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Immediate and Near Wake Flow Patterns Behind Slotted Disks

Hiroshi Higuchi,¤ Jinzhong Zhang,† Shojiro Furuya,‡ and Brian K. Muzas§

Syracuse University, Syracuse, New York 13244-1240

The effect of spacing ratio on the near-wake regions immediately behind porous disks that consisted of multiple
annular elements is investigated experimentally. Annular jets through individual slots merge into groups of high-
momentum regions that displace a global recirculating region downstream. Multiple wake patterns result from
the same overall conditions. Once the pattern forms, it remains nearly unchanged unless the � ow is disturbed.
Compared to the � ow behind a solid disk, three-dimensional large-scale motions are suppressed downstream and
the wake motions are more axisymmetric. The patterns of jet mergings are also axisymmetric and persistent.
The mean and time-dependent large- and small-scale velocity � uctuations are characteristic of individual spacing
ratios and � ow patterns, and they are analyzed and compared with � ow visualizations. The process of how the
wake settles into a certain � ow pattern also is addressed.

I. Introduction

I N an attempt to suppress the large level of wake motions behind
bluff bodies, base bleed or a porous surface is often employed.

The theoretical basis for global and absolute instabilities in the
wake and their control is reviewed in Ref. 1. Examples of the
two-dimensional wake control can be found in Ref. 1 as well as
in Refs. 2 and 3. The present paper is concerned with � ow past
axisymmetric bluff bodies that often is encountered in engineer-
ing practice. One such bluff body is a high-performanceparachute
that typically undergoes a complicated wake � ow–structure inter-
action process.4 A considerable amount of basic research has been
conducted on the characteristicsof the wakes behind axisymmetric
bluff bodies. We limit ourselves to the wake behind a sharp-edged
body that has a clear separation line and exclude geometries such
as spheres. Fuchs et al.5 measured the vortex shedding frequencies
behind a disk and conducted space–time correlations in the wake.
Bergeret al.6 investigatedthe effectsof forceddiskoscillationon the
wake structure. Using solid disks and screens, porosityeffects were
studied by Bevilaqua and Lykoudis7 and more recently by Cannon
et al.8 The latter study was notable for its use of an axisymmetric
rakeconsistingof eighthot-wireprobes that enabledCannonet al. to
conduct modal decomposition of large-scale structures. In general,
predominantlyhelical large-scalemotionswere suppressedat larger
porosity, where no reverse � ow was observed. Roberts9 measured
pressure distributions on the solid and slotted disks and attributed
nonuniformbase pressure distributionson the slotted disks to irreg-
ular mergings of jets, although no direct � eld measurement or � ow
visualizationswere made.

Wakes immediately behind two-dimensional or axisymmetric
slottedbluff bodiesexhibitcomplexstructuresthat are dominatedby
vortex shedding and jet merging, dependent on the speci� c geome-
tries rather than overall porosity ratio. When the spacing between
the elements of the body is large relative to the characteristicdimen-
sions of the elements, the individual wakes behave independently
close to the model. When spacing is small relative to the characteris-
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tic dimensions of the elements, the slotted bluff body acts almost as
a single entity with regular vortex shedding. At intermediate spac-
ings, however, irregularwake � ow patterns are known to occur.This
phenomenonhas been demonstratedbehind simple geometriessuch
as a pair of � at plates10 and a ring model.11 ;12 The effect of the spac-
ing ratio in two-dimensionalgrid models also has been studied.13 – 15

In Ref. 15, delayed vortex formation and shedding were observed
downstream of models at larger spacing ratios. A center opening,
or vent, tended to further suppress the large wake oscillations. In
the vented, small-spacing-ratio model, velocity and base pressure
distribution were very asymmetric because of the de� ected central
jet. The asymmetric � ow patterns were easily triggered to switch
among themselves. The time-dependent behavior of wake vortices
behind a closelyspaced pair of � at plates was studiedwith the aid of
wavelet analysis.10 Two-dimensional and three-dimensional large-
scalestructureswere examinedbehinda nominally two-dimensional
porous plate.2 ;3 However, detailed study of the � ow structure be-
hind axisymmetric slotted bluff bodies has not yet been conducted.
It is important to study such � ows and wake modi� cations because
the wakes of simple axisymmetric models such as circular disks are
known to evolve into fully three-dimensional� ows.

