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Passive Control of Pressure Fluctuations
Generated by Separated Flow

A. F. Heenan¤ and J. F. Morrison†

Imperial College, London SW7 2BY, England, United Kingdom

Measurements of wall-pressure � uctuations have been made in the � ow behind a backward-facing step, with a
permeable reattachment surface. Different con� gurations are tried, the most successful producing a reduction in
peak rms pressure � uctuation of about 13% and a reduction in drag of about 9%. Spectra show that most of the
attenuation occurs at low frequencies, and in particular, the “� apping” frequency (n ¼ 0:1) is effectively removed.
The mainreason for this appears to be that the permeable surface inhibits the upstream convection of disturbances
produced at reattachment. Structural modi� cations to the pressure-� uctuation � eld appear to be con� ned to the
region upstream of mean reattachment.

Nomenclature
C p = coef� cient of static pressure
f = frequency
g = function
h = step height
n = dimensionless frequency, f xR=Ue

p = wall pressure
q = freestream dynamic head
Reh = Reynolds number, based on step height
U; V; W; = mean and � uctuating components of velocity in
u; v; w mutually orthogonal directions; x; y; z directions,

respectively
x = streamwise direction, parallel with wall
y = wall-normal direction
µ = momentum thickness
µ . f / = phase angle
’ = wall-pressure spectrum function
Ã = wavelet function

Superscripts and Subscripts

e = freestream or at separation
h = step height
p = propagation
R = reattachment

Introduction

B UFFET onset usually coincides with the � rst local occurrence
of incipient separation, and the severity of buffet excitation

(and therefore buffeting, the structural response) depends on the
development of the separated region. The alleviation of buffet by
passive means is highly desirable because of the expected increase
in the lifetimeof wing components.This problemrelates to a variety
of � ow types,1 allwith the characteristicsof a separationfollowedby
a curved mixing layer with subsequent reattachment. In the present
experiment, the � ow over a backward-facingstep (backstep) is used
to create a well-de� ned, large separation, which is typical of those
foundon aircraft and which allows the important physicalprocesses
to be studied without ambiguity.

Reattachment on an impermeable surface has been documented
in detail by Wood and Bradshaw,2 who showthat the impermeability
constraint,which affectseddiesout to a distancefrom the wall of the
same order as their wavelength, produces an initial rise in the wall-
normal Reynolds stress v2 across the whole layer. This is opposite
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to what might be expected intuitively, although farther downstream
it decreases in conformity with the impermeability constraint. The
effect of the wall on the pressure � eld and, in particular, the mod-
i� cation of the pressure-strain terms are responsible for this initial
rise, which can be explained by the effect of the instantaneousmir-
ror image of the reattaching structure. Thus, in the present work,
the surface in the reattachment region is replaced by a permeable
one. This weakening of the impermeabilityconstraint is expected to
modify pressure disturbancesvia the pressure-strainterms, thereby
reducing v2, which is otherwise not brought to zero at the wall. The
effect of the impermeability constraint on the v-component motion
can also be associated with the generation of pressure � uctuations
via the source terms in the Poisson equation for pressure � uctua-
tions, which for a thin shear layer is
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Using a direct-numericalsimulation database, Kim3 assessed the
relative contributionsof the rapid and slow source terms for channel
� ow: for the wall pressure, they are of similar magnitude, whereas
in midchannel,most of the rapid pressure resides at low wave num-
bers. Thus, for the present con� guration, it seems reasonable to
assume that near the position of maximum rms pressure � uctua-
tion, which lies upstream of the mean reattachment position xR ,
contributions from the rapid term will dominate. This is because
large eddies upstream of xR , which experience the effect of the im-
permeability constraint � rst, reattach, producing low-wave-number
pressure � uctuations, whereas downstream of xR , smaller eddies
produce pressure � uctuations of higher wave number on reattach-
ing. The wall-pressurespectra of Farabee and Casarella4 broadenas
the position of measurement moves downstream through xR .

