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ABSTRACT
The unstesdy wake from a blund brailing-edyge  has  been invesbigaled
cxperimentally. BolLh cases of  fully Lu chulenl, and Taminar boundary
layer al. separation have been shbudied. TnLensive low visunlizablon
Ly hydrogen bubble Lechnique, veltoc iLy measurcments in Lhe near-wake
regfion  and  pressurc  meas surcments alongt Lhe surface of Lhe
Leailing edpge reveal coveral  new  aspecls o Lhis class of flou. A

highly organized oscillabions aceur in Lhe wiake reffion irreopective of
thie bouudary layer al separalton whelher i i lully turbulenl  or
laminar. A well delined mechanism for vorbtex Formation and shedding
process has been inLrodaced by Lthe awd  of Lopological concepls.
Subsequently, a bpew technigne - is clabora ted For attenuation of Lhe
coherent vorlical atruclural, by interference of u uplilter plalte, in
Lhe near-wake region. These [indings aunsishs Lhe existence of a
powerful mechanisn of absolubte instability in Lhe near wake rugion  as
suggested in previous investigations.

1. INTRODUCTION

Shedding ol vortices [rom a Llufl body or a bluant Lrailing-edge has
been a subject of considerable interest over Lhe past ceulury. There
are a wide variely of pracltical configurations Lhal gencenbe organized
vorLex slreelbs: vancs and blades in hydraulic ound Lurbomnchtinery;
marine propellers; heal exchanger tubes; Lall sbructures; and bridge
decks j10¢. A delailed knowledge of Lhe vear wnke Plow structure and
the losding on Lhe surface of Lhe body 15 (-...;onqul il one is to
minimize the onsel of shructural vibration, senerabtion of noise, and
alteration of heal Lransfer rales from Lhe body. investigaltions of
the Flow-induced vibration ofl, and  Lhe vorlex tformalion row,
streamlined bodies having blunl Lrailing-cdges has been care icd oul. by
i1, and (125, In Lhe Frollowing, all‘enl,'l,nn is locused on se lected,
critical igsues Lhal arc Lo be mldr' ssed in Lhe prescent investbigabkion.

The First elass ol prescnl issues involves Lhe effects ol turbulent,

ve. laminar, conditious al Lpurul ion. One expecls, ol course, that &
well-defined lamiuar  booudac layer al. acpacablion will ylvo rise Lo
highly organized os cillations in  Lhe near- wake copion. However, a

poiot ol major lnl,-_ermzl-, s whether a Futly Lurbulent boundary layer
separution will cvolve inLo a lu.g,hly cohierenl. ncar-wake instability.
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lfowever, the possible existence of an absolute, as opposed to a
convective, instability in the near-wake regiaon nay allow
self-excited, highly organized vortex formation to emerge from a fully
turbulenl condition at separation, as explained in i6é. IL is well
known that large anplitude excitation of convectively unstable mixing
layers from thin Lrailing-edges can produce large-scale coherent
structures {3;. If onc could observe a similar degree of organization
and large-scale struclure developmenl in the near-wake region, . in
absence of excilalion o’ turbulent boundary layers Fronm a thick
trailing-edge, then one would have a verification, albeil indirect, of
the existence of a strong, self-excited absolute instability of the
near-wake. If so, Lhig transformation from a fully turbulent flow to
a highly organized one is of Tundamental importance in the area of
transition and Lurbulence.

The sccond class of issues Lo be addressed concerns means of
attenuation of the unear-wake vortex formation. The question is; How
is it possible to prevent the formation of the large-scale' vortices?
A belter understanding of the mechanism of vortex shedding into the
near-wake region would allow determination of the optimum "conditions
for attenuating lLhe vortex shedding and thereby control the
instability of the Flow field in the near-wake.