It is the objectiveof the present investigationto study the effect of
the slots on the wake and to compare the results with � ows behind a
soliddiskand thosebehind two-dimensionalgrid models.Questions
raised here were whether the wake behind axisymmetric geometry
exhibits multiple � ow patterns as in two-dimensional grid models
and, if so, whether the patterns remain symmetric and are subject to
transient switchingof the patterns.Interactionsbetweensmall-scale
jet � ow in the near wake and large-scale motions downstream are
also examined.

II. Experimental Setup
The study was conductedin the recirculating-typelow-speedwa-

ter channel at Syracuse University. The test section after the 6:1
contraction section is made of Plexiglas® , and it is 0.61 m wide,
0.61 m deep, and 2.44 m long. The free surface exists on the top.

A. Models
Three slotted disks of different spacing ratios were used in addi-

tion to a solid disk as a control. Schematics of models are shown
in Fig. 1. The slotted disks all have three annular slots and a cen-
tral vent whose radius equals the slot width. Spacing ratios of the
three models tested are s=h D 0:25, 0.50, and 1.0, which correspond
to geometric porosities of 15.8, 27.5, and 43.4%, respectively.The
spacing ratio s=h is de� ned as the width s of the slots divided by
the width h of the solid elements. All disk models had a diameter of
10.2 cm and were machined out of 0.084-cm-thickaluminum plate.
The models were anodized to prevent corrosion.

The modelswere suspendedin the test sectionusingfour0.25-mm
mono� lament nylon wires. Chie� y because of a low Reynolds
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a) s/h = 0:0 b) s/h = 0:25 c) s/h = 0:5 d) s/h = 1:0
Fig. 1 Test models.

number based on the wire diameter, no adverse effect of the support
was detected during the experiment. The majority of the experi-
ments was conducted at a Reynolds number of 7:4 £ 103 based on
the disk diameter. Although the visualizationexperimentswere also
conductedat higher velocities,correspondingto Re up to 1:8 £ 104,
general features of the � ow were judged unchanged.

B. Flow Visualization
The hydrogenbubbletechniquewas employedwith a horizontally

placed 0.08-mm-diam platinum wire. A programmable dc power
supply was connectedto a functiongeneratorto producecontinuous
or pulsed voltage. In some instances, the electrodewas connectedto
the model itself to producemoreglobalhydrogenbubblegeneration,
and the cross section of the wake parallel to the model was illumi-
nated with a laser light sheet. Flow visualizations were recorded
with a Hi8 camcorder. Video sequences subsequently were digi-
tized with SCION Image 2000 Motion Capture card on a Macintosh
Quadra computer.

C. Velocity Measurement
The mean and � uctuating velocities behind the disks were mea-

suredwith a TSI two-component� ber-opticlaserDopplervelocime-
try (LDV) system. The � ber-optic probe, which was mounted on a
three-dimensionaltraversing mechanism, had a diameter of 83 mm
and a 350-mm focal length. A frequency shift was applied, and the
signal was processed with TSI IFA 550 processors. The instanta-
neous axial and radial velocities were recorded at intervals between
10 and 50 ms. Data were subsampled from the original 8192 data
points at each location as needed. Uncertainty in the velocity mea-
surements in the presence of freestream turbulence was estimated
to be less than §1:3% of the freestream velocity (§1 mm/s).

III. Results
A. Mean Velocity Pro� les

The meanand� uctuatingvelocity� eldswere surveyedwith LDV.
Though not shown here, the mean velocity pro� le behind the solid
disk was also measured, and the results agreed with previous � nd-
ings.Behind the slotteddisks, however,different� ow patternscould
emerge from the same con� guration, as discussed in Sec. III.B.
Therefore, the measurements were made in the preferred modes,
and the � ow patterns were visually monitored to ensure that they
remained the same during the survey.