Particularly at small distances from the step, wall-pressure spec-
tra are dominated by contributions from the phenomenon known
as � apping (a low-frequency unsteadiness), which occurs at fre-
quencies n D f xR=Ue ¼ 0:1, that is, at frequencies about six to
eight times5 less than those associated with the largest structures
in the mixing layer. Flapping has been demonstrated by a num-
ber of authors in a number of con� gurations including that of a
backstep.6 – 10 Cherry et al.,7 using a blunt leading-edge geometry,
attributed � apping to the shedding of vorticity from the recirculat-
ing region and suggested that it was indicative of a growth–decay
cycle of the bubble. It has also been observed using a � at plate,
normal to the � ow, with a splitter plate by Castro and Haque9 and
in backstep � ow by Eaton and Johnston,8 who suggested that the
cause was an instantaneousimbalancebetween entrainmentof � uid
by the mixing layer from the recirculationregion and that reinjected
near reattachment. Kiya and Sasaki10 also observed � apping of a
separated shear layer from a blunt leading edge, and they also at-
tributed this to the shedding of vorticity accumulated in the bubble.
Subsequently,Kiya and Sasaki11 suggestedthat � apping was caused
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by a short-term breakdown in the spanwise coherence of the large,
hairpin-shape eddies, thereby reducing the rate of entrainment by
the mixing layer from the recirculating region, thus leading to a
buildup of � uid within it and its subsequent sudden release. Sev-
eral authors have suggested that � apping is the result of a feedback
mechanism, where disturbances generated at reattachment are fed
back upstream into the separating shear layer.1;9

On the otherhand,some authorshavenot observed� appingeither
in a backstep � ow12 or in � ow over a bluff plate with a long splitter
plate.13 Among workers who have observed the phenomenon, there
is yet no full agreement on its precise nature, let alone its cause.
However, existing theories usually involve the imbalance between
mass � ux out of the bubble by entrainment and that fed back up-
stream from reattachment. Bradshaw and Wong14 suggest that the
large eddies are torn in two at reattachment, whereas other authors
suggest that the large eddies pass upstream and downstream more
or less alternately: This may provide a clue to the possible source
of the unsteadiness.Eaton and Johnston8 used wall thermal tufts to
show that the unsteadinesscauses the short-time-averagedreattach-
ment point to oscillate by about two step heights about the mean
reattachmentpoint. Driver et al.6 show, also through the use of con-
ditional sampling, that the entire recirculation region oscillates, yet
with streamlines remaining closed at the extremes of the cycle.

Eaton and Johnston8 suggest that � apping may be related to
the low-frequency unsteadiness observed in free-shear layers with
large impingement angles.15 However, Rockwell and Naudascher16

note that, in the case of extremely small impingement angles as in
the presentcase, the oscillationsare not related to thoseproducedby
edge, ring, or shear tones. Moreover, � apping occurs at frequencies
that are typicallyone order of magnitude lower than those produced
by impingement, and yet large, low-frequencyoscillationsof a sep-
arated shear layer, in which the turbulent pressure � uctuations are
already large, are likely to have a major effect on the response of
the adjacent structure. Not only does the present work demonstrate
a means of attenuating these low frequencies,but it also shows how
the recirculating region may be steadied by passive mass transfer
through a permeable reattachment surface.

Apparatus
Figure 1 is a schematic of the test rig that is placed in a recirculat-

ing wind tunnel of 914 £ 914 mm cross section, chosen especially
for its quietnessand low vibration.The freestreamturbulenceinten-
sity of the tunnel is less than 0.05%. The part of the model upstream
of the backstep was derived from an Eppler 334 airfoil section, cho-
sen because of its � at pressure surface. The section was truncated
at the point where the suction surface is parallel to the pressure sur-
face, and these continue parallel to each other up to the top of the
step. The model is placed at a small, negative, angle of attack such
that the pressure gradient along the pressure surface of the model
is approximately zero. This angle of negative incidence (¼3:0 deg)
corresponds roughly to the zero-lift angle of the Eppler section.

The aspect ratio (tunnel width/step height) is 12 so that three-
dimensionaleffects along the model centerlineare avoided, accord-
ing to the criterion established by de Brederode and Bradshaw.17

The trailing edge of the model was streamlined to minimize any
wake-induced unsteadiness. Table 1 summarizes the experimental
conditions. The geometric expansion ratio (ER) at the backstep is
slightly reduced if allowance is made for viscous blockage: The
backstep causes a 5.5% decrease in measured freestream velocity.