2. EXPERIMENTAL SYSTEM AND INSTRUHENTATION

All experimental investigations were carried out in a large-scale
waler channel shown in Figure 2.1. The entire channel is made of
Plexiglas in order Lo allow viewing of the flow slructure from an
arbitrary direclion. A special test section insert, which houses the
trailing-edge arrungement  is  located within the main portion of the
waler channel. Thix inserlt has an inlernal width smaller than the
width of Lhe channel in order Lo allow Lrimming of* the vertical wall
boundary layers of the channel and thereby 'minimization of wall
effects. This test section insert also avoids [ree-surface elfects.
Details of tLhe experimental arrangement and sel up can be found in
i8¢ .

In ecase of laminar boundary layer at separalion, a short ‘plate was
designed with an elliptical leading edge having a minor to major axis
ratio of 1:5. The Lotal plate length L = 455 am and - thickness
T = 25 mm give Ror - 2.51x104 and Rer = 1400. To #denerate a fully
Lurhulcnt‘boundnry~]aynr at separation, a long plate was designed with
2 circular lending cdge and cquipped with a boundary-layer trip
seclhion, in form of two thin rubber sheets covered wilh randomly
distribul.ed irregularly-shaped plastic-particles. The - long plate
length L = 1525 mm and thickness T = 25 mm Eive
Ren = 3.78x108% and Rew = 6.3x109. Continuously variable ‘velocities
up Lo a maximum Flow velocily of 0.35 m/sec wWere attainable in the
channel Llest section. : |
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2.1. Flow Visualization Using Hydrogen Bubble Technique

Visualization of the unsteady Tflow field was carried oul by using
hydrogen bubble technique. Two types of hydrogen bubble wires were
employed: a straight (undistorted) platinum wire; and a zigzag wire.
The conceptual details of the hydrogen bubble technique are described

in il12¢. The bubble sheet was illuminated by & large—scale
stroboscopic light located above the channel at an angle of 30¢ from
the plane of the hydrogen bubble sheet (wire). This stroboscopice

light was interfaced to Lhe main frame off the Instar split-screen
video system.

The platinum wire was oriented vertically and located a distance of
3 mm downstream of the Lrailing-edge. The anode for the electrolysis
was located exterior to the test section at a distance of 500 mm from
the trailing-edge. To complement the foregoing type of visualization,
a zigzag wire was employed. The wire was placed vertically at a
distance x/T = 0.75 downstream of the trailing-edge, where x is the
streamwise distance from the edge and T is Lhe trailing-edge
thickness. This wire allowed study of vortex Formation process in the
near-wake region, as will be explained later.

Recording of the flow visualization was carried oul with a high speed
video recording syslem, which could be played back in real time or in
slow motion in a flicker frame mode. Slow mnol.ion playback in the
forward direction can be carried out at speeds continuously variable
from zero to fifteen percent of real lime. The Frame-by-frame and
stop action capability, as well as the slow motion [eature, were used
extensively for detailed analysis of the recorded data. Hard copies
of the video imnges were oblained by photographing Lthe video screen in
the still-frame mode with a 35 mm camera.

2 2. Pressure And Velocity Measurement Techniques

To provide a quantitative basis for relating the downstream flow
structure to the surface pressure field on the edge and the velocity
field in near-wake region, measurecments were carried out and compared
with the results of the flow visualization.

Velocity measurements were carried out using a hot Film probe and a
traversing mechanism, as illustrated in Figure 2.1. Thias traversing
nechaniesm allowed computer-controlled mnavement of the probe to an
arbitrary position in the x-y plane by means of a stepping motor
arrangement. The sigoal from the hot-Tilm probe was transmitted to a
constant temperature anemomeler, Lhen through a linearizer and a
voltmeter. Subsequently, this linearized signal was filtered in order
to eliminate undesirable and physically meaningless spectral

components. The fluctuating pressure was measured using a
agemiconductor-bonded glrain gauge pressure btransducer. The pressure
teansducer was mounted on the extension of the trailing-edge

protruding through the false wall shown in Lhe schemalic of Figure
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2.1. The output fFrom the ‘bLrancducer was Ted Lo =a differential

amplifier. This amplified pressure signal was fed bo a filter as
mentioned in the ve ‘lm,:'i Ly measurewmenis. The oulpub of the amplitfiers
could be displaved on  a slorage oscdl !0 scope amnd  their values

ainultaneconsiy recorded on voltmelers The sisnals were Lhen  Fed  to

t}m analog/digital interfacces of a E’])!’ 11/"‘3 minicomputer in order to
perform Lhe speclral annlysis aoad corvelabions.

