
illustrating the distributions of acoustic pressure associated with the first

and second acoustic modes. P(f1 ): pressure distrib ution of first acoustic

mode; P(f2): second mode.

In this paper, normal triangle and rotated squateems will be
discussed first because their flow characteristitsre some
similarities. Attention will then be focused on timeline geometry,
which exhibits unsteady flow features distinctivelifferent from
those observed for normal triangle arrays. Thellghtaangle array
is discussed last because it is more complex agyetsmetry
combines features from the in-line and the normahgle patterns.
In general, the investigated bundles will be cladiinto small,
medium and large tube spacings. The details ofettperimental
techniques used in this study can be found in Z&daengoeren
(1992, 1993, 2000) and Oengoeren & Ziada (19928211,91998).

Normal Triangle Tube Arrays

Overview of Flow Periodicity

Typical pressure spectra for three normal triarmglays with a
small, an intermediate, and a large pitch ratjp= P/d = 1.6, 2.08
and 3.41, respectively, are given in Fig. 4. Faheease, spectra of
rows 1-5 taken during air tests are illustratedre€hfrequency
components are observed at the first row for tlee<ép = 1.6 and
2.08 and two components are apparent in the cas® of 3.41.
These components are referred to hereaftgp,ds andf,q4, from the
highest to the lowest, respectively.

As observed in Fig. 4(a), the small spacing ratibe

components,; andf, have relatively broader frequency bands as

compared with the pedly. The peal,q becomes hardly discernible

at the second row. The pefk also weakens substantially at the

inner rows and totally disappears at row 4. Ong/fthcomponent is
sustained at rows 1 to 5. It should be mentiondtiatpoint that the

stronger and is sustained somewhat deeper insidarthy up to the
fourth row. The pressure spectra of the large spaeirray, Fig.
4(c), contain only two componentf; andf,,, at the first row. In
contrast to the previous two cases, both componargsrather
broad-banded, even at the front rows. Howeverdtheelopment of
these peaks towards the inner rows is similaréother cases.

The frequency componeffiijy appears to be broad-banded and
tends to disappear as one of the other peaks becamaker. In
fact, a close look at the spectra of the internted&pacing array
shows thaf,y is exactly equal to the difference betwdgnandf,,
(f.a = fi2 - fu1). These features suggest that the compofgnesults
from nonlinear interaction betwedpn andf,,. This phenomenon of
nonlinear interaction between different frequenomponents in
separated flows has been reported by many resesrchee, for
example, Miksad (1973). THg component was studied carefully in
all cases tested and it was verified that it st the interaction
between the two componenfg and f,,, and not from another
periodic flow structure.

The results presented in the foregoing illustréuat the flow
activities in the three arrays exhibit some sinties. However, it
should also be emphasized that these results a®mdban some
rather selective data. These data were obtaindidingi different
measurement techniques as well as different Regrmaldhbers. An
examination of the data provided in the literatfoe similar
geometries shows that some of the features memtiaheve have
been overlooked because of differences in the testditions,
measurement techniques and/or the location of mewamnts. In
order to establish a baseline for all geometries,tests of each of
the above arrays were performed according to alatdnprocedure
(Oengoeren & Ziada, 1998). The objective was tdstine effects
of Reynolds number and row depth on the vortex-gimgdprocess.
These issues are discussed next for intermediate dpacings and
then briefly for small and large spacing ratios.

(b)

B (Log scale)

Figure 4. Typical pressure spectra measured at rows 1to 5 and (a) on top
wall of the wind tunnel, (b) and (c) on the tubes o  f normal triangle arrays
in air flow. (a) Xp=1.61, R=49600; (b) Xp=2.08, R=2 6300; and (c) Xp=3.41,
R=6000.

Normal Triangle Arrayswith I ntermediate Tube Spacing

Effect of Reynolds Number

The spectra of pressure fluctuations on a tubbérsecond row

spectra for this caseXj§ = 1.6) were measured with a microphoneand those of the velocity fluctuations detectedaldyot-film located

located on the top wall of the test-section. Thanefthe responses
of the first and the second acoustic modes were pigssent in
addition to the vortex-shedding peaks. These amoussponses
were removed from these spectra and replaced kgditines to
avoid a possible confusion. The pressure specttheointermediate
spacing case, Fig. 4(b), were measured by meaasnutrophone
connected to a pressure tap on the tube. They shiovilar
characteristics as the small spacing case; howéverpeakf,, is
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behind rows 1 to 5 are given in Fig. 5. These tesabver a
Reynolds number range of 17300-52000. Only onesxeshedding
peak, f,,, is observed at low Reynolds numbers (Re < 222100).
corresponds to a Strouhal number of 0.4. As thenBldg number is
increased to 22200, this peak becomes weaker astand peak,
f,1, appears in the spectrum with a Strouhal numbed.®»6. The
peakf,, is rather weak and broad-banded at this Reynaldsber.
With further increases in the Reynolds number,ghleancement in
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f,, and the weakening df, components continue. At a Reynolds
number of 32000, the amplitude df; becomes significantly
stronger tharf,,. As this process of frequency change continues,
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behind several rows were measured in detail astiinx of the

vertical distancey. A diagram showing the measurement locations

ia given at the bottom of Fig. 6. A length of twertical pitches was

third peakf,q = f,, - f,1, corresponding to a Strouhal number of 0.14raversed behind rows 3, 5, 7 and 9 in order t@akthe relation

emerges in the pressure spectra for Reynolds nsnaver 22200. It
is interesting to note that the difference comporignreaches its
strongest level at the second row and when botfpoaentd,; and
f,, are relatively strong. The frequency modulatiotibé row 2
vanishes when the Reynolds number is increasedeadé®00,
where the vortex shedding transforms into a sifrglguency event
at the lower-frequency compondt (S = 0.26). A typical pressure
spectrum in this range is given in Fig. 5(a) for-RB2000. Similar
pressure and hot-film measurements carried outhenfitst row
showed that the same transformation also occurgdbehis row.
This means that the vortex shedding phenomenon becomes a single-
frequency event with a Srouhal number of 0.26 throughout the
whole bundle in the high Reynolds number range.

