ot

o ¥ . -
ARRAY GEOMETRY EFFECTS ON VORTEX SHEDDING.

AND INSTABILITY EN HEAT EXCHANGER TUBE BUNDLES

A

By

MOHY ELDIN MOHAMED ELKASHLAN .

\\\\\ B.Eng. (honors), B:Sc.'Math{ (honots), M.Eng.
. B

A Thesis
A
Submitted to the School of Graduate Studies
in Partial Fulfilment of the Requirements
: . .

for the Degree - .

Doctor of Philosophy

'
-

* McMaster Universi@ I

. _ (:) Aygust 1984

\



9



a4

.



DOCTOR OF PHILOSOPHY (1L984)
(Mechanical Engineering)

TITLE:

AUTHOR:

9 -

"
r ° .

McMASTER UNIVERSITY
Hamilton, Ontario\‘

.
~

Array Geometry Effects on Vortex Shedding and

Instability in Heat Exchanger Tube Bundles -
Mohy Eldin Mohamed EiKashlan, ,
~
B.Eng. {(honors) (Alexandria University)
~K B.Sc. Math. (honors) . (Alexandria University)
M.Eng. ? . (McMaster Universicy)

SUPERVISOR: ~ Dr. D. S. Weaver

NUMBER OF PAGES: xvi, 270

ii | . (\

A



\

-

ABSTRACT
LY

, Eigbht tube arrays were tested to determine the effect of tube
papggfn and pitch on excitation phenomena in fube arrays in cross-

flow. These consisted of two different pltch-to-diameter ratios for

1y

each of the four standard heat exchanger tube array configurations.

.- <
Measurements of vortex shedding frequencies showed that laminar vortex

shedding may occur for some tube arrays at *low Reynolds numbers and is

LY
-

associated with very high Strouhal numbers.« Some arrays showed

multiple)values of Strouhal numberé at moderate Reynolds numbers, and

.
~

over a small range of pitch ratios. Quite godd agreement is found

u +

with some of the published results. Also, an improved correlation of

the existing Strouhal numbers. is obtained. The effect of tube pattern .

and pitch on the critical flow‘*velocities at low damping parameter was
, - ~

determined. The resq&fs were used with other’ available results to

deterﬁine the wvariation of the reduced velocity with the damping

[y ' .
parameter for‘the different arrays tested.
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CHAPTER 1
( LNTRODUCTION
\ -, e
Tube and shell heat exchanéers such as steam generators, heat
exchangers, steam condensers, and coolers are important parts of power
and chemical process plants. Practical ;:;igns for tube arrays in
"suéh components commonly have four standard arrangements,j namely:

Normal square, Rotated square, Normal triangle, and Parallel triangle.

The typical pitch-tb—diameter ratios for these arrangéments are in the

range of . 1.2 to 2.0,

:

Researchers usually divide the flow patterns depending on
whether the flow is pa}allel to or. normal to the tube axes. Most of
the research iﬁ the area oé flow induced vibration iIs more concerned
with cross flow due to the ﬂé;tructive amplitudes of vibration' which
may be produced; However, at the entrance anduexit nozzles, where
most of the failures are reported, fhe incidéﬂt. flow direction 1is
often far from ideal due to the presence of baffles, imp;ngement
plates, e€tc.

For cross flow vibrations there are four basic mechanisms:

!
(1) The tube vibratioms result from* periodic fluctuations
- within the flow. These fluctuations are typical of the

preéence of vortex shedding 39 the flow and with

frequencies proportiopal to the flow velocity. Vortex



(2)

(4)

shedding may result in resonant peaks if the shedding
frequency coincides'with a natural frequency of the

tubes.

The fluctuations within the flow are turbulent fﬁ which
case a behaviour associated with a randomly forced damped
vibration arises. The peak tube displacements will rise

if the dominant frequency in the Fforce spectrum coincides

with a natural frequency of the tubes.

If the vortex shedding frequency coincides with one of

.the natural frequencies of the gas column i1in the

direction perpendicular to the flow direction and' the
tube axig, this may resui£ in a transverse acoustd
resonance in the heat exchanger shell cavity. This will
cause severe tube vibrations if the acoustic frequency is

coincident with tube natural frequencies.

Tube vibrations which are Ffluidelastic in nature and
result from the interaction of the tube motion and the
interstitial motions of the Fluid. In this case the
amplitudes of vibration will ‘be significant and will

appear at a definite natural frequency of the tube after

‘a certain critical flow velocity. This threshold flow

velocity depends upon the geometrical arrangement of the._

tubes in the array. It is, therefore, very important for



practical applications to determine the relationship
\\\\_ between the‘ threshold velocity and pitch-to~dizmeter

ratio for different array gépmetries. ' \&

Flow induced vibration of the tubes m;y result in tube damage
. elther by fatigue or by impacg with each other or the tube suéports.
This problem is nowadays more common because of the trend towards
higher flow velocities and the use of small aiameter tubes with large
'spacing between supports. The severity of the damage and the high
cost due to partial or total shutdowns of nuclear power pﬂants are
reported by Paidoussis [1]. ' s
Research in the area of cross flow induged vibratiop is
expaqding/vgry_rdpidly. Major conferences and symposia have been held
[2,3,4,5,6] with hundreds of publications, in order to understand qhe
. phenomena of flow induced vibrations in nuéleér power planfs. The
most recent literature survey is given by Paidoussis (7]. The scatter
in the published results 1s still very sig;ifiéant aﬁd many unanswered

questions remain. ' O )

F

While the phenomenon of vortices being shed from a single
cylinder and its effect on the' wibratory motion of the cylinder is
reasonably Qell understood, its existence for closely packed tube
arrays is_quEStioned, as there is no room for a Qortéx street, in.the

usual sense, to form. Owen [8] argued that vortex shedding. within a
.

+ L



T’{ ’ - 4
R N - J
closely packed tube array was impossiblg,)hn& postulated instead a
turbulent buffeting mechanism with a peak in the frequency spectrum.
Others have suggested that vortex shedding may'exis£ for some but not
all tube arrays [9]. Jhgbmaps_of Chen [10] and Fin—Hugh [11) for
Strouhal numbers versus tube spacings \kor the four standard array
geohetries, ad&ed more copfusion- Altho;ghj %hey collected thei; data
mainly from the same source; large discrepancies do nevertheless exist
betw?en them [7]. Paidoussis [7] argued that the vortex sheéding.
mechanism of Chen and Fitz-Hugh and the turbulent buffeting mechanism
of Owen are the same mechanism. Recently, Zukauskas and Katinas [12]
proposed formulae for calculating tﬁe Strouhal. number for in-line and

.

results from normal square and‘pormal triangular arrays. The propesed

.

formulae do not fit all of theilr experimental results’and other
published results. Its applicability to otKer 'array geometries is not

known. More recently, Murray et al. [13) recommended not to use the

3

Fitz-Hugh maps because the collected data were based 75? results at

rescnance and were therefore not reliable.
Tube response amplitudes associated with vortex - shedding
resonance will likely result in a long term fretting wear and fatigue
!

damage of the tubes at the tube supﬁorts. On the other hand, the

significantly  larger amplitudes assoclated withr fluidelastic

instability in tube arrays have caused mid-span leaks‘due to tube-to-

tube clashing and-extensive tube damage.

S

staggered tube arrays. The formulae were based on experimental



The fluidelastic stability threshold developed by Connors [14]
and the extendgd'model by Blevins [15] for a single row of tubes are
used very widely as a design guide fbr.multi—row.tube arrays.
Experimental investigation expanded very rapidly af;ér Connors and
Blevins in order to eXamine the instability for tube arrays of

different geometries' and spacings and fluid flows other than air

(9, 16-267. - - ‘

'S ’ '
The fluidelastic excitation in tube arrays 1s ‘“usuglly

~

correlated in terms of a dimensionless yelocity parameter (V/fd)/and a ~

dimensionless damping parameter (mslegz): Weaver and Groyer {19]

showed that the stability boundary for a-garallel trianguldr array is

' less“&ependent_on the daﬁping parameter than that giv by Connors.

On ‘the othef hand, Weaver and ElKashlan [20] found that the
leogarithmic decrement of damping & and the mass ratio }n/pd2 aFe-not
linea;ly éependent pérameters-as implied by‘the use of the sg calle&
damping factor. A comparison between fluidelastig in%tabilifies on ;

" parallel triangular array by Weaver and Karoyannakis‘[ZG] in air and
water flows, showed that the reduced‘ velocity V/fd 1n water Ies
considerably below the projection of the ﬁurve from data in air. The
implication {s that the velocity threshold is not a simple function of

‘the square foot of the damping ﬁarameter.

The importance of. the effect of dther Earaméters such as
differe&t-afray geometries.and spacings was raised by Hartlen [16] and
Soper [17]. The scatter between thelr resuits is larég?”’However,
Hartlen c¢laimed that his - results are not” very pfecise as the

:

experiments were designed to produce general treﬁds and not design

-

-



' ’ ' .

data. The recently published theoretical model [27] emphasises again
the importance of such parameters.

Current de51gn approaches still rely on the use of Connors
stability formula.w1thout taking into consideration the effect of tube
array pattern, and pitch. The primary purpose of the present research
was to study the effect of tube pattern and pitch on‘excitation

phenomena in tube arrays in cross—flow. Two arrays with different

-

‘pitch-to- iameter ratios for each of the four standard heat exchanger
. -

tube arrdy configuratlhns were tested. Measurements were taken for

tube response as well as interstitial hot-wire data to examine the
fluid mechanics. 1In addition to providing insights into excitation
S

mechanisms, the results will provlde a set of consistent data for

evaluatlng theoretical models.
Although some data do exist for- tube arrays of differermt
/ ' Y
patterns and pitches, they .are' inconsistent becanse of the use of

different definitions of the critical velocity for the onset of

instability-and because of the different experimental equipment used.

' The only other systematig investigations of pattern and pitch [16],

»

[17] were conducted ‘at higher damping parameters than the present
study and,las mentioned above, yielded inconsistent results. ;However,
the resu}ts obtained together with those of [16] and il?] were used to
dete®mine the variation of the ‘reduced "velocity with the damping
parameter for the different arra&s tested. The arrays.nere also used '.

to measure the vortex shedding frequencies and determine if they will

result in resonance of the tubes in any of the arrays.

.



The data obtained in this study is used to explain some of the

scatter in the published llterature for both vortex shedding Strouhal

numbers and fluidelastié instabilities. Also, an improved correlation -

of the existing Strouhal nunbers is attempted.

-

Chapter :2 gives a summary of the available information ‘on the
. ¢ ‘ .

excitation mechanisms of vortex shedding and fluidelastic
Y

instabilities. The equipment used for conducting the experiments ‘of
the present study is presented in Chapter 3. Descriptions‘of_the
test—section, test arrays, and their design are also given in this

¥
chapter. The experimental results _obtained together with the analysis

~of these results can be found in Chapter 4. A comparispn of the

present results with those available from the literature and new

'vortex shedding correlations .are also given in Chapter 4, The

L]
conclusions derived from the present research and its ‘contributions

.

are presented in Chapter 5.

v

It is hoped that the present research programme will develop a

better understanding of both vortex shedding’ and fluidelastic

instability phenomena for tube atrays of different patterns and

-

pitches. ‘ N é?



CHAPTER 2

* , ] A LITERATURE SURVEY

‘Fluid fcﬁce components in a turbﬁlent flow or as a result of
the interaﬁtion o; the flow with a structure are the sohrce of flow
induced vibrations. The phenomena of flow induced vibration are

- extremely complicated apd have a very wid; field of application.
Since the problem was recognized, many confe{ences and symposia were

held with hundreds of publications shoﬁing different mechanisms

. . "
responsih&grfqr structural vibration and with recommended methods .for

’

i . "
suppressing their effects.

Of concern in this thesis is the flow induced vibration of
tglin ical structures, especially those in heat-exchanger tube
arrays.

" Four different mec;anisms can cause vibration of tubes arrays,

1

these being due to:
1. Vértex shedding from the. tubes. )
2. Tdrbulent buffeting; the reéponse of the. system to
turbulente in the flow.
3. Acoustic resonance.

" & Flyidelastic instability.




Emphasis will be on the first and last mechanisms as these are

of more importance for the research conducted in this thesis.
v

2.1 Vortex Shedding ,

. . / .
Vibration may be induced by the periodic force which results

from the sheddiﬂé of vortigces in the wake'of a blpff body. The nature
of . this vibration is of’ the ""self—control}ed" type because it is
assoclated with ﬁeriodicity in the flow.. If the shedding frequency of
those voftices in the wake of ihe.structure reaches Tthe natural
frequency of the structure, thé later will vibrate in f;sonance. The
vibration is usualiy stronger fO;’dense fluids like wa;er or highly
compressed gases. If this happens, the amplitude of vibration pf the
Structure may build up to the point where it sgarts to controi the
magnitude and frequency of the fluild force components. Thus the
vortex shedding will be controlled by the Jythm of -the tube vibration.
This is the result of a dynamic feedback mechanism between the motion
of the structure and the flow field. Mecre details about this
mechanism will be given later in this section.
The problem of vortex shedding has had a faifly long history.
A row QE yb;tieés was first sketched in the fifteenfh‘ century by
Leonardo da Vinci in the wake of a bluff body. Description of flow
regimes has'been summarized by Marris [28] fromvan earlier work by
Foppl [29], Trittom [30], f;shkq {31], and othgrs. Marris also
presented a survey of the available informatton on the problem of
périodic wakes behind a cylinder and the dynamics of vortex wake flow.

T ~

U R




.t

The major regimes of interest for the entire range of Reynolds number
are given in Figure 2.!, and oSbtained ﬂffom I,\f\inhard [32]. A
description of the f'low regimes follows.

For an isolated single cylinder at extremely low Reynolds
number (<3 tl}e streamlines close behind the cylinder and ' the flow
follows Stokes law., A pair of fixed vortices of the type discussed by
Foppl [29) are formed immediately behind the cylinder as the Reynolds
number 1s increased to a value between 5 — 10. . This pair of Foppl
vortices is separted from the main body of the fluid by the vortex
layers which are continuations of the laminar boundary layer of" the
cylinder after its ‘separatién. As the Reynold;s number 1s increased
the vortices elongate in the streamwise direction and at a Reynolds
numbe;‘ of about 90, one of the Foppl vortices breaks away from the
cylinder, leaving the other vortex attached to the ecylinder. This
créates a wake pregsure asymmetry which causes the other vortex to
leave the cylinder. This Process repeats itself and the state of
vortice_s_;' being shed alternately in the wake is attained.

In an extensive study of the nature of the wake Behind a
cyliﬁder, Roshko [31]) found that for Reynolds numbers less than 150,
the resulting vbrtiqe§ are purely viscous, the flow in such vortices
is laminar, and the vortex street is preserved‘ for many diameters
downstream.

.F‘or Reynolds numbers between 150 - 300, the free vortex layers
becc;me turbulent prior to their rolling up into vortices. Thus the

resulting vortices consist of turbulent fluid. The point at which

\t‘ransition into turbulence in the free vortex layers occurs depénds on
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E— Re< 5 REGIME OF UNSEPARATED FLOW.

‘/\Q: 2 JOIS<Re <40 A FIXED PAIR OF FOPPL

VORTICES IN THE WAKE,

o .
¥ 40 € Re <90 AND 90 < Re < 150

TWO REGIMES IN WHICH VORTEX
STREET IS LAMINAR:

PERIODICITY GOVERNED IN LOW
Re RANGE BY WAKE '
INSTABILITY

PERIODICITY GOVERNED IN HIGH

- Re RANGE BY VORTEX
SHEDDING. '

/
150 € Re <300 TRANSITION” RANGE TO TURBU-
Q LENCE IN VORTEX. .

————

O- 300gRe ¥ 3x10° VORTEX STREET IS FULLY
TURBULENT.
1
m 3x10° % Re <354 fo°

E ; ] LAMINAR BOUNDARY LAYER HAS UNDERGONE

TURBULENT TRANSITION. THE WAKE IS

NARROWER AND DISORGANIZED. NO
\d_/_,.\,__ : VORTEX STREET IS APPARENT.

»

3.5x10° < Re < O (P)

RE-ESTABLISHMENT OF THE TURBU-
LENT VORTEX STREET THAT S WAS
EVIDENT IN 300€ Re® 3x10%
THIS TIME THE BOUNDARY LAYER
IS TURBULENT AND THE WAKE

IS THINNER,

FIGURE 2.1 : FLOW REGIMES ACROSS CIRCULAR CYLINDER
FROM LIENHARD [32]
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tbe Reynelds Agaber; This point movéé upstream towards the separation
poiﬂt as’ Reynolds number increases, and at some particul;r Reynolds
number the transition point in the vortex layer reaches the separation
point on the cylinder. Roshko gives 50 diameters for the development
;f a completely turbulent wake. *

Shedding of periodic turbulent vortices seems to continue from
a Reynolds number of 300 up to about 2x105. At thié value, transition
in the boundary 1layer on the cylinder itself occurs, forcing the

~

separation point to move around the cylinder and the wake to become
narrow.

Besides the.drag force on-.the cylinder, the unstable shedding
of vortices results in a 1ift force on the cylinder normal to the flow
stream. Lienhard [32] gave an excelle;t summary of most of the'

available ‘data for drag and 1ift coefficients for a single cylinder.

Bishop and Hassan [33), Gerrard [34]) and Griffin [35] found

. that a predominantly transverse fluctuating force is exerted on the

eylinder which may excite transverse. vibration.
The predominant exciting frequency associated with the
vortices which cause these transverse fluctuating forces may be

predicted by using the Strouhal number, a dimensionless frequency

3
.

defined as:

fd

. » § = _%_
where : . .
fs‘ = the sheqaing frequency of the vortices
d = the outside’diameter of the cylinder or tube
v = flow velocity
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When the tube is exposed to an increasing cross flow velocity, fs
rises linearly sﬁch that S is constant. When‘fé gets close to fn’ the
natural frequency of the cylinder, and only if the respbnse amplitude
is sufficiently large, fS jumps to and remains constant at fn although
the flow velocity is increasing. This phenomenon continues until fs
jumps™ suddenly to the value given by the constant original value of §
bgfore‘resonance.. The range over which fs is controlled by fn is
termed “lock-in" and demonstrates that'there is a feedback mechanism
in which the exciting force is controlled by the tube response.
Periodic wake shedding could generate periodic forces in tube arrays
if such a phenomenon were to occur.

Sgﬁbuhal numbers for a single cylinder for the Reynolds number
range 40 < Re < lO7 are well represente§ by Lienhard [32] based on the
earlier work by many researchers. Strouhal number increases from
about 0.12 to a value of 0.2 in the Reynolds number range 40 - 300 and
remains constant at this value up Lo Reynolds number of about 2x105.
For a further increase in Reynoi umber, the Strouhal number starts

P .

to increase again. Relf and Simmons | ], and Fujino [37], found that

%trouhal number increases due to'the narrowing of the wakg of the
flow. ‘ ’

In 1946, Spivack (38], studied the ;ffect of changin e
spacing between two parallel cylinders on the vortex frequency in th
wake and the gap of the two cylinders. The appearancé of a second
harmonic for all spacings &etweén a gap to diameter ratio of 0 to 5

was reported. A Strouhal number between 0.2 and 0.35 rising in an

.approximate parahﬂf: was obtained in the gap between a gap to diameter
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ratio of 1 to about 0.5 respectively, followed by a sharp drop
attribut?d to a delay of separation of vortices as the two cylinders
get close together. Some of the values cbtained were attributed to a
jet mechanism in the gap. The Strouhal number was found to be inde-
pendent of Reynclds number for Reynolds numbers greater than 15,000.

The following results were reported from Marris' paper [28] on
research done by Landwéber [39] for the flow between a pair of
parallel cylindérs. For a ratio of th? distance between the cylin;ers
to the diameter less than 0.45 a‘single vortex street wake results.and
the eddy forces cause cylinders to vibrate as a pair. For a ratio
greater than 0.45 and less than 1.5 a double vortex streét of alter-
nate vortices 1s formed in which the vortices from the outer edge of
one of the cylinders are in phase with the vortices from the inside
" edge of the othér, and this causes the cylinders to vibrate in phase
as one. For a ratio of about 1.5 a double vortex street is formed in
which the vortices sh&d from the outer edges are in phase, and those
shed from the inner edge are in phase. This spacing will cause‘the
cylinders to vibrate 180 deg. o;t of phase. These conditions are
valid only as long as the amplitude,df vibration is small so that the.
cylinder motion does not effect the hydrd&ynamic s&stem.

In an array of tubes, the tubes have a natural frequency fn’
and will be forced to vibrate when the exciting force fluctuates at a
frequency fS which is close to fn; Strouhal numbers in arrays of

tubes are a function of their geometry. Upon predicting both fn and

fs’ designs where these frequencies are close may be avoided.



15

Grotz and Arnold [40], measured for the first time systematic-—
ally the vortex shedding frequéncies in an in-line tube bank model
with various tube spacing ratios. Their results and those of others

.

were used to construct maps of Strouhal numbers for afrays of various
geometries, However, it is believed that m;ny of these Strouhal
numbers were calculated from data in rthe lock-in region, and thus
these numbers may be too low.

Chen [10], investigated the problem of vortex shedding to add
more éonfirmation to a previously, correlated data of his own and other
authors. The results are in the form of a curve group between the
Strouhal number and the transv;rse spacing ratio with the longitudinal
ratio as a parameter for both in-line and staggered tubé—banks. He

n

<
expected that the formation of vortices in a column will be the faster
~

and thus the frequency of Von Karmaﬁ vortex street the higher, the
shorter the l§ngitudina1 distance bétﬁeen, two tubes in an in—line
arra&. Also the curve for Strouhal number should rise continuously
with increasing transverse spacing ratio for large longitudinal spac-
ing-ratio. He also stated that if a flow pésse§ only an iéolated
single tube, the voftex force exerted on the tube is always perpendic-
ular ' to the flow direction for the subcritical ;ange' of Reynolds
number. The separation point of the vortex is practically at maxim;m
span of the circular periphery of the tube, and the tube will be
forced to vibrate solely in the transve;se direction. BUt when a tube
is surrounded by a series of‘other ‘parallel tubes the flow streaming

past it will be guided by the neighbouring ones and the separation

point of vortex will be shifted downstream. The tube will no longer
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Iy

vibrate solely'perpeedicularly to the flow but also paraliel to it.
Curves for in-line  and staggered arrays are shown in Figure-2.2.

. Fitz-Hugh [11] suggested a correlation ef moest d{‘ the
available Strouhal numbers available at that time. He also found\Eeat
the fluid exciting force is neither of a discrete frequency nor it is
correlateq over the length of the tubes. Tube movement and acoustic
re§onance.produce axial “correlation which increase force on Fhe tubes.
The maps produced by Fitz-Hugh are shown in Figure 2.3 for stahgered
and in-line arrays. ‘These maps are divided . into areas of
approximately constant S and represent the values published by Bauly
[51], Konig and Gregorig [42], Putnaﬁ‘[&B] for staégered arrays; Grotz
and Arnold [40], Classen. and Gregorig [44] for in-line arrays; Chen
[10,45], Jaudet and Hutzler [46] for both types of arrays.  Fitz-Hugh
predicted that tube vibration will occur if 1/3 < f /f < 3. ué also
noted,‘that the frequency spectrum of the exciting force may change
with location in the array and may become broad.

Pettigrew et al. [47] found that, for arrays in liquid flow,
“lock-in or resonance occur in the first few ‘rows for values of
Strouhal numbers greater than 0.3 and less than 0.7. Also for liduid
flows, Pettigrew and Gorman [9], found that the Strouhal number is
different from one row to the other and it does not exist for some
érrays.'
However, Grover and Weaver (48] for gaseous .flo;s observed

that for’ Reynolds. number higher r than 1000, increasing- turbulence
ineensity will suppress any discrete vortex shedding frequency, and

that resonance is not a problem for arrays in gaseous flows in the
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absence of acoustic reinforcement. Weaver and Lever [49] confirmed
the above mentioned observations by Grover and Weaver,

Zukauskas and Katinas (12] studied the phenomenon on iarge
scale models in air and _liquid flows of arrays of the normal triangle
and square configurations. . Hog—w1re measureme;ts of the 1local
velocity fluctuations c?nfirmed that .tubés in the first rows are’
subjected to low turbdlence levels and ﬁniform velocity p}ofiles,

.

while the inner tows are subjected to hlgh turbulenée and nonuniform .
~

velocity distributions. In the inner rows, flow turbulence is about

40% and its value is a function of piteh ratics and array geometry.

The lower the pitch’ ratio, the higher the turbulence. Tubes in the

leadlng rows are excited by a narrow spectra while those in the inner

Fows are by a wide—quctrum pressure fluctuations. Their measurements

'

suggested the %oliowing formulae for determining the vortex shedding

.

Strouhal number.

1.8
(p/d) : .
Sg = 0.2 +exp { - T .3 }

for normal triangular arrays with P/d > 1.15, and

1. 83
- (P/d)
Sg 0.2 + exp { - ~ 088

for normal square arrays with P/d > 1.15.
Their results are shown in Figure 2.4. However, their results
for Strouhal numb&rs in water flow are less than those in air flow for

the same array, prebably because of measurements taken at resonanqggégf

water flows.
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© V4 .
Recently Paidoussis [7] plotted the ‘Tresults of Strouhal

numbers from Chen [10] and Fitz-Hugh-[11] maps, and pointed out that
aithough Chen and Fitz-Hugh draw their data mostly from the, same
sources, large discrepanciés‘ do nevertheless exist:- between them.

r .
Paidoussis alser plotted ‘the results of Owen [8]; who studied turbulent
. . o - A .
buffeting excitation as it will be seen later in this section; and
suggested that the vortex shedding of Chen's and Fitz-Hugh's and the

buffeting of Owen's are the ' same exciting mechanism. His plot is

]

. shown in Figure 2.5.°

- Avoiding resonance due to v?rtei shedding excitation is
» usually doné by keeping the natural frequency of the tube f away from
the vortex shedding frequency f - Another solﬁpion is altering thg
flow reglme.around the tube so as to prevent any formation of vortices
Sy -using splitter plates, helical strakes or perforated shrouds.
While these kind.of solutions are‘practical fof smoke stacks, cables,
etc., they are impractical for tube 'arrays because of the llmited
space. Increa51ng the damping is a third possibility, so as to reduce

the vibration amplitude.

While the problem of.vortex shedding in.tube arrays is not of
a great concern for géséous floqs; it has an appr;ciable effect for
arrays in liquid flows because oé the much higher‘aynamic pressures.
Also, it is pointed out by Weaver and Koré&@nnikis [26] and Weaver and
Yeung [22,23} that studying these phenomena'”in liquid flows is rather
difficult because it may be coupled with- ;ther excitation mechanisms.

Weaver and Yeung [23] also predlcted that -tube amplitudes will be

pegligibly small for tube arrays with a mass,damﬁing parameter greater
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\\\:urbulent eddies are associated with randomly - fluctuatinﬁ forces
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than 1.0, which explaiﬁs why no vortex resonance is observed in air.
This 'prediction will véry with tuﬁe pattern and P/D ratios. They
showed that the Strouhal number is depeﬁdent- on the approach flow
direction between a square’ array to a rotated sguare d&rray, and it
does not change for triangular arrays. They a}so reported some cases

where vorticity response was not observed at all. Cases where

vorticity for “some arrays was nbt observed were alse ‘reported . in

references [9,24]. \ " ’

However, the existence of.coherent vortices in tube arrays is
still not clear. In the wake ‘of the flow exists a broad band of
turbulence. As the flow passes through each row of tubes it will be
faced by a resistaqce which ultimately will convert its pressure.
energy of mean motion inte turbulent energy. Thus the turbulence
intensity will increase as the flow moves more deep into tﬁe akray.