Fig. 1 Rig schematic. Surface geometry: permeable con� guration;
0–3.5h and 0–12.5h; OAR, 5, 20, and 50%.

Table 1 Experimental conditions

Ue Reµe Reh ER h=±e AR

34.5 ms¡1 4060 1:9 £ 105 1.1 4.7 12.2

The ratio of step height h to boundary-layer thickness at sepa-
ration, ±e , is about 3.1, which represents a large perturbation com-
pared with the values of h=±e used by other workers.14 No attempt
was made to dissociate the effects of the change in � ow species
at separation from those at reattachment, as done by Chandrsuda
and Bradshaw,12 the particularobjectiveof this experimentbeing to
generate a large, well-de� ned separation. The permeable reattach-
ment surface consists of a regular array of circular holes. Beneath
the permeable surface, there is an acoustically untuned chamber,
which extends the full length of the permeable surface. It is nomi-
nally airtight so that the net mass � ux through the permeable plate
at any time is zero.

Wall-pressure � uctuations have been measured for a range of
open-area ratios (OAR) extending from 5 to 50% and for a num-
ber of con� gurations: In the present work, results for a permeable
surface extending from the foot of the backstep to 3.5h and 12.5h
downstream are compared with the impermeable geometry. The 0–

3.5h con� guration was chosen because, in this case, the permeable
surfacewould be expectedto affect only the recirculationregion, the
local streamwise velocity over the permeable surface being toward
the step for nearly all of the time, whereas in the 0–12.5h con� gura-
tion, the instantaneous reattachmentpoint would be expected to be
upstream of the permeable/impermeable surface change for most of
the time.8

The � ush-mounted pressure transducers are 0–0.138 Nm¡2 in
rangeand consistof a diaphragmonwhich is diffuseda semiconduc-
tor Wheatstone bridge: The external diameter is 2.3 mm, although
allowance for an in� exible rim would reduce the effective size. The
resonant frequency is about 45 kHz. Purpose-built circuits were de-
signed to drive and amplify the signal output: The gain–bandwidth
product of the ampli� er is about 6 £ 106, the frequency response
being virtually � at up to about 30 kHz for a gain of about 100.
The transducersand their analog circuitry are of the same make and
design as used successfully by Morrison and Bradshaw18 for the
investigation of pressure � uctuations in boundary layers.

Analysis
The spectra are plotted in the form appropriate for buffet studies

as suggested by Owen,19 that is,
p

[nÁ.n/] against n, where
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where q is the freestream dynamic head. Owen shows that, assum-
ing that the structural response has a narrow acceptanceband that is
independentof the aerodynamicconditions, the rms intensity of the
aerodynamic excitation is proportional to

p
[nÁ.n/]. Equation (2)

shows that the area under the spectra on linear/log axes is propor-
tional to the square of the ratio of the energy of the excitation to the
freestreamdynamic head. It is also interesting to note that, for Á.n/
as it is de� ned in Eq. (2), n

p
[nÁ.n/] is equivalent to a spectrum of

pressure-gradient � uctuations because differentiation corresponds
to multiplication of the spectrum by frequency. Mabey1 has shown
that spectra, in this form, are similar for a wide range of bubbles.

Particular care was taken to ensure that the data were free from
extraneous in� uences such as vibration, acoustic resonances, or
diffuser-induced disturbances. Initially, a Wiener � lter was used
with themethodofHorneandHandler20 to deducethe formof the � l-
ter function,which can be obtainedfrom phase informationbetween
two transducersseparatedin the spanwise (homogeneous)direction.
The fundamentalorgan-piperesonanceoccursat about34 Hz: Many
of thehigherharmonicsare also identi� able,as are theblade-passing
frequency ( »315 Hz) and frequency of the power supply (50 Hz).
Because the maximum attenuationof the � lter at any frequencyap-
pears to be about 0.5 dB only, in a signal that extendsover a rangeof
60 dB, the data were subsequentlyanalyzedwithout � ltering,except



1016 HEENAN AND MORRISON

where measurements were taken very close to the step, where rms
levels are quite low so that � ltering then became necessary.

