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Experimental Study of the
Propagation of a Far-Field
Disturbance in the Turbulent Flow
through Square Array Tube Banks

This paper presents the experimental analysis of the propagation of a disturbance with a
fixed frequency in the incidence velocity of the cross flow through a tube bank, and its
influence on the velocity fluctuations inside the bank. The disturbance is generated outside
the bank by vortex shedding from an obstacle. The tube banks investigated had square
arrangement and aspect ratio P/D=1.60 and 1.26. Air was the working fluid.
Measurements were performed with hot wires. Behavior of fluctuating velocities is
described by means of autospectral density. The results show that the frequency of the
disturbance remains unchanged as it passes through the bank, and subsists until the 4th
row in spite of the high turbulence intensities and of the fact that flow velocity inside the
bank varies with the position. This fact indicates that external excitations can be
transferred to the solid boundaries of the bank maintaining their original frequency.
Continuous Wavelet Transforms of the signals show that, in time domain, the frequency of

the disturbance has an almost steady behavior.
Keywords: tube bank, turbulent flow, velocity fluctuations

Introduction

Motivation

Banks of tubes or rods are found in the nuclear protess
industries, being the most common geometry usedhaat
exchangers. Tube banks are the usual simplificatorfluid flow
and heat transfer in the study of shell-and-tubat lexchangers,
where the coolant is forced to flow transverselyte tubes by the
action of baffle plates. Geometric characterizatbra tube bank is
made by the P/D-ratio, being D the tube diameted, R the pitch,
which is the distance between the centerlines gdcedt tubes.
Tube arrangement is also equally important in theracterization
of fluid flow and heat transfer of a tube bank.

Attempts to increase heat exchange ratios in heatsfer
equipments do not consider, as a priority of piojedteria,
structural effects caused by the turbulent fluiowfl Induction to
vibration is, therefore, not a priority factor ihet design of tube
bank structures, at least unless failures occud{Rasis, 1982).

In general, fluid flow loads in a tube bank (andy asther
structure submitted to a flow) can be classified static and
dynamic. The former due to the mean pressure vaniaong the
flow through the bank, and the latter due to pressund velocity
fluctuations of the turbulent flow, of which chatedstics are
strongly influenced by the geometry of the bank dEs and
Moller, 2001-a). Dynamic loads are produced by mmeena like
vortex shedding, turbulence buffeting as well asoustic
resonances in tube banks submitted to gas flowghvban induce
vibration on the banks (Blevins, 1990).

Turbulence excitation is also important in crossafl since it
generates pressure fluctuations around the suofaitee components
forcing them to vibrate, so that long-time frettingar damage can
occur. Turbulence excitation can be generatedljobglthe fluid as it
flows around the components of interest, whichaked near field
excitation. If the turbulence is generated by @astr components
such as inlet nozzles, elbows and other piping efésn it gives raise
to far-field excitation (Pettigrew et al., 1997).
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Fluidelastic instability and vortex shedding arswmmsed to be
distinct, but it may not always be so, and resoeanith a flow
periodicity and fluidelastic instability may occsimultaneously. In
this case, instead of two separate excitation nestma there may
be a complex interaction of the two mechanisms11995).

Vorticity shedding in tube banks with intermeditibe spacing
(longitudinal P/D-ratio between 1.75 and 2.7) amdine arrays are
generated by a global jet mode and persist ovewtiwe depth of
the tube bank. Acoustic resonance is then causeithébgoupling
between the resonant acoustic mode and the ingtadfithe shear
layer which separates from the tubes. When tubeirspas made
smaller (longitudinal P/D < 1.5), the jet instatyilbecomes weaker,
and it occurs at the upstream rows only. As inrmtiate tube
spacing, acoustic resonance in this case is alsitedxby the shear
layer instability (Ziada and Oengdren, 1993).

Tube banks have being widely studied in the lastides. The
first systematic studies of fluid flow distributicand pressure drop
in tube banks of shell and tube heat exchangers stadm
generators, known to the Authors, are the work .0GEmison and
the doctoral thesis of P. Wiemer, both in 1937.hBabrks dealt
mainly with friction factors, but Wiemer made a yenteresting
flow visualization study using sand boxes models fgat
exchangers and steam generators. His results shewstrong
influence of baffle plates in the whole flow paftetue to boundary-
layer separation and recirculation processes.

Fitzpatrick et al. (1988) investigated autospectiahsities of
velocity fluctuations in the so called “through b region of a
tube bank with square arrangement and P/D = 1.1i8. purpose
of their experimental work was to evaluate Strouhamber
values in tube banks with a large number of rowerid@licities
arising from vortex shedding and turbulence buffgtfrom the
alternation of the width of the passages were aealyln the first
rows, they found that vortex shedding predominateih results
in more defined peaks on frequency spectra witihdrigStrouhal
numbers than in the inner rows, where the influesfceirbulence
buffeting was found to be higher than in the fistvs. The value
of the Strouhal number is, according to this studpgction of the
position inside the bank, as well as of the Reyaaldmber and of
the geometry of the bank.

According to Grover and Weaver (1978) in their studth a
staggered array with smaller pitch to diameterotaturbulent
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buffeting cannot produce peaks in spectra sinceettezgy of this
phenomenon is distributed in its whole frequenaygs

Zukauskas et al. (1980) consider that in a heahanger, the
forces induced by the flow on the tubes and theatitins generated
by these forces are controlled by the upstream fituctures in the
shell region of the heat exchanger. In this stubeg, tubes could
vibrate while tube wall pressure fluctuations andbration
amplitudes were measured. The results show tha, tduthe
complexity of the flow, there are small differencestween the
vibration frequencies of the tubes in different spwhich are very
close to the natural frequency of the tubes.