3. VISUALIZATION OF FLOW STRUCTURE

Extensive Flow visualizalion has been carvriced oull For boelh  cases of
laminar and turbulent boundary layer al separabion. A comparison
between Lhe two Flow sbractures is illusleated in Figure 3.1.

3.1. Laminar Doundary Layver AL Separalion

In Lhe present study, Lhe Flow shructure of Lhe neur-wake will be the

subjecl of inLoroesl,, parcticularly Lthe wvortex shedding process
according to Lhe scpuration [requency oo The power spectrum, of

pressure and velocily signals from  Lhe Lealling-edge of thickness
T = 25 mm and at upstream Cree Tlow velocily ol 0.0575 a/usec, detected
the value of the anturs! vorbtex shedding frequency o = 0.47Hz.  The
corrcsponding Strohal namber g St 0.Z21.

Figure 3.2a shows Lhe trajectorics ol vorlices shed Prow the upper and

lower corners ol Lhe  trailing odge; tLhe successive inglantaneous
positions of a given vorbtex are indicated hy the bilack dots. The
vorbkex trajectories were debermioed by  bLracking ULhe center of

concenlration of hydrogen bubbles, corresponding to the position of
vorltices, on the video screen. The Lime between successive black dots,
rm-)rcrsmll:i.m_’, the successive instantancous positions of  Lhe given
vortex, was maiulained conslanl For nll  cases. This Lime interval
corres poml*' to 10 frames on Lhe video monitor. A greater distances
between successive black dolts Lherefore represenls a higher value of
vclovily. T is evidenbt Lhat after the vortex reaches its location
closest, to the centerline of Lhe Tlow, there is an abrupt increase in
velocity as it departs and moves outward away from Lhe centerline. The
vorkex formation lenglh Ly ig defined here Lo occur when tlw positior
of Lhe vortex is closest Lo Lhe cenberline ol Lhe flow.

The Lrajectories of Figure 3.2a can be plotted in the form o
slreamwise displacemenl xe¢ of Lhe vortex vs. Lime t, as illustrated U
Figure 3.2b and Lhe cross stream displacement yo v, Lime L, a
illustrated in Figure 3.72c¢. Considering Tirst the brajeclory Xe ve.
of Figure 3.2b, Lherce are several peneral ohservations Lo be made. Th
initinl portion of Lhe trajecctory Ffor x/T < 0.4 has a relativel
considerable lower slope than  Lhe Leajeclory al Lhe obbher exbreme

well downabream of Lhe Leadlings-odpe, Fan T 2.4 Thiee bLohnvic
suggests  Lhe  oexiabone: ol Lwo GilTerenl phasen far bhe cheddics
procemss of vortieoas Tler Dbt nesiir wakie agf b A el atoady, !
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thte recorded tape, for the flow struclure in the near-wake region,
Showed that tHe firat process was the formation of vortex by ingestion
af the aeyqratiuf fluid from one side of the plate into the near-wake
region ( #/T ¢ 0.4), wuhere dxe / dt is considerably slow. The second
process aas 1ts duparture by the effect of the ingested fluid from the
opposite side of the plate where the conjugate vortex was being
formed. Therefore, the entrained fluid departs the formed vortex at a
liigher rate of dxe / dt into thoe near-wake rogion ( x/T > 2.4 ).

