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ABSTRACT

Local wavenumber/frequency spectra of pressure fluctuations associated with
two {ypes of vortex separation over a prism are examined The first vortex isa
spanwise vortcx associated with (he separation tormed by normal flow over a prisin.
The sccond vortex is a conical vortex formed by the separation of a flow at 45” to two

sides ol the prism The technique used Lo estimate the wavenumber-frequency specira
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uses pressure measurements from Lwo laps. ruc the spanwise vortex, the measurements
show that low frequencies and smail wavenumnbers dominale the pressure fluctuations.
Further downstream, the energy is reduced and disiributed to a wide range of frequencies
and wavenumbers. As for the conical vortex, most of the energy is coafined to low
frequencies and wavenumbers. Waveuumber spectra for the pressure fluctuations are aiso
presented. The technigue uscd to estimate the wavenumnber-frequency speetra is cable 1o
give the vortex formation, its cnergy disiribution and vortex breakdown in space and
rme.

INTRODUCTION

Flows over bluff bodies are characterized by separation, vortex formation and
breakdown and reattachment regions. In these regions. the turbulenee intensity is very
high and the associated turbolence scales extend over several decades. These scales resull
in sirong pressure [luctuations on the surfaee of the biuft body. Time domain analysis
such as conditional sampling has been used o characterize signilicant wall pressure
“events” at 1 point and 1o relate such events to ind flow phenornena. Frequency domain
analysis has been uscd to chaructenze e znwiyy dislnbullon and possibly convection
velocities of frequency compouents of wall-pressure Llucluations. Yet, 1n many instances.
such as fow-induccd vibrations and sound geperation, lme/space and  spatial
characlerization of pressure fluctuations 15 necessary. Such characteristics, represented in
terms of a4 wavenumber-{requency speetrum, scrve as an input to determine the response
of structures.

While measurements of temporal Fourier components, Le. [requencies, can be
ohtained from limc series, measurements of spatial Fourier components, ie.
wavenumbers. require instantaneons sampling ul many locations. This is not practical
when trying to characterize wavennmber components of pressure fluctuation over hiuff
bedies. First, obtaining simollaneous measutements at a large number of taps is not
practical. Second, flows over bluff bodies are spatally varying in terms of sepurmiion.
reallachment or vortex formution and breakdown, Conseguently, the associated pressure
field is not homogeneons and spuiial pressure measurements over a long distanoe could
nol be used 1o get the wavenumber spectruin. Thus, a meuasure of the local wavenumber
rrequency spectral charaeteristics ot pressure (luctuations waould be more useful.

The local wavenumber frequency speetrum of pressure fluctuatons :an he

abtned using O techuioue devcleped by Beall et ol (19825 That technie e ases
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<~ altaneous measurements from two closely spaced points and is based on the
zcogniuon that the relation berween frequency and wavenumber is stochastc. Jones et al,
1G88) used Beall's technique (o0 measure Lhe wuvenumber spectrum and dispersion
rlatton 1n a tansitioning plane wake. Hajj et al. (1992} used locai wavenumber-
frequency measurements to show that matching wavenumber conditions exist hetween
the fundamental and subharmonic frequency components in the region where the
subharmonic gains its energy by parametric rescnance. Power spectra of wind pressure
un low buliding roofs were measured au various tp [ocauon and analyzed hy Kumar and
Stathopoeulos (19983,

In this work, we spply the same technique to oblain wavenumber frequency
spectra for the pressure fluctuations asseciated with the formation of wwo types of vortices
on top of a prism. In the first case, the flow is normal to vne side of the prism, which
results in flow separation, and formation of a spanwise vortex. In the second case, the
flow is at 45” to two sides of the prism. Under these conditions, the flow separation,
indueed by the 1wo leading edges at the wop of the prism. contains two conical vortices
that resemble vomices forined over delta wing aircrafis, Thus. 1 measure of the locul
wavenumber frequency spectral charactenistics ot pressure fluctuations at several location
would be morc useful to estimare the vortex formiuion, its energy distribution and vones
hreakdown.