Weaver et al. (2000) present an overview on floduired
vibration problems, considering the several excitaimnechanisms
and presenting a list of the most important refeesnat that time
and suggested areas for future research. Cargbariexentation is
required to improve the understanding of excitatitoachanisms,
establish more precise guidelines, and providingcbmark for
evaluating codes that were not still developed,tdube complexity
of the problems and the limitation of the curreramputer
technology. The lack of information on the spacoseticoherence of
the random forcing function in tube banks is atitéal to the
difficulty in installing small sensors inside tubes

In an earlier paper, Weaver (1993) emphasizes thisb care
must be taken while comparing results of Strouhaiipers of
vortex shedding and acoustic resonances of differesearchers
because different definitions of flow velocity amdray geometry
have been used.

By means of velocity and pressure measurementsyelisas
flow visualization in presence or not of acoustsanance, Ziada
(2006) describes the vorticity shedding excitatiortube bundles
with in-line and staggered arrangements and itaticgl to the
acoustic resonance mechanism. Vorticity sheddingtation is
shown to be generated either by jet, wake, or sHager
instabilities. The tube bank arrangement, the sacatio, and
Reynolds number determine which instability meckamiwill
prevail, and thereby the relevant Strouhal numbedésign against
vorticity shedding and acoustic resonance excitatio

Other sources of disturbances, which are not censitin most
of the studies performed in laboratory conditiongy be also
present in actual flows through tube banks. Thay lma produced
by boundary-layer separation at the heat exchaegegance or at
any other structural element present in the plantven by flow
pulsations due to the pump blades.

In spite all the efforts devoted by many authorscesning the
several aspects of the flow through tube banksntesl of deeper
understanding physics of fluid structure interatticncluding the
turbulent flow through tube bundles in cross flehl remains.

Background

The concern about heat transfer equipment integritipie to the
close relationship between fluid flow around addlurface and the
vibrations induced by the flow in the structure Wwall pressure
fluctuations. Pressure fluctuations result fromoedly fluctuations
at several points of the flow field. The resultipgessure field is
described by the Poisson's equation obtained fhendivergence of
the Navier-Stokes equation (Willmarth, 1975) whidmonstrates
that the pressure fluctuation field is not a lapaéntity, but depends
on an integral over the entire velocity field irs isurroundings.
Pressure fluctuations are, thus, produced by therdation of
velocity gradients with velocity fluctuations andyrolds stresses
(Rotta, 1972).

The search of form and magnitude of pressure aradcite
fluctuations and the interdependence between thesatities is
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necessary for the comprehension of the complexgrhena in tube
banks. According to Townsend (1976), the amplitofihe pressure
fluctuations may be influenced by velocity fluctioats at a distance
comparable to the wave length of these fluctuati®ysincreasing

the turbulence intensity, pressure fluctuations aldo be increased,
therefore, it is to expect that when an externatudbance is
transported by the main flow through the tube bamfkjencing the

flow characteristics, it will also influence theudtuating pressure
field on the solid boundaries.

Objectives

In an open flow, a disturbance in the flow fielékel a von
Karman vortex street, moves with a velocity of whicalue is
smaller than the velocity of the main flow (Schticly, 1976). In a
tube bank, this disturbance will be acceleratedhasflow passes
through the narrow gaps between the tubes, or, erealy,
decelerated in the wider regions between two rows.

The purpose of this paper is to present the stubiythe
propagation of a disturbance with a fixed frequertyhe incidence
velocity of the cross flow through a tube bank wislquare
arrangement and its influence on the pressure aeldcity
fluctuations inside the bank. The disturbance inegated by an
obstacle, which acts as a vortex generator, plapstream of the
bank. Similar measurements were also performechénchannel
without tube banks and with only one tube for corigmn and
interpretation of the results of the measurementhe tube bank.

Nomenclature

A = Width of the vortex generator, Fig. 2, m

AIS = Vortex generator geometric parameter, dimensionless
Cy(1) = Correlation coefficient, dimensionless

D = Diameter, m

e = Base of natural logarithm, dimensionless

f = Frequency, Hz

o = Shedding frequency, Hz

@) = Autospectral density function, [x(t)]%/Hz

L = Length, m

P = Pitch, m

p = Pressure, Pa

P/D = Tube bank aspect ratio, dimensionless

Res = Reynoldsnumber: R& =YsD/V dimensionless
Rex = Reynoldsnumber: R& =UrD/V dimensionless

RMS(x) = Root mean square value, [X]

Ry(7) = Correlation function, [x(t).y(t)]

S = Gap spacing (P-D), m

Sre, = Strouhal number: 7= fD/Ve  gimensionless
Srg = Srouhal number: SF = fD/Ug , dimensionless

t =Time s

U,v = Veocity, ms?

ui; = Velocity components, m.s*

Ur = Incidence (reference) velocity, ms*1
Ug = Measured gap velocity, m.s*

Xi = Spatial coordinates, m

X(t), y(t) = Generic time functions, [X(t), y(t)]
[...] denotesunitsof ....

Greek Symbols
v = Kinematic viscosity, nt.s*
0 = Density, kg.m®

July-September 2009, Vol. XXXI, No. 3 /233



T = Timedelay, s
g = Integration time, s

Subscripts

X,y relativetox,y
G, R relative to gap, reference

Experimental Technique

The test section is the same described in EndrdsMiiler
(2001-a;b), it being a 1370 mm long rectangulancie® of 146 mm
height and a maximal (adjustable) width of 193 nxim, at room
temperature, is the working fluid, driven by a c#agal blower,
passed by a settling chamber and a set of honeycamtb screens.
The upstream turbulence intensity was about 2 %.