Figures 2a–2c show the mean velocity vector plots correspond-
ing to the � ow pattern typically encounteredfor each spacing ratio.
Immediately behind each slotted disk, the recirculation regions are
evident behind individual annuli with jets emerging through indi-
vidual slots. The jet through the central vent is seen clearly in each
case. Note that the center jet remains unde� ected, in contrast to the
vent jet behind two-dimensional slotted models at similar spacing
ratios.15 In two less porous cases, the center jets gradually lose their
momentum and stagnate downstream. Thus the forward stagnation
point of the global recirculation region of the wake is displaced
downstream along the centerline. This point was found at about
0.7 D for s=h D 0:25 and at about 1.2 D for s=h D 0:5. At s=h D 1,
the jets merge toward the centerlineregionand producepositivemo-
mentum at all locationsshown in Fig. 2c. In spite of the low overall
model solidity, the large reverse-� ow regions reside near the outer
shear layer (r=D ¼ 0:4; x=D < 1). This is in contrast to the wake be-
hind uniform screen models of similar porosity,where there was no
detectable reverse � ow.8 (In principle, however, a negligibly small
reverse-� ow regionshould exist immediatelybehindeach � nite size
screen element.)

The overall size and locationof the reverse-� ow regionsobtained
from the mean velocity measurement were also con� rmed when

a) s/h = 0:25

b) s/h = 0:5

c) s/h = 1:0
Fig. 2 Mean velocity vector plots in the near wake.

the hydrogen bubble wire was traversed to identify the forward and
rear stagnation points. For the s=h D 0:25 model, the reverse � ow
along the centerline extended from x=D 1:0 to 3.0, and for the
s=h D 0:5 case, the reverse-�ow region existed from approximately
x=D D 1:2 to 2.7. Along the centerlinebehind the s=h D 1:0 model,
no reverse-� ow region was found except for a small region where
two (annular, to be precise) reverse-�ow zones merge. The mean ve-
locity measurementsagree well with the � ow visualization.Though
not shown, to avoid redundancy, these velocity pro� les plotted in
contour forms corroborated the hydrogen � ow visualizations di-
rectly.More detailed� ow visualizationwas conductedand is shown
in Sec. III.C.
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Fig. 3 Mean axial velocity pro� les at x/D = 5.

a) b)

Fig. 4 Mean-squared axial and radial velocity � uctuations behind s/h = 0:5 slotted disk.

Farther downstream at x=D D 5, all of the mean velocity pro� les
take the form of a Gaussian pro� le, as shown in Fig. 3. Centerline
velocity defect is the least for the highest solidity s=h D 0:25 case,
but this is because this wake experiences the largest lateral wake
oscillations. Difference among the wake widths also is noted. The
intermediate spacing case is shown for different near-wakepatterns
discussed in Sec. III.C. The variation among the three patterns is
negligible.

B. Time-Averaged Velocity Fluctuations
Instantaneousaxialand radialvelocitycomponentswere recorded

during the wake survey. The individual jets, including the central
jet, were discerniblein the mean-squaredaxial velocity� uctuations,
as shown in the s=h D 0:5 case in Fig. 4a. These velocity � uctua-
tions associated with jets decay rapidly by x=D D 1. The radial
velocity � uctuations for the s=h D 0:25 and 0.5 cases had strong
peak(s) near 0.4–0.5 diameter from the centerlinewithin 0.5 diame-

ter downstream.Around x=D D 1, the peaks shifted outward to near
0.7 diameter from the centerline. This is particularly clear for the
wake pattern labeled 3-1-3 in Sec. III.C. Figure 4b shows the radial
velocity � uctuations for the s=h D 0:5 case. In this spacing ratio,
the center jet did not manifest itself as clearly in the radial velocity
� uctuations, indicating that the jet oscillations are predominantly
in the axial direction. For the largest spacing ratio (s=h D 1), the
peaks in the radial � uctuations occurred at r=D D 0:5, indicating
a much narrower wake region than in the s=h D 0:25 or 0.5 cases.
No two-point correlation was taken, but the hydrogen bubble � ow
visualization indicated that the radial � ow oscillations and vortex
sheddingsare symmetric about the centerlineat each corresponding
radial position.