“ 2

umposed on the tubesl A flexible array will‘pick—qp the frequené; in |
the turbulence’ which coincides with its natural érequency and amplify
it especially if small damping is inherent in the system.

Turbulence buffeting excitation' was studied " extensively by

Owen {8], who based” his theory on the fact that sufficiently deep

“inside an array of tubes the flow is essentially turbulent.. The study

was for high Reynolds number. As the flow accelefates and decelerates
between tube rows, Owen, ffom energy equilibriﬁm between the rate of
dissipation of turbulent energy and the rate at which work is done on
the gas by the mean pressure gradiéht, found an expression for the

domfngsi buffeting frequency in the following form:
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£ = [3.05 (1 - %02 + 0.28 %%
where
£ = buffeting frequency
d = tube diameter
T = lateral tube Spacing v
. L = distance between successive tube rows

U = Mean gas velocity between adjacent tubes

. L . ' .
A plot between _[3—§ and (l—% )2 with the available experi-

mental results based on acoustic resonance data of Grotz and Arnold
[39};%?nd Hill and armstrong'[SOj showedva good agreement with little
sgggé?r. ’ .
| Owen stated also the following rule:
."The dominant frequency of vibrations in.a bank of

tubes, for which the ratic of the diameter to the
lateral spacing-lies between 0.2 and 0.6, is equal

to the interstitial gas” velocity divided by twice
the disrance betweeq successive rows.” «
Furthermore, if the vortex shedding frequency coincides with
one of natural frequené}es of the gas column of the heat exchangers in
the direction perpendicular to the flow direction and the tube axis,
this transverse gas column will be forced to vibrate too. V!!Eationq
. v . . .
of the gas éolumn Qill be transfered to the outside shell of the heat
exchangers and its vibration will radiate an intense noise into the
surfoundings. The phenomena df transverse acoustic resonance was

studied extensively by Chen {10,45,51], Morse [52], Funakawa and

Umakoshi [53], and Zdravkovieh and Nuttall [54]. While they proposed
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criteria for -excitation, they alsc recommended methods for eliminating
or minimizing its effect. Chen [55] recommended the use of detuning

baffles along the flow direction with a length comparable with the
sound wave length, while Zdravkovich and Nuttall recommended omitting

some tubes from the array to disturb the flow pattern.

2.2 Fluidelastic Instability Mechanism

Fluidelastic instability of tube arrays is a self-excited type
of vibration. Oscillations of the tubes due to high velocity flow
field result in periodic forces which in "turn amplify the tubes’
motion. Of course, these periodic forces disappear in the absence of
tube motion. Instability will occur when during one vibration'cycle
the energy absorbed from the fluid forces exceeds tﬁe énergy dis-

_sipated by damﬁing. The flow velocity at which instabilify will start
ié termed as “critical flow velaocity" or “threshold velocity”. 2

Roberts [56] was the first to discover that self-excited
vibrations occur in only the flow direction of a one row tube array.
As the flow passes a pair of tubes of alterna&e motion i? the stream—-
wise direction a flow jet will form in the gap between the tubes. The
result is é.jet—switch or a tube-~displacement mechanism in which the
fluid forces wili amplify the tubel motion and result in a .dynamic
instability.

However, Connors [14)] found that the jet—switch mechanism

proposed by Roberts [56] is not the one which causes the fluidelastic

i@ssfzfitty\éf tWe tube row but rather that, as one tube starts to

NP
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vibrate, it will change the flow field around it and obviously arou;d
its neighbouring tubes causing them to vibrate too. Steady state l
fluid force coefficients were then determined according to previously
determined relative 'mode shapes. This rtogether with experimental
results, for the single row of tubes Qere used by Connors to derivg a
-semi-empirical criterion for the threshold of fluidelastic
instability. The criterion was found to be dependent on the reduced
velocity parameter V/fd‘as & linear function of the square root of the

9 .
damping parameter m§/pd”, in the form: .

N | f = 9.9 (Bpl/? ‘
//J- here . . d : .
R ' ,V = mean flow velocity in the gap between adjacent.tubes,
f = tube natural frequency, -
d = tube outside diameter, .
m = virtual tube mass per unit length (the mass of the tube

itself, plus the added mass of the displaced fluid),

8§ = logarithmic decrement of damping of tube in still fluid,
dimensionless, .
and p = mass density of the sﬁrrodnding fluid.

The stability constant 9.9 is a function of the array geometry.

Blevins [15] confirmed Connors' result, that the threshold for
fluidelastic instability for a single-tube row was dependént on the -
reduced critical velocity parameter and the damping parameter for an

eitended model which includes tube stiffness and damping.

a . 1

~
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Although the syability‘boundary by Connors and the extended
model by Bleviqs are used widely as a design guide for predicting the
fluidelastic vibrations in heat exchangers, its validity for tube
arrays has been questioned. Even the 0.5 exponent in their criterion
is in doubt. New studies which includi differdént parameters such as
variaple damping, mass ratios, array's layout‘and geometry both
experimentally and theoretically have since been completed.

Tube arrays commonly used in practice have four different
types of 'arrangemedfs; namely: normal square, rotated square,
parallel triangle, and normal triangle’, see Figure 2.6.

' Hartlen [16] employed soft plastic tubing fér the evaluation
of the stability threshold for different array patterns and with three
diffefent pltch-to-diameter ratios. His }esults indicated that the
stability:-threshold for a full array lies below that for a single
transverse r&w‘indicated earlier by Connors by a factor of 1.5 to 3I
and are sensitive to tube patte;n and pitch as shown in Figure 2.7.
Even Ehe sharpness of threshold is sensitive to tube pattern and

’ .
damping as it is very sharp for rotated square and gradual for rotated

-

triangular arrays.

The effect of changing the pltch-to-diameter ratios on fluid-
elastic-instabilities was also studied by §9yér [17]. The scatter in
the data between the two authors is significant when compared on the
basis of the Connors' relationship. They did their experimental work
in a differentrrange of the mass damping parameter, and additionally,

Hartlen claimed that his results are not so reliable.
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Chen [57]) included bhoth the effect of Reynolds number R and

the spacing ratio x (xt = T/D or xl = L/D depending on which is. the

smallest) for tube arrays, and expressed a formula for the fluid-

elastic iastability as,

R

- pems (172
= = F(__f)

v
(?E) y

Later, Chen (58] modified the exponent of R to be 0.25 in?tead

I3

“of 1 to give a correlation with the avallable experimental results.

His results show that fluidelastic coupling between elastic vibration
of the tubes and the flow path variation owing to the relative

movement of the neighbouring tubes, is sensitive to tube spacing

ratios. For small tube spacings, mechanisms such as wake swing, jet

switch, and jet instability are the sources of excitation. This will
be followed by fluidelastic instability. For moderate to large tube
spacing rgtio, Karman vortex shedding is suggested to be the only
source of excitation. He also reported that the dimensionless
critical speed increases practically linearly with the spacing ratio
for different arrangement groups. The instability criterion is

inversely dependent on spacing. ratio. The slope of the line governing

" the relationship between the reduced velocity parameter and the

damping parameter increases with increasing the damping parameter.
The dimensionless critical speed fbr single tube rows is higher than
for tube banks. There is no general tendéncy to show whether the in-

line tube arrangement or the staggered one is suberior with respect to

the stability threshold.
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Another formula for tube banks with-in-line and staggered tube

arrangements, was proposed by Gross [59], (quoted for Chen [58]) in

the form:

F—

Note the difference in the value of the instability fa;tor and the
exponent of the damping factor with those of the previous formulae.

In a theoretical study Blevins [60] éxtended his previous
modél for a single transverse tube row to include tube arrays. He
reported that tube array with in-line arrangement (normal square
array) is more critical than that with a stagéered one (rotated
square, normal triangle, and parallel triangular arrays).

While Hartlen [16] showed that a straight liée wi;h an
exponent ®f 0.37 for the damping parameter fits Connor's experimental
results for a single tube row much better than 0.5, Savkar [61]
suggested an exponent of 0.4 as much closer. 9

Weaver and Grover [19] demonstrated that, for parallel
triangular arrays, the stabilitf " boundary is ‘1éss dependent on
damping, and, based on varying damping only, suggested a formula of

the form, -

v : [ ]0.5 60.21
LA I

fd ¥ |
Later Weaver and ElKashlan [20], varied m/pd2 while keeping 'y

constant for the same type of afrays of [19], anﬁ;f0und thatr,

(- 10.29 60.21

. V-
C - P ]
. fd de



GCitélt et al [18], showed that by varying ; (the fluid
density) while keeping § constant, the reduced critical velocity V/fd
will be proportional to the mass ratio factor m/pd? to the fgwer 0.3
which agrees very-well with Weaver and ElKashlan.

Recently Weaver and Yeung [23] studied the effect of vqryiﬁg3
tube mass on fluidelastic instabilities in water flows. They found
that critical flow velocities are independent of the mass ratios in
water flows. They gave the following formula to determine the added
mass coefficient for a tube which is oscillating in a confined space,

as,
Y. fio
Cm = —; [0::) 1]
where Te and Y, are fhe tube and fluid speéific gravities respective-
1y, fA is the tube natural frequency in air, and fw'is the tube
natural frequency in the fluid. They also predicted that tube mass
has no effect on added man, but added mass has a grea; effect.onltuse
dynamics especially when the tubes arg.iight compared to the fluid
mass. J
Weaver and Koroyanﬁakis [26]) shoﬁed that in water flows, éddéd
mass effects result in less regular response of the tubes than those
in air flows. They also showed a reduction in  natural frequencies
occurs due to added mass and a broadened natural frequency spectrum
due to fluid coupling effects.
The effect of approach flow direction on the fluidelastic

‘instability of ‘tube arrays was studied extensively by Weaver and Yeung

[21 22] They found that the approach flow direction from a normal

~
s o
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square to a rotated square has no clear effect on the fluidelastic
instability, while for only about .8° incident flow angle, the
stabillty threshold for a normal triangle drops substantially to that

for a parallel triangle. .

_In:order to simulate the, situation in the U-bend region ot a
heat-exchanger, Weaver and Koroyannakis [25] studied the effect of
using assymmetric stiffness (different stiffness in. the streamwise
direction from that in the transverse direction) on the fluidelastic
instability. They found that the reduced velocity will increase by

about 207 over that of symmetric stiffness} They also @ngtd that

changing the direction in which the tube 1s more Stiff would not.

v .

change this effect. ' .

The effect of partial admission'l(blockage) was stu&ied by
Franklin and Soper [62]. Partial admission wasAfound to increase the
critical speed; They also ‘found that upstream turbulgnce always
reduces the critical velocity and has more effect on the first tube

. . - ™~
row than the last tube. row. <

Mahrenholtz [63]) was able, to determine experimentally the,

unsteady fluid ﬁorceé for an elastically mounted tube within a tube
array. The results show that. fluid forqes can lead to damped or
increasitg vibratiops of the tubes. Uﬁéteaéy fluid force coefficients
are relatively highj;n the second tube row, which means that }his row
is highly susceptible to damage.

In the first few ie;rs of studying»the phenomenon of fluid-

elastic instability in tube arrays, the resear¢h was mainly exper-

imental as discussed above; The development of semi-empirical models
h ' .

&
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which characterize‘the behaviour of the tubes for the onset of
instability was attemptéd by Connors and Blevins and was even
restricted to a single tube- row. . Semi*emﬁirical models for full
arrays require measuring experimentally beforehand fluid force
coefficients for‘ every tube in the array and for every specified

‘direction of motion. Since'Ehe flow regimes differ from one array

Y

LY
- arrangement to the other, this will require measuring fluid force

coefficients for every tube pattern. The next step, is to insert

these fluid force coefficients into the equation of motion which is

even linearized.

Developing‘a semi—empirical mathémabical ;;del to predictithe
flﬁidelastic instability of tube arrays was first attempted by Cheﬁ-
(64, 65]. 'Displé;épent, velocity and écceleratioﬁL dependent Vfluid
force coefficients for unsteady fluid éor;eq were used in a linearized

p
equation of motion. Tanaka and Takahara [66,67,68] sgudigd the

.characteristics of the threshold velocity of normal square ays with
P/d = 1.33 and ZtO in water flows using a similar approach. Their
semi-empirical model was based on insgrting in the equation of motion,
experimentally détermined unsteady fluid dynamic force coefficients.
Ihe latter were fouﬁd to be dependent on reduced flow velocity, tube

motion, 'an& the motion of its nearest surrounding neigﬁbours. A
| stability curve covering the region of their tesgé was ggnerated and
showed good agreement with their expegimental ‘results. Through ;
comparison between the normal square arraj with P/d = 1.33 and the one

wit d = 2.0, they were able to determine theoretically the

behaviour of a normal square array with different pitch-to~diameter
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Pl

ratios. They found that the critical flow velocity increases with the

pitch-to-diameter ratio for a normal square array when it is less than

2.0, and level off for values above 2.0. The critical velocities for,

a U-turn flow is about 85 'percent of those in cross flow. For the

¥

normal square array with P/d = 1.33 they proposed a stability boundary

of the form:

v 0.5 -0.5 .

. . fd a.(E—E 5 for low density flow, and
0 v )
*‘j o e o3 m2)0 -3 0 2 for high density flow.
P .

while for the normal square array with P/d = 2.0, o

L ]

? -

r—nl<:

" Later Chen [62,70], further developed hlS previous unsteady

) ﬂu{‘
model u31ng the Tanaka~Takahara fluid force coefficients, and extended
the stability curve to cover the air flow region. Two_ instability

criterion were propoéed, namely: i "Fluid-damping~controlled”

instability for high densiéy flows, and "Fluidelasgic-stiffnessr-

controlled” instability for low density flows. o

| A quasi-static model for a Lstaggered two—-row array was
developed by Price and Paidoussis [71) in which the fluid force
coefficients were measured statically. The reduced critical velocity

for fluidelastic ie;?ability is found to have the form:
2 2

N E o= 16.9 ( tr —1)”{1+(1+0355‘—‘i‘5—-)°5

pd
N o
where T is the tube pitch in the direction 90" from that associated

with the tube pitch P. Tfeir empirically fitted equation for a double
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row array agreed with the experimental data of Weaver and ElKashlan

T

i
)

\ Recently Lever and Weaver [27] developed a very simplified
model to predict the fluidelastic  instabilities of tube arrays. The
model is based on.a single tube in a shaped flow channel which
pEgserves’ the basic geometry of the array. "They found that the
mechanism of instability is dué to mass__flow redistribution of the
free-stream flow which is a result of tube motion and phase lag
resulting from the finite fluid inertia. No measured fluid force
toefficients are required in their model and it includes the effect of
array geomeory. While other researchers considered the effect of °

neighbouring tubes in measuring steady and unsteady fluid forces,

.

Lever and Weaver found that  one flex1ble tube 4is enough in
undefs;ending and providing the mechanism of'instability and that the
flow field created by the surrounding tubes will result in the

instability.ﬂ Fluid coupling between tubes occurs in ithe post~st§ble

region. The stability curve produced does not conEinue from air to

PR

water and that for water is considerably below the stability curve ford

v

air for the ,Samw

In common between Tanéka—Takahara Chen, and Lever and Weaver
is that the critical reduced .velocity for fluidelastic instability is
substantially different between.gas and liquid flows. Jumps ol

discontinuities in the stability curve are predicted by all of them.

While these stability . curves are in good agreement with some

. _ . ~

experimental results, z great deal of scatter exists in the available

experimental data. . . N




Fluidelastic instabilities in tube arrays can be avoided by

limiting the flow velocity across the tubes to a value below the

threshold velocity for instability. Reduc1ng the tube “gesponse and
delaying the fluidelastic instability is by the use of tube supports.
Weaver and Schne1der [72] demonstrated the use flat bars as
antiribration supports. Small clearances helped to prevent both the

out-of-plane and the in-plane modes. They reported.that the larger
: A~
the impact force and/or the support clearance, the greater {g likely
"te be the wear rate. 'They also pointed out the importance of support
effective sbacing, supggép geod&try, and tube—to-support clearances.
The effect of detuning as a method for stabilizing fluid-
~elastic instability was studied by many researchers [15,49, 68 70 ,711.
While detuning produces a -stabilizing effect in some cases, it may
have no.effegt in others. Weaver and Lever [49] showed that detuning
by up to 3lpercent will inerease the critical velocity, but increasfﬁg

the tube-to-tube’ frequency difference beyond this, will bring the

critical velocity down again to its original value. a

4

There is no doubt that 85‘“ deal has been accomplished

A . . :
towards understanding the mechanis responsible for resonance and

instability. Still, considerable scatter in the available results

]

Boes exist, and mo careful experimentﬁf;?;EEarch is needed to

produce reliable and consistent data with which to -develop design
. . _

guides and confirm theoretical models.



¢ CHAPTER 3

EXPERIMENTAL FACILITY AND INSTRUMENTATION

A low speed wind-tunnel facility was évailable forkthis
researco [73]. The average upstream turbulence intensity inside the
test—section over the rangelof operating speeds was only about 0.2%.
The. velocity distribution is uniform within 1% outside of the boundary

- layers on the test section walls. The vibration and noise levels of
the wind-tunnel are negligibiy 'small. The tunnel was also provided
with a speed controllonit to control the flow velocity very precisely:
at aill operating speeds so that both vortex shedding and self- excited\
vib;ations phenomena of the. tubes can be studied carefully. . The.f
tunnel was used to operate in a velocity range from 0 m/sec. to 19 0
m/sec.

As tho purpese of this study was mainly to soudy the effect of
changing pitch-to-diameter ratios and arrangements-of tube arrays on
. the fluid excitation mechanisms, the test—section- was designed to

faciliéate the insertion .and removal of the array without changing the
test-section itoelf. Aorylic flexioisjcantilevered tubes mounted on

steel rods were used for studying the fluidelastic ins?abilities,

while hot-wire probe arrangement was employed to study the unsteady

-



~

flow phenomena and mean velocity between the tubes. The designs of

the test-section and tube-models are described later in this chapter.

3.1 "The Wind-Tunnel =

The low speed wind—ﬁunnel was designed and constructed
previously by Grover [73] for this:fype of study aqd is shown
schematically in figure 3.1, The upstream portion‘éf the wind-tunnel
begins with the contraction section'which is méde of 3.2 mm. birch
plywood mounted on oak bulkheads. The léngfh of- this section is
approximately 1,14 n. Thg section séarts with 1.45 m; équare inlet
and ends witg 0.31 m. square outlet, the contraction ratio being 22:1.
The wall contours were éo‘designed Lo prevent any adverse pressure
gradieﬁts which might cause boundary léyer separation. The purpose of

v

this section is.tolreduce any spatial Irregularities in.the velocity
distribution and results in low turbulence levels at the test-section.

This contraction is followed by the test—section specifically
desigﬁed for the present study. This is a box type structure made up
of elevenAperépex plateé bolted togethef&\fhe ihicknegs éf each plate
‘being 19 mm. The nominal internal dimensions of the ;est*section are
0.31 m. square by 0.82 nm. long. The design of the‘test—section
alléwed changing the tube array by insertion of the tube arrays into
the bottom. The complete design of the test—section is given later in
this ‘chapter.

The next section is the 2,59 m. long diffuser section. The

main purpose of this section is to decelerate the flow and give an

L4
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efficient ¢onversion of kinetic energy into pressure energy. Its

efficiency depeuds op wall angle, inlet and cutlet velocity profiles.

The diffuser section is made of 12 gauge mild steel sheets with a

-

square-to-round transition at the front and an included angle for the

main body of 6°. At the end of the diffuser, cruciform splitters are

-

installed to afford an increase in the included angle to 10° and thus

shorten the overall length.

At the end of the tunnel, the fan and motor assembly are

?ﬁsfallea. A 0.6 m. vane-axial fan having a maximum rating of 3.8
m3/sec. at 0.038 m. water static pressurevis used. A 10 Hp. D.C.
motor is employed to drive the fan. A D.C. motor speed control unit
is used to control the speed. The speed control unit and regulator
are installed near the end of the tunnel. The motor speed could be
kept coﬂstant within + 1 R.P.M. in the speed range 0 - 500 R.P.M. and

.

within +- 3 R.P.M. for:higher speeds of 500 - 2500, R.P.M. Two

different sizes b%\Pul eys are used at the métor shaft to give the .

desired range of fan speeds.
Between the diffuser ‘section and fan unit a flexible sleeve is
fitted to prevent any fan vibration from reaching the test-section.

This wind-tunnel aisembly is installed on éteel frames such

that the middle of, the 'test-section is approximately at .eye level.
%

3.2 The Test—Section

It was desired to design a test-section into which eight tube

arrays could be fifted:,without changing the .test—-section for évery

C

w
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array. These arrays could also be used for future research in water
tunnel test-section. After careful consideration of these require-
ments together with keeping the internal nominal dimensions of the
test-section tec a 0.31 m. square, it was decided to build a test-
bection which is made of perspex plates bolted together. Schematic
views of the test—section and the dimensions of the platés used are
shown in Figure 3.2. A 5.08 cm hole was drilled 1nﬁkhe top plate to

allow insertion of a hot wire probe between the tubes. The position

and size of this hole were chosen so that an acrylic plug fits it and -

holds the probe centrally between tubes in each array. Another hole
'was drilled on the uﬁﬂéfeam part of the top plate for another hot—-wire
Probe used to measur:\?ﬁéxupstream flow velocity. Oﬁ'the upstream
part of thevbottom plate a third hole was drilled for a pitot-static
‘tube used in parallel with the hot-wire probe to provi&e a check on
measurement of the upstream flow velocity. The-cleaging hole on the
bottom side alIOWed insertion of the tube arra?s. The plates on the
end of the tgst-section were used'’ to\Qpld the test—section with the
contraction section on one side and with the diffuser .section on the
other side. A photograph of the test-section witg one of the tube
arrays and the probes in position {s shown in Figure 3.3.

The wvelocity distribut;on Is uniform within" i.OZ “over the
central 80% of the test-section area. Over the range of operation
speedé, the average upstream curbulence_intensit; is about 0.2%. The

boundary layer thickness midway through the test section is about 8

mm., while at the tube arrays position is about 9 mm. thick. \>
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3.3 The Flexible Tube Model

In previous research conducted by Franklin and Soper i62],
they found that a cantileverie tube would have the same characteristic
behaviour for fluidelastic instability és that for a simply supported
one. This together with the fact that these type of tubes will be
more convenient for the intended study, and could be used for flow

visualization in water tunnel, were the reasons behind adopting this

tube model.

In this tube/model:

i) the tube .is elastically mounted; the elastic
constraint is linear, 'i.e., restori action is

4
proportional tao tube displacement.

ii1) . the logarithmic decrement of damping has a single
value in all directions.

An acrylid tube was mounted on a stainless steel rod as shown

in Figure 3.4. The tube has a flat top and the elastic rod is screwed .
o ;

and ‘glued for about 2.54 cm into the bottom of the tube. The con-
nec;ion was rigid enough to prevent Any relative motion between the
acrylic tube and the steel rod. The other “énd of the steel rod was
maqe to be screwed into a steel base whgﬁh will hold all flexible

tubes as will be seen later in this chapter. The acrylic tube with

. the steel rod weighs 238 grams, while the acrylic tube itself weighs

182 grams. Thirteen such flexible tubes were built. The reason for

.
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cheosing this number willlbe given lacer in this chapfer. Only two of
these flex;ble tubes were instrumented. On each of these instrumented
tubes, four strain gauges were installed near the base with a 90°
différence between them. Each opposite pai; were connected to form a .
half bridge to double the sensitiQity of the output in a éiven

« direction. The other pair ﬁill represent the orthogonal direction.
Specifications of strain gauges are given in Appendix A. The céiibrg—
tion showed a linear output for cantilever tip deflections up to those
required *for tube-to-tube clashing (the calibration was carried‘pn up
toc a deflection equal to 16% of tube diameter and which is approx-
imately eqdal to the spacing between tubes for arrays with low P/d
used in thié—study); The.procedure and results of this calibration

are given in detail in-Appendix B.

-
'

The output signal from each pair of strain gauges recorded sn
a Spectral Dynamics 3751Fouriq;’Analyzer through a strain gauge bridge
'”(signal conditioning amplifier howed no directional variation in. -

r)
effective stiffness of the tube.

£

3.4 - The Test—Arrays \¥
As was mentioned previously, the pu Rgii\jf/;he ptesent

research is to study the e of changing the pitch-to~diameter

ratlo and the geometry of tube a ays on t fluidelastic instability

and - vortex shedding phenomena. Many factors were taken into consider-

y ation in designing and selecting these arrays. First of all, from a
“w .

previous study [74], it was found that a maximum number of six tube
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rows are enough to' 'study ‘fluidelastic instability. Tubes in the
secohd, third, and fourth rows are critical in terms of fluidelastic
Instability (16,74) and vortex shedding response [9,12]. Deep inside
the arr&y, the flow is more irregular because of the high turbulence
intensities and vortex eheddlng may .not be present [B]‘ Secondly, all
arrays wlth a-reasohable depth should fit in the same test~sectlon.

A 30.48 cm x 14.60 em x 3.81 ¢m steel base was used to hold
the flexible tubes. The steel'hase was large and heavy enough and the
connection between the steel rod and'steel base was sufficiently rigid
to allow very little mechanical coupling between tubes.

Preliminary calcuiations of the possible arrays with integer
number of tube rows for section width are represented-in Table 3.1.
Only those with a reasonable number of tube rows were selected. Two
arrays of each of the four different geometries; making a total of
eight arrays were believed to be enough for the purpose of the present
Study. The selectedlarraye are: normelnsquare arrays with P/d =
1.33, 1.5; rotatee~square arrays with P/d = 1.414, 1.70; normal
triangular arrays with Péo =_1.§3, 1.5; and parallel triangular arrays
with P/d = 1.375, 1.73. ‘Layout of the tube arrays used for conducting

the experiments is shown in Figure 3.5. As can be seen, half tubesg

were installed along the falls to minimize wall_eﬁféztﬁ Exact
locations of flexible g:d instrumented tubes will be given in the next
. @

chapter. A photograph of seven of these arrays is shown in Figure

3.6, The eighth array was installed in the test-section at the time

this photo was taken.,
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«Table 3.1

Possible arrays with integer number of tube rows for section width.

- SQUARE TRIANGLE

. Normal Rotated Normal Parallel
"P/d ) 1.714 1.7 | © 1.714 1.73

No. of Tube Rows 3 v 5 . 4 6

P/d 1.5 1.414 1.375

No. of Tube Rows ' 4 o 5 6
' . d N
, e | +

p/d LA 1.212 | 1.33 .

No. of .Tube Rows 4 - 6 ' 5 - /
———-—.\-_-\ e
i . ’

P/d 1.2 1.2

No. of Tube Rows 5 ’ Sr
e

Selected arrays o . T
L J . .

=T
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The reasons f6ér not selecting the rest of the tube arrays seen
in Table 3.1 were; for the>normal.square array with P/d = 1.714 for
the obvious reason of smaiilnumher'of tube rowgr‘while on-the other
hand, for normal square array with P/d = l.Z,Zrota:;E\unare array
‘with P/d = 1.212, and nornal triangle array with P/d = 1.Z2 'was
bas}cally e judgement call.' Although a'pitch to-diameter ratio of 1,2
is a minimum practical pitch ratio, it was thought that the pitch

ratios chosen would more likely yield useful results.