Inside the test section, a tube bank was placed.tibe bank
was five rows deep and four lines wide, had sqaer@ngement and
an aspect ratio (P/D) of 1.60. The tubes were smaith 32.1 mm
outside diameter. They were rigidly mounted in ¢hannel and not
heated.

To generate a far-field disturbance, a vortex gmioerwas
placed on the centerline of the channel. Therefitre,disturbance
was a wake produced by the vortex generator. Th#tipo of the
vortex generator was carefully chosen, so thatréselting wake
reached the tube bank between the second anditteésdof the first
row. The axis of the vortex generator was paratiehe axes of the
tubes in the bank.

The angle of incidence of the flow on the tubes andthe
vortex generator was 900. Before the tube bankit@ Ribe was
placed at a fixed position to measure the incideraecity which
was taken as reference velocity for the experimeéascheme of the
test section is shown in Fig. 1.

Locationt 012 3456 7 8

Moving
@&% O O O O /probe

Flow=> » SACAY) O/ Locations of

Vortex .. ..... . ..... . ...... . - the tube
generatc O Qf@ O O mstrumented

7 with the

. I Location of an pressure
Fixed prob isolated transducer

instrumented
tube

Figure 1. Schematic representation of the location of measurements

(dimensions in mm).

For the study of the propagation of a disturbancehe tube
bank, three different experiments were performduk first one was
the measurement of the propagation of the distwdan the
channel without tube bank, named “free channelfs theing a
reference experiment for the subsequent ones. Nasunement of
pressure fluctuations were performed in this expent. The second
experiment had the purpose of studying the effattaosingle
isolated cylinder of a disturbance transportedhayftow.

The Reynolds number (Rg based on the tube diameter and the

Luiz A. Magalhdes Endres and Sergio Vigosa Méller

is 5.1210" Subscripts R and G denote reference velocity taed
velocity in the narrow gaps between the tubes,aesely (Endres
and Moller, 2001-b).

For all the measurements in the free channel, itiggescylinder
and the tube banks, the vortex generators wereglat the same
location. They were mounted in the channel so that flow
impinged normally to the flat surface. The width thie vortex
generators was different for the tube bank andfibe channel
experiments, so that the same shedding frequendy be obtained
in both situations investigated to compensate viglalifferences in
the free channel and in the channel with the tudiekbdue to the
additional pressure drop produced by the bank.rEigushows a
scheme of the cross section of the vortex generateed. The main
dimensions are given in Table 1. A third vortex gtor was used
in the additional measurements described belowleTalpresents
also dimensionless relationships between the widlth(Fig. 2) of
the vortex generator, the tube diameter and thewgdih S (P-D).
The characteristic Strouhal number defined with theidence
velocity and the width “A” for this geometry of wex generators is
0.14 (Blevins, 1990).

= ?é\

Flow

—

Figure 2. Schematic view of the cross section of th e vortex generators

(impinging flow from left to right).

Table 1. Main dimensions of the vortex generators u  sed.

Dimension \ortex generator # /Purpose
1 2 3
“Tube Bank”,
“Free Channel” “Additional “Additional
Measurements” Measurements”
A (mm) 37.7 32.8 20.5
B (mm) 18.0 13.4 9.0
C (mm) 2.8 1.6 1.2
Length 146 146 146
(mm)
A/ID 1.17 1.02 0.64
AIS - 1.70 1.06
P/ID=1.6
AIS - 3.93 2.46
P/D =1.26

For the measurement of velocity and velocity flations,
DANTEC constant temperature hot wire anemometers applied.
One probe was placed at a fixed position downstrefthe vortex
generator, while a second one could be displaceg\eral positions
in the channel or in the bank, where applied. @a® taken to avoid
placing the moving probe directly in the wake @ fixed probe.

Wall pressure fluctuations were measured by mednsno

incidence velocity, was 2¢Q0" for the experiment with the single ENDEVCO piezo-resistive pressure transducer, maliniside one

cylinder and 1.710% for the tube bank experiment. By taking theCf the tubes and connected to a pressure tap Isfiplabes. The
velocity measured in the center of the narrow gefwéen the rods, US€ of tubings was necessary due to the dimensibrige test

the value of the Reynolds number of the flow in tillge bank (R€
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section used, although pressure transducers shmulgreferably
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mounted flush to the walls. Prior measurementspe flow showed
that this mounting technique was adequate to th@sarements to
be performed. Discrepancies appear only after guémecy of
1500 Hz (Endres and Mdller 1994, 2001-b). The dlyiplj effect is
in accordance with predictions by the method pregasy Holmes
and Lewis (1987).

Figure 3 shows a scheme of the pressure transamoenting
technique inside the tube. The tube instrumentdt tie pressure
transducer was placed in several rows of one afahtral lines Fig. 1.

11.7 mm (int.)

-pressure
transducer

wiring

Figure 3. Instrumented tube (schematic).

In order to characterize the fluctuating pressietel the central
tube of the third row, instrumented with the presstransducer,
could be rotated to perform measurements at eathrb@se angles
are measured clockwise between the direction ofrthim flow and
the position of the pressure tap. Zero degreec@®tesponds to the
position where the pressure tap faces the main flow

Data acquisition of pressure and velocity fluctolasi was
performed simultaneously by a Keithley DAS-58 A/bnwerter
board with a sampling frequency of 4 kHz, and a fiass filter set
at 2 kHz. To eliminate the DC part of the signahigh pass filter,
set at 1 Hz, was also used.

Analysis of uncertainties in the results showedimtribution of
1.4 % from the measurement equipment (including tarte,
pressure transducer and A/D converter). In the oreawents of
pressure fluctuations, tubings are responsible 5% of the
uncertainties, leading to a total value for thecsfge of pressure
fluctuations, up to 1000 Hz, of 6.4 %.