C. Flow Visualization Study
To further investigatecharacteristicsof different� ow patternsand

the associated jet mergings and wake behavior, a � ow visualization
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Fig. 5 Flow visualizations of near-wake patterns.

study was conducted using the hydrogen bubble technique. The
results of the � ow visualizations for three spacing ratios are sum-
marized in Fig. 5. Here, the freestreamvelocitywas 7.4 cm/s and the
dc voltage was pulsed at 1.7 Hz. Between the outer shear layers of
the wake, seven jets, i.e., three annular jets as well as the center jet,
are visible in all cases. In addition to the outer shear-layer instabil-
ity waves, small vortices are visible along individual jets. Different
appearance in the wavelengths along the wake boundaries at differ-
ent jet merging patterns are discussed in the next section, together
with the velocity time-historyanalysis. In this section, our attention
is focused on the global jet merging patterns. Whereas the center
jet through the central vent moves downstreamunde� ected, annular
jets are de� ected stronglyand merge in several differentpatterns.In
the top group of � gures labeledP1, three annular jets merge outward
in the radial direction, leaving the center jet unde� ected. This was
the most frequently observed pattern in the s=h D 0:25 case. Be-
cause of the appearanceof the merging jets in the two-dimensional
cross section, this pattern subsequently is referred to as 3-1-3. On
the other hand, the pattern in the middle row labeled P2 shows the
innermost annular jet merging with the center jet, and the outer two
annular jets merge and are de� ected outward and interact with the
outer shear layer. This is referred to as the 2-3-2 pattern. Note the
symmetric merging patterns in both cases.

For the s=h D 0:5 case, three immediate or near-wake patterns
were observed, and each had similar probabilityof occurrencewith
a slightly higher likelihoodof the pattern 2-3-2, labeled P2. The top
two patterns show jet merging patterns similar to those observed
for s=h D 0:25, whereas in the additional third pattern, only the
outermostannular jet is de� ectedoutwardand interactsdirectlywith
the � owpast thediskedge.The other jetsmerge toward thecenter jet.
This patternis referredto as 1-5-1.Threepatternsalsowereobserved
at the most porous model tested, s=h D 1:0. However, pattern 3-
1-3 was rarely observed, whereas pattern 1-5-1 was encountered
most frequently. Incidentally, pattern 1-5-1 did not occur in the
s=h D 0:25 case.

Note the gradual shift in frequently observed patterns in Fig. 5
(diagonally from the upper left photo to the lower right photo) as
the spacing ratio was increased, from solid disk-like pattern 3-1-3
to base-bleed � ow pattern 1-5-1.

All of the � ow patterns were persistent: Once a particular � ow
patternwas established,no changesin wake structureoccurredin the

absenceof a disturbance.Changein wakepatternscouldbe triggered
by 1) turning the water channel off and on or 2) momentarily dis-
turbing the � ow with a turbulence-generating screenupstreamof the
model. (A grid of 25-cm diam produced approximately 14% turbu-
lence.) Comparativelyspeaking, the threepatterns for the s=h D 0:5
cases were easier to trigger into another in the group. Interestingly,
transientbehaviorbetween the patternswas also axisymmetric.The
mean velocity vector plots in Figs. 2a–2c correspond to patterns
3-1-3, 3-1-3, and 2-3-2, respectively, at three spacing ratios.

Farther downstream, 5 < X=D < 20, the � ow visualizations
showed increased three-dimensional large-scale motions with
smaller spacing ratios, which are addressed further in Sec. IV.A.

D. Wavelet and Spectral Analysis
The velocity � uctuationsmeasuredfor each model were analyzed

using wavelet and spectral analysis. The velocity � uctuations were
recorded at two axial locations (x=D D 0:5 and 5). The radial posi-
tions were all at r=D D 0:7 with the two followingexceptionsat the
x=D D 0:5 station: r=D D 0:8 for the solid disk and r=D D 0:75 for
the slotted disk with s=h D 0:25. These adjustments were made to
keep measurement points outside the recirculation region.