(a) Air tests (b) Water tests
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Figure 5. Spectra of (a) pressure fluctuations meas
second row for different Reynolds numbers and (b) v
measured by a hot-film behind rows 1 to 5 of a norm
intermediate spacing ratio X, = 2.08.

Effect of Row Number

Figure 5(b) shows the effect of row number at Re34800.
Additionally, pressure spectra measured on the fire rows were
previously presented in Fig. 4(b). As observedhiese figures, the
vortex shedding peak§; andf,, and the associated difference
componenf, exist in both pressure and velocity spectra inftbet
rows. The componentf, becomes gradually weaker in the
downstream direction and ceases to exist rathenpity after the
third or fourth row. In contrast tf,, the componert, exists in the
spectra for the whole bundle at this particular riégs number
range and becomes the only peak existing aftefotmh row.

From the foregoing results, it may be suggested tea
obtained in tube bundles having less than five rome/ not be
representative. At relatively low Reynolds numbéhg, changes in
the vortex-shedding behavior might be displayed quartly in the
results. On the other hand, measurements madey sotelrows
deeper than the fourth row may not reflect all atpef vortex
shedding, either. In such cases, the multiple feaqy nature of
vortex shedding and its transformation to a sirfigtquency event
may be overlooked.

Nature of Vorticity Shedding

In order to investigate the local and global chimastics of the
vortex-shedding process that dominates over thdesondle, the
phase and the coherence distributions of the faticin velocity
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between the flow patterns in different columns aods and to
capture the overall spatial pattern of flow struetu

As shown in Fig. 6, the fluctuating pressure sighetiected by
means of a pressure tap located at the mid-spartudde in the fifth
row was used as a reference in all the coherence phrase
measurements of the velocity fluctuations. The plaidhe velocity
fluctuations at the frequency componganimeasured behind rows 3,
5 and 7 for a velocity of 21.2 m/s (Re = 255008 piotted in Fig.

6(al). The positiongP = 0, 1 and 2 correspond to the centerlines of

the tube wakes. All the phase datd,@felonging to different rows
produce a single distribution as observed in tiggré. This means
that the flow structures behind the three rows identical and
synchronized (because the associated phase digiribuare similar
and are also in phase with each other). Moreokerdata belonging
to neighboring tube wakes (or flow lanes) have figdah

distributions, e.g. the phase distribution in flame 11 is identical
to that in flow lane 12. This indicates that thewfl pattern is
identical and synchronized in the wakes of neigimgptubes in

each row. These rather remarkable features illigsthe fact that the
flow patterns in the wakes of all tubes in rows53and 7 are
identical and synchronized. This flow pattern isentified as

alternating vortex shedding from the tubes whenphase in each
tube wake is examined (a phase jump of 180° oatutse center of
each wake).

The coherence distributions associated with thevahghase
distributions are given in Fig. 6(a2). The disttibas belonging to
all rows are similar. The coherence drops to a mmm at the
centers of the tube wakes and the flow lanes, whepbase jump
occurs because the vortices at the opposite sidéese locations
have opposite circulations, see the diagram abdiitem of Fig. 6.
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Figure 6. Distributions of phase and coherence of v
fu for velocities of (a) 21.2 m/s (Re = 25500) and (b)
behind rows 3, 5, 7 and 9. The pressure fluctuation
the fifth row was taken as the reference signal for
tests: o, row 3; e, row 5; O,row 7; A, row 9.
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Vorticity Shedding and Acoustic Resonance in Tube Bundles

The coherence increases rapidly away from thesatitots,
because the velocity fluctuations become betteindéf and it
reaches a maximum of 0.75. A high coherence betwreerelocity

The above results suggest that vortex shedding tinenfirst and

the second rows occurs at the same frequency, wikithe high-
frequency component,. This was confirmed by counting the

fluctuations at different locations indicates tliaese fluctuations frequency on the video monitor.

are associated with the same (global) flow phenamefhe phase
and coherence measurements were repeated for roivartsl 9 at a
higher velocity of 33 m/s (Re = 39600) in ordenvtify this very
organized flow behavior. The results are givenim B(b). All the
characteristics of the previous low Re case ardegxialso in this
case, indicating that the same flow structure sxasthigh Reynolds
numbers. Additionally, a significant enhancemerdhserved in the
coherence level at this velocity, reaching a maxmof 0.98 in
comparison with a level of 0.75 in the low velodigse. Both cases
are clearly away from the range of acoustic rescag@®engoeren &
Ziada, 1998). Thus, this globally organized flownwat be
attributed to a coupling with acoustic standing es\but rather to a
fluid dynamic mechanism that gains in strength tess Reynolds
number is increased. The impingement of the shetices on the
downstream cylinders may well be the source offliid dynamic
mechanism that enhances this global mode of vostexdding
(Rockwell & Naudascher, 1979).
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Figure 7. Distributions of coherence and phase of v  ortex-shedding

component fy| as functions of row depth at a velocity of 22 m/s (Re =
26400). The signal of row 2 was taken as the refere  nce signal for all other
rows.

Finally, Fig. 7 shows the coherence and the phaserahce
between the second and the deeper rows for thexvetiedding
component fvl. These results were obtained by mednsvo
microphones located on the top wall of the testiseclt is seen
that the vortices shedding from all rows are catedl and are in
phase with each other implying a total synchromrabf vortex
shedding in the bundle.

Flow Visualization

The flow visualization study was carried out in theter
channel. First, the frequency of vortex shedding wmeasured when
the free surface in the test-section was covetesteby precluding
the formation of free-surface waves. The resultStobuhal number
obtained by means of a hot film located at diffeérenvs were found
to be similar to those obtained from the air téi&tismore details see
Oengoeren & Ziada, 1998).

A series of typical visualization photographs aireeg in Fig. 8,
showing the flow structure behind the first two mim a Reynolds
number range of 1000 < Re < 7000. Alternating eesiare shed
from the tubes of the first row. They then procéeid the flow
lanes of the second row and promote vortex formafrom the
tubes of this row. The same flow pattern is obsgrire all the
photographs despite the large range in Reynolddeun$ymmetry
is observed in the vortex-shedding pattern witlpeesto the center
of the tubes in the second row. Although this symnimepattern
occurs only intermittently, it was much more pemsis than the
antisymmetric one which was occasionally observed.
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Figure 8. Flow structure behind the first two rows of an intermediate
spacing normal triangle tube bundle (Xp = 2.08; d = 25 mm) in water for
Reynolds numbers of (a) 1000, (b) 1800, (c) 5000, a nd (d) 7000.