Results

Preliminary M easurements

Before starting the experiments, the flow distribatand the
turbulence intensity in the test section were measushowing an
uniform velocity profile and a turbulence intensity about 2%.
This value was almost the same of the work of Zkvaich and
Stonebanks (1988), but higher than of the work @dd and
Oengoren (1993), which was 1%. Results of velotigasurements
showed an uniform flow distribution in the gapsvien the tubes.

Measurements of vibrations of the test sectionl{itiog the
tubes of the tube bank) were also performed with béa METRA
accelerometer, to identify possible influence piaiiby the blower
or by its electrical motor. Two important resonarfieGguencies of
the test section were detected, with values abeund?8 kHz.

The next step was the measurement of the meanityefietd as
well as pressure and velocity fluctuations insitie tube bank
without the presence of the turbulence promotehg dentral tube
of the third row was instrumented with the presstremsducer.
Experimental results of spectra, shown in Fig. &, presented as
functions of the dimensionless frequency in formtleé Strouhal
number, defined with the tube diameter and the ciglon the
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narrow gaps between the rods. This velocity wassorea with the
hot wire probe. Velocity and velocity fluctuationgre measured in
three positions: in the center of the narrow gapveen the tubes,
directly in front of the pressure tap at positid?,%and at a half row
distance upstream and downstream of that points& pesitions are
marked “gap”, “upstream” and “downstream”, respeti, in Fig.
4-b. For the determination of the results in Fig.tle sampling
frequency was of 16.1 kHz, while the signals of thstruments
were high pass filtered at 1 Hz and low pass élieait 8.05 Hz.
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Figure 4. Autospectral densities of (a) pressure fl  uctuations on the wall of
the central tube of the third row, and (b) velocity fluctuations in three
different positions of the same tube in the bank wi th P/ID=1.60 and
square arrangement, Re ¢ = 5.09¢10%. Dashed lines indicate values of the
shedding frequencies and tubing resonance frequenci es (a). Endres and

Méller, 2001-a.
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Spectra of velocity fluctuations in P/D =1.60 shoiw the
positions “upstream”, the presence of peaks at=8t21,
corresponding to a frequency of 152 Hz, which cies with the
value expected in the case of a single cylindeis Ehalso observed
in the spectra of pressure fluctuations. This valsenot in
accordance with Fitzhugh’s compilation, presente8levins, 1990
(Str=0.31).

Spectra of pressure fluctuations show peaks at @tt1 and 0.21.

Pronounced peaks are found also at about Stra2d09.0,
which correspond to the calculated resonance freges, as
mentioned before.

A more detailed discussion about the spectral testdn be
found in Endres and Moller, 2001-a.

With the knowledge of the frequencies generatedhieybank,
the determination of the shedding frequency oferogenerators #1
and #2 was then performed. Vortex generators wanstaicted so
as the resulting frequencies did not coincide i frequencies of
the bank. Free channel flow and the flow in thencteh with the
tube bank had different velocities since the bloagerated with the
same speed, resulting different pressure dropstlang different
flow rates. The resulting shedding frequencies (f@re, for the
vortex generator #1 applied to free channel flovtH{out and with a
single tube) 42 Hz and for the channel with theetblank 45 Hz,
this being vortex generator #2. A Strouhal numtmcidated with
this frequency, the tube diameter and the gap itglbas a value of
0.060, different of the marked Strouhal numbergesponding to
the frequencies generated in the bank as showigirtF

In the case of vortex generator #1, the spectravstia second
peak at 84 Hz. The occurrence of this second peaiinherent
feature of separated flows. According to nonlinBgdrodynamic
stability theory and experimental findings, highermonics are
generated when the amplitude of the fundamental pooent
exceeds about 4% of the mean flow (Ziada, Oengdr@92). This
effect will appear also in all results in this work

The transversal length scale of the disturbancef ithe same
order of the width of the vortex generator, whiekation to the tube
diameter is given in Table 1.

All the above frequencies are far below from theturse
frequencies of transverse acoustic modes of clasethngular
volumes with rigid walls, which can be calculatedthwthe
methodology given by Blevins (1990). The obtainedonance
frequencies lie between 769 and 881 Hz for thet fireode,
corresponding to values of the Strouhal number ftobnto 1.2. For
the second mode, resonance frequency values raoge1f539 to
1761 Hz.

Free Channel and Flow on a Single Tube

The first experiment was performed in the free denwithout
the tube bank. A hot wire probe was placed in adfilocation at a
distance of 40 mm of the vortex generator, in #gian of the wake.
A second wire probe was placed in the locationsbared 0 to 8.
Location “0” was 133 mm far from the vortex generafhe distance
between two subsequent locations was 20.5 mm. Mmasats of
velocity fluctuations were performed simultaneousligh both the
fixed and the moving probe as the latter was maee@éach new
location.

Transit velocity of the disturbance in the free roal was
obtained by dividing the distance between two siamdous
measurement points by the time lag of cross-cdiogls between
velocity fluctuations at the fixed probe and at mhaving probe. The
results showed an increasing transport velocitynftocation “0” to
location “7” with values ranging from 54 % to 73 ¥&spectively,
of the main flow velocity of 9.70 m/s.
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After this measurement was completed, a single wameplaced
in the location indicated in Fig. 1. The pressunsducer was
installed so that the pressure tap was orienteal position of 900
with respect to the main flow (0o corresponds ® gbsition facing
the main flow). Cross-correlations between velodityctuations
from hot wire probes, as well as between velocitg @ressure
fluctuations were then determined.

Results show that the disturbance influences thetuhating
pressure field as it influences the velocity fielthe frequency of
the disturbance is detected in the flow and atsthi&l boundaries,
with lesser intensities as the distance is incekads the distance
from the generating point increases, the propagatedocity of the
disturbance also increases, tending to the mam figocity.