The wavelet analysis has been found to be a useful tool in study-
ingunsteady,nonperiodic� ow� eldswith intermittentmultiple-scale
events. It was applied to the wake interaction problem behind two
� at plates,10 where vortices from the de� ected jet interacted with
the outer shear-layer vortices in a way similar to the present prob-
lem. The g2 (Mexican hat) wavelet transform was employed as in
the earlier paper.10 The time-frequency map of wavelet transform
shown in Figs. 6–9 is normalized by the individual amplitude range
and is represented by 15 contour levels with equal increment. The
dashed contour lines indicate negative levels, and the solid lines in-
dicate positive levels. The power spectral density is normalized by
the total energy of the signal.

1. Effects of Spacing Ratio
To address the spacing ratio effects on the � ow characteristic

behind various models, the most stable (likely to occur) patterns
for each spacing ratio were chosen. The wavelet transforms and
power spectra of the axial velocity traces in the immediate wake
x=D D 0:5 for three different models are shown in Fig. 6, and those
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a) Solid disk, r/D = 0:8

b) s/h = 0:25, r/D = 0:75

c) s/h = 1:0; r/D = 0:7

Fig. 6 Wavelet map and spectral density of axial velocity � uctuations behind three disk models at x/D = 0:5.

at a farther downstream station (x=D D 5:0) are shown in Fig. 7. In
the s=h D 0:5 cases, results for the most frequentlyobservedpattern
are shown in Figs. 8b and 9b.

At x=D D 0:5, power spectral densities behind the slotted disks
as well as the solid disk exhibit roughly two frequency ranges
(Figs. 6 and 8). The low-frequency peak for the solid disk at 0.1
Hz corresponds to the Strouhal number Sr D 0:14 based on disk
diameter and freestream velocity. In the wavelet maps on the left,
these are indicated by repeated events in the lower two-thirds of
each � gure along the time axis. In addition, the wavelet maps for
the solid disk and s=h D 0:25 exhibit very-low-frequency oscilla-
tions with 15- to 20-s intervals. The observationof Berger et al.6 on
the solid-disk wake may be recalled here regarding three groups of
wake oscillations: the bubble pumping with Strouhal number cor-
responding to 0.05 based on the diameter, the helical vortex struc-
ture with Sr D 0:135, and the shear-layerinstabilitywith Sr D 1:62.
Variations of short duration seen near the lower part of the maps
correspond to the vortex sheddings from individual annuli as well
as instability waves along the main shear layer.

Comparisonof theenergydistributionbetween the low-frequency
and the high-frequencybands reveals the trend that low-frequency
energy decreases as the space ratio increases.The injected momen-
tum indeed appears to suppress the feedback of the downstream
low-frequency oscillations, corresponding to both helical and bub-
ble pumping,and shift theenergyto higher-frequencyrange.Further
inspectionof the wavelet maps indicates that both small- and large-
scale structures are intermittent.These irregular, intermittent oscil-
lations resulted in multiple peaks within the low- or high-frequency
band in the power spectra. As discussed later, the shape of the low-
frequencyspectraldistributionsfor individualmodels is very similar
to its downstreamcounterpart.This suggests that the low-frequency
variations at this station are due to the feedback of the dominant
wake structures downstream.

In the high-frequencyrangeof the power spectra, the frequencyof
the spectralpeak increasesat higher spacingratios. This also is indi-
cated by decreased intervals between short-duration events. [Com-
pare wavelet maps near ¡0:5 < log.¿/ < 0, i.e., 0:32 s < ¿ < 1 s,
where¿ is the durationor the inverseof the frequency.]Furthermore,
the solid-disk wake showed a brief sequence (0–10 s) of strong pe-
riodic oscillations, whereas the wavelet maps for the slotted disks
showed multiple-scale structures resulting in broadening of spec-
tra. These convoluted structures are due to the Kelvin–Helmholtz
instability wave and speci� c patterns of jet interactions, as well as
their relative strengths of jet and outer shear layer. The shedding
frequency behind the solid disk is the most concentrated, as noted
earlier.For the data correspondingto pattern3-1-3 in the s=h D 0:25
case (Fig. 6b), three jets interact with the main shear layer, causing
increasedlayersof structuresin the waveletmap. In comparison,for
the s=h D 0:5 model (Fig. 8b, pattern 2-3-2) the interactionsof two
annular jets with the outer shear layer are enhanced because of the
larger momentum of the jets. As a result, even wider distribution in
sheddingfrequencywas observed.For the s=h D 1:0 model (Fig. 6c,
pattern 1-5-1), a single strong jet interactswith the main shear layer.
The local � ow resembles that of a wake � ow from a single annulus
along the centerline, producing periodic � ow concentrated at 2 Hz,
a frequency almost twice that for the other s=h ratio.