- -
-

3.5  Vortex Shedding Response Equipment

In order to obtain frequency spectra in the flow between tubes
for different arrays, it was d951red to use a single adaptor for the
hot-wire probe for every array.' A transparency containing the plan of
each array wasldrawn. From overlapping different transparenc1es, a
plug containing eight holes, a hole corresponding to each array{;:
selected. The size of the hole was mnde equal to the diameter of the
hot-wire probe holder. Its centre is located midway between tube

spacing at the minimum gap between tubes; and so that the wire on the
hot~wire probeé” is at the centre-line betweenftubes. Size and dimen—.
sions of the plug are shown in Figure 3.7; Accordingly a hole was
drilled on the top plate of the test"section at the required location.
The detailed location of the hot—wire probe for every individual tube
array will be given in the next chapter. Eight_small plugs were made
to fit the hot-wire probe holder hole, so that if one of the holes is

being used the rest of the holes are closedito prevent any leakage of

air into the test-section.
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3.6 Instrumentation

Tuning of the instrumented rtubes was achieQed through the
-

output of the strain gauges (Gauge type: CEA-09-032U0W-120), which are

\ installed near the fixed end of each tube. The output of the strain v

-

gauges 1is connected to a Conditioning amplifier (Vishay 2310 Signai
' ~

) conditioning amplifier), then viewed on a Fourier analyzer (Spectral

¢ Dynamicg Model 375-1).,. The same sequence of instrumentation was used
\ to measure the amplitude of vibration at different flow velocities.
- . . 31 .

Four strain gauges- were installed ,with a 900 difference between them

on each of the instrumented tube support rods. As mentioned

previously each- opposite  pair were connected together to double the
. t

.'ébhsitivity of the output and the output will represent amplitudé_of
vibratidn in a certéin_dfrectiop. The output from the second pair of
strain gauges-will give the amplitude of vibration in the orthogonal
direction. | | | .

An MTI capacitive proge {Type ASP;IO) used in conjunétion‘with

a-distance and vibration meter (MTI AS1000) and the Fourier anaiyzer

,were employed to tune the rest of the flexible tubes for each array to

" . .
. —
: ‘ the ;requi,red frequency. 1 Q ) . | .
- Two different types of instrumentation were employed in order
. tg/obtain a reliable and accurate, measurement of the ups;pe;m'flow
velocity. All the reéults for vdrtex sheddig% and fluidélastic insta- ‘
\\E ﬁility bhenomena were obtained w%th -reséect to the upstream. flow k\_/////
- velocity. The fi;st set of instrumentation was a DISA 90°'miniature
hoi—wire probe (DISA type 55P1l4) in conjunction with a DISA constén;—

FOY

temperasure anemometer (DISA type 55A01). 1In order to read the output

' AN
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o ) .
voltage from the ﬁ&SA constant temperatur anemometer more accurately,
l' e
it was displayed on a digital voltmeter (Ty HP 3465A). The second

. L
set is a pitot-static probe and a manometer.

The minimum gap velocity was mé&sured using another DISA 90°

=)
minlature hot—wire probe and a DISA constant-temperature anemometer.

The output was also displayed on a digital voltmeter. The same signal
of the ouﬁPut from the hot-wire probe and the constent empereeere
anemometer in the minimum gaplwas used Tor computing the flow-field
velocity-spectra using the Fourier analyzer.

The outeut of the strain gauges affer beiﬁg pfocessed through
the signal conditioning amplifier was recorded on a U.V. recorder

L4

{Visicorder oscillograph, Model 2106). "The output on the Kodak line-

graph paper was used to check the natural frequency and compute the

logarithmic decrement of damping of thé lnstrumented flexible tubes.
. The complete imstrumentation i% shown schematically in Figure
3.8. The photograph in Figure 3.9, shows most of the instruments used
in éenducting Jifferent sets of experiments, while the photograph in
Figupe 3.10, shows the wind-tunnel and part of the working area. A
scaledsphotograph of the pitot‘%tatie probe, DISA 90° miniature hot=-
wire probe and the MTI capacitive probe is shown in Figure 3.11.
Detailed specifications of all instruments and probes used for
conducting the experiments are given in Appendix A. The necessary
calibrations and the calibration curves for the strain gauges and the

. » . .
hot-wire probes are given in detaiil in Appendix B. 2

RN
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CHAPTER &

EXPERIMENTAL RESULTS AND ANALYSIS
: ~ .

As mentioned in the previots chapter it is inténded'to set up

and carry out sets of experiments to -help understand how tube arrays
different pitches and patterns will respond to cross . flow
excitation. . The test-section was so designed to fit all the tube
arrggz without changing the test-section. Twelve or thirteen flexible
tubes‘wgre used to study the fluidelasttc instability of the arrays.
The number of flexible tubes was determined so that the monitored

tubqi/dn different rows will always be surrounded by flexible tubes.

-The number of tube rows selected were sufficient for studying both

fluidelastic instability and vortex shedding. A plug with eight holes
was designed to hold a hot-wire prqbe s§0 that the interstitial flow

between tubes could be studied for all arrays. The maximum number of
tube rows used was six, typical of the result obtained by Weaver ana'
RS
ElKashlan [74]. Only two instrumented tubes. were used. They were
1

located in different tube rows, to study the effect of tube location

on the critical velocity and amplitude build-up. Each cantilevered

“instrumented- tube had fouﬁqstrain—gauges installed near the fixed en&

of the tube for‘vibration pick-up. The exact location of the two

' . )
instrumented tubes and hot-wire probe used to measure vortex shedding

frequencies, for each individual tube array will be given-later in

this chapter.

60 ' . C. ’
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4.1 TYPICAL TUBE-RESPONSE AT DIFFERENT FLOW VELOCITIES

An idealized response chgracteristic of a flexible tube in a
tube array to an increasing flow velocity is shown_in-Figure 4.1,
Usualiy the flgxible tube will start to vibrate :aﬁdomly due to Fhe
random excitations of the turbuieﬁt pressure fluctuations, These
turbulent fluctﬁatidns could be from upstream turbulence or due to
turbulence gen;rated in the tube bank. Turbulent buffeting excitation
usually gives»rise to a randomly forced, é;;ped vibration. Amplitudes
of vibration will be very small at low flow velocities. Owen (8]
suggested that as the flow velocity starts to increase, the amplitudes
of vibration will increase in direct proportion tc the dynamic head
(172 pU ), as long as the motion of the tube does not effect the
turbulent fluid Forces. Southworth and Zdravkovich [75] from exper—
.1ments on in-line arrays o% one and three tube~rows, also reported
that the maximum amplitudes due to turbulence excitations are pro-
portional to the square of flow velocities. However, as it will be -
seen "later, "in some of the fesults obtained, the in-line, transversé
a8 well as RMS amplitudes increase almost "linearly with flow'
velociEXEZQﬂue to turbulence excitation. Thé'same linear respoﬁse was
also observed by Wéaver and Grover [19], and ElKashlan [76]. Tube
response for tubes in the leading rows of a tube array will be
different from those deep in the array due to increasing turbuleﬂ{
intensities as one progresses deep into the array.

| Somewhere along this region the tube may vibrate in reéonance

due .to the periodi¢ shedding of vofticgs, if the vortex shedding

frequency * coincides with the natural frequenc& of the tube,
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Fluidetastic Instability
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FIGURE 4.1 IDEALIZED RESPONSE OF A TUBE IN AN ARRAY
SUBJECTED TO CROSS FLOW..
’ -
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Amplitudes associated with such resonance are usually higher than

those expected with turbulent buffeting. Vortex shedding rgonance is

.

usually expected and more important for arrays in water flows than

thosel in air-Flows. However, for closely packed tube arrays, Owen [8]
U
dispute stence. gf~vortex shedding. Pettigrew and Gorman (9]

reported ‘the existence of vortex shedding for some -tube arrays, yet

found i‘gild not exist for others. Zukauskas and Katinas {12]

reported ‘the existence of vortex shed@ng for closely packed tube

~
arrays’ of the normal square and normal triangular conf gurations,
* * .

especially for the leading  rows. ' However, Grpver En.d\ Weaver [48)
-
found that veortex shedding existed in the fifteenth rowr of a parallel

triangular array at low Reynolds numbers, Re < 1000.

For further increase in flo}\-elocities, the tube- amplitude

.
w1ll keep on bé,ui"pdlng up with a change in its "gattern from a rand/gm.

one Lga-\an elliptical orbital regular patte;:n. A.mplit:udes and
direction of motion em be a function of array geometry.tas wel'l— as
tube location. The fl‘cfw velocity . at " which the- ay:pli‘t:"u';le’res;r)onse
curve changes its slope defines thz—"cfitical veloeity" or “the

threshold) velocity". After this velocity. any increase in flow

\ieloc:lty will result in much larger tube amplitudes and the array will

.become unstable.. Defining the precise location of the critical

velocity may be a problem,_\especially with arrays assoeiatedetuh\
more gradual amplitude build-up. While some groups of resgarchers
) |

define the critical wvelo ity as the peint at which a tangent rto they

curve defining the flgu

elastic instability amplitudes intersects.the

_abscissa. Others simply cr?ely on visual observations of thrE\ﬁi,be

\

. ~ _
at which tube-to.—tube clashing-occurs,‘
vy o~

response_or the flbw v
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or at wiich tube anl}itude is 2% of the tube, diameter. However, while

the method of visual determination of critical flow velocities may be

unconservative especially when amplitude build- up is gradual other

"
methods may be too consé’rvative. Defiggng the critical velocity as

the point the. amplitude-velocity curve changes its slope while

observing that the tube ‘response changes from randWegular Seems

more renable and is- used in the research reported ‘in this ‘thesis.

*
This indicates at least a8 sudden change in behaviour and that some

.organize_d'energy transfer ‘mechanism is taking place. s
N .
y .
4,2 TUBE FREQUENCY AND DAMPING o ‘

To prepare any array for testing, it was necessary to tune all

flexible tubes to the same frequency, check the tube's alignment with

the rest of the fi:qu tubes and then measure tube damping. Weader and

Lever [49] found that for a parallel tgiangular array of tubes, de-
tuning by “dp to 37 increases the critical flow velocity up to @.\t

402. Hence, 1t was considered necessary to tune all flexible tubes to
- [

the' same frequency if possib,la or with a difference in- frequencies

less than 1%. The tuning frequency for the flexible tubes in the
~—, . ~

array- cap be determined as the one which will keep the height of the

flexible tubes apprd’ximately the same as the rest .of the fixed tubes.

It was found that a frequency of 25.0 Hz will reasonably satisfy this

condition, The tw'elve flexible tuhes (except for the normal

i triangular array with P/d = 1,33 where thirteen ﬁflexib@e tubes were

needed) were then tuned, in air to a frequency ‘of 25.0 Hz within 1Z.
! , . : : “

. A T ) . , ",.:_‘
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- This was done for every' tube erray, one at a time, as the same set of
. ‘ ’
flexible tubes was_used for all tube arrays. Each time the instru-

me}éd tubes were transferred to a new array, the operation involved

‘releasing the strain—gauge wires from banana plugs then rewelding them -~

s

again after the instrumented tubes we_rea installed in_the new array.
* The reason for this was that the strain-—gauge wires had to be taken
through a hole in t_he bottom of the tube array as this was the ouly
waylto' prevent thé';ires- from ‘interfering with the test-section. “The
two monitored tuoes' were tuned_ through the output signal of the
strein—gauges. ) The .strain—gauge output is -connlec_tec_l to a signal
conditioning amplifier then displayed on lithe epecttum—analyzer. The
output signal from each. pair of strain-gauges showed no directional
variation in effective stiffness of the tube.
The rest of the flexible tubes were tuned using a capacitive
probe in conjunction with a distance and vibration meter and the

N

spectrum—analyzer. Alignment of the flexible tubes with the rest of

the fixed tubes was very important to maintain the array configuration
and did not have any efféct on the tuning 'frequency. An amplitude

frequency-spectrum was computed from the output of the strain gauges

L4

and is shown in Figure 4.2, The sharp peak at the natural. -fréquency
%g of the .monitored tube (25.0 Hz) indicates the excellent linear char—

e
acteristics of the flexible tube,

: : - _ ) -
. . ﬂ [ c ° )
\ 4 The total damping consists of the following: :
. ¢ S . -
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FIGURE 4.2 A TYPICAL FREQUENCY SPECTRUM OF A MOVABLE TUBE
' IN THE ARRAYS.
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The result obrained by Weaver and ElKashlan {20} suggested.the

\
use of static damping measured in still fluid ér the estimate of the
velocity.ior the onset of instability. The ogarithmic decrement of

damping in air was.,obtained from simple pluck tests using a U-V

recorder. The monitored tube was released after'displacement from its

.. static equilibrium position and the subsequént-amplitude decay was
-

recorded on the U-V recorder. “<Great care was taken in order to cbtain

‘\gcnsistent'amplitude decay traces. A typical amplitude decay trace

¢
recorded for air damping is shown in Figure 4.3. The number of free

vibration cycles required'for the amplitude to decrease from a

Particular ampiitude to selected lower amplitude were counted. The

logarithmic decrement of Yamping was calculated and the average value

[

from more than one period on the same trace was - calculate@The
logarithmic decrement of damping was found to be the same in the two
orthogonal directions and for the two monitored tuhes and had a value
of 0.011 + Oﬁhg’Jf ] > ) .

The freqnency data were observed to be exactly the same during
the run of the experiments, while the damping was checked for all
arrays before and after the experiments and the value wag found to be

v . 4
essentially the sgme. . > .

Discussion of the re ponsé of different tube arrays to vortex

shedding and fluidelastic effbets will be given separately under these

headings below. ’ : {1 (}f
. V ‘.u.' . -
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4.3 VORTEX SHEDDING FREQUENCIES-

5

}
/ .
4.3,1 Normal Square Array: P/d =',1.33

The tube array is 4 rows deep with 8 tubes in each row as
shown in Figure 4.4, Half t.'ubes are installed ~glong the wall to
minimize wall effects. The tub;es marked from.l to 12 ate the flexible
tubes. The rest of the tubes are rigid tubes- The tube array was
inserted 1nto ‘the test section and the hot‘wxre gobe for measuring
the vortex shedding frequencies was inserted in gap between tubes. As
shown in Figure 4.4, this hot—wire probe was located between tubes in

- \
the ‘third row. The probe was held tightly in position .to prevent its

motion or rotation during the experiment (by holding the plug carrying

it}h the top plate of the test-section through a set of small

.
.plates and screws). &

The résponse of tubes in the second, third, and fourth TOoWsS

are not necessarily typtcal of tubes deep in assimilar array, but will

be ‘eritical in term of vortex shedding response. Another hot wire

probe was 'inserted upst'ream of the tube array 1in,.the test-section

along with a pitot4static probe to measure the upStream velocity (see

Figure 3.8).L The wlnd~tunnel fan was s.'tarted and the experiment begun™

output from the hot-wir probe in the gap ‘between tuhes, the upstream

-
hot—wire probe was used to\measure @flow velocity. “The output from

the upstre‘am hot-wire probe\at all flow velocities indicated that the

LS

\ ! .
fl'ow velocity upstseam of

e array is steady. At very low flow
X .

velocitieg;", 'no\output respogse wad recoMed frpm the pitot static

h
o

city. Due to the fluctua.tions %oticed J‘n the-
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S
probe. " On the' other hand, the output from the gap hot-wire probe was

connected to a DISA constant temperature anemometer and the output.

signal from this rombinaticn was’ fed into the dynamic analyzer. The

dynamic analyzer was used to compute the vélocity spectrum of the

velocity fluctuations in the gap between tubés in the third row. At ¥

an upstream flow velocity of 0.10 m/sec., a concentration of the

velocity fluctuations in the, flow field wds observed in the velocity

spectrum at a discrete frequency of B8.75 Hz. No such concentration

was observed at lower flow velocities. The vélocity spectrum is shown .

as the‘top trace in Figure 4.5. in this and all other spectra shown
in "this thesis, 64 ,sample average;"were‘ taken using the sﬁéctruﬁ
.analyzer.' The corresponding Reynolds number based on the upstream
flow velocity and the tube outside diameter is R = 170 ‘(in all

fur;her‘results, the Reynolds’ number based on the upstream flo?

velocity and the outside tube diameter will be designated as Ru)w If

Reynolds number were basgd on the velocity between adjacent tubes
(pitch velocit(i the vaiue will be 680. The appearance of a discrete
frequencyl in the flow field is believed to be due to the regular
vortex shedding from the tubes in the array. It should be noted that
there has been controversy for some years regarding whether or not
discrete vortex shedding is possible in closely packed tube ar?ays.
Thus, the phgnomenon has vgriously been’ referred to as "vorticify

-~ .
shedding”, "vortex  shedding", "periodic wake shedding”  and

"turbulence”. However, the recent flow visualiza&ibn studies of Abd-

Rabbo [77] have shown that discretg laminar'dortex shedding is

possible_in staggered tube arrays. While discrete vortex shedding was
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not cobserved for higher Reynolds numbers,_thereris considerable
experimental evidence froﬁ'both hot wire an% tube response d;ta to
prove the existence of a.discrete excitation phenomenon occuring étla
constant Strouhal number for a given array geometry. The associated
frequency epectpa are not characterisctic of turbulence phenomena, the
energy being concentrated at a single frequency. For this reason, the

phenomenon will be referred to as “vortex shedding” in this thesis.
; ¢

‘ f The corresponding Strouhal number based on the‘upstream flow

velocity and the outside diameter of the tube is §, = 2.22. If the

Strouhal number is based on the pitch velocity which is,

P
VorT Y

-’ . . . s . Y ( . .
or the actual gap velocity (see Appendix C), the-values will be 0.55

. .

and 0.56 respectively.

Witﬁvan increase in the flow velocity, the diserete'frequency
at 8.75 Hz was obsefved to be shifting to higher frequency. At an
upstream flow velocity of 0.17 m/sec., a new velociny spectrumIWas
computed. The:speétrum is shown as the second trace in Figure 4.5.

As is evident, the velocity fluctuations in the flow fiéld are now

. v

concentrated at a discrete frequency of 15. 50 Hz,\with the appearance

of weak signal at double this frequency at 31.0 Hz. The,appearance.of

_ L]
two vortex shedding ‘frequencies. has also been found by Grover and
~

/ .
‘Weaver L~8] and others [38 78 L\] for flow over tube arrays. A
v

calculated valu “bf Strouhal number based on the corresponding value

O

of the upstream velocity is 2.32.



“

74

The wind-tunnel speed was further increased to Vu = 0,34
: 1

m/sec., which happened to be doublq the value of th previous speed.
The new computed.velocity spectrum shown as the thdwd wrace in Figure
4.5,.shows that the flow energy is ctoncentrated at 32,50 Hz, which is
almost double the frequency of the previous resuit. This indicates
that the frequency at which two dimengional cylindrical vortices are
shed is a linear funct{on af thé flow velocity at least inm this /range
of measurement. The - double frequency was not observed with this
measu?ement, but with a slight increase in flow. veiocity to 0.35
m/sec., the energy peak was shifted slightly to a value éf 33.0 Hz and

a ¢lear peak at double the freédency at 66.0 Hz. The velocity

LY

Spectrum computed is shown as the: fourth trace in Figure 4.5. The

Strouhal numbers based on the upstream Flow velocity are 2.43 and 2.40

:résggcfively. | . :
With a further increase in -the flow velocity to Xu = 0.44

m/sec., a new ﬁelocity spectrum was computed as shown by thé bottom

-

tracelof Figure 4.5. 'Rhe corresponding Reynolds ﬁumﬁer based on the
upstream flow velocity is Ru = 740. It is eviden;.from thislgbectgzm
th?t the gxcess”eneréyﬁof;ghé-regular vortex sheéding over thg energ&
associated with .Ehgl éé;dom turbulence1 in the flow has staifed to

- diminish. For&sligh%’*increase dn the flow'veloc'ity,ﬁ the computed

velocity spectra showed complete disappearance of any regular vor}ex

~ -_

shedding. ‘The experiment was repeated many times up to flow velocity
'Beyond the critical velocity fo: this particular tube array, i.e. the
tube' array became unstable,'and}no discrete frequencies other than

those obtained in this flow velociiy range were ébserved,



As can be seen from Figure 4.5, for these low values of
Reynolds number (in the range between R, = 170 and R, = 740), the wake
has a very prencunced energy corresponding to the vortex shedding,

»
while the turbulence components remain moderate. However, at a

Reynolds number higher than Ru = 740, the excess energy of the

vortices over the broad turbulence spectrum are seen to Jiminish.

- W Y
The definition of the different flow VelOtltieS used in the

literature with the corresponding values for the arrays used in the

— present research are gi\en in Appendix C. The values of Strouhal

L4

R numbers based on drﬁ{hjent flow velocities are given ‘in Table 4.1,

"

Values of the upstream flow velocities with the corresponding Reynolds‘
r o
numbers are also represented in this table. It is- seen from this

. \\\-; table that for the present. array, the d%f&erent definition®of the gap
- - r - . .

velocity did not affect the value of.StEfuhaIﬁnumber. A plot of the’ ' e

hY a2

i ¢ ) } , .
vortex shedding” frequency versus the upstream flow velocity is givem- . ﬁ

. , )
in Figure 4.6. 1t is’ evident from mhis figure that the frequency at

* which vortices are shed is a linear function of the flow velocity over
! .

the entire range-of measurements which is/betweeq Reynolds number of
e . L]

170 to 740. ‘

~

Frdh-Table 4.1, an’ average value of the Strouhal numPer based

on upstream. flow velocity for the- Present array will be S "12'34 A
. :r

high value of Strouhal number is usually‘expected for closely pamked </ﬁ?" .

-tube arrays.’ No data exists in‘the Strouhal number maps available in .

. : : .
the literature for the pregsent array. Thus, a comparison will bqgmﬁEE“““_‘“"/n

on the basis of what the maps suggest for the present array. Chen's

' map [10]) on Strouhal numbers for in}%ine arrays is shown in Figuﬁa
f/_,—-‘ | | v l | M A
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" TABLE 4.1
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i v

Vortex shedding data for normal square array with P/d = 1.33.

v R f S S S, S
u u 5 u gm p’ g
. 0.10 170 _ 8.75 S 2.22 0.56 ~0.55
. . ) - * .
™~ 0.17 290 15.50 ;2,32 0.58 0.58
Lo 0.34 570 32.50 2.43 0.61\\\\ 0.60
‘ 0.35 590 33.00 2.40 0.60 0.60
% N .
. 0.44 1740 42.50 2.45 . ® 0.61 0.61
% iy
}//’/"E—“rqbi Vu = Upstream flow velocity (m/sec.) '
Ru = Reynolds ' number based on upstream flqw velocity
(dimensionfess) -
.- v | .
f, = Vortex shedding frequency (Hzég . '
Su =  Strouhal number based on pstream flow wvelocity
. ' (dimensionless) Y
,ng =  Strouhal number baseg on measured gap flow- elocity,
1
¢ see Appendix C (dimensionless)
r . 9
Sp =!fd;trouh51 number baseEj;; pitch velocity, see Appendix
: 5
. C (dimensionless)
R"u; - {/\/ i . * . :
Sg =  Strouhal number based on theoretiga%}y calculated g5$
velocity, see Apfendix C (diﬁensionless) : {~
- \- -, - ! .'
L ,
4
$ - \ XU
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4.7. An interpolatﬂgzwgf the curves indicate a Strouhal ﬁﬂmber of §
= 0.37, or Su = 1.48. This wvalue is much lower - than that Z@served
(about 58% lower). On the other\hggd, according to Fitz-Hugh's map
(11] (the map for in-line arrays is also shown in Figure 4.7) the
expected Strouhzf number Sg ?or the present array would be Sg = 0.31,
or Su = 1.24. This value is again 89% lower than the étrouhal number
found in the present experiment. Pettigrew and Gorman [9] from tests
in' water f ow did not observe any vortex shedding response for a
normal sﬁﬁ;re array with P/& = 1.30 (the same geometry and close

pitch—to~diameter to the present array). However, recently Zukauskas

and Katinas [12] conducted tests ‘on  normal square and - normal

-
-

triangular arrays. They observed vortex. shedding response for a
normal square array with P/d = 1,34, From theirg tests and a
comparison with some of the published results,” they proposed ‘the
following £prmq1a for estimating‘Strouhal numbers for normal square
arrays: . . .

. (P/D)l'83

Sp = 0.2 + exp '{‘— 0.88 . - !

with P/d > 1.15.

According to this_formula Sp = Q.35 and so0 S, = 1.4, 'Again

this value is 67% lower than the value obtained for the present array.
Most recently, Weaver and Yeung [23] suggested that normal square
'afrays of tubes may be excited by every vortex rather than each vortex

pair. Accordingly, what is being observed far the present array could
. . -

be double the Qalue:expected from the literature. If half the value

obtained frqm the present experiment were considered, i.e, S;'= 1.17.

-
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Chen's val#e“will be higher by 26%, while Fitz~Hugh's value will ‘be

higher. by oﬁly 6% and Zukauskas and. Katinas' value will be higher by
. : ; .

20%. I

s .

.It.is also important to consider the argument raised by
~Paidoussis [7], that Owen'&;gfedictioné of the turbulent buffeting
frequencies due to the tube arrays being exciﬁFd by turbulence in the
flow, does not represent anything differént bﬁt the same vortex

'shedding’F‘!quencies. Owen proposed the following formula for normal

-
-

square arrays: \\\\ . . o,
’ . . ] 2

s . =2
Sb = {(3.05 (1. T {P/d) ) + 0.28] (p/d) ‘

P

‘where S; is the buffeting frequency = Sp. Accordingly, Sp = 0.26, and
' [

S0 Su = 1.07 is expected for the present a}ray. This prediction is

less than half the value obtained from the present experiment, and so

I

it shows reasonable agreement if half the present value was copsidered

(only lower by 9%).

-z .
While the measurement of vortex shedding frequency was always

carried. out for the elight arrays "tested 1in _the _gap between rigid . P
tubes, it is important to observe if the flexible tubeg would vibrate

in resonance with the vortex shedding. . However, no change in the
1Y

flexible tubes amplitude was observed for the present array. At the .
: ™~

. . R
same time few experimentil results are available in the literature for '

close arrays to the present array, so no further comparison can be

made. ' : ’

In summary, it can be stated that discrete periodicity

‘.

characteristic of vortex shedding has been observed for the present
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normal square array of P/d = 1.33. Strouhal number based on\upstroam

flow velocity is 2.34. Vortex shedding frequencies were obsetved for

the Reynold number range; R = 170 --740. * It seems at this point that:

either the obsetved frequenc& is due to every vortex rather than each

vortex pair as suggested by Weaver and. Yeung [23) ot: as will be seen

later, for some tube atrays the Strouhal number‘may be a function of

Reynolds number. Higher Reynolds numbers‘ate associated with lower
- v

Strouhal- numbers. The flexible tubes did not respond in resonance

with the presence of vortex shedding.
. - o
Before the tube array was removed from the test~section,
. ;

fluidelastic instability of the array was also "studied. The results

of this type of self-excited vibration will be given later in this

chapter.

4,3.2 Normal Square Array: P/d = 1.5 '

“p The normal. square array - having -P/d = 1.5, was also 4 rows
deep, but with 7 tubes in each row as shown in Figure 4.8. Positions
L}

of the flexible tubes, as well as the instrumented tubes -are also

shown in this figure. The gap hot-wire probe was located in the gap

between tubes in the third row.

The experiment was then started at a low.flow velocity. The .

first concentration of the veloeity fluctuations was observed at an
upstream flow. velocity of 0.25 m/sec. The corresponding Reynolds
~Jpumber is Ru = 420. The velocity fluctuations were concentrated at a

-

discrete frequency—of 17.25 Hz. This value is lower than the wvalue

-
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which would be expected using the constant Str%gh?l number

relationship obtained from the preévious array. This means that a

louer value for Strouhal number is expected for the present array.