Channel with a Tube Bank

Figure 5 presents autospectral density of the wgloc
fluctuation after the vortex generator. This is #pectrum of the
disturbance before entering the tube bank. A velnpunced
peak at 45 Hz is observed, this being the shedileguency from
the vortex generator #2. This frequency value, g the vortex
generator width, was chosen so as to be differeain fthe
frequencies observed in the bank, Fig. 4. For #mults in this
section, the width “A” of the vortex generator, n@lized by the
gap spacing “S” (P-D), is A/S=1.7.
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Figure 5. Autospectral density functions of velocit
with the fixed probe after the vortex generator in
bank.

y fluctuations measured
the channel with tube

The 45 Hz peak frequency remains unaltered asldhedasses
through the bank, as shown in the spectra of ugidkictuations,
Fig. 6. There, spectral values were successivelideil by 10 to
separate the curves in order to facilitate visadilim of the results.
The value of 45 Hz is clearly observed. It is nedicle that the peak
intensity at the shedding frequency increases asfltw passes
through the bank, with a maximum at position 3,ckhiorresponds
to the wide region between second and third rows. ffequency of
the 45 Hz peak, however, remains unaltered, evénm thie strong
variations of the velocity magnitude as the flowsges from the
narrow gap to the wider region between two rows.
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Figure 6. Autospectral density functions of velocit y fluctuations measured
with the moving probe inside the tube bank with P/D =1.60, vortex
generator #2, AIS = 1.7, Re ¢ = 5.1¢10*. Spectral values are successively
divided by 10. . Dashed lines indicate values of th e disturbance frequency
and its first harmonic.

(m/sy Hz

Autospectral densities of pressure fluctuations smesl on the
instrumented tube are shown in Fig. 7. The presehttee peaks at 45
Hz and at the first harmonic, 90 Hz, can be cleaibgerved. In
contrast with the results of velocity fluctuatioesBown in Fig. 6,
spectra of pressure fluctuations have, in generaiore uniform
distribution throughout the bank. In the first asgtond rows, the first
harmonic (90 Hz) is much more pronounced than thedding
frequency of the vortex generator (45 Hz). This lsaroriginated by a
contribution of every vortex generated by the vogenerator passing
at the measurement location, producing a frequerggh coincides
with the first harmonic (pairs of vortices). Aftposition 4, the first
harmonic vanishes and the peak at the sheddingeney becomes
very pronounced, with increasing values until posits. At the last
row (position 8) the value of the peak intensitysigongly reduced,
probably due to the increasing distance from thetmd generation of
the disturbance and of the influence of the exitditions. The peak
appearing at the maximum frequency correspondéeocélculated
resonance and can be completely disregarded iarthigsis.

The behavior of the peaks observed in Figs. 6 ar@hry be
explained by the fact that in this longitudinal Pf@nge, between
small and intermediate (Ziada and Oengoren, 19868)flow starts
forming eddies after the second row, with an eisabtl regime after
the third row, as observed in the interesting flasualizations by
Ziada et al. (1989), and Ziada and Oengotren (19%Bgrefore,
because the frequency of the disturbance remairdtered, the
wavelength of the disturbance is increased, dilestmarrowing of the
flow passage after the first row and the conseqaetleration of the
flow. This may also increase the amplitude of tistudbance in that
region. Due to vortex shedding produced by thedat®n of the flow
lane with the wake region, after the third row, ttaése in the
turbulence level causes the reduction of the pegite disturbance.

Comparison with the results of the preliminary roeasients,
Fig. 4, shows that the observed frequency of 4isHiot generated in
the tube bank, but transported through the banksh@svn in Section
3.2, the frequency generated solely by the flovthis bank has a
value of 152 Hz, corresponding to a Strouhal nundfed.21. The
value of Str = 0.11 observed in the spectra coomsdp to the half of
this frequency value.
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Figure 7. Autospectral density functions of pressur e fluctuations in the
channel with tube bank with P/D = 1.60, vortex gene rator #2, AIS = 1.7,
Reg = 5.1¢10° (pressure transducer at 900). Spectral values are
successively divided by 10. Dashed lines indicate v  alues of the
disturbance frequency and its first harmonic.

Pa’ IHz

Cross-correlations between velocity fluctuationsaasweed with
the fixed and the moving probe are shown in Fig.T@ansport
velocity of the wake is obtained by means of tmeetilag of the
maximum correlation value (transit time) and thstalice between
the probes. The second probe is now displaced frasition “0” to
“7" between second and third lines of the tube barie period of
the cross-correlations is of 22 ms, showing thatsthedded vortexes
are transported throughout the bank, maintainingir tloriginal
frequency as they pass through the successive fbesvalue of
the transport velocity related to the main flowogity impinging on
the bank, in this case 8.35 m/s, increase from @bposition “0” to
177% at position “7”. Due to uncertainties in thesipioning of the
probe & 1 mm) and to the fact that the correlations becmongh as
the distance from tube bank entrance increasesallbe from Pos.
7 should be discarded. Therefore, after the thomd the velocity of
the disturbance can be considered constant, asguamimean value
of 12.15 m/s, 45.5% higher than the reference glo¢his value
corresponds to 48.6% of the velocity measured énrthrrow gap
between the tubes, in this case 25 m/s. Transitestinand
corresponding velocities are given in Table 2.

0.5

Cwv

10 20 30

Figure 8. Cross-correlations between velocity fluct uations measured with
the fixed and the moving probe in the tube bank wit h P/D =1.60, vortex
generator #2, A/S = 1.7, Re ¢ = 5.1¢10* (probes position in Fig. 1).
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ined from cross-
with the fixed and
X generator #2.