Experimental setup

The experiments were carried out in the wind tunnel of the ESM Department at
Virginia Tech. The wnnel has a test section of 30x30 cm. The tests were conducted at a
free stream velocity of 12 m/s with a free strcam wrbulence intensity equal w0 0.5%. The
puism {L=10.53 em, W=8.5 ¢cm and H=8.5 c¢m) was mounted on the floor of the wonel.
The pressure taps were placed along vwo directions on the lop of the prism as shown in
figure 1. The normal direction was uscd to examine characteristics of pressure
flnctuations generated by the tlow normat to the prism. Under this flow condition, the
flow separates and a spanwise {parallel to the leading edge of the prism) vortex is formed
The pressure taps were st (o oblain measurcments mostly in the sepiration region. The
[7% direction is used lo exanune pressiwce fluctuations under one of the two conical
voriees, Based on Now visualizoton, ke contcal vrreex 15 formied along this direction
when the flow is at an angle of 45" (0 twy sides of the prism. There are 13 pressure taes

meach direction. The “oescas i the s apsozenier fine are shown mooere Taod
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the distance berween each taping are listed in table |, The pressure tups are coupled with a
24- channel Electronic Pressure Scanner (ESP) which connected directly to the computer
through the dala acquisition hoard. Electronic Pressure Scanner interface has the ability
to digitally addiess up to 24 pressure ports, It is 12 hit and 31 kHz analog to digital
converter. This conversion speed allows to utilize the (ull scanning capability of
electronic Scanner, which is of the order 20 kHz. The pressnre data was acquired with a
samphling rate of 125 Hz, which resulted in a Nyguist frequency of 62.5 Hz. The flow
visualizations were earried out in the smoke wind tunnel a1 the Department of
Mechanical Engineering at Zagazig University under similar flow conditions to those in
the ESM wind tunnel. keroscne are used to generale smoke.

Methods of Data Analysis:

The wavenumber frequency spectrum s estimatcd using the rechnigue introduced
by Beall et al. (1982). The technique uses measurements of a fluctuating field such as
pressure at two locations separated hy a distance Ax, The measurements are divided into
time segments each consisting of N samples. From either of the two records, the auto-
power spectrum is compuled whieh provides an estimate of the power associated with a
frequency inerval f; and fi+4f. Using the two records, the cross-power spectrum is
eomputed. From the phase of the cross-power spectrum &(f,), the local wavenumber K(f;)
= &¢f)Y Ax is determined. This wavenumber is called local because it is estimated over the
separation Ax and is different from wavenumbers obtained by applying a spatial Fouricr
transform to measurements from muny spatial locations. The local wavenumber gives 4
hetter cstumate of spatial characleristics in a spunaily varying field, Kumar and
Stathopoulos (1998), Having the frequency f; and an associated local wavenumber, &;, Lhe
amount of power, S{f), is recorded at the co-ordinate point (/&) in the wavenumber
frequency, f-k plane. Because, there is a stochaslic relationship hetween wavenumber and
frequency, every segment may yield different estimates of the power JS{fi) and
wavenumber k(f) for the frequency interval f; and fi+Af . The new level of power is
entered al a new co-ordinaie point consisting of the new value of k;. This process is
repeated for all data intervals to obrain the average power, 5 (&, fi), ussociated with every
frequency and every wavenumber in 1he wavenumber frequency plane. This power is an
estimate of the local wavenumber [requency spcctrum. The limits of the measured

witvenumbers and the resolution are deterrmined by the separation distance between the
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rrsare taps, Ar, and the number of grid elements in the wavenumber-trequency domain.
'he wavenumber that can be obtained are bounded by -w/Ax und ®&/Ax. . The wavenumber

casolurton can be adjusted by seuting the number of & cells which in all of our analysis
vas ser at 256. From the local wavenumber frequency spectrum Sy {k;, f;), the frequency

-pectrum S,{f,) can be estimated by integrating the spectrum over all wavenumbers, 1.e.
SHE)= L S ks fi) (O

undl the local wavenumber spectrum Sk} can be estimated by integrating the spectrum

over all frequencies. i.e.

Siky= L 5 (ki fi) 2)

The results presented here werc obtained from 30 data segments; each segment
containing 128 data points and sampled at 125 Hz. This vielded a Nvquist frequency of
62.3 Hz with a frequency resolution of 0.98 Hz. Depending on the measuring location,
the separation Av was set at 2.3 or 6.3 mun for the noomal flow and it's downsteeam
locations. The separation Ax was set at 2.5 or 373 mm for (he 43" flow and it's
downstream lociions.