Based on a flow velgcity of 0.25'm/sec., a fréquehcy of 17.25 Hz, and

the outside diameter~ef the tube, the correspénding Strouhal number fis

1.75. The computed velocity spectrum is shown iﬁ Figuée 4.9 (a). As

can be seen from this velocity spectrum ‘the appearance of another

discrete frequencxb at 31,25 Hz. Apparently, this value does not
represent double the value of the first frequency. ‘

) As the floé velocity was increased to Vu = 0.30 m/sec., the
discrete frequency of the velocity‘fluctuations in the flow field was
shifted to a higher vaiue of 20.25 Hz. The corresponding Strouhal
number is 1.71, fhe computed velocity spectrum is given in FiguYe 4.9
(b). Again, no discrete frequency was observed at double th;

. frequency of the original signal, but rather the second frequency
which was observed previously at 31.25 Hz is now at 32. 25 Hz. It is
<tfciear that this second frequency does not‘follow the constant Strouhal
Number relationship. More interestingly,‘ the levei of energy
assoclated with tﬁ;se two frequen;ies'was noticed to exchange between
them. An indication of this energy exchange is shown in Figure 4.9
(e). This velocity spectrum was computed at the same. flow vélocity
but at a différent time. A weak signal at double this seéoﬁd

frequency can be seen on this spectrum.
hith further'increase in the wind tunnel speed to'Vu = (.35

m/sec. a new velocity spectrum was computed as .shown in Figure 4.9

e (d). The energy cbrresponding to the vortex shedding frequency is at
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23.0 Hz. The corresponding Strouhal number is 1.67. For the first
"ciéé appeXfance of double the frequency can be seen at 46.25 Hzii The
second frequency Qas dropped slightly to .a value of 31.5 Hz. An
1nteresting result was obtained when another velocity spectrum was
computed at the same flow velocity but at a different instant of time.
The new spectrum is given in'Figur; 4 9 (e). Surprisingly the energy
corresponding to the vortex shedding has disappeared completely with
the appearance of only the second freqaency at 31.75 Hz:

. A new velocity Spectrum was computed as the_flow velocity was
increased to a aalue of V, = 0.45 m/sec. As can be aeeq fnom,FEgere
4.9 (f), only a discrete frequency at 25.75 Hz with abeut double this

frequency at 52.0 Hz were obtained.. The corresponding value of

Strovhal number is 1.45. This value is noticably 1owe} than the value
J

of Strouhal number obtained'from the previous vélocity spectra, the

new value being lower by 19%Z. The correspondiﬁg Reynolds number is R,

= 760. However, at the same flow velocity but at a different time,

another velocity specttum was computed. This velocity spectrum is

given in Figure 4.10 (a). As can be seen the discrete frequency at

25.75 Hz has disappeared completely, giving a rise to another well

pronounced . discrete frequenéy at 36.25 Hz. The reason behind this
kind of behaviour_is not understood. However, it seems that the flow

becomes unstable at this value of Beynolds number. The value of
. !

Strouhal number is 2.04. This value is. higher than the originailly-

estimated value of Strouhal number for the present array by about 19%.

The flow velocity was then increased to Vu = 0.50 m/sec. The

same behaviour was obtained as shown in Figures 4.10 (b) amd 4.10 (C)V

3
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The new discrete frequency at 28.50 Hz gives a value of Strouhal
number of 1.45, while the second frequeucy at 39.?5 Hz gives 2
Strouhal number of 2.02r Theee new values of Strouhal number seem“to
follow closely the constant Strouhal number re}etionship with the

previous numbers.

As the wind iunnel speed was increased to Vu = 0,55 m/sec.,
the concentration of the velociry fluctuations in the flow field was
shifted to higher discrete frequencies of 31.75 Hz, and 44.75 Hz. The
velocity spectra are given in Figures 4.10 (d) and 4.10 (e). Again,
the corresponding Strouhal numbers are l.47 and 2.07, respectively.

Note the appearance of the double frequencies at 63.50 Hz and 89.50

" Hz, respectively.

Four more velocity spectra were computed at an upstream flow

-

velociry of 0.62 m/sec. and 0.67 m/sec. respectively. The velocity

Spectra are shown in Figures 4.10 (f) and 4.11 (a), (b) and (c) The

corresponding Strouhal numbers . are 1.43, 2.04, .and .42, 2.01

Fespectively. Note that the ﬁevel.ef energy associare& with ‘the last
. : .

two spectra started .to de&rease compared with the previous -ones.

However, as the flow velocity was increased te igher values (R >

t »

“1130), no discrete- frequencies were obtained as the flow becomes‘mfre

.
turbulent. -

i Vortex sheddlng frequencies were plotted versus the upstream
flow velocity as shown in Figure 4. 12 . As .can be seen from this i

figure, three values of Strouhal numuersg were obtained. All

frequencies for these 'Strouhal numbers seem to follow the constant

Strouhal number relationship. Different' frequencies at different .
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upstream flow velocities with the corresponding Reynolds numbers’ are

tabulated in Table 4.2 "Also given in this Table are the values of
Strouhal numbers baséd on different definitions of flow velocities
(see Appendix C) According te the definition of flow velocities for
normal-square arrays, we can see from the table that Sp = Sg' Becguse

the measured ratio between' the experimentally determined gap flow

velocicy and ‘the upstream flow velocity was higher by 14% than that

_\calculate%bon geometrical’ basis, the gap Stréuhal number ng is lower
]

by 14% than Sg or Sp' An average value of Strouhal number based on

€ upstrgam flow velocity is S, = 1.72, for the Reynolds number range
from Ru = 420 to Ru = 590. For'Reynolds'number‘between Ru = 760 and

RE = 1130, two values of Stfouhal number were -obtained for the presénp

array with average values of S; = 1.44 and 5, = 2.04,

There are few data existing in the'literature for the Strouhal
number of the present array (normal square with P/d = 1.5). Grora and
Arnold [40] obtained a value of. S = ]. 02 This value is lower than
the lowest value obtained for the present array (S = 1.44) by 41% and -
exactly half the highest value of S = 2.04. anortunately, the ranée
of Reynolds number in which Grotz. and Arnold obtained their rdsults is
not. available. On the‘;;her hand, Chen's map [10} '(see Figure 4.7) ..
gives a value rof S, = 0:87. Again, this valqe‘is.GGZ lower than‘the
value of Su = l.44. However, Chen drew his map at a much higher
Reynolds number range ;of R, = 0.5 -2x 10°, Fitz-Hugh's ‘map [11]
(also given in Figure 4.7) predicts a value of Sﬁ ='0.93f This value
is lower than the‘value of 8, = 1.44 by 552, Zukanskas and Katinas

formula [12] gives a'value of Su = 0.88 for the Reynolds numberJrange‘
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'
TABLE 4.2 '
rtex shedding data for normal square array with P/d = 1.5.
\—/‘“\ ..
v 5 S S ,S
u u gm p g
L
0.25 1.75 0.51 0.58 g
0.30 510 20.25 1.71 0.50 0.57
0.35 590 23.00 1.67 0.49 0.56
25.75- 1.45 0.42 0.48
0.45 760 .
36.25 2.04 0.60 0.68
28.50 1.45 0.42 0.48
0.50 840
39.75 2.02 0.59 0.67
31.75 1.47 0.43 0.49
0.55. 930 ’
w.n 2.07 0.61 0.6
35.00 1.43 0.42 0.48
0.62 L1050
50.00 2.04 0.60 0.68"
137.50 1,42 0.42 0.47.
0.67 1130 |
' 53.00 2.01 0.59/

0.67
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between R, = 3;3'x 103 to. R = 6.7 x 104. Again, this value is lower
than the value of Su = 1.44 by 64%. Owen's formula [8] gives‘a value
of Su = 0.83. While this value agrees with the values_represented up
till now, it is again much lower than the lowest value obfained for
the present array. JIt is also important to note that é better
agreement is obtained with the above published, results if half the
present results were considered. However, Weaggr“ and Yeung [21]
prédicted a- value for Su which is higher than S; = 1.10 obtained at'an
approach flow direction of 200 to the normal square array and fof Ru =
750 - 1150. 1f this value.was considefed, it agrees with the vaiue Su
=LT:44 obtained for the present array (onl; lower by 31%Z). However,
most recently, Weaver 2nd YeJ;g (23] from their experiments in water
flow fbf the Reynolds number ra&%e Ru = 2.0 - 2,70 x 103 pred{cted a
value of Su = 1.8 for the present arrayf This value agrees very well
with he value S, = 1.72 obtained from the present e*Qeriment in air
flow in the Reynolds nuﬁber'range R, = 420 - 590 (only higher by 5%).
On the othef‘h;nd; the vglueé for Strouhal number obtained by
Pettigrew and Gérmah [9] for ginormal square array with P/d = 1.47, in
water flows were between S; =71.28 and Su = 1.97 (depending on tube
location).l These values agree very Weii with the threé values
obtained . for the p;eseﬁt array. Their results were obtaiéeq in the
Reynolds number range R, = 2.0 - 4.2 x 103. Finally, data by
-Fitqpat;ick [80] also gives j Strouhal numbers of S, = 0.78, 0.98 and
1.33 for in-line array with transverse ;paclﬂﬁ of 1.73 and

longitudinal spacing of 1.5. These~values show good agreement with

the present results when taken into account the effect of transverse

spacing.
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In summary, it ecan be said that vortex shedding frequencies
were observ?d for a normal sq;a;e array with P/d = 1.5, in the
Reynolds number range, between Ru = 420 to Ru = 1130. Ihree'values
~for Strouhal number were obtained. The values<as bhased on the

upstream flow velocity are Sy = I.Aé,lSu =_l.72'and S, = 2.04. These

¢
three values which were obtained for the first time from hot~wire

probe measurement in air flow, showed a berter agreement with some of
L}

the published results - for water flows at slighely higher values of
Reynolds number: It should be noted that the resudts- in water flow

were obtained from- off-resonance tube response, rather than
Y

(N

interstitial flow veiocity fluctuations.

Discussion

Vortex shedding frequencies for normal square arrays with P/d

= 1.33 and 1.5 showed Strouhal numbers which are much higher than
those évailable in literature. The same b;héviour was also observed
by Weaver and Yeung (23] for a normal squa;e array‘with P/d = 1.5.
They reported that the reason behind this behaviour may be the result
of measuring every vortex rather than each vortex pair. Hig% Strouhal
n;mbers were also reported by Pettigrew and Gorman (%) for a normal
square array with P/d = 1.47 1in watér flow.' However, thef did not

mention any reason regarding this behaviour. Unfortunately, they have

not obserﬁed any vortex shedding response for -a~normal square array

with P/d = 1.3, On the other hand, Strouhal numbers may even be
slightly different from one tube row to another as,wéé reported by

Pettigrew and Gorman. However, for the normal Square array with P/d =

.
——

\gf”
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1.5, three values of Stroihal numbér were obtained. While these
|valueslwere obtained.for an array in air where no tube response was
observed, they agree with the above mentioned result; in water and
where significant amﬁlitude tube vibrations were Sbserved. The fact
that the constant Strouhal number excitation was observed for someWbaf?
higher Reynolds Jumbers in water than in air may be due to the Ffact
that the tubes in water were flexible. This could result in some
fluid-structure coupling, the tube motion thereby sustaining the
vortex shedding to higher Reynolds numbers than possigle for the rigid
tubes in air.

Many attempts were made to correlate the existing data for
normal square arraysAwith different pitch-to-diametéer ratios. The
collected data for Strouhal numbefs whfch is based on the piteh
velocity (see Appendix C) ~versus the pitch—to~diametgr ratios are
shown in Figure 4.13. The figure includes the results of Owen (8],
Pettigrew and Gorman {9], Chen [10], Fitz-Hugh [1l1), Zukauskas and
Katinas [12]ngeaver and Yeung [23], Grotz and Arnold [40],, and the
present results. The scatter in the data is large especially at low
values of pitch-to-diameter ratios. As can be seen from this figure,
Fitz-Hugh's map [11] gives the same value of Strouhal number for many
arrays of different pitch-to-diameter ratios. Also, it is seen that
Owen's fofmula (8] shoys thgt " Strouhal Pumber .decreases with
decreasing pitch~to-diameter ratios below about P/d = 1.7. Also, the
vsaue of Strouhal number sﬁould be the same as that for‘ a single

cylinder (S = 0.2) as P/d reaches a value of 3 or higher. Owen's

formula predicts a decreasing value of Strouhal numper for P/d > 3.

—



95

€17 34NoI4

Q/d OLIVY ¥ILIWVIO-OL- HILI

S ki

£

[21] elnwio} |, Srujiey puw seysneyng

[g] BInwic) &,uomp —_———

[o%]) eaep s,prouly pue zjoag %
[11] dem s,ydny-2354 _
{o1] dem s, uay)
[6) BI®P $,uvwmiocn pu¥ maa3731dg

[£2) viep s,3undy pur 1saepay

|a0o0e

83TN82Y 1UISIIg

SAVEYY THVNDS TVHEON ¥0d ¥IERNN TIVHADHLS dVD

10

0

£0

70

50

90

L0




96

The large scatter in the data of Figure 4,13, wés the reason
behind replotting Stréuhal numbers but on the basis of the upstream
flow velocity ?nstead of the pitch velocity. The new plot is given in
Figure 4.14, Interestingly, the decay in Strouhal number with
decreasing the'pitch—to-diameter ratio predicted by Owen's formula,
shows now the reverse. The reason behind that.is the ratio between
th; pitch velocity and the upstream flow velocity defined as

P
P-d

<L:<
c

It is easy to see that aé the pitch-to-diameter ratio gets‘smaller the
ratio Vp/Vu increases rapidly. OWen's'predictioné also improve for
larger_pitch ratios. It would appear tﬁaf the velocity used by Owen'
1q his formula was incorrect. Also shown in this plot are the results
of Gregorig and Classen [44]. fhe plot also shows the diffe;ence
between Zukauskas and Katinas formula [12] and their expeéimehtal
resslts. The argument which‘Paidoussis [7] raised about Owén's
‘turbulent buffeting mechanism as being the Qortex shedding mechanism
seems to be true especially for P/d > 1.5 and at high yalues of.
Reynolds number. However, Paidoussis raised ano;her point about the
maps of Chen [10] and 'Fitz-Hugh [11] as being based. on data from
mainly the same sougpces. but large'scattef exists between them. The
plot in Figure 4.14 shows only minor differences if any between their
points. The reason behind Paidoussis' observation was' that some but

not all of Fitz-Hugh's data points were used.

t
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After many long trials, a best fit through the results in

Figure. 4.14 for Strouhal ‘numbers at high Reynolds numbersf was

/

. \
obtained. The best fit which was a combination of a logarithmic and
power-law is given by the solid-curve in Figure 4.14. The equation
which represents this curve -has the form, i

[(P/d)~1]"0-66
S = -1 + exp { }
v : 2.5

~a

The difference between t%is equation and any of the available data for
P/d > 1.4 is within about t12%, except for P/d = 1.5 where the differ-

, ence is +16%. Note that the present results are not included in this

eéquation “as it 13 believed at this point that the phenomenon is
Reynolds number dependent as-will be discussed later in this Chapter

under overview. For P/d = 1.3 the difference is +22%, The highest

difference of +36% is for P/d = 1:2. Further 'study is needed to
confirm other results for normal square arrays with P/d"= 1.2 at high

Reynolds numbers. -

It is hoped’ that the new equation will serve as a reasonable
design guideline against vortex shedding response for normal square
arrays expecially for water flows where the phenomenon is more

importaﬁt due to the high amplitudes associated with 1it,

4.3.3 Rotated‘Square Array; P/d = 1.414

The rotated square array with P/d = 1.414 is shown in Figure

4.15. The array 1s 5 rows deep with 6 tubes in every row inclﬁd;né'

-

L3
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the half tubes&‘ The hot-wire probe was located in the position marked
H\\:ifween the third and fourth row as shown in Figure 4.15.

" The first velocity eﬁectrum was computed at an upstream flow
velocity of Vu = 0.11 m/sec. No discretegfrequencies were observed
,eelow this flow velocity. The velocity spectrum is shown in Figure
4.16 (a). As can be seen, a strong very clear discrete frequency at
7.00 Hz was obtained. Also, obtained was th} appearance of a few

J harmonics at 14.0 Hz, 21.0 Hz, 28.0 Hz and 35.0 Hz. The appearance of
more than the second harmonic was nofg, observed with the previous
arrays or reported before. The discrepe frequency at 7.00 Hz, gives a
Strouhallnumber based 6n'the upstream flow velocity of Su ='1:69. Th4

corresponding Reynolds number based on the tube outside diameter is Ru
= 180. , ;

As the flow was ﬁncreased to Vu = 0.15 m/sec. the discfete
frequency shifted te 10.25 Hz. The velocity spectrum is given in
Figure 4.16 (b). The corresponding Strouhal number is 5, = 1.73. Mo
other harmonics were obtaieed in Ehis case. Note.also that the leeel
of energy associated wieh this discrete frequency is lower than the
one with the frequency of 7.0 Hz in the first“velociéy "spectrum.

,/;ngever, the_discrete frequency of the velocity fluctuations went up
to 1%575 Hz as the flow velocity was increased to Vu = 0.19 5/sec, as
shown in Figure 4.16 (¢). The upstream Strouhal number is Su = 1.75.

At an upstream flow velocity of Vu = 0.20 m/see, a new

velocity spectrum was computed and given in Figure 4.16 (d). . Three

discrete frequencies are seen at_1! Mz, 13.25 Hz, and 15. 25 Hz .

However, the level of energy associated with the discrete frequency at
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13.25 Hz was the highest, and showed that it followed the constant
Strouhal number relationship more thqn,thé other frequencies. The

frequency of 13.25 Hz gives a value of Strouhal number, Su = 1,72,

«

As many as 9 more velocity spect were also computed at
different upstream flow velocities in the vE%jt@ty range between Vu =
0.25 m/sec. to V, = 0.66 m/sec. Due to the siailarity'of the obtained
. spectrpj'only the fifst and last spectra are givgn as sﬁown'in Figures
4;1@ te),and 4716 (f). However,'the only difference between them is
N : .
that the 1eve1}of energy assocliated with the_vortex_shedding fi?quency
decays as the flow velocity : becomes 'h{gher and the background
turbulence intensities increase ~as  the f}&u velocity increases.
_H;wever} no discrete frequency of the velocity flﬁctuations was

.

obtained ‘with flow velocities higher than V, = 0.66 m/sec. The

corresponding Reynolds number is Ru = 1120. .All discrete frequencies{

upstream flow velocities, and the ‘corresponding Reynolds numbers are’

Ll .
given in Table 4.3. Also given ih this table are the Stfouhgl numbers

Baéza on different definitions of low velocities wused in the

]
T

literature (see Appendix C). From Table 4.3 the average values for
Strouhal numbers are Su = 1,73, ng =’0.60, Sp % 0.50, Sg = 0,72, It
is‘very important to see that a difference between Sg’ Sp is of the
order of 0.22. Such a difference méy be one of the reasons behind
‘some of thé scatter in the published‘dataf Hot—-wire probe mea;urement
in position'"ﬁl”,'(see Figure 4.15) showed that flow velocities are
about one-half those ﬁeasuréd in position "H". This sh;w§l2he
importance of mislocating the' hot-wire probe for flow velocit

measurement. The vortex shedding frequencies were plotted versus t@f

-
e ’

P
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.
o TABLE 4.3
Vortex_ shedding data ‘for rotated square array with P/d = 1.414,
v, R 'fs S, Sem sp' sg
0.11 180 7.00 \~ 1.69 0.59 . 0.49 0.70
0.15 250 10.25 1.73 - 0.60 0.51 0.72
0.19 310 12.75 1.75 0,61 0.51 0,72
0.20 330 13.25 1.72 -0.60 .0.50 0.71
0.25 410 17.25 1.79 0.63 0.52 0.74
0.30 510 21.25 ,’1.7¥ 0.62 0.5 0.73
0.34 580  23.75 1.76 0.6 0.31.  0.73
0.40 680  27.50 1.74 0.61 0.51 0.72
. 0,45 770 30.75 1.72 10.60 0.50 0.71
051 .. 860 34.25 1.72 0.60 10,50 0.71
0.52 880  35.25 1.71 0.60 -  0.50 0.71
0.60 1010 - 40.25 1.70 0.59 biéo 0.70 .
0.66 20 44.75 0.60 . 0.50 0.71
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upstream flow velocities as shown in Figure 4.17. All frequencies
) )

fol%owed the. constant Strouhal number relationship in .the. Reynolds

: ) . .
number range, Ru = 180 to Ru = 1120. s

A

In- the following a CQMparison between S, of the present array

and what is available in the llterature will be made on the basis of

‘ the ratio between theoreticaly determined gap ivelocity and the

/

t*ﬁbstream flow velocity, which ie

]
, _ /2 P
YeVo T T 5g

“The Teason is that using.the ratio-P/P-dngives higher values of floh

velocities than those actually seen-and is not a physiqally meaningful

flow velocity for this array geometry.

Chen [10] has the only available data point on his map (see

Flgure 4 18) for a staggered array with P/d = 1.414. According to

Chen, Su = 1.55. This value is slightly lower than the value obtained

for the present array. {12% lower). On the other hand Owen's formula
a

[8] gives a value of 5, =_l.26. This value 1is much lower than the

L3

. . N\
present*value (37% 1ower). Values from Fitz-Hugh's map [11] (see

A

Figure 4.18) which agrees with 0wen '8 formula for ‘staggered arrays
predlcts 2 value of S = 1.09, which is lower than the present value
by 59%. Zukauskas and Katinas formula [12], which was obtained for
normal triangular arrays shows good agreement'when.applieo for rotated
Square arrays as will be seen later in thie_section .under discussion.
According to their formula ‘the value .of S will be ‘1.56. This value
agrees with Chen's result and only lower by 112 than the result

obtained for the present array. , However, it is also important "to

[y
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Pl
T

indicate that if the ratio Vp/V = P/P-d was used, only Owen and Fitz-
Hugh predictions wiil become much closerlto the présenf redulet. Their
values will be S, = 1.78) 1.54 respectively. Owen's value will be
higher than the present value of 3, =-1.73 by only 3%. On the other
hand the Fitz—Hugﬁ v;lue will be lower by 12%.

?n summary it can be said.that‘for a rotated squére array with
P/d = _1.414, strong and élear discrete frequencies which represent
vortices shed from the tubes were obﬁained. This flow beriodicity was
observed in ;he Reynolds number range between Ru = 180 to Ru = 1120
with a value_éf the upstream Strouhal number S, = 1.73. This value
- agrees with ;;me but not a1l data in the literature. While the values
published in literature are for high values of Reynolds number, Ehe
value obtained for the present array was obtained for the first time
at low values of Reynolds number. It seems that according to Chen
[10] ;nd Fitz—-Hugh {11],;the phenomenon of flow periodicity repeats

itseif at high values of Reynolds number, while according to Owen [8],

it takes a different form.

4.3.4 Rotated Square Artay; P/d = 1.7

The rotated square array with P/d = 1.7 1is shown in Figure
4.19. The array is 5 rows deep with only 5 tubes in every row
including the half tubes. After inserting the tube array into the

test—section, the hot-wire probe was put between the third and fourth

row as.shown in Figure 4.19.
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At an upstream flow velocity Vu = 0.40 m/sec., concentration

of the velociéy fluctuations in the flow were observed. The velocity

spectrum was computed and is shown in Figﬁre 4.20 (a). As can be seen

“the velocity fluctuations are concentrated at a discrete frequency of
"14.0 Hz. Another discrete frequency was also obtained at double the
original frequency at 28.0 Hz. The discrete frequency at iA-O Hz

gives a value of the upstream Strouhal number of Su = 0.8Y9. The value

-of Reynolds number based on this upstream flow %elocicy and the

outside tube diameter is Ru = 670. As the flow velocity was increased

to V. = 0.48 m/sec., the discrete frequency shifted to 16.0 Hz with
the appearance of double this frequenc; at 32.0 Hz as shown in Figure
4.20 (b). The corresponding Strouhal number is S, = 0.85. By the
time the flow velocity had increased to‘Vu = 0.57 m/sec., the discrete

frequency waslup to 19.0 Hz with the appearance of double this

frequency at 38.0 Hz, see Figure 4.20 (c). The value of Strouhal-

némbbr is again Sy = 0.85. " The appearance of the second harmonic
disappeéred as the flow velocity was increased to V, = 0.67 m/sec.
The velocity spectrum is shown in Figure 4.20 (d). The corresponding
Reynolds’ number isg Ru = 1130; The discrete frequency at 23.0 Hz,
gives a value of Stqouhai numbgr of Su'= 0.87.

Some interesting results were qbtainéd as thg flow velocity

was increased to Vu = 1.10 m/sec. The corresponding Reynolds number

-

is R, = 1850. The computed velocity spectrum which is shown in Figure
4.20 (e), showed two discrete frequencies at 25.0 Hz and 37.0 Hz. The
digcrete frequency at 25.0‘ Hz gives a valué of- upstream Strouhal

number of Su = 0.58. This value of Su is lower than the value

'\-
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obtained from the previously computed spectra. However, the discrete
frequency at 37.6 Hz gives a value of Su = (.85, This means that the
latter discrete frequency “follows the constant Strouhal number
relationship._ The level of energy associated with £he two frequencies
is essentially the same. However, the second frequency does not seem

to be associated with an arbitrary éddy in the flow as will be seen

from the coming results.
{

Four more velocity spectra were computed in the velocity rangeq“;///f-_
from Vu = 1.20 m/sec. to Vu = 2.70 m/sec. They are given in Figures

4.20 (f) and 4.21.: The appearance of two discrete frequencies was

obtained except at the last flow velocity of Vu = 2.70 m/sec. Only
one discrete frequency which followed the lower value of Su was
obtained. The corresponding Reynolds number 1is Ru = 4550. However,

from the previous results, both frequencies were following a constant

L

Strouhal number relationship. No discreté frequencies were observed
for flow velocities higher than Vi, = 2.70 m/sec. All vortex shedding
frequencies, upstream flow velocitiesl Reynolds numbers, and the

corresponding Strouhal numbers based on different definitions of flow
: : 4
velocities (see Appendix C) are given in Table 4.4. From this table

the average value for Strouhal numbers are Su = 0.87, 0.58; ng =

0.42, 0.28; Sp = 0.36, 0.24; Sg = 0.51, 0.34. Vortex shedding

frequencies versus upstréam flow velocities are given in Figure 4.22.
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TABLE 4.4
Vortex shedding data for rotated square array with P/d ol ",
.
v R f s s S S
u u s u gm P g
0.40 670 14.00 0.89 0.43 0.37 0.52
0.48 810 16.00 0.85 0.41 0.35 0.50
0.57 960 19.00 0.85 0.41 0.35 0.50
0.67 1130 23.00 0.87 0.%42 0.36 0.51
25.00 0.58 0.28 0.24 0.34
1.10 1850 . -
37.00 0.85 0.41 0.35 0.50
".
: 27.50 0.58 0.28 0.24 0.34
1.20 2020
. . 42,50 0.90 0.43 0.37 '0.52
33,75 ° 0.58 0.28 0.24 0.34
1.47 2480 _ _
51.25 0.89 0.43 0.37 0.52
43,75 0.59 0.28 0.264 0.34
1.88 3170 g : : :
66.00 0.89 0.43 0,37 0.52
2.7 4550 62.50 0.59 0.28 0.24 0.34
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The frequencies of flow periodicity are seen to fqllow well the

‘constant Strouhal number relationship.