Vg —

Figure 9. Alternating vortex shedding behind row 3
array. Xp = 2.08; d=60mm; Re= 35500.

of a normal triangle

In order to show the vortex shedding pattern ah Hegynolds
numbers, where a single- frequency vortex shedgimgnomenon
occurs, the flow was visualized inside an arrayjaofjer diameter
tubes. With this arrangement, the visualizationtlod flow at a
Reynolds number of 35500 was possible. As showifrign 9, a
persistent alternating vortex shedding was obsepedind the third
row. Most importantly, counting of these vortices the video has
shown that they correspond to the frequency comutdpewhich is
in agreement with the hot-film spectra measurednukthis row. A
pattern belonging td,, component has not been observed in the
flow visualization photographs taken behind thisvrat this
Reynolds number.

Normal Triangle Arrayswith Large Tube Spacing

Effect of Reynolds Number

The effect of Reynolds number on vortex shedding imidely
spaced normal triangle arra)Xg( = 3.41) is illustrated in Fig. 10.
Typical spectra of the velocity fluctuations behitmé second row
measured in airflow are given in Fig. 10(a). Theo tirequency
components appearing in these spectra corresporig émd f,,
according to the definitions of these componentSign4. There are
three Reynolds number ranges where different vosiesdding
characteristics are observed. At low Reynolds nustiee < 6600,
both f, andf,, exist and follow the Strouhal number lines 0.2 and
0.28, respectively. In this range, thegis significantly weaker and
has a relatively broader band thifanAt high Reynolds numbers, Re
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> 18200, only the vortex-shedding compongptremains in the
spectra. In fact, this component becomes narrowdrsaronger as
the Reynolds number is further increased. The spéeionging to
the range of 6600 < Re < 18200, show that vortexidimg changes
from a multi-frequency to a single-frequency pheraon. Within
this transition range, the vortex-shedding compbfgris gradually

Samir Ziada

occurred at the low-frequency componént Weaver et al. (1993)
reported similar observations for rotated squarayar

The air-test results of this large spacing arrayehshown that a
single-frequency vortex shedding sets in at Reyahdmbers
higher than approximately 12000. This was confirnbgda flow
visualization study in an array with larger diametebes, which

shifted towards the componefi as the Reynolds number is allowed the Reynolds number to be increased abo®@0Q

increased. The transition is completed fgsunites withf,. To
illustrate this process better, the Strouhal nusibef both
components are plotted as functions of the Reynmlofsber in Fig.
10(b), including both the air-and water-test dathe shift of f,,
towardsf,, is depicted clearly in this plot. Although thelavelocity
in the air tests is about two orders of magnituidgér than that in

the water tests, the transition range in both casesrs at the same

Reynolds number.
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Figure 10. Transition of frequency components in a normal triangle array
with large spacing (Xp=3.41). (a) Velocity spectra  measured behind the
second row in air, and (b) Strouhal number of vorte  x shedding measured

in air and in water. Triangle data: Air tests; circ  ular: water tests.
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Figure 11. Typical flow patterns behind the first t wo rows of a large
spacing normal triangle array for Re = 4800; X, =3.41,d = 16mm.

Flow Visualization

Figure 11 shows flow structures behind for the daspacing

(Oengoeren & Ziada, 1998).

Normal Triangle Arrayswith Small Tube Spacing

Nature of Vorticity Shedding

Typical spectra of pressure fluctuation on rows df4 small
spacing normal triangle arra)g&1.61) are given in Fig. 12. A
narrow-band peak at a Strouhal number of approxiyad.6 is
clearly seen in the spectra. This Strouhal numbehich
corresponds to the vortex-shedding compofignts similar to that
measured for the same geometry by Zukauskas & &=at{th980).
The background turbulence level increases gradwslythe flow
progresses into the bundle; however, no othemdisgieaks that can
be attributed to periodic flow activities can bersén these spectra.
A broadband peak can be seen at a Strouhal nuniladroat 0.15.
Despite its broadband nature, this peak does nems® be
generated by the turbulent buffeting mechanism uieeidt exists at
the second row only and within a certain range efrivlds number.

The pressure spectra given in Fig. 12 seem to beewbat
different from those presented in Fig. 4(a), whiisplays a better-
defined low-frequency componeffy, It should be recalled that the
results of Fig. 4(a) were obtained by means of eraphone on the
top wall of test section. This microphone sensesdritegrated effect
of the pressure fluctuations over the area of #resisg element,
which is substantially larger than the pressure tapthe tubes. The
enhancement of the peakfatin the microphone signal is therefore
attributed to an improved coherence and correldgogth of the
pressure fluctuation at this frequency. Undoubtedlye low-
frequency componerff; becomes weaker, broader and develops at
higher Reynolds number in this small spacing arlageems to be
associated with the development of the flow turboée at the
downstream rows.

o
L Air Tests

(Arbitrary scale)
o
f

P
&
w

Strouhal number

array at Re = 4800. Well-defined alternating vasiare shed from
almost every tube of front rows. At this Reynoldsmber, the
dominance of an antisymmetric mode of flow patieravident. The
frequency of vortex shedding from the first two sowas counted
from the video monitor. Vortex shedding from thestfirow occurred
at the high-frequency componeig, but that from the second row

tubes of rows 1 to 4 at
| triangle array with

Figure 12. Spectra of pressure fluctuations on the
Reynolds number of Re = 53300. Air tests of a norma
small spacing ratio; X, =1.61.
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Vorticity Shedding and Acoustic Resonance in Tube Bundles

Flow Structure

Figure 13(a) displays the flow structure behind fingt three
rows at Reynolds number of 3050. Well-defined lalatively weak
vortices are shed behind the first row. They becoatker strong
behind the second row despite their relatively sswdle. However,
they are diffused at the third row, and vortex-lgteuctures totally
disappear downstream of this row. As in the caset@rmediate
spacing, alternating vortex shedding occurs bettiedirst row and
symmetric vortices are shed from the second rovis pattern does
not seem to be intermittent in this array, as opgdoso the
observations of the intermediate and the largeisgaarrays. The
flow structure was observed to remain the same wiherReynolds
number was increased up to 15250, Fig. 13(b). Ttheovcounting
of the frequency of vortex shedding from rows 1 @n¢krified that
they aref,, vortices and correspond to the Strouhal nunfer
0.55.