Figures 7 and 9 compare the velocity � uctuations farther down-
stream (x=D D 5). The spectral peaks are evident approximately
at 0.1 Hz and at 0.02 Hz behind the solid disk. In all cases, the
overall energy shifted from the small-scale to the large-scale struc-
tures downstream.This implies that the shear-layerinstabilitywaves
and gap vortices have merged and large-scale vortex formations
took place between these two stations. The occurrence of large-
scale structures[see thewaveletmapsaroundlog.¿ / D 0:5] becomes
more frequent as the spacing ratio increases. However, the dimin-
ished energy level of the very-low-frequency oscillations (in the
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a) Solid disk

b) s/h = 0:25

c) s/h = 1:0

Fig. 7 Wavelet map and spectral density of axial velocity � uctuations behind three disk models at x/D = 5, r/D = 0:7.

0.01–0.05-Hz range) is clear in the spectral density plots as well
as in the wavelet maps. This increasing trend is almost the same as
that observedfor the small-scale structuresupstream,which re� ects
merged vortices between two stations. The low-frequency peaks in
the spectraseenbetween0.1and 0.2Hz correspondto the large-scale
vortex sheddings.As the spacing ratio increases, the peak shifts to a
higher frequency while its intensity diminishes, indicating that the
injectedmomentum stabilizes the lateral wake oscillationas well as
reduces the size of the wake.

2. Different Patterns
As mentionedearlier, the vortexsheddingsof the main shear layer

behind different disk models were affected by the � ow patterns in
the immediate or near-wake region. Therefore, the effect of differ-
ent � ow patterns behind the same model, i.e., identical porosity, is
addressed next. Figures 8 and 9 show the wavelet and spectrum of
velocity traces at two stations downstream of the s=h D 0:5 model.

At x=D D 0:5, comparison among wavelet maps and spectra of
the three different � ow patterns reveals some signi� cant differences
in both large- and small-scale structures. Pattern 3-1-3 (Fig. 8a),
which has the wake structure similar to that of the solid disk, has the
signi� cant energy percentage in the low-frequency band. Focusing
our attention on the higher-frequencyregime, there is a clear peak
at 1 Hz with multiple frequency peaks around it. As shown in the
� ow visualizations(Fig. 5), the three jets interactedwith each other
� rst, and then all together interacted with the main shear layer. The
wavelet map of � ow pattern 2-3-2 (Fig. 8b) has the most complex
small-scale structures, whereas those in the 1-5-1 pattern appear in
packets, each having regular intervals.There are no dominant peaks
in the spectra, and the wavelet map shows that vortex shedding at
differentfrequencyoccurredfrom time to time. In the caseof pattern
1-5-1 (Fig. 8c), the signi� cant peaks exist, one at 0.5 Hz, the other
at 2 Hz. This indicates interactionsbetween the single outermost jet
and the main shear-layer instability wave. These observations are

consistentwith differentpatternsof small-scaleeddies seen in Fig. 5.
Shorter wavelengths are observed in the outer shear layer when a
single annular jet is de� ected to interact with the outer shear layer
(see pattern 1-5-1), and the analysis of the video was consistent
with the velocity data. The small-scale structures appear to scale
with individual annular element or jet, and an attempt was made to
measurethe vortexsheddingbehindeach annulusandcorrelatethem
with the near-wake � ow patttern, but interpretation of the results
was arduous without the simultaneous � ow visualization and LDV
measurements. A study on these spatiotemporal structures with a
particle image velocimetry (PIV) has been initiated.