Results
Table 2 shows model drag coef� cients at the operating condi-

tion, estimated by integrationof the momentum de� cit of the model
wake. The drag is progressively reduced as the OAR increases, al-
though, interestingly,the 0–3.5h con� gurationis considerablymore
effective in reducing the drag than the 0–12.5h one. The 50% OAR,
0–3.5h con� guration provides a 9% reduction in drag.

Table 3 shows, for the three con� gurations, reattachment lengths
measured by two different techniques. For the impermeable case,
chalk/paraf� n � ow visualizationshowed this to be 6.25h. The mean
skin friction downstream of the step in the case of the impermeable
and 0–3.5h con� gurations was also determined by a sublayer-fence
probe, which gave very similar results. For all three con� gurations,
wool tufts were also used, and they gave qualitative agreement.

Figure 2 shows the corresponding mean static pressure distri-
butions. In Fig. 3, the variation of rms pressure � uctuation through
reattachmentis compared, for the impermeable case,with data from
FarabeeandCasarella4 anddata froma simulationbyLe andMoin.21

Differences appear to be due to the differences in Reynolds num-
ber and, in particular, the ratio h=±e : In the present case, this ratio is
about seventimes that of Driver et al.6 In each case, it is clear that the
maximum occurs about one step height upstream of xR , and use of
these maxima to infer an estimate for xR gives values that compare
well with the measured estimates of xR in Table 3. The split-� lm
estimates of xR are used to nondimensionalizethe frequency of the
pressure-�uctuation data.

Table 2 Drag coef� cients

Con� guration 0% 5% 20% 50%

Impermeable 0.152 —— —— ——
0–3.5h —— 0.148 0.142 0.139
0–12.5h —— 0.152 0.145 0.145

Table 3 Mean reattachment lengths, xR

Sublayer-fence Chalk/ Split-� lm
Con� guration probe paraf� n probe

Impermeable 5.5h 6.25h 5.5h
0–3.5h 6:0h —— 5:75h
0–12.5h 7:0h —— 7:00h

Fig. 2 Surface static pressure coef� cients.

Fig. 3 Impermeable surface, rms of surface pressure � uctuations.

Figure 4 shows rms pressure distributions for each of the con-
� gurations tested: As the OAR is increased, the rms pressure up to
xR is progressivelyattenuated, the 0–12.5h con� guration providing
the greatest attenuationup to that point. What happens downstream
of xR depends on the extent of the permeable surface, which in-
creases the rms pressure.This is probably because the linear source
term in Eq. (1) is nonzero at the permeable surface, which is also
likely to increase the turbulent stresses adjacent to it. In general, the
wall-pressure � uctuations will increase with the Reynolds stresses.
In each case where the peak rms pressure is reduced, it also moves
downstream. This is in common with a number of experiments on
impermeable surfaces; where the turbulence intensity is reduced
overall, xR increases.

The wall-pressure spectra for the impermeable surface, plotted in
the form given by Eq. (2), are compared with those for the 0–3.5h
and 0–12.5h con� gurations in Figs. 5 and 6, respectively.The OAR
is 20% in both cases. The area under the spectra integrates to the
square of the rms values in Fig. 4b. Following the suggestion of
Mabey,1 the spectra are compared at the same position as a frac-
tion of bubble length, x=xR : The justi� cation for this normaliza-
tion appears in Figs. 5e and 6d, which both show that the spectra
collapse on Ue and xR downstream of reattachment. For the im-
permeable surface, the � apping frequency is identi� able in Fig. 5
at n ¼ 0:1, and this secondary peak (or plateau) appears to reach a
maximum near x=xR D 0:75 .x D 4:5h/, the position of maximum
pressure recovery in the bubble (Fig. 2). This peak, and in fact all of
the lower-frequencyenergy, is attenuated by both of the permeable
con� gurations at all positions up to xR , the attenuation being the
greater for the 0–12.5h case. For the 0–3.5h con� guration, there is
attenuation downstream of the end of the permeable surface: This
is likely to be because the pressure � uctuationsare convected in the
mixing layer beyond the region in which attenuation is effective.