Figure 13. Typical flow patterns behind rows 1-3 fo
(a) Re = 3050 and (b) Re = 15250 in a small spacing
X, =1.61, d = 60mm.

r Reynolds numbers of
normal triangle array.

Acoustic Resonance of Normal Triangle Arrays

Since the vortex-shedding frequency increasesrinedth the
flow velocity, it may coincide with the frequency an acoustic
mode. Near the condition of frequency coincidenpewerful
acoustic resonances may be produced. The acousittesnof
interest are those consisting of standing wavesdirection normal
to the flow and the tube axis. As shown in Figth® first acoustic
mode,f,;, consists of half a wavelength/2) and the second,,,
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Figure 14. Sound pressure level (SPL) of the vortex ~ shedding component
fv1 and the first acoustic resonance mode fa1, and the corresponding
frequency distributions as functions of gap velocit y Vg in a large spacing
normal triangle array.

It should be noted that in this particular casdaofie spacing,
the higher vorticity shedding componeifi, did not excite the
acoustic resonance. The ability of this componerexcite acoustic
resonance increases substantially as the tube ngpaaitio is
decreased. In fact, for the other tube spacingsidised above, =
1.61 and 2.08, the acoustic modes were excitedhiy vortex
shedding component, (for further details see Oengoeren and
Ziada, 1998). For this reason, design against dicoussonance
should be based on the fact that both vorticity ponents are
capable of causing acoustic resonance.

Strouhal Number s of Normal Triangle Arrays

The Strouhal numbers of the main components of exort
shedding in normal triangle arrays are given in Ely A particular
criterion was not set in the selection of the dptants and,
therefore, some of them may not be reliable becdneg were
extracted from either tube or acoustic resonankisvever, the
results of the three arrays discussed above iretbattthe Srouhal
numbers at the onset of acoustic resonances in normal triangle
arrays approximate those of the natural vortex shedding away from
resonance conditions. Thus, the use of these data to construct a chart

constitutes a full wavelength\X between the top and the bottomof Strouhal numbers for normal triangle arrays setbe justified.

walls of the wind tunnel.

A typical example for normal triangle arrays isifitrated in Fig.
14, which shows the acoustic response of a largeirsg array with
X,=3.41. An acoustic resonance is initiated as theexeshedding
frequencyf,; coincides with the first acoustic mode frequerigy,at
a velocity of 42 m/s. A lock-in of the vortex- shialg frequency
with the acoustic resonance frequency occurs invéecity range
of 42-51 m/s. Within this range, the SPL increasgsdly until it
reaches a level of 156dB.
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For the sake of clarity, the non-linear interactmymponent,q is
not included in the Strouhal number chart. Thisbécause this
component does not seem to cause any "harmfultgffeat least
within the tested ranges of spacing ratios and Blegnnumbers.
The Strouhal number given in Fig. 15 is defined as:

S=f,d/vy @)

wheref, is the shedding frequenay,is the tube diameter and; is

the gap flow velocity.

As expected, the data gather around two Strouhabeu lines,
S and S,. The points on the lin&, correspond to the vortex
sheddingf,, observed mainly behind the front rows. However, at
high Reynolds numbers, this component may totalbamgpear in
bundles with intermediate and large spacing raijss > 2).
Increasing the spacing ratio results in a reductiothe Reynolds
number at which this high-frequency component gisaps.
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Figure 15. Strouhal number data of vorticity sheddi ng components in
normal triangle arrays as function of the spacing r atio. Refer to Oengoren
& Ziada (1998) for data sources.

The line S, belongs to the frequency compondpt This
component has the characteristics of turbulentetiafj excitation
for small tube spacingsX{ ~ 1.6); however, it is associated with
well-defined vortex shedding at the inner rows farger tube
spacings X, > 2). Moreover, it becomes the only flow periodici
existing in bundles with large spacing ratios ahdiigh Reynolds
numbers. The Reynolds number range for which tbimponent
becomes dominant depends on the particular spaaiiog

Whether acoustic resonances are excitedf,pyf,, or both
depends on the spacing ratio. For spacing ratiodes$ than
about 1.7, acoustic resonances are liable to tigb-fnéquency

Samir Ziada

_ 1
362X p-1)04°

_ 1
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Rotated Square Tube Arrays

The main flow characteristics of rotated squareayerare
similar to those of normal triangle arrays, whiale aiscussed in
detail in the previous section. For this reasorly dhe Strouhal
number chart is given here, see Weaver et al. (1fé98letails.
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Figure 16. Strouhal number chart for rotated square
number is based on the upstream velocity, Weaver et

arrays. The Strouhal
al. (1993).

Figure 16 depicts the Strouhal number of vortisitgdding as a

function of the pitch ratio<. It is important to recognize that this
Strouhal numbe§, is based on the upstream flow velocity:

componentf,. The lower modes, however, may not be excited

because the frequency coincidence occurs at lovardim heads
where the vorticity shedding excitation may stile bweak in
comparison to the system acoustic damping. Sevacalustic
damping criteria have been developed by Chen (19&8&patrick
(1986), Ziada et at. (1989b), Blevins & Bressl€992) and Eisinger
et at. (1992).

For intermediate spacings, 1%<2.7, either frequency can
excite acoustic resonances. However, those exdtitedhe high-
frequency component are generally weak, whereasetbrcited by
the lower component are very strong and can beuwigtiste. Other
researchers (e.g. Blevins & Bressler, 1987a, h) slgygested that
the higher component excites the lower modes omlgkly, if at all.
At high Reynolds numbers, the low componignbecomes the only
relevant excitation anyway.

Acoustic resonances of large spacing arrays,> 2.8, are
excited by the lower-frequency component only. 8itlze higher
component exists only at low Reynolds numbers gpetars only at
the first row or two, the fluctuating energy assted with it is
presumably too small to excite resonances.