As for the large-scalestructures, their energy distributionand en-
ergy percentagewere different among the patterns. In pattern 2-3-2,
the low-frequencyenergy contributionnear 0.1 Hz decreases,and in
pattern1-5-1, it decreasesfurther.The shapesof these low-frequency
bands are very similar to those of their downstreamcounterparts,as
discussed later.

At the downstreamstation (x=D D 5:0; Fig. 9), the energy shifted
from high-frequencyband upstream to low-frequency band regard-
less of the � ow patterns. The energy distribution within the low-
frequencybands, however, is differentbecauseof the differentnear-
wake patterns. The 1-5-1 pattern has the smallest relative energy
content in its low-frequency band compared to the other two pat-
terns. From the wavelet map, the large-scale wake structures ap-
peared irregularly. As more jets remain near the centerline of the
wake [from (a) to (c) in Fig. 9], the large-scale structures of the
wake become more complex. Naturally, the strength of annular jets
also strongly affects the large-scale structure downstream.

IV. Discussion
A. Near-Wake Axisymmetry

Hydrogenbubblevisualizationshowedthemotionofmerging jets
in the immediate and near-wake regions to be axisymmetric in all
cases. This was veri� ed further by visualizingthe wake in the cross-
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a) 3-1-3

b) 2-3-2

c) 1-5-1
Fig. 8 Wavelet map and spectral density of axial velocity � uctuations behind s/h = 0:5 slotted disk at x/D = 0:5, r/D = 0:7.

sectional plane parallel to the model. The model itself was used as
an electrode, and the illumination was provided by the laser sheet.
The video depicted axisymmetric wakes of individual rings. Some
weak circumferential oscillationsalso were observed but could not
be quanti� ed, whereas slight asymmetry of jet � ows occurred only
in the s=h D 0:25 case. The center jet remained along the axis of
the model, and its � uctuations were mostly in the axial direction,
as shown by the � ow visualizationand the radial and axial velocity
� uctuation measurements.

In contrast to the preceding � ndings, the wakes behind two-
dimensional models with a similarly large number of slots were
found to be asymmetric.15 The central jet for the two-dimensional
s=h D 0:25 grid model was de� ectedon one side and formed a large
recirculation downstream. At s=h D 0:5, the central jet was always
de� ected and a number of near-wake patterns were observed, and
these wake patterns changed even without external disturbance. A
disk with a single center opening also was tested, and its axisym-
metric wake pattern was in contrastwith biased � ow pattern behind
a pair of closely spaced � at plates.10

According to the present observations, farther downstream up to
x=D D 20, the wakes behind solid and less porous disks exhibited
three-dimensionaloscillations, and only the wake behind the most
porouscase,s=h D 1:0 (porosity43.4%), remainednearaxisymmet-
ric. The � ow visualizationsas well as the measurements regarding
the absence of dominant large-scale structures are consistent with
the � ndings by Cannon et al.8 behind axisymmetric screens of var-
ious porosity. Their hot-wire measurements and � ow visualizations
extend much farther downstream than the present study. Those au-
thors also presented modal decompositionsof velocity � uctuations
at x=µ D 105,whereµ is themomentumthickness,and showeda nar-
row large-scale oscillation of helical m D §1 mode at Srµ D 0:036
(Sr D 0:134 based on the disk diameter) behind the solid disk and
much broader and weaker spectral peaks behind the 50% porosity
disk at Srµ D 0:052 (Sr D 0:258) for the m D §1 mode.

B. Starting Flow and Speci� c Wake Pattern
To study how each of the wake patterns gets established, the

freestream velocity was ramped up from rest. The time-dependent
freestream velocity was found to be repeatable.16 During the initial
startup, all of the jets are parallel to the freestream and free of
de� ections.

Figure 10a shows the sequence of the startup process for the
s=h D 0:5 case.Shortlyafter the initiationof the � ow (t D 2s), the in-
coming� owhasmoved to themiddleof thephotograph.The starting
vortex can be traced even though the prereleasedhydrogen bubbles
havestartedto diffuseoutof the focalplane.The velocitythroughthe
jets was reduced signi� cantly. The jets remained parallel at t D 4 s,
where a new ring vortex was about to form along the outer edge
of the wake, which can be seen convected downstream at t D 6 s.
Vortex-inducedvelocity near the base of the model caused the out-
ward de� ection of the jets through outer annular slots. At t D 8 s,
the � ow pattern has already settled into the 3-1-3 pattern. Different
relative positions of these starting vortices were observed to form
another pattern.When the initial wake vortex formed less distinctly,
the outward de� ection was limited to the outermost jets, and the
jets near the center were de� ected toward the jet because of the jet
entrainment.