The large-eddy peak at n ¼ 1:0 appears to be attenuated by the
presence of the permeable surface as well. The greatest degree of
attenuation of this peak occurs at x=xR D 1:0 for the 0–12.5h case
(Fig. 5d) and x=xR D 0:5 for the 0–3.5h case (Fig. 6a). In both cases,
eddies that reattach at these streamwise locations do so on a per-
meable part of the surface. (There is no corresponding attenuation
at x=xR D 1:0 for the 0–3.5h case.) The effect is interesting in that
it must be the result of the way in which the wall modi� es pres-
sure disturbances as opposed to the diminution of the rapid source
term in Eq. (1), which can increase only on a surface on which the
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a) 5% OAR b) 20% OAR

c) 50% OAR

Fig. 4 RMS pressure.

impermeability constraint is not enforced. It is likely that the rapid
term would be the dominant one of the two source terms at these
positions immediately upstream of reattachment where the large
eddies resemblemost those found in turbulentchannel� ow in which
most of the rapid pressure resides at low wave numbers.3 This only
serves to emphasize the differences between the way in which the
wall modi� es pressure disturbances in the impermeable case and
the way it does so when permeable: Wood and Bradshaw2 suggest
that this process occurs as the instantaneous mirror image of the
reattaching structures becomes important.

At higher frequencies (n > 2), the pressure � uctuations are also
attenuated in the 0–12.5h con� guration but not in the 0–3.5h one.
This attenuation appears to be the greatest for x=xR D 0:5, and
by x=xR D 1:0, any attenuation has disappeared. It is related to the
modi� cation of the pressure � uctuations in the mixing layer, either
by the way in which pressure disturbances are modi� ed by the ad-
jacent permeable surface or by the way in which the source terms
in Eq. (1) are affected by the permeable surface. It is related to the
overall attenuation of the velocity � eld by the permeable surface
and awaits further investigation. The spectra at x=xR D 1:0 both
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a) x/xR = 0:25 c) x/xR = 0:75

b) x/xR = 0:5 d) x/xR = 1:0

e) x/xR = 1:25

Fig. 5 Wall pressure spectra,
p

[nÁ(n)]: ±, impermeable, and £ , 0–12.5h.

asymptote to roughly the same levels at the high-frequencyend, im-
plying that the basic generation mechanisms for the high-frequen-
cy motion are the same on both the impermeable and permeable
surfaces.

Independent measurements were made with two pressure trans-
ducers at each location to estimate the uncertainty of the wall-
pressure data, which is typically 5% rms. The wake momentum
measurements were performed several times to check repeatability.
The drag coef� cientswere found to be repeatableto within 2% (95%
con� dence) once the variation in air density during a traverse had
been minimized by running the tunnel for an hour before recording
data.

Discussion
Because the spectral peaks in

p
[nÁ.n/] roughly correspond to

peaks in pressure-gradient� uctuations,n
p

[nÁ.n/], the dominance
of the � apping peak at x=xR D 0:75 (Fig. 5c) and its coincidence
with the position of maximum pressure recovery in the bubble (im-
permeable, x=h ’ 4:5; 0–12.5h, x=h ’ 5:5; Fig. 2) con� rm that
� apping is a genuinely unsteady phenomenon involving the whole
bubble.A numberof workershave identi� ed the large-scalevelocity
� uctuationsin the near-wall region to be drivenby � uctuationsin the
streamwise pressure gradient.5;22 On the impermeable surface, the
peak rms pressure � uctuation is approximately 0.75h downstream
of the location of the � apping peak.
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a) x/xR = 0:5 c) x/xR = 1:0

b) x/xR = 0:75 d) x/xR = 1:25

Fig. 6 Wall pressure spectra,
p

[nÁ(n)]: ±, impermeable, and £ , 0–3.5h.

Fig.7 Convectionvelocities ofwallpressure fromtwo transducers with
separation ±x/h = 0:5.

Figure 7 shows convection velocities as deduced from wall-
pressure space– time correlations, with a � xed streamwise separa-
tion of 0.5h. Strictly, pressure � uctuations propagate as waves so
that a propagation velocity is the correct term. However, much of
the literature uses the term convection velocity so that both are
used interchangeably here. For the impermeable con� guration, at
x > 2:5h approximately, the determination of convection velocity
is unambiguous. However, nearer to the step, a secondary peak ap-
pears in the correlation, which indicates upstream convection of
pressure � uctuations. This secondary peak is not apparent for the
0–12.5h con� guration, except possibly for those data taken nearest
the backstep. The convectionvelocities appear to reach a minimum