The boundaries between small, intermediate ancelapgcing
ratios are obviously not as well defined as mighsbggested by the
above. Those boundaries suggested above are hasied i@sults of
a limited number of experiments. Additional tesfsgeometries
within the transitional regions are needed.

An important feature of normal triangle arrays hattacoustic
resonances are excited by the vorticity-sheddingitation that
dominates before the onset of resonance. This @sipihat the
Strouhal number charts of vorticity shedding carubed to design
against acoustic resonances. In order to provitetr prediction
means of Strouhal number, empirical formsSpfandS, have been
obtained from the least-squares approximation efdéta points in
Fig. 15 and are given by the formulae:
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S =f, dv, 3)
where .f, is the vortex shedding frequendyijs the tube diameter,
andV, is the upstream flow velocity. The data points-ig. 16 are
seen to collapse on two Strouhal number lines. Tigher
corresponds to vortex shedding from the front rawsl the lower is
caused by vortex shedding from the inner rows. ¥seeted, the
Strouhal number decreases when the pitch raticieased.

Previous studies indicate that acoustic and tuben@nces can
be excited by either of the Strouhal numbers preseim Fig. 16. It
is therefore recommended to use Fig. 16 for depigrposes in
order to assess the possibility of acoustic or telsenance.

In-Line Tube Arrays

In-Line Arrayswith Intermediate Tube Spacing

An array with intermediate spacing ratio§/(X; = 1.75/2.25) is
studied in air and water flows. Attention is foced®on the first five
rows, within which the vorticity shedding excitatiois fully
developed. Figure 2 shows typical velocity spefiraair and water
tests of this array. The velocity fluctuations aeen to occur at a
well-defined (single) frequenc, which follows a Strouhal number
of S =f, d/V, = 0.15, whereV, is the gap velocity, i.e. the same as
Vg. In the air tests, a higher harmonic componenheatfrequency
2f, is also present due to nonlinear effects of flmstability as
discussed by Ziada & Rockwell, 1982.

Effect of Reynolds Number

The effect of the flow velocity on the rms amplieudf the
fluctuating velocity,v, is shown in Fig. 17 for the water tests. The
hot film was located behind the fourth row. As fleav velocity is
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increased, the rms amplitude of the fluctuatingoeity is seen to
increase until it reaches a saturation vakiel2% of the gap
velocity. This saturation of/V; occurs when the spatially growing
flow instability reaches its fully developed pha®=e e.g. Sato,
1960; Freymuth, 1966; and Miksad, 1972). It is im@ot to point
out that increasing the flow velocity causes th@ra/'V,, and not
only v, to increase. Since the ratigV,, at a fixed position,
represents the degree of development of the flostability, the
results of Fig. 17 indicate that the flow instaljilbehind a certain
row becomes more developed as the flow velocitytferReynolds
number) is increasedhis implies that the position at which the
flow instability becomes fully developed moves upstream as the
Reynolds number isincreased.

- = B ™y
a ik &_Wh*o—
g | !
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] = | | —1 i
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Vi (m/s)

Figure 17. Dimensionless amplitude of fluctuating v
in water tests. X_=1.75; Xy =2.25.

elocity V behind row 4

Streamwise Development of Vorticity Shedding

The streamwise development of the flow was measdtethg
the water tests. As shown in Fig. 18, the amplitindeeases in the
downstream direction and reaches saturation nearfifth row,
about 13%. Behind each row, the fluctuating velogiows rapidly,
but this rapid growth is impeded by the presenctheftubes of the
subsequent rows, resulting in the amplitude platestw/L = 1, 2
and 3. These plateaux make the evaluation of gtanthance growth
rate rather difficult. Detailed measurements wérerdfore carried
out between the first two rows to gain more insigtid the initial
stage of the disturbance growth. As shown in F8g.the fluctuating
velocity grows exponentially in the downstream diien before it
is hindered by the tubes of the second row. Thi®egntial growth
accords with the prediction of the hydrodynamid#ity theory for
separated flows, i.e. shear layers, jets and wééshalke 1965;
Bajaj & Garg 1977).

Row Number

2

0.01,

Water tests

VIVt (%)

0.00%

Figure 19. Initial gxponential growth of the veloci ty fluctuation. Water

tests; Re = 6.8x10 °.

The air test facility was used to measure theibigtions of the
fluctuating velocity amplitude within the developmieegion of the
flow instability. The measurements were carried aohg the lines
centred between the tube rows, and at a flow vgiaxfi 30.6 m/s
(Re = 3.8 x 104). Figure 20 depicts the distritngiacross the sixth
and the seventh flow lanes (hereafter referred gojets). The
distributions across the fourth and fifth jets wateo measured and
were found to be similar to those given in Fig. 28.shown in this
Figure, the velocity fluctuations behind the firgiw are much
stronger at the edges of the jet than in its c@fes distribution
indicates that the flow instability is initiated lige inducement of
small velocity perturbations into the shear layavbjch separate
from the tubes of the first row. These velocity tpdsations are
amplified exponentially in the downstream directi@s has been
shown already in Fig. 19. Because the Reynolds euislrelatively
high, the fluctuation amplitude reaches 13% of ¢a@ velocity
already behind the second row. Interestingly, thectfiation
amplitude in the middle of the jet becomes comparabthat at the
jet edges. Further downstream, behind the fourtk, rohe
fluctuation amplitude in the middle of the jet bewes substantially
higher than that at the jet edges. This graduahghén the shape of
the amplitude distributions will be discussed laterconjunction
with the phase measurements and the flow visua@izatudy.
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Figure 18. Development of the velocity fluctuation
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Figure 20. Distributions of the dimensionless veloc
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Phase Relations

The phase distribution of the velocity fluctuatibehind the

fourth row is given in Fig. 21IThe round data points in insets a & b

represent the phase variations across jets 4 arabectively. The
triangular data points correspond to the phasesageis 5 and 7,

but after adding a value af The phase distribution across anyone

jet is seen to be symmetric, i.e. the velocity lhiations occurring at
one edge of a jet is in phase with that at therotdge. Moreover,
the velocity fluctuation in any jet as a whole 801 out of phase
with that in the neighboring jet. The phase disttibns across the
four jets 4 to 7 are presented together in FigcRIThis figure
emphasizes the remarkably organized nature ofltve dctivities.
Jet 5, for example, is in phase with jet 7, bul89° out of phase
with the neighboring jets (jets 4 and 6). Additibnaeasurements
behind other rows yielded similar results.