Resuiis and Discussion

When the flow is normal to one side of the prism, the flow separales a1 the sharp
cormer, forming a separated shear layer, which behaves like a mixing laver and results in
the formation of a vortex. Further downstream, the flow curves towwds the solid surface
(wop of priso). As shown in feure 2. .be Tow does not completely reatiach aithough it
-lows unsteady reversing Now, Those resnlts also showed thar there are two important
tesions in the fTow that alfect the pressure fluctuations. The first region is where a vortex
lorms and the second is lurther downstream where fugh shear siresses ure measured. o
the secomd ow cuse, Lhe flow is at 45° to two sides of 1he prisin. Under these conditions.,
there i3 a three-dimensional separation from the two leading edges at the top of the prism
(figure 2.b). The figurc shows that the flow on top of the prism consists of two conical
vortices in the sepuration region. These vortices resemble delta- wing vortices. The
pressure laps were placed at an angle of 17° to allow for measurements of pressure
fluctuations associated with one of the conical vortices

The dowustreamn variations of the frequency power spectrniy of the pressure
Auetuations in different regions associated with [low separation under normal incidence

and the forimation of the sponwise vortex are shown in figure 3. Because of the limred
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capabilities of the pressure measuring system, the highest unalyzed frequency component
is €2.5 Hz. The lowest component determined from the record length s 0.98 Hz.
Improvemenis to these measurements, in terms of frequency resolurion could have been
done vet. Because our interest is in the spatial characteristics of the energy containing
components of the frequency spectrum. Lhese limits are satisfactory. The frequency
spectra show that at all measuring lccations, the level of energy in all frequency
components up to 62.5 Hz is more or less constant with a small peak near 10 Hz. Also,
the level of energy is slighdy smaller in the frequency range between 30 and 60 Hz than
between 1 and 30 Hz. The variaions in the spectral energy of the pressure fluctuations
under the eonical vortex are shown in figure 4. In the distance lower than 20 mm the level
of energy is slightly higher at frequency range berween | and 30 Hz. Bui, In the
downstream. x >30 mm the level of energy is distiibuled ul diflerent [Tequency ranges.

The range of wavenumbers associated with the frequency components shown in figure 3
for the separating region is given in the estimates of $) (&, f} shown in figure 5. The
figures shows local wavenumber-frequency at four downstream locauons, x=6.25, 16.25,
26.25 and 46.25 mm. For Lhe locations al x=06.25, 16.25 and 26.25 mm, the separation
between the measuring points was 2.5 mm. Thus, wavenumbers between —12.56 (l/em)
and 12.56 {l/cm) were measured with a resolulion of 0.098 (1/cm). For the location at
x=46.25 mm, Lhe separation between the measunng poiuls was 6.5mm which yietded a
measure of wavenumbers between - 4.8 and 4.8 (i/cm) with a resolution of (0.004)
{lfem). Based on figure (2.a), the locations at x=6.25, 16.25, and 26.26 (mm) are in the
separation region under the spanwise vortex. The founh location (x=46.25 mmj falls
under the region where bigh shear stresses were measured. There are stroug similariues in
the 5; (&, f) estimates at x=6.25, 16.25, and 26.23mm. Al all ol these locations, the 3 (&,
Ji) speetra are narrow and nearly symmetric about the k=i axis for {« 30 He. Beyond thar
{requency, the energy content is relatively negligible. The syimmelry around zero mdicates
that miest of tbe [luctualion power is contined to wavenumber that are ag small as the cell
size, L.e, 0.098 l/em. At x=46.25 mm, we note wo major ditferences, 1he level of power
ar all wavenumbers aud frequencies iy much smaller thun the highest level messurcd at
the locations in the separation region. Moveover, relauvely speaking, more power 1
appearing in the high frequencies These results show that, under the separating spauwise
vorlex, the main component of (ke presswe fluctuabions hus a small wavenumber

cenuponent . most likely, oasseenued with he separating vorlex, Oa the other band,
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i -he region associated with high turbulence imensity, the pressure fluctuations contain
compenents with large as weil as small wavenumbers.