>
There a¥e no experimental data in the literature for the

rotated square array with P/d = 1.7, tested here. However, comparison

will be made with the existing formulae and maps on the basis of using

- by

)

the rat10 between theoretlcally determined gap velocity and upstream

flow velocity to convert the existlng predictions for Strouiiijpumbers

-into upstream Stfbuhal numbers. Prelimlnary calculations indicated

N\
that u31ng this ratio will. glive better results. Chen's map [10] on

Strouhal number for staggered tube arrays' is shown in Figure 4,18.

- Although no data point exists in the map for the present array, an

Interpolation of the curves indicate a Strouhal number of Su = 0.77.

This value lies between the Strouhal numbers of Su = 9.87, Sll = 0.58

.

obtained for the present array. Fitz-Hugh's map [11] for staggered

.

" tube arrays.which is shown also in Figure 4.18, predicts a value which

lies on the boundary between S, = 0.60, §, = 0.69. The first value is
higher than the lower value obeeined for the present array by enly 3?,
while the second value is higher by 19%. Owen's formula [B], predicts
a value of-Su = 0.79 which is lower than -the value Su = (.87 b§ only
10%. Again, Zukauskas and §atinas formula [12] for normai triangular
arrays was used to determine a value for the presenF array. The
formula gives‘a value of S,y = 0.9.  This value is higher than the

present value of Su = 0.87 by only 3%.

3
In summary it can be stated that vortex shedding was observed

for the first time in the Reynold's number range R, = 670-4550, for a

rotated square array with P/d = 1.7. Two values of Strouhal numbers
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~ ’
were obtained, which are S, = 0.87 for 670 < R, £ 3170, and S, = 0.58
. for 1850 < Ru < 4550. Formulae and maps which exist in the
literature, but for much higher values of Reynolds numbers predicted

value which agree with the present values within a difference of 3 -

19%, ’ . -

Discussion
< o
Vortex shedding was observed for rotated square .arrays with
pitch-to-diameter ratios of 1.414 and 1.70, atulbw values of Reynolds
numbers. No experimental data points exist in the literature for -
these two' arrays, except one data pbint for the rotated square array -
~with P/d = 1.414, Formulae and maps available in the literature are
based on data points from other arrays and at much hlgher values of

Reynolds numbers. Theoret1cally determined gap velocity Vg was used

.

to convert thé present results of upstream Strouhal  numbers S into
_the corresponding gap Strouhal numbers Sg' This gap flow velocity is
a more physically meaningful flow velocity than the pitch velocity Vp
esbecially for rotated Square and parallel triangular arrays.
However, the ratio VP/VU was used only with the results of Pettigrew
and Gorman [9] as they indicated clearly that theif résultsrwere'based
on this ratio. Strouhal nu%bers Sg obtained from the present'study
with ﬁhose existing in the itéfature.for rotated sqﬁare arrays with
different pitch-to-diameter Yatios are shown in Figure 4.23, As can
be seen, the present ;esﬁl;s cover a wide raﬁge, which include‘the
published expectations fo;’ the rotated squar.e arrays tested in therﬁ\

present study. Owen's formula [8] shows that for P/d < 1.4, Strouhal
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N v
5 K ‘

numbers start to decrease. Also for P/d > 3.3, Strouhal numbers decay
N :

»

to value below that (S=0.2) for a single cylinder. Fitz-Hugh's map

-

[11] and.Zukauskas and Katinas formula [12} for Strouhal number reach
the value of a single cylinder for P/d "> 4.0. Upstrean-Strouhal

H

numbers converted on the basis of using the ratio V /V u are shown in
o .

Figure 4,24, Also included in this figure are the results of
Pettigrew and Gorman [9). Owen' Q results are better represented in
this way as can be seen from Figure 4.24. In addition, the published
results are seen to collapse better than those glven in Figure 4.23.
A best curve fit was attempted to contain the present results
and the published results. The curve is a~combination of logarthmic

and,power—laws and given as the solid line in Figure 4.24., The

~ equation which represents this curve has the form:

~0.75
(p/d - 1)

S, = -l +exp { ' }

u 2.38

The equation covers the range of pitch-to diameter ratios from

1.2 up to 3.0.

\

Attembts were made to_plot the results bf nermal square ariays
with the: rotated square arrays. Ther.pldt showed tnat; they mainL&
collapse for pitch-to-diameter ratios > 2;-’Thrs Tesult is not
Surprieing since all arrays should'aéymptote to the“velue of alsingle
cylinder (S = 0,20) fer iarge P/d: “The differenee beeomes wider as
P/d decreases below 2.0: Howaver,. the plot showed also that the

: : ) T . .
Strouhal numbers for an ideal normal square array does not represent

-
.

that of an ideal rotated square array.
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4.3.5 Normal Triangular Array; P/d = 1.33
The normal triangular array with P/d = 1.33 used in the
present study is shown in Figure 4.25. The array is'5_rows deep with

9 tubes in each row including the half tubes which were installed

~— .
along the walls to minimize wall effects. As can be seen from thi

figure, it was the only array where thirteen flexible tubes were |
' L]

used. The hot-wire Brobe was inserted in-the gap between the third

R . s ¥
and the fourth row as shown in Figure 4.25.

-

As was always the case with qqrtex\epedding measurements, the

experiment began at some low flow velocity. At an upstream flow

velocity of Vu = 0.08 m/set., the first concentration of the velocity
fluctuations were obseérved. No discrete frequencles were observed

below this velocitgi The velocity spectrum given in Figure 4.26 (a)y

show a discrete frequency at 15.0 Hz, which gives a value of upstream
Y

S:}QQPal number of S = 4.76. This value is much higher than anyg
value ‘obtained from the square arrays. This demonstrates that the

flow periodicity is dependent on array geometry. The value of

. @ _
Ref%olds number based on the upstream flow velocity and the outside

-

tube diameter is Ru = 130. As the flow velocity was iIncreased to Vu =

.0.0? m/sec, the strength of this flow perdodicity was noticed to
increase aﬁ shown in Figure 4.26 (b).‘ The disc;ete frequeﬁcy was
18.75 Hz witp the appearance bf the tﬁird and fifth harmonics at 56.0
Hz and 93.25 Hg, respectively.. The cérresponding Strouhal number is
s, = 5.01.° -

With a very slight’ increase in flow #velocity to Vu = 0.10

m/sec. the\discrete frequency shifted to 20.0 Hz with the appearance
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of the second, third, and fourth harmonics at 40.0 Hz, 60.0 Hz and
80.0 Hz, respectively. The value of Strouhal number is 9 = 5.08,

Six more velocity spectra were computed in the flow velocity
g%nge 0.12 m/sec. to 0.20 m/sec. The first, third and last two
spectra are given in Figure 4.26 (¢) ~ (f). As can be seen from the
* last spectra, the discrete frequency dlqappeered completely for flow
velocities higher than V = 0.17 m/sec., i.e. for R, > 290. A1l
discrete frequencies with the corresponding flow velocities, Reynolds
numbers,'and the Strouhal numbers based on different deflnltlons of
flow velocity (see Appendix C) are given in Table 4.5. From this
taR}e-rhe average‘values of étrouhal numbers are Su = 4.89,~ng =
1.01, and Sp or Sg = 1.21. Vortex shedding frequencies are Plotted

versus the‘upstream'flow velocity as shown in Figure 4.27. The
frequencies are seen to follow the~ constant Strouhal . number
relationship, with a valee Su = 4.89, in the Reynolds number range Ru
= 130 - 290. ‘

The scatter in the published-StrOuhal number data for normal
triangular arrays is larger than arrays of other geometr;es{ This
Scatter is even large at high values of pitch—rp—diameter ratios
although it is expected that the Strouhal number will approach that of
a single cyiinder. However, Chen's map [10] which is shown rn Figure
4.18, does not provide any data point for- the present array. Accord—
ing to Peidouesis [7), extrapolation of Chen's map will provide a
higher value than that obtained for‘the Present array. Owen's formula
18] predicts a value of S“ = 0.92, which agrees with the value given

by Fitz~Hugh's map {11] (also shown in Figure 4.18) which is §, =

0.93.. Both values are about 1/5 that obtained for the present array.
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Vortex shedding data for normal triangular array with P/d = 1,33.

\-

v R £ 5. Sem » Sy
0.08 130 15.00 4.76 0.98 1.18
0.09 160 18.75 5.01 1.03 1.24
0.10 170 20.00 5.08_ 1.05 1.26
0.12 200 - 23.25 4.92 1.02 1.22
0.13 220 24,50 4.79 1.00 1.19
0.15 240 27.50 4.82 '1.00 1.20
0.16 270 30.50 4.84 1.00 1.20
0.17 290 3235 4.89 1.01 1.21
/
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On the other hapd, Zukauskas and Xatinas' formula [12] predicts a
value of Su = 2.76. This value is 77% lower than the value obtained
for Ehe present array but about triple that given by Owen and Fitz-—
Hugh. Pettigrew and Gorman (9] frbm 2 study on a similar.;rray in
water flow observed no vortex shedding resonance for tubes beyond the
first row uﬁ t? the doﬁnstream row. They provided values of Strouhal
numbers for the first row and the downstream row which range between
Su = 1.21 to Su = 1.93. Howev&*g their values for normal triangular
arrays are confusing as they provide for a normal triangular array
with P/d = 1.36 'values of Strouhal numbér between S, = 1.70 ro Su =
2.53. Higher pitch~to-diameter ratios aré expected to lead to lower

Strouhal numbers. .A : (////’~

In summary, it can be stated that at g very low geynolds
number (Ré = 130 - 290) vortex shedding from a normal triangular array
with P/d = 1.33 was observed. A value of upstream Strouhal number of
Su = 4.89 was obtained. It may be argued that the present result
suggests that Strouhal number may be higher at low values of Reynolds
numbers than those expected from the literature and which were -
obtained at much higher values of Reynolds number. However, the
present result together with Chen's expectations ilO], suggests that

the increase in Strouhal number at- low pitch-to-diameter ratio may be

Steeper than that preditted from the literature.

4.3.6 Normal Triangular Array; P/d = 1.5

Normal triangular array with P/d = 1.5 is shown in Figure
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4.28. As can be seen from this figure, the array was only 4 rows deep
with 8 tubes in each row including the half tubesw. The twelve market
tube§ are the flexible tubes. The hot-wire probe was inserted into
the gap between tubes in the third and fourth row as shown in Figure
4,28,

The wind-tunel was run at some low speed. At an upstream flow
velocity, Vo = 0.25 m/sec., a clear peak at 15.00 Hz representing a
cohcentration qf the velocity fluctuations in the flow field was
obtained. Thé computed velocity.spectrum, shown in-Figure 4.29 (a)
shows also the appearance of the sec;nd, third, and fourth harmonics
at 30.0 Hz, 45.0 Hz and 60.0 Hz respectively. The -corresponding
Strouhal number aﬁd Reynolds number (both based on ;hé upstream flow
velocitﬁ, and the outéide tube diameter) are Su = 1.52, and Ru = 420.
No discrete f;equencies were observed below this value of Reynold's
number,

As the flow velocity was increased to Vu = 0.30 m/sec., the
discrete frequency shifted to fS = 17.50 Hz, with the appearance of
its harmonics up to the sixth as shown in Figure 4.29 (b). The
corresponding Strouhgl number is Su = 1.48,

With a slight increase in flow velocity to Vu = 0.36 m/séc.,

the discrete frequency appeared at 21.25 Hz with as many as four

harmonics. Upstream Strouhal number in this case is S, = 1.50.

T~

Two more velocity spectra were computed at flow velocities‘bf

Vu = 0.40 m/sec. and 0.48 m/sec. Only the second spectrum ig given in
Figure 4,29 (cf: Note the level of energy associated with the

discrete frequency of 27.50 Hz, as compared with the first two

Al

.
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Spectra. The discrete frequencies obtained gave values of Strouhal
numbers of S = 1.51, and S = 1.46, respectively. Apparently both

values of Strouhal numbers are con31stent with values obtained above.

The flow velocity at V, = 0.48 m/sec. gives a value of Reynolds number
of R = 810.
u. '
The wind-tunnel speed was then increased to V, = 0.65 m/sec.

The‘corresponding number is Ru = 1100. The comqued velocity
spectrum, shown in Figure 4.29 (d), shows coqceﬁtpétioa of the
velocity fluctuations at=32.50 Hz. This frequencf gives a lower value
of Strouhal number of S, = 1.277  This 1low Qalue of Strouhé@*qgmber"
was also -obtained at ;psgream flow velocities of—Vui;‘O{77 m/sec. and
Vu = 0.84 m/sec. The velocity spectrum‘at v, = 0.84 m/sec. is shown
| in Figure 4.29 (e) The Strouhal nqmbers"uere the same for -both
velocities and have a value of S, = 1;28. The Reynolds number {or the
. flow velocity of V = 0.84 m/sec., is.Ru = 1420. No discrete
frequencies were observed for higher flow velocities (see Figure 4.29
- (f) for’ the spectrum at V = (.86 m/sec.) ' The appearghif of m;;é
than one value of Strgﬁ;al number for normal triangular arrays was
also repdrted by Pettigrew and Gorman (9] for P/d = 1,33, 1.36, 1.54
and 1.57, and by Zukauskas and Katinas [12] for P/d = 2.0 aﬁd'2.68.
The vortex shedding frequencies upst:egm flow velocities, and the
corresponding Reynolds numbers, and Strouhal numbers based on
. different definitions of flow velocities (see Appendix C) are givén in
Table 4.6. From this table the average values of the Strouhal number
for the pPresent array are.Su = 1.49, 1.28; ng = 0.49, 0.42; and §

Sg = 0.50, 0.43. The_results showed that the measured gap velocity

&

[
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Pd

. TABLE 4.6

Vortex shedding data for normal triangular array with P/d = 1.5,

v, R £ s, Sem S S
. *
0.25 20 15.00 - 1.52 050 0.51
10.30 510 17.50 1.48  0.49 }0\ 0.49
0.36 ’610 21,25 1.50 ., 0.49 0.50
0.40 670 23.75 /1.51 0.50 0.50
0.48 810 27.50 .46 0.48 ' 0.4%./'
0.65 1100 32.50 1.27 0.42 0.42
0.77 1300 3.8.75. 1.28  0.42 0.43
0.84 1420 42.50 1.28 - 0.42 0.43




132
A

ng is essentially the same as the pitch velocity Vp and the
theoretfcally determined gap ve}ocity Vg. Therefore for the present
‘array ng = Sp>= Sg' The vortex shedding frequeﬁcies were plotte%
versus the steady upstream flow velocity as shown in Figure 4.30. As

can be seen, both sets of vortex shedding frequencies followed the

constant < Strouhal number relationship with two values .of Strouhal

&numbers.

Attempts ' were also made in brder to compare the present re-
sults with data published in the literature. Chen's map {10],. again
does not provide any data for the present érray. - According to
Paid0ussis"[7], extrapolation of Chen's curves produces a Eaiue of

about S = 1,8. Thi ue is higher than the value S = 1.49 ob-

tained for the present array by 21%. Again,‘values of $u provided by

Owen's formula [8] and et —Hugh's map {1}] are much lower than other

- /

published fesults. Both authors prdvide values of about S = 0.70,
This value is lower than the low valué of S = 1.28 obtained for the

present array by 83%. The recent formula by{%ukauskas and Katinas

[12) predicts a value of S = 1.82. This value of Strouhal number-

agrees well with Chen's value and is higher than the present value of
Sy = 1-49 by 22%. Most recently, Weaver and Yeung [23] conducted

-
experiments in water flows on a similar array and obtained a value Su

3
= 1.59 in the Reynolds number range R = 1.5 - 6.1 x I0”. This value

agrees with the present vAlue Su = 1.49 only being higher by 7Z.

. : s
-“Ln\summary, vortex shedding for a normal triangular array with

P/d = 1.5 was observed in the Reynolds number range Ru = 420-1420.

Two values of Strouhal numbers were obtained.” These values. arée Su =
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1.49, 1.28. _The”Gﬁiue Sy = 1.49 agrees very well withlsome of the

Published results for a similar array. No vortex shedding resonance

4

was observed for this array. : ' ] 4

Discussion

Two mnormal .triangular arrays Jwere tested, having pi£ch~£o-
diameter ratios of 1.33, 1.5.“gortex shedding from both arrays was
observed. Strouhal numbéfs obtained for the normal triangular array

with B/d = 1.33 suggest that the increase in Strouhal number with
Ia

decreasing pitch-to-diameter™ratios is much steeper than- what is

pyblished in the' literature. Extrapolation of Chen's curves [10]lis
lthe only result which comes close to this result, ahd_even prediEts

higher value. Other publsihed results are lower than the present

value by 77%.or more.
Two values of. Strouhal number were obtained for the normal
tbiangular'array with P/d = 1.5. The higher values agree very well

S~

with the only data point obtained by Weaver and Yeung [23] from a
similar arrakfi;s water. However, . the appearance of more than one
N . *
value of StrouHal number for the normal triangular arrays was also

reported by other investigators but with arrays of different pitch-to-

diamgter ratios. The resu%ts of diffF;;;:h;ublished formulae and maps

together with present rfsults are given in Flgure £.31. Also,

“~
represent d in thlS figure is the result of Weaver and Yeung [23].
Owen's fgrsgla (8], again shows decay in Strouhal number with

decfeasing'P/d bélow about*1.6. Also for P/d > 2.4, the Strouhal

ad ~

number decreases below that of a single'c&linder. The res&ﬁts were

S T

P
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RN
also ploEted on the basis of upstream flow velocitiég%as sho#n in
Figure 4.32., 1Included in this figure are the ré5u1ts'qf Borges [81]
and Heinecke,[Sﬁ]. As can 'be seen from this figure, the results of
Owen and Fitz-Hugh lie below all other published results. It may 5&
that this is due to these data- being based on results frop acoustic
resonance. Strouhal numbers from resonance are lower than the correct
values due to the facE\ that the vortex shedding frequency yill he
controlled by the tubes :5 ura% fréquency while the fléw vgloci;y is
increasing. Also seen An this figure is apparently that the values of
Strouhal numbers obtained by Zukauskas and thjnés [12] in water flows
are lower than ghose from air flows. From a second peakiin’the
velocity spectrum for a normal‘triangular'array with P/d = 2.0, they .
obtained a value off Strouhal number which came close to those
predicted by Owen and Fitz-Hugh. ,

However, for the normal triangular -arrays the ;catte; in the
published data is larger than arrays with other configurations. The
present results suggest thatlactual Strouhal numbers are much higher:
than thpse‘given by Owen and Fitz-Hugh. Also the increase in Strouhal
numbers with dé;feasing pltch-to-diameter rab(gé-ié steeper than that

predicted from the literature. . »

4.3.7 Parallel Triangular Afrays; P/d = 1.375

The pafﬁllel triangular array with P/d = 1.375 used to conduct
the present experiment is shown in Figure 4.33. As can be seen, the
array is 6 rows deep with only S tubes in every row including the half

tubes. The hot-wire probe was inserted into the gap between the

fourth amd the fifth rows as shown in Figure #.33.
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b4
The experiment began by running the wind-tunnel at low flow
velocities. The appearance of the first concentration of the velocity:
fluctuations was at a discrete frequency of 50.0 Hz and an upstream

flow velocity of Vu = 0.58 m/sec. .The velocity spectrum is giﬁen as
N .

‘the first trace in Figure 4.34,. The corresponding Reynolds number

(based on the outside tube diameter) is Ru = 980. Note that both fre-

b

quency and flow velocity are high compared with what was seen with
other arrays. However, vortex shedding frequencies are cxpected to
increase in direct proportion with the flow velocity. The observed

discrete frequency gives %\yalue of upstream. Strouhal number of 5, =

2.19.

4

At an upstream flow velocity of Vu = 0.68 m/sec., the computed
velocity spect%um showed that tﬁe discrete frequency was up to 58.0
Hz. - The corresponding Strouhal number is Su = 2,17, The appearance
of the second harmonic was only observed when the:hind-tunnel speed
was increased toth = 0.7? p)sec. The computed velocity spectrum. is
given as the second trace in Figure 4.541/_As can be seen the velocity

fluctuations are concentrated at 62.5 Hz, with'the~appgarance of the

second harmonic at 126 Hz. The corresponding Stfouhél number is Su =

P L]

"2.20. o o %

N :

Four more- velocity spectra war: computed upl to "an up;t'ream
flow veld;ity of vV, = L-15 m/sec. The last two spectra are shown by'
the third and fourth traces in Figure 4.34. The corresponding
Reynolds nqmber is Re = 1940. “No discrete ffequencies were observed

for higher values of Reynolds number. ‘All vortex shedaing‘frequenciesb

fs’ upstream flow velocities Vu, and the corresponding values of

-

\.
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Vu = 0.58 M/SEC.

. 200HZ,

Vu = 0.72 M/SEC.

> 126
'_‘ .
hm = " .
[#]
v WW\N
> : - 200HZ,
m . .
t .
= 91 . v_ = iYos M/sec.
[w u .
= , .
Q
=]
2
&
=]
[=
.ED e ol o
‘! ‘ .
0 . 200HZ.  »
s : ) . ‘
/ 103 v, = 1.15 M/sEC.

0 i . h-*- N Frequency 2_0on-

- FIGURE-¥.34: VELOCITY-SPECTRA FOR THE PARALLEL TRIANGULAR

| ARRAY WITH £/d-= 1.375, V\; (

A :



L7

Fid

141

Reynolds numbers Ru' Strouhal numbers based on different definitions
of flow velocities (see Appeﬁdix C) are given in Table 4.7. From the
table, the average values of Strouhal numbers are Su = 2.21, ng =
0.60, S, = 0.60, and S = 0.70. There is no differehce between S gm
and Sgk because the‘measurement showed that the measured gap velocity
is equal to the pitch velocity for a parallel triangular array with-
’ , _ .
P/d = 1.375. The vortex shedding frequencies were plotted versus the

upstream flow velocities as shown in Figure 4.35. As can be seen, the

vortex shedding frequencies are increasing in direct proportion with’

the flow velocitieés with a constant value of Strouhal nﬁmber, Su =

2,21, o

Not many data.;re avallable in the literature for-the.preseﬁt
array. Chen's map [10] does not give a direct data point for the
present array (éhen's map for staggefed tube arrays ij/ghown in Figure
4.18). Intergolation of the curves will give a value fofighe upstream
Strouhal number of 5, = 2.40., This value is in reasonable aéreehent
with the present value of Su = 2.21 (only higher by 9%). Fitzfﬂugh's
map [11] (also shown in Figure 4.18) provides a v§iue of 8, = 3.17:=
This value is higher than the preseﬁt value b§ 43%. Howevér a better

interpretation of Fitz-Hugh will be given later in the discussion.’
% ‘

 Owen's formula [8] predicts a value of Sf = 2.53. This value 1is
i

higher than the preseat value by l4%. A™ lar array was also tested

&

in air flows by Grover and Weaver [48) and by Weaver and Lever [49].

They obtaingﬁ a value of upstream Strouhal number of about Su = 2:63

b
far«Ru < 330.  This valpe is again higher than the present value by

19%. The recent formula by Zukduskas and *atinas [12] for normal



Vortex shedding data for parallel triangular array

¢

TABLE 4.7
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with P/d = 1,375,

Vu Bu ? Su ng Sp 'Sg
0.58 980  50.00 . 2.19 0.59 0.60 0.69
0.68 1150 58.00 2.7 0.59 0.5  0.68

.72 1210 62.50  2.20 0.59 0.60 0.69
0.85 1430 73.50 2.20 0.59 0.60 0.69
0.96 1620 84.00 2,22 0.60 0.61  0.70

1.04 1750  91.00 2.22 0460 0.61 0.70

1.15 1940  103.00 2.27 0.61 0.62 - 0.72
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triangular arrays was used toiinterpret results for parallel triangu-
lar arrays. The formula gives a value of Su = 2.10. This value gives
a bettgr'agreement with the present value, being lowgr by only 5%. An
excelledt agreement was obtained as the present result was-compgqed
with that obtained by Weaver and Kogoy;nnakis [25] from a simila;
array in water flows. They reported a value of Su = 2.25, and was
obtained in the Reynolds number range, R = 2.6 - 4.0 x 103. _Tﬁis
value is less than 2% higher than the present value.

In-summary, it can be said that vortex shedding was observed.
Jfor a parallel triangular array with P/d = 1.375 in the Reynolds
number range Ru = 980 - 1940. No data point for Strouhal number is
available in the literature in the same range of Reynolds number. A
va%ue of upstream Strouhal number of Su = 2,21 Qés obtained. This
val&e showéd a.good agreement with some and not all the published data

for a similar array. Vortex shedd#ng frequencies were higher than the

natﬁral frequency of the fle%fﬁié tubes s0 no vortex shedding

.

—

resonance was expected.

4.3.8 Parallel Triangular Array; P/d = 1.73

-~

?
The second parallel triangular array used fb(\ﬁsffiﬂg had a

pitch—to—diamecer ratio of 1.73. \ array is. rows_deep with only 4
L ]

ubes, as shown 'in Figure 4.36.

tubes in every row including thej half
The hot-wire probe was inserted in' the gap between the third and the

fowrth rows, as shown by tgé position marked 'H' in figure 4.36.
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The appearance of velocity fluctuations was first observed at
an upstream flow velociﬁy of Vu.“= 0.%2 m/sec. The correspondiﬁg
Réynolds number is Re =-540. The computed velocity spectrum ;s given
as the first trace in Figure 4.37. As can be seen, the concentration
of the velocity fluctua;ions'is at a discrete frequency of 16.25 Hz,
and with the appearance of a weak discrete'ffeqhéhcy at‘double the

. : <
original frequency at 32.50 Hz. The level of energy associated with.

-these frequencies was less than éﬁsﬁé observed with the first parallel

uifr ;rray tested. The upstream Strouhal number will be Su =
1.29. This value is almost half that obtained f@r the pargllel
triangular array with P/d = 1,375. This indicates- how steep the
reduction in Strouhal npmbersﬂhifh.the fncrease in pitch-to-diameter:
_ : R v

ratio for paré&lel t?iangular arrays.

As the flow velocity] was increased to Vu = 0.38 m/sec., the

discrete frequency shifted to fS = 18.75 Hz. The corresponding

#

R Strouhal number is S5, = 1.25, No'éppearance of a second harmonic was
obtained, 'as shoewn by the second trace in Fifure 4.37. The appearance
of a second harmonic was obtained as the flow velociqy was ﬂﬂz:eased

to Vu = 0.45 m/sec. The computed velocity spectrum is shown by the

third trace in Figure 4.37. The discrete frequency at 23.75 Hz

represénts a value of Strouhal number of 5, = 1.34.

ot

Four more velocity spectra were computed for flow velocitieés

up to Vu = 1.02 m/sec. The correspoﬂaing Reynolds number is Ru =

1720, No discrete frequencies were observed for higher flow
. T ‘ . W

velocities. Omdy the second and last spectra are shown as the last

two traces in Figure 4.37. The observed vortex shedding ¢requencies

. , P

a1’
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16.25 ‘ Vu = 0.32 M/SEC.

o oy 500HZ,
> ’ . -
V. = 0.38 M/SEC.
B

'
. 500HZ. ‘ a
" ; 4 o
—~ - . - “ . .
ot ;- . W = 0.45 M/SEC.
cg E o T A i u
S .
’ ° - -

- .. S

. — 500HZ.

Vu = 0.73 M/SEC.

\'

-—!___.._’}{Magni‘ tude (Arbi trar.

_500HZ.

A : _ v, = 1.02 M/SEC.