(positive) value near the position of maximum pressure recovery
in the bubble (Fig. 2). The same data were also used to calculate
cross spectra, for which the phase angles are shown in Fig. 8. The
propagation velocity can be de� ned by

Up D 2¼ f ±x

µ . f /
.3/

where µ. f / is the phaseangle.Thus, a negativepropagationvelocity
is indicated by a negative phase angle, which is not plotted to avoid
singularities.For the impermeable con� guration, upstream convec-
tion is again apparent when n < 1 and x=xR < 0:4 .x=h < 2:5h/,
approximately. For x=xR > 0:4, there are no negative phase an-
gles at low frequencies in the impermeable case. The crossover
from positive to negative convection velocities occurs close to the
spectral peak associatedwith the large eddies at n ¼ 1, and the pos-
itive phase velocities are concentrated at frequencies that are about
10 times the � apping frequency. The effect of the permeable sur-
face (0–12.5h) is to remove this upstream convection. The 0–3.5h
con� guration appears to do this, too, but more effectively,23 given
that the permeable surface is much shorter. However, Farabee and
Casarella4 show that, with an impermeable reattachment surface,
long-time-averaged convection velocities are always positive and
increase with frequency.

It seems that the 0–12.5h con� guration does provide additional
mass � ux into the recirculation region at a fairly steady rate, re-
lieving the static pressure not only so that the bubble is elongated
in the streamwise direction but also so that upstream convection of
� uid above the surface is not required to match the � uid entrained
from the bubble by the mixing layer. This, therefore, provides a
possible mechanism whereby the unsteadiness of the bubble is re-
moved, the feedback process being attenuated or even removed.
Con� rmation of the reduced upstream convection caused by the
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Impermeable

0–12.5h

0–3.5h

Fig. 8 Phase angles from cross-power spectra of wall pressure from
two transducers with separation ±x/h = 0:5 at x/xR = 0:25.

permeable surface comes from � ow visualization using wool tufts
and is investigated further using triple split-� lm probes.23 Further
evidence for this modi� cation of feedback comes from the attenu-
ation of the higher-frequencypressure � eld at small distances from
the step (Figs. 5a–5c). It suggests either that the permeable surface
is more effective when upstream of xR , presumably attenuating the
pressure � uctuations in the free shear layer, or alternatively, the
effect of the permeable surface is to impede the upstream convec-
tion of high-frequency pressure � uctuations from the point where
they are produced farther downstream. However, the phase angles
of Fig. 8 suggest that only low-frequency � uctuations are propa-
gated upstream. This effect is currently being investigated in more
detail, with particular reference to instantaneous � ow reversals of
the streamwise velocity.

Figure 9 shows streamwise correlation length scales of the wall
pressure calculated from the integral of the autocorrelation at each
point and using an estimated average convection velocity equal
to Ue. The data of Fig. 7 show that the convection velocity is
less than Ue and decreases to a positive minimum near x=h D 4:5.
For x=h < 4, the convection velocity for the large-scale motion is
small and negative.Therefore, for the impermeable-surfacedata, the
length scales are overestimated in this region. However, it is worth

Fig. 9 Autocorrelation length scales.

remembering that integration of the autocorrelation for small dis-
tances from the step in the impermeable con� guration will involve
two peaks: the main one caused by the convection of the mixing
layer and the other caused by the upstream propagation of pressure
� uctuations.The absence of the latter in the 0–12.5h con� guration
is the main reason for the large drop in length scale near the step. In
the impermeable con� guration, the peak at x=h ¼ 4:5 appears to be
genuineand directly related to the � apping,which is most prevalent
at this position (Fig. 5c).