Similar conglderationsg hold for the trajectory y¢ vs. t of
Figure 3.2¢. Caloulation of the glope of the trajoectory ye vs. t, at
a reference location x/T = 0.1, showed Lhat the vertical velocity
dyv / dt has a negative vertioal velocity towards the centerline of
Lhe flow during Formution process of Lhe vortex, and a positive
vertical veloeity away from Lhe ocentorline during ils:  departure
process. The verticul velociby dyv / dt of the vortex is zero, when
the center of the vorlea is nearly at midway of edge thickness. This
ean be explained as follows; In scocordance with the analysis of
'Figure 9.2a, the provess of vortex formation is completed and its
departured process is Injtiated whon the cenler of the vortex reaches
the eclosest position to the centerline of the flow.

3.2 Topology Of The Nonr Wuke Flow Structure

In most experimental invegtigations of unsteady Flows, the
instantaneous streanlino patterns are usually ignored in favor of
streakline visualizalion. OFf vcourse, in an unsteady flow, the
relationship betwoen insbuntaneous stronmlines and streaklines is not
obvious and without full knowledge ol the velocity field, it is mnot
possible to determine the exnot relationship between thenm. However,
it ecan bo shown thal over very short tLime intervals, streaklines,
pathlines and instantaneours stroumlines are identical, e.g. ;7¢.

The main objective of Lhe present  investigation is to carry out
extensive flow visualization ugsing streakline and Limeline methods to
obrltain selected instantanecous sireamline palterns in Lhe near-wake of
the body. By using this combined approach, il is anticipated that new
ingight e¢an be gnined into the unsteady flow stroecture. These
patterns will provide insight into bLhe enbrainment process in the
near wake region in conjunction wilh eritieal-point . concepts.
Concurrently, the mechanism of wvortex [lormation in the near-wake
region will be studied by interpreting the Flow visualization

To provide a quanbilalive basie for oonstruction of the near-wake
Ltopology, tracking of hydrogen bubble clemenis was carried out. The
hydrogen bubbles were #enevaled using the zigzag hydrogen bubble wire.
These bubble elenents woro loeated on Lhe sereen at coertain phase of
vortoex sheddiug proceuss. The location ol all bubble elements were
recorded on a transpurency at this position of Lhe edge. The video
Filn was wdvitived Poruwaed by 20% wnd the new lseation of all bybble
slonenta wore recorded oh  Lhe Lransparency, Lhpn Lhe displagbment
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position of each bubble was marked. 1In this manner, it was posasible
to determine the displacement of each bubble clement over the defined
time interval, and Lhereby ablain a representation of the
instantaneous velocity ield as shown in TFigure 3.3a. Joustantaneous
streamlines were approximaled by constdecving the local tangeuls to the
velocilty wveclors. Figure 3.3b shows the approximated sbtreamline
patterns, as well as .symbolg ilndicating key topological deflfinitions.

3.3. Phase clock of near-wake from stationary edge

Figure 3.4a. shows Lhe delinition of  Lhe termiocology ased Tor
constructing the so called a phase ¢lock, to explain the mechanism of
vortex shedding process as ohserved on the video screen. Figure 3.4b
shows one complele cyele of vortex shedding process. The specific
ingtanl or phase cuvreesponding to the onsel. of vortex Formation from
Lhe upper surface of Lhe edge is arbilrarily placed at. 6:00. At the
phase covresponding Lo 12:00, the FTormal.ion of Lhe vortex 'rom Lhe
upper  suarface of  Lhe edge 1s completed and there is onset of vortex

formation from Lhe lower surface. AL the phase correspounding to 6:00,
formation of vortex from Lhe lower side is completed and | Lhere is
onset of a new vorlex lormation process From Lhe upper side. With

regurd to departure of the upper and lower vortices, the ‘ceparture
process of cach vortex begilns when ils Tormabion onds. ?