————= Frequency "500HZ.

FIGURE 4.37: VELOCI’I‘Y—SPEC_TRA FOR THE PARALLEL TRIANGULAR -
ARRAY. WITH P/d = 1.73. ' ; - )

- -
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4y

fs, together,fhe upstream flow velocities. Vu, and the corresponding
Reynolds gﬂpbers Ru, are given in Table 4.8. Also given in this table

are the Strouhal numbers baséﬂ on different definitions of flow

N\

velocigées (ake Appendix C). Frow Table 4.8, rthe avérage values of

. ~
Strouhal numbers are § "= 1.32, § £ 0.58, S = 0.56, and S .= 0.64.
u gm p g

"~ A .
The vortex shedding frequencies were also plotted versus the upstream

= : : )
" flow velocities as shownjgm Eigure. 4.38. The figure shows that the
- A
7 .

"shedding frequencies are increasing in a direct proportion with the
flow velocitiesywith a constant value of Strouhal number, §, = 1.32.
No data exists h(/the litérature for a parallel triangular
array with P/d = 1.73. Chen's maaai:O] (shown in Figure 4.18) does
r:p ide any direct data point for the present ér}éy. .However,
gt v . .
interpdlation of the curves will provide a value of SQ = 1.25.- This

. value is in a gobd agreement with th

.present‘value of Su = 1.32 being

lower by only 6%. Fitz-Hugh's map [11) .'(Shown also in Figuré;ﬁ.lB)

suggests a value S, = 1.03. This value is lower than the present

L4

' value'by 28%. Owen's formula 8] gives a value of S, = 1.29. This
. value is very close to the. present value being lower ‘by only 2%.
Againt,Zukéuskas and Katinas formula [12] was used to interpret

results for parallel triangular arrays. The formula gives a value iof
— L.

Su = l.OSJﬁ\@Pis-}alué‘is in a good agreement with Fitz-Hugh's value,

o

and 1 than the present value by'iﬁ%;
‘Ipfsummary,-vortex shedding was observed for a parallel
triangular atray with P/d = 1.73, in the Reynolds number range Re =

540 - 1720. An upstream Strouhal number of S, = 1.32, was obtained.

-
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N

= 1.73.

Vortex shedding_data for parallel triangular arrav with P/d

L
v R, £ S, Sen s, S,
0.32 540 16.25 1.29 0.57 0.54 0.63
1 0.38 640 18.75 1.25 . 0.55 0.53 0.61
0.45 760 23.75 1.34 0.59 0.56 0.65
- 0.60 1010 31.25 1.32_- p.gy 0.56 0.64
0.73 1230 ,  38.75 1.35 0.59 0.57 ., 0.66
0.80 1350 42.50 1.35 0.59 0.57 0.66
102 1720 55.00 1.3 0.e0 0.58 0.67
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1’

velocity and the upstﬁ%ﬁ% velocity, maps and formulae available -in the
literature were used for predicting values of the upstream Stroghal
number for the prgfent array. A good agreement was obtained with some

of the adyailable information. No vortex shedding resonance of the

flexible tubes was observed for the present\irray.

Discussion

Two -staggered ‘arrays of the parallg]l trianghlar conflguration
were tested, having pitch to—diameter ratios of 1.375 and 1.73. Only

one value of the upétream Strouhal number for each ,array was obtained.

: Both values were obtained in different ranges of Reynolds éha? those

A

- *
available in the 1literature. However, few experimental data are’

available in the litefature for the parallel‘triangular array with P/d
=’1.375 and none for B/d = 1.%3. Strouhal rumbers from.different maps
and - formulae available in  the iiteraturei'for parallel- triangular
arrays as a. function of pitch-to-diametgr ratio are plotted in Figure

4.39. As can be seen from this figure, Zukauskas and Katinas formula

‘iZ] when used for parallel triangular arrays shows good agreement
1 3

with’ other published information. Also, the decay in Strouhal numbers

with decreasing P/d due to Owbn's formula [8] which was seen -with

oth€F configurations does not occur™with the parallel triangular

’////yé”/ith the ‘exception that the formula still predicts values of

-

Strouhal numbers which are below that for a-single cylinder for high
values of P/d. However, upstream Strouhal numbers were plotted as can
be seen in Figure 4.40.up to P/d = 3,'where this problem with Owen's

formula does not appear. The figure shows that Zukauskas and Katinas
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formula shows a ‘good agreememnt with the values obtained from the maps
of Chen [IOj and Fitz-Hugh [11] for most of the values of P/d. (i\\
However, as can be seen from Figure 4;40, if Chen's point for P/d =

1.4, and Fitz-Hugh's points for P/d = 1.4, 1.5 and 1.6 were excluded

~

from the plot, their results will be in better agreement with the rest
of the published data. Also, rtheiroresults will be in better
agreement w1th the present results for both arrays. Pettigrew and

Gormap a.data points (9] are in good agreement with other published

results if only th? maximum values they provided were considered.” .,
Their lower data are probably th result of being taken at tube

resonance. 1-

A best fit curve through all thgse\\bublished results,

”»~ .
including the present results was attempted.. This curve was also a

combinatlon of logar hmic and power-laws. The curve obtained is’

represented by the solid line in Figure 4.40. The formula which

represents this curve has the form:

gt

N . (P/d - 1)—0.75
S = -1l +exp ({ }
1.79

3
| N _
The formula is in reasonable agreement with the published results for

most of the values of P/d.

Attempts were.also made to collapse the results for. the normal
: A
and parallel triangular ‘arrays. Unfortunately, the attempts weYe

unsuccessful because of the wide scatter associated with the norma

*

EfiiS§U1ar arrays. . : ‘ -
. . ’ . - *

/ -t



4.3.9 Overview

Strouhal numbers for}the different tube arrays tested in the
preeeq; study and the corresponding Reynolds number (based on upstréeam
flow velocities and. the outside tube diameter) are summarized in Table
4.9, At vef& low,flew velogﬁties? the convective heat transfer from

the hot wire probe-wiil‘influence the‘probe readings. The DISA manual

states that reasonable results may be obtained at low flows by ex-

2
trapolation of the King's Law curve (Volt) versus (Velocity)ll to

the zero flow axis (static flow value) (see Apperddix B). Under

conditions of very low flows, one might expect velocity errors of the-

order of +10%, ﬁgwever, the lack of scatter in the Strouhal curves .
. Vs .

o : o _

and the consistency in the Strouhal numbers suggest considerably
J ) ‘ .

smaller errors in. velocity measurement. At any. rate, reasonable
AR

errors in the magnitude of the flow velocity measurements will not

affect the p ncipal conclusions drahn from the expefimental results.

An ovarall assessment ean be made of the above results when -
.consideration is taken of a retent flow\visualization SCudy by Abd- <
Rabbo [77]. This showed -that laminar vortex shedding occured at low
Reynolds numbers in the first three rows/gf a rotated square afray
‘with a pitch ratio of 1.414. The Strouhal number wes found to have a
value hetween Su = 2.2 - 2.6 in the Reynolds number rahge 140 < R, <
230. For hi;her Reynolds humbere, the tube response showed a sub- t
suﬂﬁtially“sméiler Strovhal number of Su * l.4. However, no discrete

'd

wake phenomena were observed, the flow visualization being obscured by

turbulence. On the other hand, a square array with a pit ratio of

1.5 showed no laminar borteg\%hedding.J Only large resonagggkresponse

was obtained at double fhe Strouhal number reperted in the 1i Br%}drec//// (“



Vi

e

TABLE 4.9

Summary of Vortex Shedding Data.
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It would appear then that certain arrays

tex shedding at low Reynolds nupbers and this is

Array Geometry P/d R S S S
ay Geometry / | u u g > .
Normal 1.33  170-740 2.34 0.59 0.59 0.59
Square 1.50 420-590 1.72 0.50 0.57 0.57
760-1130 1.44,2.04 0.42,0.60 0.48,0.68 0.48,0.68
1
Rotated 1.414 180-1120 1.73 0.60 0.50 10.72
~ Square 1,70 670-3170 0.87 0.42 0.36 0.51
' 1850-4550  0.58 0.28 Q.24 0.34
X el
.L‘
2 p
Normat” = 1.33 ' 130-290. 4.89 T 1.0t 1.21 1.21 .
Triangle = .1,50. 420-810 1.49  0.49 0.50 0.50
- © 1100-1420  }.28 0.42 0.43 0.43
: : y
Parallel ' 1.375 980-1940 2,21 0.60 0.60 0.70°
Triangle 1.73. '540-1720 1.32 7\0.58 0.56 0.64
ﬂr)_

produce laminar vor-

assoclated with high

Strouhal numbers. At higher Reynolds numbers, turbulence develops in

the arrays but discrete excitation persists and 1is assoclated with

substantially lower Strouhal numbers. Additionally, some arrays show
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multiple Strouhal numbers at moderate Reynolds numbers and over a
range of pitch ratios. However, it is difficult to state- the preéise
ranges of Reynolds numbers over which the vortex shedding phenomenon
exists. These ranges will be affected by ambient turbulence levels.
As turbulénce ievels increase with increasing G%w depth for the first
four rows at least, the l;minar vortex shedding will terminate ar
lower Reynolds numbers for the deeper tube rows ([77]. It is also
- likely that the Reynolds number ranges depend on tube'ﬁotion. Vortex
. sh;;;}hg may persist to higher Reynolds numbers 1f reinforced by small
- tubqu%tionsf Thus, one would expect vortex shedding to occur ;t

higher Reynolds numbers in a flexible tube array exposed to water flow

than for a rigid tube array or a flexible tube array exposed to a gas

flow. ’
by

Laminar Vortex Shedding

In view of the above, the high Strouhal numbers obtained from
- the present study for the ﬁormal square arrays with pitch ratios of
1.33 and 1.5 may be attributed to laminar vortex shedding. For the
normal square ;rray with pitch ratio of 1.33, the Strouhal ngybe: was
found to be Su = 2.34 in the Reynolds number range Ru = 170 - 740.
However, for the normal sauare array with pitch ratio of 1.5, three _
values for the Strbuhal nggber'were obtairied, these being S; =_l.72.
for Ru = 420 ;'590,.and Su = 1,44, 2.04 for Ru = %60 = 1130, ' For this
particular array, Weaver and Yeung [23] from off-resonance tube re-—

)
sponse in water flow predicted a value of Su = 1.8 in the Reynolds

number range Ru = 2.0 ~-2.70 x 103. 6n‘the other hand, the values for

. Strouhal number obtalned by Pettigrew and Gorman (9] for a normal

LN
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Square -array with P/d = 1.47, in water flows were between.Su = 1.28
and Su = 1,97 (depending‘dh tube location).. These values were
obtained iﬁ the Reynolds number range Ru = 2.0 - 4.2 x 103. As
mentioneé'above, higher Reynolds numbers could be expected for a EIGXj
ible tube array'éxposed to water fioﬁ. However, these results show
higher Strouhal numbers than those reported in the literature.

The appearance of Strouhal numbers which are almost double the-
.results published in the literature for the :;rmal square arrays test-
‘ed in the present study warns of the fact that vortex shedding could
Se expected at half the flow velbcities expected from the Strrouhal
numbers'reported in the literature.

Anothgr interesting result was obtained for the normal Eriang-
ular array with pitch ratio of 1.33. A very high Strouhal number of
Su 4.89 was obtained at veryxlow Reynolds number range of R = 130 -
290, Again, it sgeems likely that laminar vortex shedding is the
reason behind this high Strouhal number. The increase in Sfrouhal .
numberslfor the naormal triangulér arrays at very low pitch ratios may
not be quite as steep as previously suggested. Furthermore, the only
result w;?Z;\is close to the present result is based on an extfépo*
Vlation of Chen s map [10] as reported by Paidoussis {7].  There is '
significant evidence to ;Léw that extrapolation o£ these results will
not provide such a‘High value for Strouhal number, as demonstrated by
n the results shown in Figure 4.32, .

The results for this normal triangular array together with
those for the normal square arrays tested in the presert study suggest

that laminar vortex shedding could be expected for Reynolds numbers R -

< 1100, for these particular patterns. These Reynolds numbers are not
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likely to produce a sufficient dynamic head to cause tube vibrarion in
any . practlcal heat exchanger. The question that arises is which other
. d

tube arrays produce laminar vortex shedding and which do not. Again,
the recent study by Abd-Rabbo [77] shows that laminar vortex shedoing
occured in the Reynolds number. range of'140 < R, < 230 for a rotated
sqoare array with pitch ratio of 1.414; Howaver, many more'tesﬁs_will

be required to establish the range of flows for which laminar vortex

shedding may occcur in other configurations..

‘Multiple'Sttouhal Numbers

The present results s::w multiple Strouhal numbers for the
following arrays: normal square with P/d = 1.5, for ZZO < Ru < 1130,
rotated squ;;g with P/d‘= 1.7 for 670 < Ru < 4550, and the norma%’f
triangular with P/d = 1.50, for 420 < R, € 1420. No multiple Strouhal
numbers were obtained for either of the paoallel triangular arrays
tested in the preseni*ctﬁéy. There are not many results available in
the literatu?e showing this kind of behaviour. Data by Fitzpatrick
[80) also gives 3 Strouhal numbers of S, = 0.78, 0.98,_and 1.33 for an
in-line array with transverse spacing of 1.73 and longitudinai spacing
of 1.5, Although Fitzpatrick's configuration was somewhat different
from the present study, tha,numbers reportedacompare reasonably with
the current results ggz the normal square ‘array with pitch ratio of
1.5 when account is taken of the effect of transverse spacing. Higher
.transverse Spacings are expected. to produce lower Strouhal numbers.
The reported results by Pettigrew and Gorman [9] shOW1more than one

value of Strouvhal number for the following arrays mg-normal square with

P/d = l:@7, normai triahgolar with P/d = 1.33 and 1.57, and the
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parallel triangular with P/d = 1.23, 1.57. They oBtainéd their
results in water flow for Reynolds number range Ru = 2.0 - ﬂpﬂ X 103.

Their resplts are shown in Figures 4.14, 4.32 and 4.40. The present

B . L 4
appears that miltiple Strouhal numbefs occur for arrays of

, PR 7 ‘
ratio of 1.5 indj?e~Reynolds number range £5;= 760 _.1130'1

However,
>

piteh ratfg round 1.5 and for the Reynolds number range 400 < R <

5000. ' E

There is now considerable evif¥pnce to show that c;;;:Xp tube L

L 4 . C.
arfhy patterns have multiple Strouhal numbers over a rdhg&mof small

[

pitch ratios. It follows that in cases where ‘there aré&” ﬁulﬁiple'
. . N |
Strouhal numbers, it is not valid to try to fit™a single curve through
£ 4 . .

b
the data as has been commonly éttedﬁkﬁﬁ. Further research is .fr/::.

necessary to defé;?/fhese curve branches an&wto determine if one of .
"—-'-‘ _
the Strouh#l numbdrs is more dominant or if all are equally likéiy to

-

excite acoustic or tube resonance. \It oﬁld.also appear_that tPe.best
fit drawn from the results if Figur 4ald, and 4.24 may onlyxﬁe valid
at Eigh Beynolds numbers. However, thergTIE some scatter_in the dat;

reported in the literature due td the distortion resulting from tube oo
or acoustic resonance. An example OfdiPiS di::%?ﬁion is the results

reported by Pettigrew and Gorman [9] for tube resonance. ‘The results \\\
are clearly below the expected\yalues for similar arFays as showﬂ_;g\\ .
Figures 4.14, 4.24, 4.3?, and‘ﬁ.AO; It would élso appear that, gyen fy

if this misleading data were adjusted some scatter will remain.

. Owen's Phenomenon

. o
There 1s now considerable

how .that a dlscr £
Y oA é\é\ﬁ

phenomeno;\EBaratteristic of vortex sheddi_

or closely sacked
‘ J



—
.

tube arrays’: Examples_/o*f the existence of”this qiscréte periodicity
are the present restllts, the result’s reported by Weaver ;ind Yeung
{23];.‘and Ab;i;Rabbo [(771. ’I;his excltation phenomenon. is not broad -
band/}s the one repc;rted bvy— Owen [8). Twwis implies that Owen'sr

turbulent buffeting is a different phenomenon and is not valid at

P feast for early tube rows. The phenomencn - associated%&h‘buffeting

can exist deep inside arrays where the flo'.».T 1s expected to be more
» *

turbulent as shown by Fitzpatrick _and ‘Donaldé‘on‘ {83]. Also, the

pre'sent results show clearly,.' the wrong flow velocity was. used by Owen

in his equation. ?@stréani. flow'velocity .or the proper transverse
.pitech vélocity as su'gges‘ted [83} must be used to correcﬁy correlate

his' equation with other published results, depending on whether the’

¥

Strouhal .number.is based on 'up'stre’am or .gap velocity.

i, 4:4  FLUIDELASTIC INSTABILITIES '

The fluidelastic excitation mechandsm is the most important
! )

.mechanism for tube arrays dve to nthe high amplitudes of vibratiﬁ

,associated with it. 'The severity of  the damage due to these high

' v

’

C'g/ amplitudes is well documented (I] ' Tube a;rays in a cross flow of a
r

gas generally star't to vibrate abruptly when the flow velocity reaches

a certain threshold. Reliable- data for these threshold velocities

]

{also known as critical velotities) for tube arrays is very impottant .

-at the de'sign stage. These ceritical velocities are functions of many

d’
parameters such as tube .stiffness, damping, mass, and the fluid
. \,

_ density. Also, one of the most important parametqrs f‘s’the geometric-
~ 3.
' . al .Aarrangement of the tubes in ‘the arrays, as well as’ t,he pltch-to-

diamete\' ratios for different array geometries. 'Surprisingly‘,the;,

”

. - IR '/\’ | \. “;‘-j
e | e

. | \ aQ % 161
. 2. . . ) »
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), ) tube pattern and pitch nas not had too much attention in the past, and
this probably account§ for much of the scatter in th® published re-
sults. * Recently, tube geometry began to be included in the fluid- ‘
eln;st'ic stability equation. Apparently, the only systematic studies .
of tube pattern and pitcl are those reported by Hartlen [16], and
Soper [17]. Hartlen, reported that his results are unreliable, mainly
-because of the problems involved An conducting the. experiments,
- . especially the lack of equipment for precisely determining the criti—"

q

7 cal velocities. On the other hand, Soper's results were for higher
& ' values‘of the damping parameter. The experiments reported here were
conducted for a\‘d&ing parameter which is IOWer than those used by
.- ' Hartlen, and in the hope of obtaining moére reliable and consistent

results. Also, it is hoped that the results will be helpful in urder-

standing the importance of other parameters which affect the critical

.L/
flow, velocities.
~ .
‘. - The present results will be considered under separate headings
¥ ’ for different geometries and pitch-to-diameter ratios. Howaver,
@1 -

X
before representing these results, a general description of the
»

procedure followed during testing of the errays will be given.
- : : =

N/ Procedure for Testing: .- . .

As mentioned pr'\riously /‘I\]\ ffExible tubes in any array vere

w tuned to-a natut%l frequency of 25.0 Hz within 1%Z. The tube array was

pbused first for obtaining tﬂe vortex sheddmg frequerw, then it wa

usedﬁ[r\ obtaining the critiki flow velocities before transfeﬁ'ing @
S

retkand %

the flexible tub¥s. to another ar, ay. After goéting the vortex shed-

ding data, the winw ot’l and the experiment begh

~ ‘
! again at s(?me low flow v}alOcity. 'This flow veloc y was’*" we%d, in the
- * ’ . - \ ’ .

o 1
- ' . ' . ‘ -—, - . ’ -
=y P LI . ‘\/—> - L4 R

hd 3

[ , . E " .
— . . ‘ ¢ S . ot B .‘ b . * = L]
. . ' B ’ .
t .

-
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b d

. ‘ v _ .
stable region of the tube array. This was done by running the wind

tunnel at different flow velocities until the tube was observed
visually to be unstable.and before recording any data‘an approximate
value for the critical velocity was obtained. The wind tunnel was
turned off again and the experiment begun at a much lower flon
veloeity than that after which the arre&.becoﬁee unstable. The
upsiream hot-wire probe as well as the pitot-static'tube weye used for
measuring the upstream flow velocity, while the amplitude response
data were obtained from the strain gauge transducers using the
Spectral Dynamics 375 Fourier analyzer. The iInstrumented ‘tube was
connected first to the analyzer through a conditioning_amglifier. For
every small_increment in the flow relocity, the amplitude response
data for the in-line and tradg:%ksé motions of the tube were recorded
;fter waiping for anl inter¥al of time of about 10 minutes to allow for
a4 steady state to be reached. The response amplitudes recorded were

the result jof 64 sample averages which were found from a prelininary

‘test to be sufficlent to achieve -a steady state and té give a

-

0
reproducible data. " The experiment was reépeated for every increment in

b4
the flow velocity until thg, tube was observed to be well into the
- b
unstable region. Duefmso the fact that, with increasing the _flow

velocity, tubes exhibiting steady orbits would 5ustein orientation fl
changes in their orbits or it mighq become unsteady due to any
nonlinearities in the‘source of ercita;ion the displacement of
coordinate direction will increase or decrease accordingly. Therefore
the concept of a resultant RMS amplitudes wai'Flso used in this study
and whicghis defined as follpws: : . fh

. ‘ - . . '

[
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o . 2
RMS amplitudes = //(in-line amplitudes)2 + {transverse amplitudes)
\

I
RMS amplitudes together with the in-line and trgg::;rse amplitudes

were plotted for every tube tested. ‘These tube amplitudes are the
]

values of the tube tip deflection in mm. Due to &he fact that for

evefj array, two tubes were tested, the complete process was _repeated

for the second. monitored tube. The above outlined procedure will be

followed with evefy array tested. -

L

In making the RMS amplitude meésurements, 64 sample averages

were found to produce good exporimental repeatability. 1In 10 repeated
.experiments at a Bazfigular flow, the standard.deviation was found to
be 3%. The flow velocity was measured upstroom.of the tuoe bund

using both pitot probe and hot wire anemometer: Comparison of éhe

A} B
data indicates out of 8 measurements, a maximum difference of +4%.

'
.. . ~

. &

4.4.]1 "Normal ;;uare Array; P/d =1.33 -
The normal. square array with P/d = 1.33 is shown in Figure

4.4, The two flexible tubes marked 5 and 8 in the second and third

rows, ’?é%%ectively, were he instrumented tubes. The ﬁn-line,
/#

transverse, and RMS tube amplitud obtained for tube No. 5-.in the

second row were plotted as shown n FigufD 4.41. As can be seen from

this figure, the increase-in tube am litu e (was in proportion with the
flow velocity in the stable rggion.

is region i?glitudes‘ﬁre

much less than 1% of a tube diameter?.. Numerical values of vibration

o ' T A\
amplitudes in this region showed that the in-line amplitudes are

- slightly higher than those in the transverse directieps. . However, as

the flow velocity begins to reach the critical velgeity, amplitudes in =

|
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the transverse direction start to become higher than those in the in-
, ‘ - ‘v”‘\ )] .
line direction. As our approach for determining the critical flow

velocity is defined as the flow velocity‘efter which tube amplitudes

will increase rapidly for any small increment in the flow veloc1ty. a

S
value of Voo = 3.70 m/sec., will be the critical velocityl.for the

present grray. As can be seen from Figure 4.41, a sharp increase in

‘tube amplitudes was obtained. 'This sharp increase gizes a well

de¢fined critical velocity, In the unstable region‘amplitudes in the

-

transverse direction kept on increaeing higher than those in the in-

.

line direction.

The‘re5u1ts obtained for the second monitored tube, tube No.
8, in the ird row were plotted as.shown 1in Figure 4242. The two

monitored tubes exhibited the same behaviour in the stable region.
&
Also, as can”be seen from Figure 4.42, no change in the critical flow
'J “ v e

velocity betﬁeen'the‘second and the third row was obtained. The only

* L]

difference between these two monitored tubes occurred in the unstable.

region, \Amplitudes in t in-line directi®h were ‘higher for the ﬁube

in the third row over thbse in the transverse direction. ‘This means

:hat ‘while the tube in

}

transverse direction, tub in the third row is whirling with‘g 1arger

qhe second Tow was moving mainly in the

.amplitude componeﬁ? in the ih-line direction.

v
- L

. (\ -~ A} ¥
4.4.2  Normal Square Array; P/d = 1.5:

The tubes numbered 5 and 8"were the)instrumented tubes, locabed in the
: r:

¥
- -
second and third row respectivel Note that thes@wtwo instrumented
o A
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[
tubes are surrounded by flexible tubes to account for any fluid-

coupling from the sqrrounding-tubes. The same feature was chosen for

all the a;rays tested in this thesis,)although it: was found by Weaveér
and Grover [19] and Lever and Weaver [27]) that one flexible tube in
otherwise rigid array will have nearly the same criticai velocity.
In-line, transverse, and RMS amplitudes obtalned for tube No.
5 in the second row were plotted-versus the upstream flow velocities
as shown in Figure 4 43. ' Again, tne.tube showed a linear increade in
the tube tip deflection with increasing flow veloeity in tne stable

region. However, amplitudes in the transverse direction were slightly

higher than those in the -in-1line direction in this region. This is

contrary to what Wwas observed in the normal square array with P/d =

1. 33. The same behaviour was also obtained as the tube came into the

unstabIeAregion. In-line amplitudes, as c¢an be seen from Figure 4. 43
were, higher for this ‘array 'than those in the transverse direction.
Note that the increase in the tube amplitude around the critical

veloc1ty is more gradual for the present array. However, the increase

'I

in tube amplitude in the transverse direction show that ‘the tube takes
off at a flow velocity of Vor = 3.50 m/sec. If this value was chosen

as the critical velocity, this will mean that the increase in pitch-

-

to-didmeter ratio from P/d = 1.33 td P/d = 1.5 resulted in a slight

~

decrease in the critical velocity; i.e., normal Square array with P/d

= 1.5 45 more critical than that with‘?/d = 1,33. .
The results obtained for tube No. 8 in the third row were
rlotted as shown in Figure 4.44. 1In the stable region, amplitudes in

the in-line direction were slightly higher for this tube over those in

-~
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the transverse-direction. A better defined eritical velocity of Vcr =
3.35 m/sec. was ohtained for this tube. This means thijt the tube in

. -

the third row was more critical than that in the secogg .ow. Above
the critical. velocity, amplitudes 1in the transverse dirdction were

slightly “higher than those ih the in-line direction_ with smaller

amplitudes than those obtained for the tube in the second row. So,

while the tuhe in the second row was whirling with e 1arger amplitpdgj
in the'in—line direction, the tube in the third row has whirling with

a larger‘amplitude in the transverse direction. This is contrary Lo

what was obtained for the normal square array with pP/d = 1.33.

The tuhe response (for tube No. 8 in the-third row) as seen on
the oscilloscope screen was. photographed at a number of 'flow
velocities and has been reproduced in Figure 4.45. The first three
pictures show the tuge response at flow velocities lower than the

e

critical velocity. In this region the, tube ‘response is random in
. a \

character and'the amplitudes - are very'small.- The first pfcture-was

taken at la .flow velocity\<where the vortex shedding frequency f
coincides with the natural frequency of the tube. . No vortex shedding
resonahce was observed. The fourth picture was. taken at a flow

velocity slightly higher than the critical velocity. As can be seen

“ .

the. amplitudES werzf;f’her in the- transverse direction with the tube
z 4 <

moving in a figure of eight pattern. As the flow velocity was

!
increased, the tube maintained the same battern, until the flow

veloéity reached Vu = 3.90 m/sec. - The response became more regular

and the tube moved in an oval-shaped orbit. However, the tube di2 not
. '

maintain this orbit for a long time but started to cHange its response



"~ Vyt= 040 M/SEC,

FIGURE 4.45: TUBE RESPONSE KN THE THIRD ROW OF A NORMAL %
' SQUARE ARRAY WITH P/D.=1.5 .