Global Structure of Vorticity Shedding

Flow visualization pictures taken at different Ihoas within
the array, but at the same time instant of theecyalere pieced
together to construct the development of the floucsure within
the first five rows. As shown in Fig. 22. The fl@tructure in the
flow lane, Fig. (a), displays, very clearly, a syetnt mode of an
unstable jet. The symmetry with respect to thegestterline and the
clarity of the jet structure are rather remarkabtethe tube wakes,
Fig. (b), the vortices form in an anti-symmetridtpen. Moreover,
the vortex pattern in each wake is nearly out aigghwith those in
the upstream and downstream wakes. It should bdioned here
that this anti-symmetric pattern in the tube wakés
phenomenologically different from the alternatingrtex shedding
in the wakes of isolated cylinders.
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Figure 22. Flow visualization photographs showing t he global flow
structure in (a) a flow lane and (b) several tube w  akes. Re = 1.5x10*.

Column: 3 b Column: &

Figure 23. Overview of the resonant flow structure
instant of time in a period of surface wave resonan

in the array at the same
ce.

Description of Flow Instability in In-Line Arrays

When the tubes are arranged in an in-line pattirey form
free-flow lanes and confined tube wakes. As the fisoceeds into
the array, a jet-like profile develops continuouslpng the flow
lanes, but a wake profile never develops in the tubakes. Thus, the
flow dynamics in the flow lanes would be expectedibminate the
development of the velocity fluctuations within tharray.
Accordingly, the vorticity-shedding excitation isaused by the
instability of the jets, which proceed along thewfllanes. This jet
instability is initiated at the locations of flonearation from the
tubes in the first row. In this initial region, tielocity fluctuation is
still small and is manifested primarily in the ttshear layers of the
jet. Between the first and the second rows, theoisi fluctuation
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undergoes a spatial exponential growth, which iaccordance with
the linear theory of hydrodynamic stability. Furtinere, the
amplitude and the phase of the initial velocityctliation have
symmetric distributions with respect to the jet tegline. These
initial distributions dictate the symmetric pattafthe jet instability
developing downstream. The interaction of the dgwed jet with
the downstream tubes
perturbations are induced at the initial regionrrsegparation.

The jet instability occurs at a preferred symmetniode. Large-
scale vortices are formed symmetrically at botresidf each flow
lane. Because of the kinematic constraints impasetthe large size
of the formed vortices and the associated massfeamcross the
wakes, vortices are forced to form anti-symmethjcat the tube
wakes. This dictates the phase difference betweefidw activities
in adjacent flow lanes. Thus, the jet instabilitycorring in each
flow lane is 180° out of phase with that occurringhe neighboring
lanes.

Simulation of Resonance by Means of Surface Waves in
Water Channel

The acoustic resonance was simulated by a traresgersace-
wave resonance in the water channel. During themtasts on the
intermediated spacing case, the first mode ofrdresterse standing
waves was excited. This mode consisted of a haleleagth
spanning the width of the channel. Since the tukee mounted
vertically in the channel, the particle velocity thie surface wave,
away from the sidewalls, had a predominant compbriena
direction normal to the flow and the tube axes. &bwer, the
standing wave was found to be confined to the tobedle; its
amplitude being maximum at the mid-depth of theawrand
decreasing in the upstream and downstream directidiese
features are similar to those of the acoustical esoeh the wind
tunnel. For more details, see Oengoeren & ZiadaZ)L9

Resonant Flow Structure

The flow structure in the array from the first teetfifth rows
under resonance conditions is given in Fig. 23.hEaltoto in this
figure has been taken at the same instant of tinthinvthe
oscillation cycle. The photos, therefore, displag global view of
the resonant flow structure within the array. Alistrated, the
vortices behind all tubes have the same sense &adep This
synchronization is clearly caused by the surfaceemasonance.
The size and the swing angle of each vortex arateelto the
resonance intensity at the vortex location. Near first and last
rows the vortex size and swing angle are smallan tihose at the
middle row where the surface wave resonance iagtst.

It would be misleading to relate the observed rasorflow
structure to wake instability such as that whickates Karman
vortices in the wakes of isolated cylinders. Thieetwakes in the
present case are confined, owing to the presentteeadownstream
tubes. The streamwise gap between the tubeshéeextent of the
tube wakes, is less than the tube diameter.

A wake velocity profile does not develop in sucltanfined
wake. Thus, the tube wakes can be regarded asesaviunded by
the shear layers, which separate from the tube sedgeis the
instability of these shear layers, triggered andchkyonized by the
resonance mode, which generates the observed rgsdloav
structure.

Resonance Mechanism

In the previous section, the resonant flow struetbas been
shown to be different from that generating the iedyt shedding
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excitation in the absence of acoustic resonancie. dtear that the
resonant structure shown in Fig. 23 can couple vathluid

resonance, which induces a particle velocity in thensverse
direction. On the other hand, the vorticity-sheddaxcitation, Fig.
22 cannot couple with such a resonance. As showimsrfigure, the
vortex pattern confined to a tube column is 180° afuphase with

is fed back upstream, where néhose confined to the neighboring columns. The lt@suflow

excitation produced by this vortex pattern in ttamsverse direction
is, therefore, practically zero. Further elabonagi@n the resonance
excitation mechanism can be found in Oengoerenaf&i(1992).

Since the flow instabilities causing the resonarcel the
vorticity-shedding excitation are basically diffeteit is logical to
expect them to occur at different Strouhal numbéFhis is
compatible with the experimental observation thag tcoustic
resonance Strouhal numbers are different from theuBal number
of vorticity shedding. These findings give supgdorthe supposition
that Strouhal numbers of vorticity shedding shouidt be
determined from resonance cases.

In-Line Arrayswith Small Tube Spacing

When the tube spacing ratios are reduced, thecesrtiesulting
from the symmetric jet instability do not form eety inside the
tube wakes as in the previous case, but rathéreithin shear layers
at both sides of the flow lanes. An example is shawFig. 24 for
which the spacing ratios ab¢ =1.4 andX; =1.5. In this case, the
vortices have a very small size, especially in cangon with the
width of the wake, i.e. the tube diameter. The ltesnmass transfer
across the wakes, due to these small size vortisetherefore
negligible. This allows the wake vortices to forymsnetrically, and
therefore adjacent flow lanes oscillate in phagh wne another.