For the s=h D 0:25 case, a distinct starting ring vortex formed
downstream of the disk edge. The vortex formed closer to the base.
Its induced outward velocity, which presumably is higher than that
for s=h D 0:5, near the base deforms the jets outward. The starting
vortex behind a solid disk, which was similar to the present case but
more distinctly formed, was reported in Refs. 17 and 18, the latter
of which includes the vorticity � eld in the wake. Figures 10b show
the sequence of photographs for the most porous case of spacing
ratio,s=h D 1.The individualrecirculationregionsbehindtheannuli
were visible, and so were the starting vortices from the annuli and
the center jet. However, the vortex from the disk edge was not as
clearlydiscernible,and individualjets remain nearlyparallel to each
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a) 3-1-3

b) 2-3-2

c) 1-5-1
Fig. 9 Wavelet map and spectral density of axial velocity � uctuations behind three disk models at x/D = 5, r/D = 0:7.

a) s/h = 0:5

b) s/h = 1
Fig. 10 Starting � ow behind s/h = 0:5 slotted disk and s/h = 1 s.

other.Only the outermostjetwas de� ectedoutwardbecauseof lower
pressure of the � ow passing around the disk edge to form the 1-5-1
pattern, which was most frequentlyobserved for this con� guration.
To furthercheckthe role of the jet � ow and theouterwake vortex,the
center vent was closed, and the � ow pattern became predominantly
3-1-3 instead of 1-5-1. More than once, a proto-2-3-2structure was
observed to evolve into a � nal 3-1-3 in the s=h D 0:5 case. Another
s=h D 0:5 model of a relatively large thickness was tested, and the

� ow pattern of 1-5-1 was observed more frequently, which was
attributable to forced alignment of the jets.

Asnotedearlier,thecenter jet remainsalongtheaxis,and thenear-
wake patternsare symmetric,unlike the case in the two-dimensional
counterpart.A two-dimensionalbluffbodymay formanasymmetric
wake vortex before the � nal jet mergings are established.The merg-
ing pattern was more subject to asymmetric downstreamoscillation
for the two-dimensional case. The axisymmetric jet merging and
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the center jet appear to be prevented from large asymmetric motion
topologicallyunlesstheyproducenutatingor swirlingmotions.Note
that there was no mode that producedparallel jet � ows. Nonuniform
recirculation regions were also observed behind a large number
of plates spanning the entire wind-tunnel test section. The normal
mass entrainment for the jet � ow is suppressedbecause of the large
neighboring recirculation regions in a mechanism similar to biased
separation through a large-angle diffuser.

Naturally, the present examples under the speci� c starting condi-
tion cannot be generalized, and other factors, such as excitation to
control shear layer instability(see, e.g., Ref. 19), are not considered.

The fact that therewere threestagesof stable� owpatternsand that
some large disturbancewas required to shift between them suggests
a possible theoretical explanationof the behavior, either an energy-
based stability argument or a nonlinear bifurcation theory. Such
argument already has been made to similar but somewhat simpler
two-dimensionalcon� gurations.20

V. Conclusion
Interactions of jets and their effects on the wake behavior were

studied experimentally behind the slotted disks at different spacing
ratios. Jets through individualslots merged in a multiply stable, axi-
symmetric manner in both mean � ow and time-dependent � ows.
The intermediate wake was dominated by three-dimensionallarge-
scale motions for small spacing ratios. Onset of the speci� c � ow
patterns is believed to be associated with the interactions among
startup vortices. Although these interactions are smoothed out far-
ther downstream, the precise merging patterns and force exerted on
the individualannuli are critical in some engineeringproblems such
as the in� ation process of ribbon parachutes. Measurements with
PIV have been initiated to address some of the issues raised.21
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