. ., - ) . - @
fM | ¢ - M —
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with .time between this orbit and the 8-shaped pattefn. Tube#®
amplitudes kept 8; buil&ing up as the flow'velocity increasgé, as can

be ;seen from rhe next few pictures. Notice the change in tube

response for the same flow velocity but at différent instants of time.

Such changes in orbital pattequ of tubes and amplitude‘hodulacions

are characteristic of unstable fluidelastic respgnse-in tube arrays.

In summary, two arréys:of‘the normal square configuration were
tested to determine t?eir}fluidelasé}c_1nstabilitie§. The af?ays had
pitch-to-diamqter ratios of 1.33 and }:51 The critical velocity for
the array With smaller P/d is higher by about 10% tha;\?he value for
the array with larger P/d. The velodity threshbid is quite sharp for
the array with the smalle?ﬂ pltch. ragjo and, while reasonably WEII.

defined, is less so for the larger pitch ratio.

. ]

. ' f
4.4.3  Rotated Square Axray; P/d = 1.414: ) 4

The rotated square array with P/d = 1.414é§¢ shown in Figﬁre

4.15. Tubes marked number 4 and 9 ip the second and fourth row

respectively; ﬁere the instrumented tubes. ' v
In-1line, transverse, and RMS ampld tudes of the thbe tip\ for
R .

,tube No. 4 iﬂ'thefﬁpcond row were plotted versus upstream flow
velocity as .shown' in Figure QfZE. A linear increase in E%Pé

amplitudes was also'obtaiQngig/the stable region. In this region,.

-

amplitudes in the transverse direction were slightly h#ghgr 6;Er those f(

in the in—line.direction. As can b seen from.figure 4,46, a wel

definédmcritiigd velocity at Vcr = 6.10 mfséc. was obtained for this
N
% : - \ XU
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A

tube. Around the critical velocity, vibration amplitudes were

»

>
slightly higher in the transverse direction. However, as -the flow

velocity is increased further, the vibration became slightly higher.in

the in-line direction.

The results obtained for the seégnd monitored tube, tube No. 9
/

in the fourth.row,-were plotted as shown in Figure 4.47, The

amplitudes were slightly higher in the in-line dirgction in both the
3 ’ -
stable and unstable regions. The increase in: tube amplitudes were

somewhat more gradyal for this tube. ' Careful determination of the
critical !élociéy lj\:Tiwsuazgs_\'_t;hal:_ the " tube in the fourth row, has

essentially the same critical velocity as the tube in the second row.

However, tube tip amplitudes were lower than the tube in the second
row. Both tubes show that vibration amplitudes in the unstable region

- are higher in the in~line direction.

4.4.4 Rotated Square ‘Array; P/d = 1.7:
The rotated squére array with P/d .= 1.7, is shown in Figure

4.19. .The instrumented tubes were the tubes number 4 d 9 in the

second and fourth rows, respectively. In-line, transve
;% ' . A ! - ':‘ .

amplitudes recorded for tube No..4 in the second roy._were plotted

" versus the upstream flow velocities as shown in Figure 4.48. 1In the

stable region, the increase in tube amplitude was slightly nonlinear

as can be seen in the response curve. Also, the tube amplitudes are

fslightly‘higher in the transverse direction at low flow velocities, .

then become quite small before reaching the critical velocity. This

L3
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means tﬁaﬁ the stability threshold is associated with nearlyg\pure
streamwise tube motion, as can(beiseeé from Figure‘A.QS. Sharp
increases in the' in-line and RMS amplitudes were obtained at the
critical velocity. This prbvides a well defined critical velocity of

Vcr = 16.90 m/sec. In-line and RMS amplitudes at the crifical

i ,

velocity are about 1% of the tube diameter.{

) Tube tip amplitudes obtained for the second monitorea tube,
tube No. 9 in the:fourth'row, were plotted as shown 1in Figure 4.49.
This tube had the same Behaviour as the tube In the second row except
that tﬁé. amplitudes were -slightly higher in the stable region and
lower in-'the unstable iegiﬁn.. A well defined'critical velocity at the
slightly ﬂigher vélue of Vop = 17.10 m/sec., was'obtai?ed for the tube
in the fourth row. Rowever, the results froﬁ both tubes show that the
increase in tube amplitudes which is mainly in the in—line direction

is sharp for the rotated square array with P/d = 1.7 at the critical

velocity. .

. .

In summary, critical velocities were deéefmined for two
rotatéd squére arrays, one with a relatively sﬁall p;tch—to-diameter
ratio of 1.4l14 and the second with‘larger pltch-to-diameter ratio of
1.70. The critical velpciﬁy for.the array.with small P/d is abéut 1/3
that for the array with larger P/d. Both arrays showed sharp increase
in RMS tube amplitudes ab&vé the critical veloq;ty. The peculiar dip

in transverse tube response at the critical velocity for the larger

pitched arfay is not understood and has not been observed before.

\

“
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~ .. 1
Q.ﬁ;ék Normal Triangular Array; P/d = 1.33:
The normal ‘triangular array with P/d = 1.33 used for

|
conducting the present experiment is shown in Figure 4.25. This is

the only array where thirteen flexible tubes were needed, so that the

. .-

instrumented tube will be surrounded by flexible tubes. The two

. 1
marked tubes No. 4 and 7 in the second and third Tows, respectively,

i

are the instrumented tubes.
In-line, transverse and RMS tube tip amplitudes were obtajned
for j;tube No. &4 in the second row and plotted wversus upstream flow

velocity as shown in Figure 4.50. 'As can be seen from this figure, a
linear iqcreaée in tube tip amplitudes Qﬁg oBtained with ‘the incr%asg
Jin flow velocity ié, the ;table r;gion; In this region, tubé -tip
amplitudés were higher in tge in-line direction over those in' the,
transverse direction. The increase in tube tip amplitudes was gradual
around the critical velocity, with the amplitudes becoming higher in
the transyerse direction and into the unstahle region. Tﬂe increase‘
in the transverse as well as the “RMS amplitudes show that the tube is
becoming unstable at a flow vélocity of V = 2 60 m/sec.

The results obtained .for the second monitored tube; tube No. 7
in the third ,fow, were plotted as shown in Figure 4,51, In-line
amplitudes were higher in the whole range of flow veloc{ty
measurement. A well definéd critical velocity at Vop ©-2.60 m/sec.

was obtained for the present tube. This means that for the normal
' i

triangular array with P/d = 1.33, tubes in the second and third row
have ‘essentially the same critical velocity.

k]
LR}
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4.4.6 Normal Triangular Array; P/d = 1.50

a
' The normal triangular array w1th P/d = 1.5 is shown in Figure

4.28. Tubes marked 5 and 8 in the second and third . rows,

fespectively, nere the instrumented tubes. In~line, transverse, and.

RMS tube tip anplﬁéudes were obtained for tube No. 5 in the second row

and plotted versus the upstream flow velocity as shown in.Figure 4.52.

As can be seen from this figure, althougn;sne tube is responding to

tnrbulence in the flow in the stable region, amplitudes are'increasiné

linearly'with the flow velocity. The‘amplitudes in the transverse

direction are higner than those in the in-line‘direction for the whole ‘

range of flow\yelocity measurement. A well defined critical velocity

'_at- Y"cr = 4.75@n/sec. is obtained for the present tube. However, the a
increase in tube tip amplitudes, was not very rapid in the post stabld )

<
region. -

The amplitude—velocity response cu;;h obtained for the second
monitored tube, tgybe No. 8 in the third row, was plotted as shown in
Figure 4.53. As can be seen from this figure the vibration amplitudes

were mainly in\‘me transverse direction. A gradual increase in tube <<;

: b . . _ .
tip anplifudes was obtained around the critical velocity. The

increase in the transverse as well as the RMS amplitudes show that the
Present tube is taking off at a Fflow velocity of ' about vcr = 5.00

m/sec. This value appears slightly higher than‘that obtained for the

tube in-the-thirﬁ row.  However, both results show that the tubes

- -

tested are primdrily oscillating in the transverse direction.

In summary the critical velocities for _normal triangular
o N )

arrays with P/d = 1.33 and 1.5 were determined. The critical velocity
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forefhe normal triangular array with P/d = 1.33 is about one-half the
eritical velocity for the normal triangular array with P/d =.1.5. The
increase in tube ‘amplitudes in the posc_stablé region is much steeper

for the array with'lower'pitch—to—diameter ratio.

.

4.4.7 Pérallel Triangular Array; P/d 1.375

H

The first parallel triangular array tested had a pitch-to-

—

" diameter ratio of 1.375. ‘The array is shown in Figpre 4,33, Tubes

marked 6 and 7 in the third and fod}th TOowS respéctively,'are the

" instrumented tubes. The din-line, transvefse, and RMS amplitudes

obtained for tube No. 6 1in the third row were plotted versus the
»

upstream flow velocity as. shown in Figure 4.54. 1In the regidn up to

the critical velocit§,'the amplitudes in thHe in—line di;ection were

'slightly higher than those in the trapsﬁerse direction. 'However.as

the tube became unstable; the amplitpdes b;¢amq higher in the
transverse dirgc%%an. The increase in tube amp}itudes above ' thé
critica} velocity was very rapid. This fesulped‘in'a well }gfined
eritical veiocity for‘the presenf tube of Vor = 3.70 m/sec. Tube

amplitudes at the critical velocity were less than éne-half percent of

the tube diameter.
. 4 . Y

The amplitude-velocity curve obtained for the ‘second monitored

tube, tube No,.?‘in the fourth Tow, wds_plotted as.shbwn.in Figure

4.,55. This tube exhibited similar behaviour in the stable region,

'except that the amplitudes were slightly higher for this tube in the

transverse direction,” and remained higher in this direction into the
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unstable region. A well defined critical velocity having the same
value of VCr = 3.70 m/sec., as the tube in the third row, was obtained
for the present tube. The gﬁarp increase in tube amplitudes obtained
at the critical velocity were found to decey after reaching a certain
value. The reasoo behind .this behaviour is not understood and is
believed to be due to nonlinearities. in the source of excitation.
Unfortuoately, the experiment was rerminated,at this point as it was
observed that any further increase in the flow velociry could result

-

in a tube-to-tube clashing of other tubes in the ajray.

L L)
A4

4.4.8 Parallel Triangular Array; P/d = 1,73:

The second parallel triangular array used had a larger pitch-
to-diameter ratif\of 1.73. The layout of the tubes in this array was
given previously in Figure 4.36. For the present array,  tubes marked
6 and 7 _in the third. and fourth rows respectively, are the
instrumented tubes. Py 7

The different tube tip amplitudes obtained for tube No. 6 in
the third row were plotted versus the corresponding upstream flow
velocities as shown in Figure 4.56, As can be seen from this figure,
the igerease in tube tip amplitudes with the flow velocity in the

stable region is linear up to a point near the critical flow velocity.

this region, amplitudes weré slightly higher in the in-line

iredtion over those in the transverse direction. The sharp increase
1tudes at 5.10 m/sec. gave a well defined critical flow

velocity “for the present tube. The large increase in the in-line
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amplitudes above the critical velocity, i.e., in-the unstable region,

.

show that the tdgé was vibratiﬁg primarily in the in-line direction.‘

The tube tip aﬁplitudes obtained for the second monitored
tube, tube No. 7 in the fourth row, were plotted as shown in Figure
4.57, The tube exhibited essentially the same behaviour except a
slightly loﬁer critical velocity of VCr = 5,00 m/sec. was found. Note
" that .for both tubes, the RMS tube tip amplitudes at the critical
velocity were less than 1% of the tube diameter. Also Both tubes are
whirl;sg primarily in thé streamwise direction.

In  summary, two arrays of the parallel triangular
configuration were , tested, one with a relatively ;mall pitch-to—
diameter ratid of 1.375, and the second with a larger pitch-ﬁo;
&iameter ratio of 1.73., The critical velocity obtained for the array
with small P/d is abéﬁt 38% lower than the value for the array with

large P/d. The amplitude increase above the critical veloeity is very

rapid. for both arrays. -

¥

. 4.4.9  Discussion

The ecritical flow velocities for the four standard array
geometries, with two wvalues of the pitch-to-diameter ratio for each

geometry, were determined. The results obtained are summarized 1in

. Table 4.10. As can be seen from this table, -the tubes tested were

varied in location for different array geometries from the second to.

the fourth row. For every array, the two instrumented tubes had
essentially the same critical flow velocity. ~This dis to be expected

as 1t was found from a previous study by Weaver and ElKashlan k74] on

o~



192

LS™ 3dnol4
ALDOIA WYIILSdN

1

JA8/KW T L 0L 6 8 L 9

1 I 1 1 1 1 I ] I I LI

“IdWY INIINT ¥
TdWY  ISYIASNY YL
1dWY SWY ©

0
e

MOY H1dN04 JHL NI 3ant
. £l l=0asd
JTONVIML 137VvHvd

ISNOdS3d  3aN1NdWY

.Esm.mw .EEmo.mw

WWESD g

13

AANLIdWY SWY

W



193

TABLE 4.10

Fluidelastic instability results for the different tube arrays

tested in the present study.

Tube Location Critical Flow Reduced

Array Pitch-to-diameter
Geometry ratio velocity Velocity
{m/sec)
Normal 1.33 second row 3.70 . 23.48
Square third row 3.70 ’ 23,48
I.g second ;ow' 3.50 16.54
( third row 3.35 15.83
Rotated 1.414 second row 6.10 23.20
Square fourth row | 6.10 23.20
1.70 second row 16.96 45.70
.fourth row 17.10 46.24
Normal 7 1.33 second row 2.60 16.50
Triangle tqhir& row 2,60 16.50
1.50 second Tow 4.75 22,44
third row - 5.00 23.62 -
Parallel 1.375 third row 3.70 ~ 18.50
Triangle fourth row 3.70 Y 18.50
1.73 third row 5.10 16.48

fourth row 5.00 16.16
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a parallel triangular array, that tubes in the -secoﬁd, third, and
fourth rows are the most eritical ones in the array, and their
.critical flow velécities are almost the same. The critical flow
velocities for the present cantilevered tubes for the parallel
triangular array with P/d = 1.375, were also compared with that
obtained previously {20} for a rigid cylinder elastically mounted.
According to the present results the value for the reduced pitch flow

velocity is:

v
£ - 21.3 (dimensionless)
fd '
The expected value from [20] using the relationship
" ot
v . ' 0.29 .
P g, ( mz) (6)0'21
fd pd
will be:
v
-2 = 13,00 ' (dimensionless)

- fd

This means that the value of the reduced velocity obtained for the
present tube is 64% higher than that expected from a rigid cylinder
°

elastically mounted. Such a difference was the reason behind the

-

following analysis.

Critical flow velocities for tubes in a single rowgtube array

was Investigated originally by Connors [14]. The theoretical model is

based on equating the energy input for a single tube to the energy

£l
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" dissipated by damping for that tube. Pettiérew et al. [47]
generalized Connor's formulation_t6 include tube arrays. The mod?f\és
épplied to g}mply supported tubes is as fgriows. (

For a tube array subjected to non;uniform flow V (x), the

. vibration tesponse y(x,t) at any time t and point x along the length %

of any tube may be gengrally expressed by

yi{x,t) = Yi(x) sin w e

where s
A9

Yi(x) = the maximum amplitude of the ith mode,

1

'mi the angular natural frequéncy.

The fluid force component per unit length Pe(x,t) that is in
phase with thev;ube vibratiom velociEy is normally formulated as:

L .

Pf(x,t) = 1/2 p'V (x) (ky(x,t +,ﬂ/2)/d)-d”

It

'
H oA N
.

1/2 p Vo(x) (kYi(x) sin mi(t + 1/2))

- 2 .
1/2 o Vr(x) k?i(x) cos mit

where

d =‘tube diameter

p = fluid density : . :

k = fluid force/tube motion pr0portioﬁality constant, and
. t + w/2_= the phase | .
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The differential energy input per unit length per unit time will be:

, -

~

dE, = Pe(x,t) dy(x,t)/de y

/

1/2 o Vi(x).k.Yi(x) cos wit.Yi(x).mi cos w,t

i

. 2 2 -2
/2 kpmi Vr(x) Yi(x? cos Pit

The totdl energy input due to the fluid forces over the length of the

a

tube for one vibration cycle will be:

3

’ [} Zﬂ/mi 2 2
Ei = (kai/z) i i Vr(x) Yi(X) cos (mit) de dx
vy ~‘£ 2 2 21r l
= (pri/Z) ! Vr(x) Yi(X) (— . =) dx
0 04 2
ko . b2 2 '
= (122 ) ; vi(x) Yo(x) dx (1)
2 o r 1
=

The damping force per unit length Pc(x,t) is

&

Pc(x,t) ¢ dy(x,t)/dt

"

c miYi(x) cos mit

where ¢ = damping coefficient per unit length.
N -
The differential stored vibration energy per unit length will

be: r

ke |

e
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dE

Pc(x,t)u dy(k,t)/dt

/]

2 .2 2
G w0y Yi(x) cos mit

The total energy dissipated by damping during one vfbration cycle,

assuming damping occurs over. . the whole length of the tube will be:

) % 2nfw

. 1 2 2 Y
E = guy S is Yi (%) cos (mit) dt dx
/ o) o]
-
z .
2 v
= tw, f Yz(x) .'2—11. L dx
i.o i w 2
i
L 2 ’
= 7w ocw L Yi(x) dx _ f (2)
)

-
QiFluidelas_tic instabilities. occur when Ei > E

velocity for fluidelastic instability is -definmed as when E, = E_, or

s* Thus the cr;tical

from equations (1) and (2): ' .

e L

w5 Yod = (2 L v200 v200)ax
i o i 2 o | S &

- d -
Sincg Yi(x) 1s. directly proportional to the mode shape ¢i(x),

L 1
2 k 2 2
cwy {) ¢i(x)dx = - f Vr(x) ¢i(x)dx

2 o

L.
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and since ¢ =-2¢Smfi and Qi = 21rfi \’)
L ) £
“\. 2 k 2 2 :
\ 26mf . Znf, 1 e (x)dx SV () 6 (x)dx
o 2 o
1 ' l | “ | | | |
er e ' |
P
2
ms £ L ) :
8 i 2 2 2
=, Foe (x)dx = 5 VI(x) ¢ (x)dx
k i r i
D o : o .

198

Defining K = /8¢/k and Vr(x) in terms bf flow velocity distribution

.
function y{(x) so that

Vo) =V L p(x)

: 2
TR v & :
) 2 2 2 2
& s kS m Joei(x)dx = —X= v (x)¢ (x)dx
. 2 i 2.2 )
. pd o fid o}

s o
If the mass of the tube is not uniformly distributed,

.

equivalent mass pgf unit length is

“

A 2
"g m(x)¢i(x)dx
L ..
o J ¢i(x).dx -
)

m=

then the
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Thus for non-uniform mass distribution

) .
L Vv L .
2 & 2 2 2 .
K —% 7 m(x),.{x)dx = X 5oy (x) ¢, (x)dx
2 i 72 1
pd o] £f.d (o} :
i
or : A ) . .
- !' .
+ 2 L
v_- 51 m(x) o, Goax B
X -k 2 ] (3)
~ 2 7 2 2
fd pd” 1 ¥ (x) 4] (x)dx
o . = Y,
Case 1: Rigid Cylinder Elastically Mounted _ L

3

R For this cese, the mass of the tuba per‘unifxlength_was

uniform along‘the span %, with' a uniform flow velocity distribution,

thus $(x) = 1. Since the mode shape for a rigid cylinder is #(x) = 1

4 -

Vr mé - 1/2 * .
=+ =k (— -
fd - pd _ - .

¢he same relation as obtained by Connor's [14] andfothers. The con- «

stant K is to be calculated for every individual array.

v

Case 2: Cantilevered Cylinder

. ' . JoL

As can be seen from, equation (3), for uniform mass, and flow

4 .

velocity distributions, theoretically the mode shape is unimportant.
However, for the cantilevered tube used in the present study, a solid

acrylic tube was mounted on a stainless steel rod of smaller diameter.
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If the length of the whole span is £, the.tube length is, 38/4 and the\

rod length is 2]4; and where:

. W\ (EI) o = 2-56 (EL)__.

Also, the flow was partially admitted over the tube length and not the

 .whole span, i.e. ¥(x) = 0, over the rod length, while_w(x) = 1, over

the tube length Cassuming'uniform flow velogity distribution over tube
length). Thus, if the effect of partial admission is only considered

assﬁmfng uniform mass distribution and mode shape, equation (3)

becomes:

1/2

v ms ! ¢§ (x) dx 1(2 : . ;
= =R (5. 1. (4)
fd pd? 0+ s w?(x)¢i(£)dx

/4 '

Siﬁbe, for a ‘cantilevered tube vibrating in the first mode and with

" initial velogiﬁy.=-0, the vibration response y(x,t) at any time t and

point x aloﬁgtthe"span t of the tube, may be ekpresséd by:
X A - & M N

.

y(xst) = A sin mt_[(cbé Bx - cosh Bx) = 1:35 (siq‘Bx_—;siﬁh Bx)] -

= Ad(x) sin wt . - : : (5&

. -

- D : _ ' : -

Substituting $(x) ;ﬁ equation (4) and integrating.between the limit§' 

yields:
' e v s 1/2
r . me
ta 1.15 K ( 2)‘

]

pd”,

i \\;l. c ' _. | .

-
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i.e., the partial admission of a uniform flow to a cantilevered tube

with afpniform mass distribution over 75% of the span at the free end,

wil] result -in delaying the critical flow velocity by 15%. However,

.gince the mass was .not unifdrmly digtributed,- adding this effect,

equation (3) becomes: , .
L/4 . ;
) 2
-1/2 5 m ¢2(x) dx + I m ¢ (x) dx 1/
v § 1 /4 i o
—ETKCy [ — ) (6
+ ~- fd pd o
;v () ¢i (x) dx
L/4 :
where, m) = rod hass per unit length ST - .

=
]

tube mass per unit length. - “

.Integrating equation (6) dsing‘equation3(55 and knowing that
<

m = 0.66 m for the present tube, gives:

’ .

A} v mé 1/2 -
. — = L0 K (—5)
id : pd” .

N \ .. ot .
B ,

Which means ‘that considering both effects of the partial admission and

the nonuniform mass distribution for the present cantilevered - tube

T owill result theoretically in only delaying the critical velocity by

104. ‘However, Franklin and Soper [62] stud?%d the effect of partial

admission on hollow cantilévered tubes. .They found that when one

third of the span measured from the tip was blocked off, the critical

flow veiocity will be twice its value witﬁout'blockage. The theory

overestimates the new critical,velocity”b& 21% in this case. When the

-
L4
!

b
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blockage was applied fgom the root, the theory underestimated the‘new
critical velocity. ﬁnfortugately, they did not provide any value for
the new critiéal velocity. However the mass ratio is another
important factor especially ip air fiow. If the critical velocity is
more dependent on the mass ratio than previously estimated (20], the

ratio betwaen‘the results. obtained from the cantilevered tube and the

L4

rrigid cylinder will be less.: Howeﬁér, due to the limited informacion

regarding the effect of partial admission, only the 10% difference

obtained above will be taken gto consideration, On the basis of

-

using this correction factor, the present results were compared with

- N -

the most lpdated results of Lever {84] and Chen [85]. Unfortunately,
the results for most of the arrays used in the present study were not
~r

given in [84], and the programme used by Lever, was used with the

necessary data to obtain.the graphs needed for such a comparison as

>

~shown in Figures 4.§&BL4.59. As can be seen, most of the present

results were higher EW n' those predicted theoretically. Thé' only
results which agree with the theory given by Lever are those of the
normal square array with P/d = 1.5 and’ the parallel triangular array

with P/d = 1.73. The highest difference was with the rotated square

arrays which showed experimentally that they are the least prone to

flﬁidelastic instabilities, However, a better agreement was obtained

when the present results were comparqg with -the collected .data for

different array configurations ﬁublished by Chen ([85], as shown in

Figure 4.60. THe presegt’fesults are seen to follow more closely-the

trend of other experimental results for different values of the mass

1
damping parameter. However, although Chen represented a lower
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boundary, for instability, and which does not agree with Lever's
theory, it is easy to seé at this point that such a boundary is too
conservative for ‘arrays of different pitch-to-diameter ratios. Using
different stabi}ity curves for different arrays as suggested by
Lever's_;heory seems to be a very good idea.

The present results were also compared with the results of
Hartlen [16] -and Soper [17] for tube arrays of different pitch-to—
diameter ratiqs. Although, most of their results were for arrays of

t -

pitech—-to-diameter ratios other than the ones used in the present

study, they represented trends for the present arrays. The results

will be first compared on the basis on the instabilfey factor K,

defined as:

The results are shown in Figures 4.6l to 4.64. The only difference

between 'the preseat results and the results of Hartlen and Soper is

that they were obtained for different mass damping parameters. It is

evident from these figures that the instability factor seems to be a
J

function of the mass datping. parameter for the same array. Most of

the arrays show that, the lower the mass damping parameter, the higher

the value of the instability factor K. This confirms the theoretical

predictions of Lever [84]). These figures also show that the value of
[ 2 .

K is expected to decrease with increasing the pitch-to-diameter ratio



207

19-% 3J4NOId

0/d OILYY H3ILIWVIQ-=0L-HILId

D L Tl €l

. o 1

.IIllI..”llH..l.l..'.llel.lf\-H.lﬂllil-l.l-
t\\\l\. .| = I_A_N
\ f -
15
_ , 19
008 [LF] Jados -3 .

0-991 I
009 T . 1
9-8¢ [9l] udjjJeHy — — ’
GZ'8  S4ns3y juasadd |
NU@\ sw .
shedly m._mnum JewJop >

X H0LDV4 ALTTIGVISNI



208

gl

N

.29°% 34NOI4
0/d OILVYd d313WYI0-01-Hl1ld
N._‘ @._‘ m—< ._N.P m.
- \\\\ -
|I|.I|l|||||l|||1|.|.I||I.MH\.u\|Ihl....\|I.|.I|a..r _
" e -
i T . |
\\\u —

e T |
.
008 [£1] J48dOS ————— -
0-991 —_———
: 0°0s —-—

‘ 9-gz ' [9L] usjjey.— —
ﬂ VAR s§|nsay jussalyd ——— ]
Nuw\me . -
By asenbs pajejoy -

SA

0l

7l

4%

91

A H0LIVd ALITIGVISNI



209

€9-4 4NOI4
a/d OILYY ¥3LIWVId-0L-HILld

9L - ¥ Sl val €l Al
T T T T T T T T T | T T 1 T T T T 1 O
11
: \ 1,
\.\\\V.n\...-‘.\ ) 1m
\\\\\\ \.\.\\\fl..l......l:l. l._w
S |
\\ \\ lm
e
. 008 [L1] Jodog ————— V
0991 L e
005 —-—
98¢ . [91] us|jeH — —
6@ Ss4nsay juasald —
,P3 /U 18
sheqay Jeinbues) jewdoN

A 40LIVvd ALITIGVISN]



210

3
[ ]

| 494 349NYI4
d/d 0Ilvd 4313WVIQ-0Ll-HILlld

- ' . \
A . 0¢ gl 9l Tl A 01
1) L) 1 T 1 1 L] T i ! T T ) L T T I ] 1 O
. 1l
|||||||||||||| 1<.
N ,
../IN:I..IIII.!.-II.\ 1€
.lyr.lr.?ll/ |._w
008 (L] vadog--—- 19
0991 - ——-— ]
005 " _ 1,
98¢ [91] uayjJeg—— !
STARY s§nsay Jussald—- 1
PO/3W o : - g
shkeyy senbuen| ja)eleg .