2 Row 3 4

Figure 24. Flow structure in an in-line bundle with small spacing ratios.
=1.4, X7 = 1.5, Re = 3.7 x 10°, flow direction is from left to right.

XL

For small spacing ratios, the vorticity sheddingittion is
found to occur within the upstream rows only. Dotkeam of the
third row, these small size vortices diffuse rapidito small-scale
turbulence and the flow becomes fully turbulentisTis in contrast
with the case of intermediate tube spacing for Whtee vorticity
shedding excitation (i.e. the symmetric jet indigl)i persists over
the whole depth of the bundle. More details offtbe structure for
the case of small spacing ratios can be foundad&kt al. (1989).

In-Line Arrayswith Large Tube Spacing

For large spacing ratios, the nature of the vaytishedding
excitation and its Strouhal number depend on thetream
turbulence level, J; which was controlled by adding a turbulence-
generating grid upstream of the bundle. At low tgesh turbulence
levels (T, ~ 0.1 %), the vorticity shedding is identical toat
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observed for intermediate spacing ratios. This faahown in Fig.
25, which depicts the symmetric jet instability &pacing ratios of
X, I Xy = 3.25/3.75. The velocity fluctuations in neighibgr flow
lanes (or wakes) are found to be strongly corrdlaired 180° phase
shifted from one another. As in the case of inteliate tube
spacings, this vorticity shedding mode dominatesr dhe whole
depth of the bundle.

1

Figure 25. Symmetric jet instability producing the first mode of vorticity
shedding inside a tube bundle with large spacing ra  tios. (a) Re = 800, (b)
Re = 2.6 x 10°, both cases without turbulence-generating grid. X, = 3.25;
Xr=3.75.

Figure 26. Second mode of vorticity shedding in a t
spacing ratios and high upstream turbulence level. Both photos were
taken at the same flow velocity (Re = 2.6x103) and  with a turbulence grid
installed upstream of the bundle. X | = 3.25; X7 =3.75.

ube bundle with large

The second mode of vorticity shedding occurs whee t

turbulence level is increased (* 1.0%). This mode has a higher

Strouhal number and dominates at the upstream s It is
found to be generated by local instabilities of tillee wakes. This is
demonstrated by the photos given in Fig. 26, whiehe taken at
the same flow conditions. In Photo (a), vortex shieg in adjacent
wakes is out of phase but in Photo (b), it is imgh This lack of
correlation between adjacent wakes was also coeéirby means of
phase and coherence measurements. Further defaftse dlow
structure inside bundles with large spacing ratias be found in
Oengoeren & Ziada (1993).

Strouhal Number Chartsfor In-Line Arrays

Strouhal Number of Vorticity Shedding (Sv)
The Strouhal number of vorticity shedding is defirgy:

S =f,d/'V; (4)
where, f, is the vorticity shedding frequency in the turmde
spectra and/, is the gap velocity. Figure 27 gives the valu&oas

a function of the tube spacing (andXy). This chart can be used to
determine the critical flow velocity, = f,d / S) at which a tube

Samir Ziada

frequency. If this critical velocity is found to éthin the operating
range, the vibration amplitude should be calculated check
whether lock- in vibration will or will not occur.

Figure 27. Strouhal number chart for vorticity shed
line arrays, S, =f, d/ V..

ding excitation in in-
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Figure 28. Strouhal number chart for acoustic reson ance in in-line arrays,
Sa=fal/V.

Strouhal Number of Acoustic Resonance (Sa)

As mentioned earlier, acoustic resonances of ia-limbe
bundles are excited by the unstable shear layeichveieparate from
the tubes. Since this mechanism is different frdra vorticity
shedding mechanism, the Strouhal numbers of acotestbnances
(S) must be different from the vorticity sheddingdstinal numbers.
Therefore, any reliable design guidelines mustuideltwo Strouhal
number charts; one for vorticity shedding excitatiéig. 27, and
another for acoustic resonance excitation, Fig. 2&is acoustic

resonance may occur, whefgis the tube mechanical resonance
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Strouhal number is based on the streamwise tubsngpa and the
frequency of the acoustic mofie

S=fh LIV, ®)

The usage of. as the characteristic length results in a nearly

constantS, over a wide range oX_ and X1. This nearly constant
value is about 0.5, which is similar to the Strdulamber at which
acoustic resonances in deep cavities occur. Siheeekcitation
mechanisms of the two cases are basically sinitlés,logical that
the Strouhal numbers are also similar. For largeigg ratios X,
Xr > 3.0), acoustic resonances are excited by thicitgrshedding
excitation, and therefore the vorticity sheddingoShal number,
Fig. 27, can be used to design against acoustmnaeses. The
critical flow velocity foracoustic resonances may be obtained from

Vo =fa L /S If Vi is found to be less than the maximum fIOWFigure 30. Flow structure behind the front rows sho

Row |

Anlisymmeirie

wing the vorticity

velocity, the acoustic resonance frequefycghould be increased by shedding component S Parallel triangle array; Xp=2.08; Re = 1870.

installing antiresonance baffle plates (Ziada gt1#189b).

Parallel Triangle Arrays

Vorticity Shedding

Since parallel triangle tube bundles have a staggpattern of
tube layout, they have been treated in early liteeaunder the
general category of staggered tube arrays. Howaeseillustrated in
Fig. 1, parallel triangle arrays allow the flow pooceed along the
free lanes between adjacent columns, which is rainglar to the
in-line case. As a result of these combined gedaattconstraints,
i.e. free flow lanes through a staggered tube attey mechanisms
of flow instabilities are expected to be more coemph these arrays
(Ziada & Oengoeren, 2000).

Vorticity shedding in parallel triangle arrays occat three
different Strouhal numbers$,, S, and S;. The highest Strouhal

number componeng;, is associated with the instability of the shear

layer which develops on the sides of the flow lapetsveen the tube
columns. This type of flow periodicity exists onily arrays with
pitch ratios smaller than 2. Moreover, it is sustdi only at
relatively low Reynolds numbers. Figure 29 illugtgathe nature of
this vorticity shedding component.