The wavelet-coef�cient contour plots (Fig. 10) were generated
from u-component velocity time histories measured at x=h D 1:0
and y=h D 0:0 and at x=h D 1:0 and y=h D ¡0:9, where y D 0 cor-
responds to the height of the step. Triple-split, hot-� lm probes were
used to obtain the two-dimensional, bidirectional data. Details of
this probe, together with a complete assessment of the accuracy of
the data, are given by Heenan and Morrison24; Daubechies25 pro-
vides a full description of the wavelet technique. Brie� y, in one
dimension, the wavelet coef� cients are de� ned by

Qf .¸; t0/ D ¸¡.1=r/
1

¡1
g.t/Ã¤ .t ¡ t0/

¸
dt .4/

where the function to be transformed, g.t/, becomes a function
of both position t0 and scale ¸. The wavelet Ã (Ã¤ is its conju-
gate) behaves as a mathematical microscope, with magni� cation
¸¡1 and point of focus x0 . The exponent r can be chosen so that
either wavelet energy is conserved (r D 2) or wavelet magnitude is
conserved (r D 1). In the present work, the u componentof velocity
is transformedwith r D 1, so that the wavelet coef� cientshaveunits
of velocity, too. The wavelet transform is, therefore, ideal for sepa-
rating effects at different scales, in this case, the effects of � apping
from those of the large eddies.

Here the real Mexicanhat (or Marr) wavelet is used and is de� ned
by

Ã.t/ D .1 ¡ t2/e¡t2=2 .5/

In Fig. 10, the dilatation (scale) is normalized as ¸Ue=xR : The scale
¸ is twice the length of time between zero crossings of the wavelet
so that it correspondsto the period of a sine wave used in the Fourier
analysis for the spectra in Figs. 5 and 6. In the impermeable case,
two scales dominate: the � rst between ¸ue=xR D 10 and 20, corre-
sponding to the � apping motion, and another around ¸ue=xR D 2,
corresponding to the large eddies of the mixing layer. The 0–12.5h
case shows a marked reduction in coef� cient levels at scales as-
sociated with the � apping scale at ¸ue=xR D 2 and a more regular
sequenceof maxima and minima. This demonstrates that the effects
of the permeable surface on the � uctuating wall pressure are also
present in the shear layer itself. Equivalent plots for u-component
time histories measured at x=h D 1:0 and y=h D ¡0:9 (Figs. 10c
and 10d) display the attenuating effects of the permeable surface
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a) Impermeable, x/h = 1:0 and y/h = 0:0 c) Impermeable, x/h = 1:0 and y/h = ¡ 0:9

b) 0–12.5h, same position d) 0–12.5h, same position

Fig. 10 Contour plots of wavelet coef� cients, Äf .

much more graphically. The features around ¸ D 10–20, which are
prominent in the impermeable con� guration plot, are almost com-
pletely absent in the 0–12.5h permeable case.

These plots from the recirculationregionalso provideclues to the
physicalnature of the � apping process.The differencesbetween the
shapes of the peaks and troughs of the wavelet coef� cients imply
that the � apping is not a symmetrical process. The positive peaks,
which correspondto upstream� uid motion,have an inverteddroplet
shape and are associatedwith intense events of smaller scale, prob-
ably the occasional upstream convection of a structure from the
reattaching shear layer. There are no similar associations for the
negative peaks, which correspond to the downstream phase of the
� apping. The permeable con� guration provides a continuous route
for the upstream convection of � uid into the recirculation region to
balance the entrainment of � uid by the shear layer out of the recir-
culation region, and consequently, there are few discrete instances
of intense upstream convection and the resultant � apping is greatly
attenuated.

Conclusions
The effect of the permeable reattachment surface (0–12.5h) is to

move the peak rms wall-pressure � uctuation downstream by about
0.5h for 5% OAR and by about 2h for 20 and 50% OAR. Consistent
with this, the peak rms pressure is attenuated by about 13% for the
0–12.5h, 20% OAR con� guration.The drag associatedwith the step
model is reducedby about 5%, although this � gure can be increased
to about 9% by reducing the streamwise length of the permeable
section to only 3.5h.

The peak � apping frequency at n ¼ 0:1 reaches a maximum at
x=h D 4:5 for the impermeablecase,and thispositioncoincideswith

that of maximum pressure recovery in the bubble. The permeable
surface appears to inhibit upstream convection of low-frequency
pressure� uctuations,and this appearsto be themechanismbywhich
the whole bubble is steadied. There is also a secondary effect as
exempli� ed by the success of the 0–3.5h con� guration in which
pressure disturbances are attenuated by the permeable surface, and
this is the main reasonfor the structuralchangesthat occurupstream
of reattachment and for n > 2, approximately. These changes are
not evidentdownstreamof reattachmentas the spectratherecollapse
reliably on the variables Ue and xR :
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