¥ d0LIvd ALITIGVLISNI



211

for the normal squa and. parallel triangular gonfiguraé%%ns between

the values of P/d Ashown in Figures 4.61 and 4.64, while for the
rotated square and \the normal triangular configurations, the value of

K will increase

These repults re also plotted for the feduced velocity Vg/fd

versus the mass damping parameter m5/pd2 for d;fferent arrays, as
' .

shown 1in Figures 4.65 to 4.72. A best fit through these data show
[

. -
that using one stability formula of the form:

M

Voo x (Ms

N H N :;_2)_

with one value for K or n as suggeSted by Connors [14] and others
seems invalid. These figures shoﬁ that the exXponent n will change as
the mass damping parameter changes.- Also, the increase in the reduced
velocity is a function of the pitch-to-diameter ratio, the higher the
value of P/d, the steeper the incréa§e in the reduced velocity for
different configurations except for the normal triangular arrays. The

present results suggest the use of rotated square arrays in practical

,-

heat-exchangers as they showe5~that they are the least prone to

-

fluidelastic instabilities.

i It should be noted, as made élearlby figures_4.65—4.72: thgt
the data for specific arrays 1s still téb sparse and scattered to
derive reliable design formulae for individual array geometries. The
scétter is Iikely the result‘of the different test configurations used
"and the different methods of determining critical flow velocities.

More consistent tests are required over a broader range of mass-

damping parameters.
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CHAPTER 5

COKCLUSIONS

Eight tﬁbe érrays weTe tested in a low speed wind—tungel
having a 305 mm x 305 mm Square test—section. The tube arrays were of
the. four standard configurations wused in tube and shell he;t
exchangers andlthéy are namely: normal square, rotated squ;re, normal

triangle, and parallel triangle. For each configuration, two arrays
of different pitgh-to-diameter ratio were tested. The design of the
tube arrays and the .test-section allowed changing the tube arrays

without changing the test section; | Vﬁrtex shedding from tubes in
these arrays as well ag the critical flow velocities which are
assoclated . with the fluidelastic instability mechanism were
determined. Correlation of the Strouhal numbers obtained and the
existing information 1in the literature were é?tempted. Vortex
shedding. frequencies from the tubes were determined by inserting a hot
wire probe‘iﬂto the minimum gép between tubes for the diff;rent
érrays. The 'probe's exact location depended on the number of tube
rows used for each array. However, the results obtained are for tubes
in the leading rowé of a heat-exchanger, i.e. where the phencmenon 1s
more critical. Tubé .amplitudes for the onset of fluidelastic
instability were determined by uéing four strain gauges installed near
the fixed end of the flexiblé tubes. Each pair of strain gauges
represented a certain dirgctipn.

220
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The results of the experimental work presented in this thesis

suggest the following conclusions:

Vortex Shedding

~
Discrete frequeecies due to regular vortex shedding from the
tubes for the different tube arrays tested were observed at low
Reynolds numbers. For higher values of Reynolds number the
excess of energy of the votticeS‘over the broad turbulence
Spectrum diminished ang ultimately disappeared. The Reynolds
number at‘which regular vortices in the flow disappear is a

function of the array configuration and Pitch-to-diameter rario.

Thé height of the discrete peak in the velocity spectra, which is
dlrectly proportional to the level of energy assoclated with the
vortices, showed the normal Square array with pitch ratio of 1.33
to have the lowest level of energy yof all the arrays tested in
this study. However, both normal Square and parallel triangular
arrays showed an increase in the height of the vorticity peaks
with increasing flow velocity. Further increase in flow velocity
resulted in reduction in these peaks. While normal sqiare arrays
showed higher energy peaks for the higher pitceh ratio, the
parallel t;iangular arrays showed higher energy peaks for the
lower pitch ratio. On the other hend both the rotated square
and -normal triangular arrays indicated a continuous drop in the

height of the peaks associated with the flow periodicity, with
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increasing flow velocity; For rotat®d square arrays the level of

energy was higher for the lower piFch ratio, while normal

. triangular arrays showed the reverse. This shows that the energy

content associated with the vortices is a function of array

pattern and pitch ratio.

-

No vortex shedding resonance was observed for any of the tube

arrays tested, even though the vortex shedding frequency

coincided with the tube natural frequency at some flow velocity
1

for most of the arrays. This suggests that vortex shedding

resonance should not be a problem in practical heat exchanger

tube arrays exposed to a gas flow.

There is evidence to show that laminqr vortex shedding occurs for
some arrays at low Reynolds numbers and is associ;ted with very
high Strouhal numbers. For the normal square arrays, a Strouhal
number of 2.34 was obtained for the pitéh ratio of 1.33 and of
L.44, 1.72 and 2.04 for the Pitch ratio of 1.5. For the normal
triaﬁgular array of 1.33 ﬁitch ratio, the Strouhal number was
4-89\\5The appearance of Strouhal numbers which are almoST double
the results published in’ the literature for the normal square
arrays tested in the present study warns of the fact that vortex
shedding could be expected’ at half the élow velocities predicted

from Strouhal numbers in the literature {7}. This is a potential

problem for tube arrays exposed to liquid flows.
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Strouhal numbers decrease with increasing pltch-to-diameter
ratio. The decrease is gradual for normal and rotated square

arrays and 1s sharp for normal and parallel triangular arrays.

LY

*

-The following formulae were obtained from a best fit through all

the available Strouhal aumbers at high Reynolds numbers.

- -0.66
Su = ~1 + exp {igl-q—:—ll 1 for normal square arrays.
2.5

-0.75
u =1 + exp {LELQ———ll } for rotated square arrays.

2.38

(pja - 1y0 TS /
Su = -1 + exp [~——-~ } for parallel triangular a ays. .
1.79 .

w
L

‘
[

No formula was obtained for the normal triangular arrays due to
the large scatter in the data. These new formulae are believed
to serve as reasonable design guidelines against vortex sﬂedding
response, especially in water flow; where higher dynamic head;

are more likely to induce significant tube response.

0f the arrays. tested, five showed a single valué of Strouhal
number. For the normal square array witﬁ P/d = 1.50, rotated
square array with P/d = 1.70, and the normal triangular array
with P/d = 1.5, more than one value of Strouhal number was
obtaiped. Generally these multiple values of Strouhal ;umbers

show good agreement with comparable results in the literature.

Multiple Strouhal numbers could be expected for arréys of pitech
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ratios of around 1.5 and for the Reynolds number ranée 400 < Ru <
3000. It would appear that-in cases where there are letiple
Strouhal numbers, it 1is notn valid to try to fit a single curve
through the ¢ata a s been commonly attempted. Further
research is necessary to define these curve branches ané.to
determine which branches are likely to be more significant in
terms of tube resonance or acoustic excitation.

.

There is now considerable evidence: to show tha; a discrete
5henomenon characteristic of vortex shedding exists for closely
Packed tube arrays. This excitation phenomenon is not broad band
as.suggested by Owen [8], ‘at least in the garly tube rows of. an
array. This implies that Owen's turbulent buffeting is not the
correct excitation mechanism, contra;y to the opinion expressed
by Paidoussis t?]. The present results also show clearly, the
incorrecg flow velocity was used by Owen in his equation. The

flow velocity upon which the Strouhal number is based must be

used to correctly correlate his equation with experimental data.

Zukauskas and Katinas' formula [12]) for normal triangular arrays

showed good agreement for interpreting Strouhal numbers for

rotated square and parallel triangular arrays.
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Fluidelastic Instabilicy ’ -

The effect of changing pitch-to-diameter ratio for different
array geometries was determined experimentally for the first time

) .
at low damping parameter (mé§/pd” = 8.25).

Critical flow velocities for fluidelastic instabilities for tubes
in the second, third and fourth rows are essentially the same

.

for all .the array geometrles and pitch ratios tested.

The tube amplitudes at the critical flow .vélocities are less tRan

1Z of tube diameter.

The increase in  tdfe amplitudes above the critical flow
velocities is very sharp for normal &quare arrays. Increasing
T

the pitch-to- diameter ratios from 1.33 to 1.50 resulted in

slightly lower critical velocities. This is contrary to the

theoretical predictions. /.

Rotated square arrays are also associateq with a shqi? increase
in tube amplitﬁdes in the unstable region.- The tubes become
unstable mainly in the in-line direction fér ghe high pitch-to-
diameter ratio, contrary to the transverse direction normally
observed. The critical velocityAincreased'by a fact6£ of_3@§hen

the pitch-to-diameter ratio was increased from 1.414 to 1.70.
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1)

The critical flow v city almost doubled for the normal

arrays as t Pltch-to-diameter ratio was increased
4

from 1.33 to 1.50. The increase in tube amplitude is more

gradual around the stability threshold as compared with arrays of

other geometries,

The critical flow velocity for the pafallel triangular array with
P/d = 1.375 is about 38% lower than for P/d = 1.73. The
amplitude increase above the critical velocity is very rapid for
both arrays. This is contrary to what Hartlen [16] reported.
The implication is that the rate of increase in tube amplitude

>
above the stability threshold may depend to some extent unknown

and uncontrolled parameters.

Normal triangular arrays as compared with normal square ‘arrays of
the same P/d, showed that they are more prone to fluidelastic
instabiliry. However, the present results suggest the use of

rotated square arrays for practical heat exchangerslas they

showed that they are the least prone to fluidelastic“instahility;

Comparison of the Instability factor K from the present results

and those of Hartlen E}g}Jand Soper [17], showed that it is a

function of the damping parameter, the lower the damping -

parameter, the higher the value K. Also, plots of the reduced
. 2 .
velocity, Vg/fd,;versus the damping parameter, mé/pd , for the

different arrays tested in this study showed that using a one

o

@t
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parameter equation of .the form suggested by Comnors [l4] and
others for all arrays is invalid. ‘The parametric‘relationship is
expected to be nonlinear as suggesred by Lever [84]. The results
sﬁow'even'thar the increase in the reduced velocity is a function
of B/d; the higher the valne of P/d, the steeper the increase in

the reduced velocity for different configurations except for the

normal triangular arrays.

It is hoped that the contribution of the present study nlll -be
helpful in understanding some of the controversy which- exists in the.
literature and Aprovide some directron towards rhe developnenr of
better design guidelines for heat—exchangers against flow indnoed
ylbrations. It has also .been demonstrated that a great deal more

research is required to develop a full understanding of fluid

excitation phenomena in heat exchangers.

The following is‘recommended for future reséarch: ‘\\ \\;
. | v
1. “Although good.correlation for Strouhal nnmbers was obtained, for
normal and rotated square arrays, as well ‘as parallel triangular
arrayo for high Reynolds.numbers, the 3carter'in'the Strouhal

numbers for normal triangular arrays is very large and more tests

are needed especially at low pitch~to-diameter rap;os;

2, Some arrays showed that laminar vortex shedding occur at very low ‘

Roynolds numbers and is assoclated with very high Strouhal

o -
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numbers. More tests are necessary to show which other arrays may
develop laminar vortex shedding.

—

o~

‘ -
There are some cases where arrays may produce multiple Strouhal
numbers. Further research is necessary to show which other
arrays may produce this kind of behaviou:ﬂ and to determine if

one of the Strouhal numbers is more d&ﬁinant or 1f all are

equally likely to excite acoustic or tube resonance.

Fluidelastic instabilities in water flows are expected to be

different from those -in air flows. More tests aré needed %o

study the effect of changing bifch—fo—diameter ratios for

different geometries in water flows. . LL
K . . .

/

The effect of imposing different bbundaryrconditions on the
Eﬁbes, as well as partial flow admissions need to be studied. 1In
practical heat exchanggrs, the tubes are multi-span with the flow
velocity unevenly distributed along the spans. The vast majority
of studies to date have treated single span bundles on idealized

supports and subjected to uniform flows.
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APPENDIX A 1 d

' /
SPECIFICATIONS OF THE INSTRUMENTS EMPLOYED
- - -~ -

/-

Tuning of a Flexible Tube in a Tube Array

-

(i) Capacitive Probe

M.T,I. Type ASP (Accumeasure System Probe) - 10.

(10 thou full scale range, 0.25 mm).

(1ii) Distance and Vibration Meter.
M.T.I. Typt AS tAcqumeasure System) 1000.
Supplier: The Mechanical Technology Incorpora

S .
Company, Latham, N.Y., U.S.A.

Vibration Pick-Up and Tuning of Instrumented Tube

’

(i) Strain gauges
Gauge type: CEA-09-032 UW-120

“

Resistance: 120 # 0,3% ao. - - -
Gauge factor at 75%F: 2.11 + 1.0%

K.: +1.2% - "
¢ : o

Temperature'qegge: —100°F‘(—i5°C) to fAOOOF (+205°C)

- »

for continuous use ivrstatic measurements.

237
» .
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Supplier: Micro-Measurements Division
Measurgments Group

Raleighi North Carolina, U.S.A. _
) i K
g

-

(i) Conditioning Amplifier
_ z :

4-2310 Signal conditioning amplifier

Model 2360 _ _ L
- Vishay instruments
.Supplier: Intertechnology Limited
-Box 219 Don Mills, Ontario

Canada, M3C 234

Fourier Analysis ﬁ\\

Dynamic Analyzér Ir - :

Model SD 375-1 : ' /

It employs the following sections (only a summary of important

features, for more details refer to the user's manual):

1. Input section: A dual channel input with a maximum input
. - .

of 50 Vrms, with a memory hold, frequency selection from 1
Hz to 100 kHz, level indicatid% and overload LED,

2, Averager and storage memory section: Linear,'exponential

ana_peak..
3. SysEem Functidgs Section.

4. bisplay Section: Built-in TV raster scan display.

5. Plotter Séction: " For use with an external X-Y ?lotter.

.
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6. Cursor Section: Specified modes.

7. Parameters Section.

8. Output Section: On the rear panel, received on a video
hard copy device, Type SD 422, fg; the results obtained in

Ithis thesis,

Supplier: Spectral Dynamics Corporation Company,

San Diego, California, U.5.A.

Osoilloscope

Tektronix, Type 564, Storage 6soilloscope with two Type 3A72

dual-trace amplifier aod Oscilloscope Camera, Type C-27.

Suppliéfs: 'ﬁéktronix,.Inc., Por;lono,'Oregon, U.S.A.

Recorder ,

‘Visicorder‘Oocillograph, Model 2106. .

It is a direct writing'12-channel osclllograph that records at

lfrequencies from D.C. to 13,000.ﬁz. The oscillograph uses a

high-pressure mercury vapor lamp that emits ‘high intensity
w

ultra—violét'light, which is reflected from miniaturg mirror

galvanometers through a precision optical system into the

recording pgper.

\;;,//Supplier: Hono§§211 Test Instruments Inc.,

Denver, Colorado, U.S.A.
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/

6. FlowﬂﬁeéSurements

(i) Pitot-Static Probe

Part No. PBC-18-G-16-KL
Supplier: United Electric Controls Ltd.f
Hississauga? Canada
(1i) Manometer.L
‘ Alcohol 0.8 Sp.gr.
E8708 °
Suppl}er: R.‘Fuess, Berlin-Steglitz, Germany

. ‘.« - {

(i11) 90° Miniature Hot-Wire Probes

DISA Type .55P14

Sensor resistance at 20°C, R,. = 3.3 @,.3.1 @

20

Leads resistance, R, = 0.6 n
=

. )
Sgnsor TCi;Auzo =_0.36%/ C

Measure tdtal> probe resistance,’ RTOT’ at ambient

. _ o .
temperature, To, Select Tsensor < 300°¢C .

and ‘calculate operating resistance, R:

R = + ' -
Bror ¥ %20 20 Teensor ~ o’

.(1v) Hot-Wire Probe Support

‘u\ DISA Type 55H21

N
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(v) Constant Temperature Anemometer

DISA Type 55A01

Suppliers: DISA Elektronik A/S, DK2730,

Herlev, Denmark
(vi) Voltmeter

&
HP 3465A digital multimeter

Hewlett—Packard

Speed Control Unit

3-Phase Adjustable speed D.C. motor control systems (Ratiotrol
unit)
Efficiency at maximum speed and load = 99%

System efficiency, including motor = 87% '
. -

HP = 10

Supplier: Boston Gear, Incom Interndtional Inc.

" N\

Using this system an excellent control over the entire SE:EH ;;“

range was obtained. The system ébnsists of a éontrol panel \*L_#,///
4 - . g
and a regulator. : : \\\ .



{ APPENDIX B

INSTRUMENT CALIBRATION

-

It was necessary before conducting the experiments to check
the calibration of the Instruments used and to get calibration curves
whenever needed. The Spectral Dynamics model $D375 Fourier Analyzer

was calibrated using the following instruments:‘

1. Signal Generator
m'2- RMS Voltmeter
. 3. Oscillator
4. Fréquency Counter
#5. Band Pass Filter - | S ‘

6. Random Noise

The procedure for checking out cthe operatMon of the Model SD375 is
well documented in the manual provided with the .instrument. The '

instrument was found to satisfy the specifications given by the

hanuﬁdéburer. However, such a calibrat%:y has two fold value, as it ,,///_\\

+

at the same time makes the user familiar with the front and rear

¥

panels of the instrument and their operation.

T
e
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On the other hand, - for other instruments like the hot-wire

probe, calibra;ion is done using other instruments such as a pitot-

static probe and a manometer. The calibration of the strain gauges

required the use of a drill Press and a strain indicator.

The following is a brief summary of the procedures followed

for conducting the calibration of the strain gauges and the hot wire

probes, and some of the calibration curves obta d.

l. Strain Gauge Calibration : ' . ‘

// Two str 'ﬁ’E&Pges were connected together in a half bridge for

double the sensitivity of the .output.

After many trials to build a.frame to perform the calibration;
o~ o ’

they all failed to give consistent results. Thus .an arrangement was

. R )
made using a drill press to perform the calibration. The array base
was held tightly with the drill press table and a drill -was used to
~ hold the tube tip in a zero reference position. The length of the

drill was small to .prevent any bending of the drill add the strain

gauges were balanced to zero strain in both directions.- The drell

/

Press table was then used to push the tube in the specified direction

and strain for that direction was recorded using the strain 1ndicdtor-

The output from the orthogonal direction was also recorded. This

~

procedure was repeated for other tip positions with an increment of
. 0.5 mm and up to a maximum value of 4.0 mm.‘ Higher values of
. displacement will mean tube-to-tube clashing with the low value of P/d

. -
used in this study. It was Believed that this value is sufficient fo

-1
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-
i

checking the strain gauge performance. The calibration curves
. - L]

obtained were plotted as shown in Figure B-l. As can be seen from
this Figure, motion in the xl-direction gives output to X and Y
oriented gauges. The same procedure was repeated for the motion of

-

the same tube in the orthogonal direction (y1~direction) Thle

obtained values x(yl) and .-Ah e plotted as shown in Figyre B-2. {
TR

for any angle difference between

the position of locating thdl ain gauges and the direc;iOn of
' . ¥ . '

motfon. It is.clear that: - ) ' ’ X -

- A

. B f=\ . ] . ' ‘
X(xl) X cose,  ; thl) i s_iney ‘

-

X(yl) J’Lsinex 5 _Hl) = Y cosey

L
1". s .

From the plots § x? ay were calculated, and the exact values of strain

th direﬁifcns X, Y were calculated and plotted as shown in ngpre

,B-3. No indication of major difference between both directions was'

noticed. " The same procedure was repeated for the second instrument

" tube and ics calibration curves were pldtted as shown in Figure B-4 to

5. - e B -
| It should be noticed that all calibration curves show a linear ®

relation between the strain gauge output and the displacement of the\

tube tip, and this was the first conclusion of performing this

. g’
calibration. . : : . N

The small difference in the value of strain between both tubes

was believed to be due to minor misalignment.bf strain gauges on both

tubes. This output of strain was the c',ined in volts using the
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I

signal conditioning amﬁlifigr and a digitgl voltmeter for a few values

_of.strain and it showed that every 2.54 cm = 0.063 volt.

P

It was most important to check the frequency of the flexible

‘tubes and the alignment of the array before this calibration was

started.

»

2. Hot-wire Probe Calibratién
, = £ =208 -
For the purpose of caiibrating the hot-wire probes which are
: : i
used for measurihg the upstream flow velocit(\and the gap velocity

between tubes in the air tunnel, an existing calibration nozzle which
Fal —

has a low . turbulence potential core 2.0 cm. in diameter was\h?ed. A

schematic view of the nozzle‘iéﬁshown in Figure B-7. The nozzle gives

a uniform flow fiéld of good ac racy and haviﬁg a contour sultable

. -, -

for aﬁ'qirrtunnel contraction design with a curvature designed to give

a flat'velpcity profile at the exit.

-

The specifications of the hot~wire probes are:

-

R20 = 3.3 and 3.1 o (sensor res&%taﬁce ar ZQOC)/respectively

-

0.6 a (Leag'resistance) L l\\a

0.36%/°¢C
< 300°% (a value ;: be selected) ‘

n

%20

T
sensor

It

o
'I‘actual 21.8°C. (varjes with time)

N T,
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The formula used for calculating the operating resistance is,

= * - ‘
R RTOT * %20 R20 (Tsensor Tactual)

—

. ‘ ) As can be seen from this formula, a &onstant value of. 6.0 g
for the operating resistance. can be selected, provided that this
resistance setting on the DISA constan;xtemperature anemometer during

l\\\\\Qhe calibration is the same during the experiments. The output from

the DISA constant temperature anemometer will be in volts and fot
accur;te readings of this output a digita;)voltmeter is used.

A pitot—-tube and the-hot-wire probe were mounted side by side

at the exit to the nozzle. An alcohol inclined manometer ;as used for

measuring the flow veldcity out of the pitot—probe togefher-with the-

S
formula: , .

‘ A
/n . flow veloeity V = 11.47 /an (cm of alcohol) - m./séc.

¥

A steady air flow through the calibration nozzle was

-

established for each run' of the-blower. The output of the hot-wire
probe (volts) and the flow velocity (m./sec.) were. obtained for the

range of blower speeds and a calibration curve was plotted as shown in
Figure B:8; The linear relation between the square root of the pitot-' -
static probe output (flow velocity) and the square of the hot—w1re
probe output was calculated and plotted as shown in Figure B—9l This

S, .
line was used to obtain the flow velocities at low and high values of

flow veldcities and which could not be obtained during the course of
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~
'

the calibration due to the limited capability of the instruments used.
The same procedure was repeated with the hot~wire probe used for
measuring the flow velocity in the gap between tubes. The results are .

shown’in Figures B-10 and B-11. T

The calibration of the hot-wire probes ‘was cHecked many times
durigg.the course of ghe experiments and was found .to £e the same. A
minotr difference was noted in the hot-wire probes’ output readings with
.the ‘flow velociéy is zero and a new set of calibration curves was

obtained. This difference was believed to be due to some cﬁange in

room temperature. However, such a differénce didn't affect the

~ »
calibration very much. Also, due to the damage of one of the hot-wire
' 4
probes during the course of .the experiments, a new calibration curve

was obtained. 'ﬁ‘

The last set of these calibrécidﬁ curves -is the one repre-

L3

-sented in this thesis.

L
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APPENDIX ¢

RATIOS BETWEEN GAP AND UPSTREAM FLOW VELOCITIES

- K
. .

One of the problems which face researchers who are tryiﬁg to
compare their results with other available experimental results is the

®xact flow velocity on yhich the~re§ults are based. Usualiy; the

resu; Ie not based. on the upstream flow velocity, measured upstream

of the tube array as this does not reflect the real velocity exposed’

to the tubes. Rather the flow velocity in the gap between tubes is

used. There are various definitions for obtaining the gap flow

ve;bcity used by .different groups of researchers. The follow@ng is

‘intendeé’;o clarify the various definitions and demonstrate one of the

reasons. for not \having a consisteat comparison between different
available results 'for arrays having the séhé geometr§ and dimensions.
The comparisqn between different definitigns is limited only to the

arrays used in this thesis. ,

i

~ . .
1. Pitch Velocity, Vp:

v

-~ ™

The pitch velociiy defining the velocit in the gap bétween
' .

* : - *

Wtubes is defined as<

’ _lfgyx.
0{" v
S 4 .- )
o g - - ”,
| N
N e “\" ° S
: 4 g
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L]

where P is the pitch, d is the tube outside diameter, and vu
is the upstream flow velocity. The definition for pitch

velocity 1s used fdr all arrays regardless of their geometry.

Values of different ratios for arrays used in this thesis are

given in Table C-1.

Theoretical Gap Velocity, Vg:

This definition 1s based on the theoretical mean velocity in

the smallest gap between tubes for the différent geometries of

tube arrays. o

B X . (/“\l
3 i

(1) Vg = .- v, -for noFmal sguare.artays,
(1i) Vg. = %g::P:g_vu for rotated sqyare_aqrays,
(iii) Vg = 353 Vu ? for normal.trigpgular ar?ays,
. L] ) ’
(iv) Vg = ﬁ%:ﬁ FEE Vs for ;ara{éel tr;angular arrafs.

It is easy to see that for rotated square and parallel tri-

angular arrays, the gap velocity is less+than that defined by

‘the pitch velocity. Ratios are given in Table C-1.

r

<

'S
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g X
TABLE C-1 _ ©

Ratios between gap and upstream flow velo¥ities.

N, .
Geometry Pitech Ratio LAY LAY (U AY
. P Lu g u gm’ u
» e .
Normal 1.33 - 4,03 4.03 4.00

_ Square //

\' : 1.50 3.0!9 . 3.00 3.42

.
Rotated - @ 1,414 - 3.42 2.41 2.86
Square ‘ *
) ) 1.70 2,43 , 172 2.08
- r :
. Y . | .
" Normal, 1.33 \. 4.03 .03 4.84
Triangle ) ’ '
1.50 3.00 3.00 3.04
} 7 1 ) * ] .
Phrallel 7 1.375 3.67 1, 3.17 £ 3.70
Triangle . / i ‘
1.73 2,37 < © 2.05 2.28
| Y , —
. N -‘
. -
(—
) .
- . -
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Experimentai Gap Velocity, ng:

T

of

This represents the flow velocity measured experimentall

*

using the hot-wire probe in the minimum gap between tubed.
-. .

Those valués given iq/$able C-1, are the result of the present
- . : . B _
research and have never been published. before. The exact

;
locations for the hot-wire probe are those ‘used‘for measuring
tht‘interstitial flow”frequency spectra. The results obtained

are plotted in figures C-1 to C-8. Large fluctuations were

noticed in the gap flow velocity especially at low flow
- ‘ . N

vélocit&es. The higher values of flow velocities measured

experimentally -over those dgtermined theofetically are

L]

believed to be due to the velocity profiles being parabolic
, ) .

rather than flé;? Tt should be noted that most of these

afrays showed higher éap flow velocities at low Reynolds
. ©™

'numbers than those represented by the linfar relationship ;

given: This is probably due to the shape of the velocity
profile. At low Reynolds numbers, the velocity profile is

expected }o be more parabelic in shape with a peak velocity

considerably higher than the theoretical average veiocitf. At

'higher Reynolds numbé}s, turbulence becomes "fully developed

L3 —-— -

) - 4
and the velocity profile is expected to flatten out somewhat.

While the measured gap flow Qelocity may . be physically

significant, it is” pot-known for most'arrays. Therefore, the

experimental average velocimy was*iiged for calculating the

ratio V_'/V and the gap Strouhal numbers §- .
em’ u _ gm
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