In summary, for vortex shedding from the trailing-edge, we have the
remarkable result that all of the vortex Tormation and deparbure times
have Lhe ssme value and are equal to Lthe half period 0.5Ts of vortex
shedding from Lhe stationary odge, i.e.
0.5Tc = Teu. = Tei. = Tou = Torn. In physical sense, the onset
of formation of a given vortex and the completion of vortex departure
of ita predecessor (of Lhe same circulation) osoecur at the ingstant when
there is onget of ingestion of boundary-layer Fluid (past the corner)
into Lthe incipienl vorlex. A

3.4. Hffac( Of Turbulent Tnitial Conditions On Flow Structure

The question srises as Lo whether the bhasic charncteristics of the
flow structure 8nd surlface pressure loading described in section 3.1
can  exist  in presence of a Cully turbulenlt boundary layer at

separation? The basic hypothesis is  that the instability in the
near-wake is  predominantly due bto inviscid mechanisas. 'If there
exigts an abselule instabilily in the neavr wake 9¢, then it is
possible that Lhe gself-excitation mechanism  sssocisted | with this
abrolube instabilily can override the random effecls of the turbulent

boundury layer separating from the trailing odge.

Viaualization of near wake vortex formation, io case of glationary
Lrailiog -edge, is ghown in Filgure 3.1. Tt is ohvious Lhat there exists
a very woll cohercenl vorlLex slructural in the near wake pegion, in
preseance  of  Lurbulent flow, which prove Lhe existence of absolute
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instability as discussed before. The queslion now is whether  we c¢an
attenwate this vorlLical structure or not? From Lhe present Findings
ol the vortex shedding mechanism, it is possible Lo attenvste this
vorltical structure if we could stop Lthe vortex formation process.
Eventually, the atlenvalion process was realized by placing a“splitter
plate, in a ecritical position, downstream of the Lrailing edge. This
position was in the alleyway of Lthe entrained fluid which deparlts the
formed vortex. 1t means thal, when the departure process ol a formed
vortex was prevenbed or obstructed then the production of more vortices
could be stopped. In Lhe Following secbion more debails of Lhe method
of vortex altlLenuabion are given.

4. ATTENUATION OF COHERENT VORTEX STRUCTURE IN NEAR- WAKE

The faclt that the near wake oscillation can be altenuated with small
interlerence is indicaled in Figures 4.1 through 4.3. A  brass plate
(blade), having a Lhickness of 3 mm and a width of 12.5 min spanning
the entire test scetion, wus placed such that ils axis of sy@ﬁetfy was
at a locakion x/T - 1.6 downskream of* the hrailingvedge{I'Dééloyment
,of the blade at Lhis location effectively ‘attenuntes Lhe large-scale
“vortex shedding process: Py s

4.1 Antocorrelation Heasuremenbks Of Pressure And Vc]ocity

In addition to visualization, a quantitative measurement ‘“technique
were ewmployed in order Lo give prool of atlenualion process. The
antocorrelation measurement,, of detected pressure aad veloeity
signals, were carriced oul For both cases of near wake Flow structures

with aod  without plucing the albenuation plate in The eribical
position.

The autocorreluation Tunction Ru(? ) is defined as, :
> ' ol

Rul 7 ) = R(x(L)x(L4 T)) = 1/7 (f x(L)x(L1 ) az))

P :

in which T is the sampling time period.

¥ The aubocorrelation ‘
coefficient P () is defined as the raltio of the “autoecorrelalion
Function Re(? ) Lo the variance &2 when Lhe zero value of the random
process  x(t) is normalized so that the mean value of Lhe process x(t)
‘18 zero. 1L takes the form: 02 0 g

PCT) = Ru(T) /) w2

The autocorrelstion coefficient given above was calculated for Lhe
pressuare signal delecloed at the trailing-edge, as well as lor velocity
gignals along the codge of Lhe shear-layer. Figure 4.2 shows the
antocorrelalion of the pressure signal on Lhe verbtical surface of  Lhe
trailing-edge at location (x/1 = 0, y/T = 0.4). TFigure 4.3 shows the
aulocorrelation of the velocily signal where the hob film probe is
placed at  x/T = 2.8 slong Lhe edge ol Lhe shear-layer downslrean the
trailing -edge. e