Table 2. Transit velocities of the disturbance obta
correlations between velocity fluctuations measured
the moving probe shown in Fig. 8, P/D = 1.60, vorte

Position  Distance Tr_ansit Tran;it %of % of
time velocity Ur Us
(mm) (ms) (m/s)
0 93 14.75 6.31 76 25
1 118.7 145 8.19 98 33
2 144.4 15.5 9.32 112 37
3 170.1 16.75 10.16 122 41
4 195.8 16.75 11.69 140 47
5 221.5 17.25 12.84 154 51
6 247.2 20.75 11.91 143 48
7 272.9 18.5 14.75 177 59
Discussion

Some very important questions arose from the epodisented in
this paper: The first one is whether the observeduencies can be
generated in the bank, triggered by the externstudiance, and
amplified by the tube bank.

The second one comes from the fact that tube bamks
turbulence generators. Therefore, as the flow pabseugh the bank,
the turbulence will grow, dissipating or at leastvering the
disturbance.

The gap spacing and its relation to the scale efdisturbance
may also play an important role. If the width “Af the vortex
generator can be taken as a scale for the voreosihe disturbance,
its amplification or dissipation will be relatedttee gap width “S”. In
this case, the A/S-ratio is the factor for deteingnwhether a
disturbance will be dissipated.

Table 3. Shedding frequencies of vortex generators

Luiz A. Magalhdes Endres and Sergio Vigosa Méller

However, previous results show also that the oleseirequencies
were not generated by the bank itself, since measemts of pressure
and velocity fluctuations in the tube bank withotlite vortex
generator, Fig. 4, show in spectra of velocity tikations small peaks
at a value of a Strouhal number of 0.21. This valieesponds to a
shedding frequency of 152 Hz in the bank for thgrikls number
investigated.

It is also clear that the observed peaks are atdorelated to
acoustical resonance frequencies, since their éregjess are far below
the acoustical resonance frequencies calculatetiddest section.

Therefore, additional experiments are necessargotdgirm the
results and for the correct interpretation of therpmena observed,
focusing on a tube bank with different (smallefp#atio and another
vortex generator.

Complementary M easurements

Four additional experiments were performed, beingly o
velocity fluctuations measured in the same locatigiven in Fig. 1.
A second tube bank with P/D = 1.26 was also ushis fibe bank
had 5 lines of tubes, and was also five rows deep.

Results of measurements of pressure and velocittufitions
(without vortex generator) performed in the tubalbaith P/D =
1.26 can be found in Endres and Moller, 2001-a. fEat&ures of the
results are similar to the results of P/D = 1.&vah in Fig. 4, but no
peaks were observed in both spectra of pressure vatatity
fluctuations. The exceptions are the peaks in spext pressure
fluctuations caused by the resonance frequencitggediibings.

Vortex generators #2 and #3 were used in the tain&dwith
P/D =1.26 and P/D =1.60. The values of the shegdliequency
and of the first harmonic, the corresponding Stedutumbers and
the Reynolds numbers of each experiment were puskio
measured and are listed in Table 3.

#2 and #3 for all tube banks investigated.

Frequencies Ug

Vortex generatoiP/D A/S (H2) mis Res  Stig=fD/Ug an’I/RS Str=fD/Ur  Rex
2 1.263.93 42969 32.976.46E+04 0.042 6.351 0.217  1.24E+04
85.938 32.97%.46E+04 0.084 6.351 0.434  1.24E+04
3 1.262.46 54.688 31.984.75E+04 0.055 6.065 0.289  1.28E+04
109.375 31.984.75E+04 0.110 6.065 0.579  1.28E+04
164.063 31.984.75E+04 0.165 6.065 0.868  1.28E+04
2 16 1.7 58594 27.315.35E+04 0.069 10.222 0.184 2.00E+04
117.188 27.31B.35E+04 0.138 10.222 0.368  2.00E+04
3 1.6 1.06 85.938 27.496.42E+04 0.100 9.933 0.278  1.96E+04
171.875 27.496.42E+04 0.201 9.933 0.555 1.96E+04

Results of spectra from the moving probe, positiorn® 7, are
shown in Figs. 9 to 12 for both geometries and exogenerator
analyzed. The spectral values of Pos. 1 are disigelD, of Pos. 2 are
divided by 100 and so forth.

Figure 9 shows spectra of velocity fluctuationsRéd = 1.60 and
vortex generator #2. The A/S ratio is 1.7. At F@sand 1 both the
shedding frequency and its first harmonic are ofeskrwith higher
values of the latter. The peaks increase until Rpsut the spectra
show increasing energy until Pos. 4. After thisnpothe turbulence
remains almost constant, and the peak is cledrRwsi 5, that means,

turbulence intensity in the narrow gap, comparedht® preceding
wider region between the rows.

By using the smallest vortex generator (#3), A/$.86, Fig. 10,
the behavior of the spectra is very similar to fineceding case, but
the peak of the shedding frequency is still cledthough small, at
Pos. 6.

Reduction of the P/D-ratio to 1.26, Figs. 11 andif@reases the
turbulence intensity right after the first row, that the spectral values
of Pos. 1 are higher than Pos. 0, even after béiviged by 10.
Again, the reduction of the flow area reduces thibulence intensity

the 4th row. It is observed, from the behaviorhef spectra at Pos. 3 in the narrow gap, compared to the preceding wielgion between

to 4 and 5 to 6, that the reduction of the flowaareduces the
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o / AN
) | 117.2 Hz

Figure 9. Autospectral density functions of velocit y fluctuations measured
with the moving probe inside the tube bank with P/D = 1.60, vortex
generator #2, A/IS = 1.7, Re ¢ = 5.35¢10%. Dashed lines indicate values of the
disturbance frequency and of the first harmonic. Sp ectral values are
successively divided by 10.