Figure 6 shows estimates of the wavenumber-frequency spectra, §; (k; £}, of the
nressure fluctuatiens under the conicul vortex. The plots are shown for six downstream
locations x=10.75, 18,25, 28.25. 38,15, 40.35 and +42.55 mm under the conical vortex. For
ail of these locations, the separation between the ineasuring points was set at 3.75 mm.
Thus. wavenumbers between -8.4 (1/cm) and 8.4 (1/cm) were measured with a resolution
of 0.065 (1/ cm). At x=10.75 mm, most of the energy is contained in the low frequency
and low wavenumbers. This indicates that the pressure tluctuations are mostly due to a
large- scule structure, ie, the conical vorex. The same ohservation holds for the
spectrum at x=18.25 and 28.25 mm.. Further downstream, at x=38.15 mum, il is observed
that the level of energy at the higher frequencics has increased and that there is a
svmmerric band of wavenumbers around k=0 Lhar 1s associated with this energy. Al
x=40.35 mm and 42.55 mm. the level of cnergy assoctated with the low frequencies hay
dropped significantly. The energy level of the high Irequency components has increased
and the width of the band of wuvenumbers assoeialed with these components has also
increased. This indicales that the pressure fluctuatiens are sull affected by the conical
vortex.  On the olther hand, there are other components willt higher frequency and
wavenumbers. These components can be related (o turbulence structures around the
conical vortex. These structures have a smaller scale than the comeal vortex. The
expansicn of energy into the higher frequency and wavenumiher cormpoenents indicates the
beginning of the breakdown of the conical vorex.

Wavenumber specira of the pressure {lucmations in the different rcuions
associated with flow separation wunder normal incidence and the formation of the
spanwise vorlex and obtained by integraung the wavenumber frequency spectra aic
shown in figurc (7). Ar x=6.25, 16.25 and 26.25 mm, the levels of cnergy at all
wavenumbers are siinilar. We note also the {-1) siope observed for the wavenumbers
betweer 0.2 and 2.0 (/o). This slope is noted because it has heen observed in
wavenumber spectta of pressure Muctuations associated with boundary layers. On the
other hand. at x=46.25 nun. the level of power at the low wavenumbers (<02 m')
remains the same while it 1 inuch lower al {he higher wavenumbers. Thesc results
indicarte that under the separalion vortex, the power is mostly confined (o u sinall range of

wavenumbers 4 fregusie oL U the other oo, ander the high tarhulznee region, the
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power at all wavenumbers is lower than that onder the vortex. [igure (8) shows
wavenumber spectra of the veloeity fluctuations under the conical vortex at six |ocations,
The results show that the level of energy at all wavenumbers is almost the same at the
first five locations. By the last location. the level has slightly decreased. We note also the
{-1) slope observed for the wavenumbers between 0.4 and 4.0 { 1/em) at all locations.
Canclusions
Using pressure measurements from two taps, we were uble (0 present estimates of local
wavenumber frequency spectra under Iwo types of voruces associated with separation
regions over bluff bodies, The first vortex is a spanwise vortex formed on top of a pdsm
as a result of a normal flow. The measurements show that right under the spanwise
vorex, low frequencies and small wavenumbers dominate the pressure fluctuations. The
pressure fjuctuarions in this region are mostly affected by the vortex. Further downstream,
where the shear stresses are high, the total energy is reduced and is distributed 10 a wide
range of frequencies and wavenumbers, The pressure fluctuauons are atfected by a wide
range of turbuience struclures. The second vorlex is a conical voriex formed by the
separation eaused by a flow ar 45° to two sides of the prisin. Throughont the region under
the voriex, most of the energy is confined 1o low (requencies and wavennmbers, Only
when the smaller scales of tnrbulent structures form around the vortex, the energy
expands into higher frequeneles and waverambers. Wavenumber spectra, estimated by
inlegraung the wavenumber (requency spectrum, show thal most of the cnergy is
conuained by the small wavenumbers.
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points | distance
90| 45°
0-1 5 9.5 Wind 45 direclion

1-2 2.5 2.5 (Second case) \
2-3 251 25 . ;

135° 85 mm

14 | 25 25 135 .
45 | 25| 25
56 | 25| 25

65 | 25| 125 9

7-8 251 25 Wind 90 direction '\._.‘ X pressure tawg "
&9 2.5 25 {First case} 3

9-10] 25| 375 m
-1 65| 375
-12] 65| 25
23] 65| 25
1314] 65| 25
14-15] 65 25

p

Fig. {1 Prisem Dimension and pressure raping

Table { 1) Distance berween center line, (105xB5x85 muun),
Tmeasuring paints

Fig. (2.a) Flow upon prism with itg. (2.5) Flow upon prism wilh 43
90 degree angle degree angle
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Figure 3. Frequency spectrum at various locations under spanwise vortex
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Figure 4. Frequency spectrum at various locations under the conical vortex
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