%
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Rxaminntion of the autocorrelation for the pressure signal shows . the
following trends. Figure 4.2a shows the autocorrelation coefficient
of the pressure signal at (x/T = 0, y/T = 0.4) without the atlLemnation
blade in attenvation position. Tt represents a highly organized
ogcillation 4in the near-wake region. This observation is remarkable
in vioew of the fact that Lthe boundary-layer at separation is fully
turbulent. Pigure 4.2b shows the autocorrelation coefficient of the
peeagsure wignal at x/T = 0 with the attenuation blade in its effective
position, x/T = 1.6 downstream the trailing-edge. The aulocorrelation
has @ form reminiscent of a turbulent flow (stalionary randomn
process). i

For the agtocorrelations of the velocity signal, the fFollowing trends
are evident. Pigure 4.3a shows representative variationg of the
autocorrelation coefficient of the velocilty signal withont the blade
in the attemuation position. It represents n quasi-organized process
as does the pressure signal, due to existence of the organized
vortical structures. Autocorrelalions at other probe locations along
the edge of the shear-layer showed similar behavior. Figure 4.3b
shous the sutacorrelation coefficient for the velocity signal with the
blade in the sttenuation position (at x/T = 1.6). It represents a
ntationary random process, evidenced by luck of organized vortical
structure in the flow visualizalion.

%. OVERVIEW ARD CORCLUSIONS

% The wake from a stationary, bluff trailing-edge can exhibit a highly
organized, self-excited instability. This type of ingtablility,
whioch has been recently characterized theoretically in torms of
absolate instability concepts {9, ghows a high degree of coherence,
even in presence of a fully turbulent boundary layer at separation.

One say view Lthis self-excited instability as a ‘nonlinear

oncillutor. §

% The effect of s turbulent boundary layer separating from the
trailing-edge has been examined, relative to the case of the laminar
boundary layer employed in the foregoing. In essence, ‘'all of the

. principal features of the unsleady and tLime-averuaged near-wake, as
dcscribod in the preceding, occur in the presence of ! a fully
turbulent. boundury layer at smeparsztion. This observation
underscores the power of the absolute instability in the ‘near-wake
region: a fully turbulent flow rapidly evolves into one oxhibiting
highly organized vortical slructures. From a theoretical
vgtanpuint. gince the absolute instability analysis is an inviscid
one, ' one may view Lhe effect of turbulence as simply changing the

time-mean velocity profile that is perturbed during the absolute
instuability. i

:'r '
§
b
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* The vortiecal structure is produced by a continucus building up and
departure of vortices from the body. FEach vortex is Tormed by the
fFluid of the separated boundary layer al the wvortex side and
departed by the effect of the separated Flow at Lhe opposile side of
the body. The formation process of one vortex overlaps the deparloare
process of Lhe opposite vorlex. For stalionary cdge, the time of
Formation of a vortex is equal bto iks time of departure. 1L wmeans
that the vortex shedding (requency is Lhe reciprocal of double of
its formation time. In other words, the period ol vortex shedding is
double of its formation Lime. ‘

* The highly organized near-wake [low sltructure in presence ol a
turbulent boundary layer al separation can be atbtenualed effectively
by stopping the formation operation of the vortices in the near-wake

region. This was realized by deploying a small blade ia a critical
posikion in the near-wake region. In Lhis case, avlocorrelations of
the  fluctuating garface pressure and Lhe oaear-wake veloecity

Fluetuations showed a form typical of a fully turbulent fLlow, in
conlrast with Lhe case of the non-alblenualed wake, where Lhey
exhibilt a Torm representative of a gquasi-periodic process.

¥ The eFfect of trailing edge excitation, wilth dilfervent amplilbudes
and frequencies, on the flow structure in Lhe near -wake region will
be introduced in Tuture work. |
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Figure 3.1: Comparison of the visualized vortical
region (a) sur-ulent (b) laminar boundary layer

Traiiing-edge is stationary.
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Time scales for vortex shedding process from stationary edge
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