10° /| :

10l 1719 Hz

Figure 10. Autospectral density functions of veloci ty fluctuations
measured with the moving probe inside the tube bank with P/D = 1.60,
vortex generator #3, A/S = 1.06, Re ¢ = 5.42¢10%. Dashed lines indicate
values of the disturbance frequency and of the firs  t harmonic. Spectral
values are successively divided by 10.
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10°
43 Hz/ |
1

Figure 11. Autospectral density functions of veloci ty fluctuations
measured with the moving probe inside the tube bank with P/D = 1.26,
vortex generator #2, A/IS = 3.93, Re ¢ = 6.46¢10". Dashed line indicates
value of the disturbance frequency. Spectral values are successively
divided by 10.

ty fluctuations
with P/D = 1.26,

Figure 12. Autospectral

density functions of veloci
measured with the moving probe inside the tube bank
vortex generator #3, A/S=2.46, Re ¢=6.75¢10°. Spectral values are
successively divided by 10.
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Results in Fig. 11 show also that the vortex gener2, A/S =
3.93, prodl_Jces a peak in the f_lrSt harmonic in Bpm:measureq at Table 4. Transit velocities of the disturbance obta ined from cross-
Pos. 0. This peak almost vanishes after Pos. lewihé shedding correlations between velocity fluctuations measured with the fixed and
frequency remains until Pos. 3 only. In Fig. 12,SAf 2.46, the moving probe.
spectrum taken at Pos. 0 shows the shedding fregudre first and
second harmonics (54.7, 109.4 and 164.1 Hz), biyttbe shedding Position Distance
frequency appears in spectrum measured at Posd kuisequent
locations.

The behavior of the peaks observed in spectra eaxplained
by the fact that, in this longitudinal P/D rangége tflow starts
forming eddies after the second row, with an ei&hbll regime
after the third row, as observed by Ziada (200&gr&fore, because
the frequency of the disturbance remains unaltdreth wavelength
and amplitude of the disturbance are increasedtaltree narrowing
of the flow passage after the first row and the seguent
acceleration of the flow. Due to vortex sheddingduced by the
interaction of the flow lane with the wake regiafier the third row,
the raise in the turbulence level causes the remuof the peaks of
the disturbance. Continuous Wavelet Transforms hef signals

Transit Transit % of % of
time velocity Ur Ug
(mm) (ms) (m/s)

93 10.75 865 87 31
118.7 16.00 7.42 75 27
1444 1750 825 83 30
170.0 14.25 11.93 120 43
195.7 15.50 12.63 127 46
221.4 17.25 12.83 129 47
247.1 18.50 13.36 134 49
272.8 18.00 15.16 153 55

a) P/D = 1.60, vortex generator #3.

~N o o h W N P O

show that in time domain the frequency of the dixnce has an Bosit Dist Transit Transit % of % of
almost steady behavior, Fig. 13. osttion IStance ime velocity Ugr  Ug
Cross-correlations between velocity fluctuationsasweed with (mm) (ms) (m/s)

the fixed and the moving probe were also calculaié@ period of

the cross-correlations corresponds to the obsdregdencies, with

predominant influence of the shedding frequencihoaigh second
mode also appears in the correlations correspontbngpectra
where the first mode is present. This confirms tha wake

produced by the vortex generator is transporteaiiinout the bank,
maintaining its original characteristic frequensyitapasses through
the successive rows.

93 12.00 7.75 76 28
118.7 13.50 8.79 86 32
144.4 13.50 10.70 105 39
170.0 15.25 11.15 109 41
195.7 15.75 12.43 122 45
221.4 16.75 13.22 129 48

By reducing the P/D-ratio, significant values of ttorrelations 2471 1725 1432 140 52
occur only up to Pos. 3. Due to the strong incréraske turbulence 2728 1775 1537 150 56
intensity observed in the spectra at positionsdlZrthe disturbance b) P/D = 1.60, vortex generator #2.
is more rapidly dissipated as in the largest PAiistudied.

Transit times and corresponding velocities arergiveTable 4.

~N o o b~ W NP O

- — -
Position  Distance Transit Transit % of % of

Data were obtained similarly to Table 2 from croesrelation time  velocity Ur Us

measurements, by means of the time lag (transie)tiand the (mm) (ms) (m/s)

distance between the probes. 0 93 20.00 4.65 73 14
1 113.2 25.50 4.45 70 13

Summary and Discussion c) P/D = 1.26, vortex generator #2.

Experimental results in this paper show that audisnce
generated upstream of the investigated tube ban&mplified as it Position  Distance
passes the first row of tubes. The disturbancéigwork is a wake

Transit Transit % of % of
time  velocity Ug Us

. . mm ms m/s
from a vortex generator. The frequencies of theudiance were (mm) (ms) (m/s)
carefully chosen to avoid being confused with thegfiencies 0 93 1925 483 80 13
generated in the bank, vibrations of the test gectir due to 1 113.2 20.50 5.52 91 15
acoustic resonances. Results of spectra of velfiaitjuations show 2 133.4 20.00 6.67 110 18
the presence of peaks from the disturbance in hevirequency d) P/D = 1.26, vortex generator #3.

until the 4th or 5th tube rows. The values of thectra measured in
the wider region between the first and the secawd lrave higher
values than the original disturbance. This raiséh&n amplitude of
the disturbance is accompanied by the growth oftthibulence

intensity. After passing the second row, turbulefeesls remain

with almost constant values as the flow passesutirothe

successive rows, while the disturbance vanishespiime cases only
after the 4th or the 5th tube row.
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Figure 13. Continuous wavelet transform of the sign
#2, Reg = 6.46¢10"

and 2. Tube bank with P/D = 1.26, vortex generator
(spectra of Fig. 11).