LSt |
AL & & A &

Figure 29. Flow patterns S; observed in a flow lane of a parallel triangle
array. Xp = 1.44; Re = 580; water tests.

As in the staggered array case, the Strouhal nurBpes
associated with alternating vortex shedding bettima first two
rows. This pattern, which is shown in Fig. 30, asconly at
relatively low Reynolds numbers. At higher Reynatdsnbers, it is
replaced by the lowest vorticity componé&at As shown in Fig. 31,
this vorticity component, which is observed in ggavith X, > 1.4,
is associated with large-scale alternating vorterdsing in the
wakes of the inner tubes. At high Reynolds numbis, vortex
shedding component dominates in the whole array, it prevails
also at the front rows.
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Figure 31. Development of the flow structure associ  ated with the vorticity
component S; in a parallel triangle array.  Xp = 2.08; Re = 12300.

Strouhal Number of Vorticity Shedding in Parallel Triangle
Arrays

The Strouhal numbers of vortex shedding in pardtieingle
arrays are given in Fig. 3Zhe Strouhal number in this chart is
based on the frequency of flow periodicity,and the tube diameter,
d, as given by the Eq. (1). In this case, the gdpcity, Vg, is given
as a function of the upstream velock;:

Vg =Vu [(2 X, cos 30) / (2, cos 30 - 1)] (6)

The Strouhal number data in Fig. 32 are seen tlaps# mainly
around the three vorticity shedding compon&iS, & S;.

Acoustic Strouhal Numbersin Parallel Triangle Arrays

Investigation of the acoustic resonance of parsail@hgle arrays
(Ziada & Oengoeren, 2000) indicated that for mdsthese arrays,
the critical velocities for the onset of acousts@nances cannot be
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predicted from the Strouhal numbers of the naturatticity
shedding, which are detected at non-resonant donsit This
feature is different from that of normal triangleeagys, but similar to
the acoustic behavior of in-line arrays. This sarify seems to stem
from the fact that both array patterns allow thewflto proceed
freely along the flow lanes between the tube colimn

2.5

Parallel Triangle Arrays

Strouhal number

0.5 £

3
Xp= P/d

Figure 32. Strouhal number chart for vorticity shed
non-resonant flow conditions in parallel triangle a

ding observed under
rrays.

In order to be able to predict the onset of acoustsonance in
parallel triangle arrays, an acoustic Strouhal nemdhart has been
developed and is given in Fig. 33. The acoustioutal numbers,,
is defined as:

Sa:fadlvg @)
Wheref, is the acoustic resonance frequency ¥gds the critical
gap velocity at the onset of acoustic resonanceobserved in Fig.
33, multiple acoustic Strouhal numbers exist impsrwithXp<1.71.
Although some of these Strouhal numbers are adedcigith the
resonance of all modes (from 1 to 3), some ardeaelto only one
mode. To avoid any misunderstanding, the acoustides excited
by each Strouhal nhumber are noted near each dataipd-ig. 33.
The curve displayed in this figure is the upperitita the acoustic
Strouhal numbers of the tested cases and shoulilebged as a
design value to avoid acoustic resonances ovewtiwe velocity
range. In other words, the designer should enwaethe Strouhal
number based on the maximum flow velocity and aoguatic
frequency is higher than the design limit giverHiy. 33.

2.5

No resonance

i
e

Acoustic Strouhal number

0.5

1 2 3 4 5
Xp=P/d

Figure 33. Acoustic Strouhal number chart for paral
acoustic modes excited are also provided near each

lel triangle arrays. The
data point.
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The upper bound of the acoustic Strouhal numberSign 33
may appear similar to the envelope of the Stromahbers of the
natural vortex shedding which are depicted in BRy.However, this
is true only for large spacing ratios, Xp > 2.3,iethis to be
expected, since alternating vortex shedding becatoasnant. For
smaller spacing ratios, S3 can be up to 54% hitjtesr the acoustic
Strouhal number.

Summary

In general, except for in-line arrays, two or three distinct
frequency components of vortex sheddifig, f,, and a third one,
are observed. The componefgsandf,; (f,, > f,;) are found to be
associated with alternating vortex shedding from thbes in the
front and the rear rows, respectively. The thirchponent is rather
weak and appears at the front rows and at low Rdgnoumbers
only. The nature of all vortex shedding componemts the relative
importance of each one depend on the spacing tagoReynolds
number and the location within the array.

For staggered arrays, both components of vortex sheddirfig,
andf,,, are strong in the intermediate spacing case. Meryehe
lower component,; develops over the whole depth of the array at
high Reynolds numbers. Increasing the spacing ratakens the
high-frequency componerft, at the front rows, until the lower-
frequency component,; dominates also at the front rows. The
opposite occurs when the spacing ratio is redubegever, the
component,, remains confined to the front rows only.

In-line tube arrays are dominated by the symmetric instabalfty
the jets issuing between the tube columns. Thisenwfdvorticity
shedding persists over the whole depth of interatedspacing
arrays. The flow activities in adjacent wakes onfllanes are found
to be well correlated and to satisfy well-defindthge relations. Due
to these features, this vortex shedding mode iardegl as a
"global" mode of flow instability. As the tube spag ratio is
reduced, the jet instability and its spatial catieihs are weakened.
When the spacing ratio is increased, alternatindgcewshedding
becomes the dominant mode of flow instability, esgyy if the
upstream turbulence level is high.

Regarding acoustic resonances, it is shown thgtahe excited
by the natural vorticity shedding excitation in tb&ses ohormal
triangle and rotated square arrays. In these cases, the Strouhal
number charts of vorticity shedding, which are preed in this
paper, can be used to design against tube vibratimh acoustic
resonance of the container.

For in-line and parallel triangle arrays, the occurrence of
acoustic resonance is not related to the naturaiexoshedding
phenomenon which is observed in the absence ohaese. This
conclusion is valid for arrays with small and imediate spacing
ratios, but it does not apply for arrays with riefelty large spacing
ratios. It is therefore necessary to use the awo8stouhal number
chart to design against acoustic resonance andogntipé vorticity
shedding chart to avoid resonant vibration of thees. These design
charts are also presented in this article.
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