The dissipation of the disturbance occurs laternwtiee ratio
between the vortex generator width and the gapisgad/S is
reduced. The width “A” can be considered as a sadlehe
disturbance. For large A/S values, the scale ofdteirbance is so
large compared to the gap spacing that, even ladiig amplified,
the dissipation process starts in the early rowettoer with other
processes like vortex stretching.

From spectra and transit time results it becameesti that,
although the disturbance can be observed in spedeasured in the
smallest P/D-ratio investigated, the turbulenceegeted by the
bank reduces correlation values. The consequendeats in the
smallest P/D-ratio, it was not possible to obta@mnsit velocities
after the second row from correlation measurements.

The question that arises is: why was the disturbanot
immediately annihilated by the turbulence generdigdthe tube
bank after passing the first row?

An explanation can be found by analyzing the cotivederms
of the Navier-Stokes equation. By taking only tlrstfterm and
rewriting it in @ more convenient form

au 16u 1)
ax T20x
it is observed that the velocity is squared. If tReynolds

decomposition for the velocity is applied, it isdant that the raise
in the mean velocity due to continuity, as the flpasses through
the gap between tubes of the first row, is accorneobhy the raise
of the turbulence intensities. This happens becalisestantaneous
velocity vectors have their values increased, dueontinuity, and
squared, as shown in Eq. (1).
It must be also considered that three-dimensioffatts, like

vortex stretching, will also occur, transferringrpaf the energy to
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the other velocity components. As the flow speegs im the
contraction between tubes, vorticity is amplifiedcause angular
momentum has to be conserved (Tennekes, Lumley,7)198
Nevertheless, this three-dimensional effect carbetcaptured by
the experimental technique adopted, mainly dud¢odifficulty of
introducing more complex probes in the narrow spdtween the
tubes. Besides, the fact that the flow is restihimg the presence of
upper and side channel walls and by the presentieeaubes may
limit the amplitude of the components out of theamestream
direction.

Concluding Remarks

This paper presents the study of the propagatiatistdirbances
with fixed frequency values, transported by thedance velocity of
the cross flow through tube banks with square gearent and its
influence on the pressure and velocity fluctuatiorssde the bank.
Hot wire technique and a pressure transducer, reduimside the
tubes, were applied. The frequencies of the disnrbs were
carefully chosen so that they were clearly distisiged and
separated from the frequencies generated in thé, baroustic
resonance frequencies and the natural frequenttbs test section.

For reference, measurements of the influence ofltsterbance
in the test channel (without any obstacle) and aingle cylinder
were previously performed. Since these are very kvelwn flows,
effects of the disturbance were clearly identified.

In general, experimental results presented in piger show
that an external disturbance, generated in comditizwhich can
strongly differ from those found in the tube bakdwf, will maintain
its original frequency while transported throughe tbank. The
propagation frequency is the shedding frequencyiter first
harmonic. The value of the predominant frequencypiactra seems
to depend on the P/D-ratio and the Reynolds nuntgr,in the
cross-correlation measurements the period of theilla®n
corresponded only to the shedding frequency. Ttie od the scale
of the disturbance to the size of the gap spacatgden the tubes of
the rows seems to play an important role too. Riuceng the gap
spacing, the disturbance was dissipated aftergbensl row for the
largest vortex generator used (#2), while with sieallest vortex
generator (#3) as well as with both vortex genesa#2 and #3) in
the largest P/D-ratio studied, it subsisted uh#l 4th or 5th rows.

These measurements were performed in the main gsgage
between the tubes. As the disturbance keeps iginafifrequency,
while the velocity is successively increased anctekesed, a change
in the wave number of the disturbance may also @i that, its
wave length is increased as the flow velocity inses in the tube
bank.

The expected raise in the turbulence intensithanfirst rows of
the banks does not overwhelm the disturbance; ercahntrary, it is
accompanied by the raise in the amplitude of tstudbance.

Characteristic shedding frequencies from the tubethe bank
were not found in these measurements, probablyaltiee P/D-ratios
studied and to the square arrangement. For th&eaRés, vortex
shedding from the tubes in the bank appears nmietly lin triangular
arrays (Fitzpatrick et al., 1988; Endres and MORE01-a).

Spectra of velocity and pressure fluctuations ia tibe banks
investigated show that the observed peak frequerei clearly not
related to any frequency generated in the banksstipated. They
cannot be associated to acoustic resonances, alinttee observed
frequencies were far below the natural frequenckgsransverse
acoustic modes of closed rectangular volumes wgitl walls.

The combination of the effects of the externaludisance with
the increasing turbulence levels of the flow insttle bank lead,
therefore, to an initial raise in the amplitudesttasy influence the
walls of the bank in form of pressure fluctuatiomkis is due to the
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acceleration of the flow as it passes the first ofthe bank until it

reaches the second row. After the second row, tieegg of the

disturbance starts to decay as the distance froen gémerator
increases. The effect of this process appears én spectra of
pressure fluctuations at the tube walls where ihetic energy of

the disturbance, converted to pressure energyamsferred to the
solid boundaries of the tubes. Although the ingeg&d tube banks
were only 5 rows deep, in practical heat exchangensch have a
larger number of rows, the disturbance will be igised in the early
tube rows, persisting for the geometries investigaintil the 4th or
the 5th tube rows. The parameter for this procasshe ratio

between the width of the vortex generator and #qegpacing, A/S.
As the value of A/S increases, the disturbanceidsiphted at the
earlier tube rows, while for the smaller A/S-ratidiscan subsist
until the 4th or 5th rows.
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