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ABSTRACT

- SIMULTANEOUS WALL-PRESSURE ARRAY AND PIV MEASUREMENTS
IN A SEPARATING/REATTACHING FLOW REGION

By

Laura Michele Hudy

A database of simultaneous wall-pressure array and particle image
velocimetry (PIV) measurements was compiled for the investigation of the
surface-pressure and the velocity signature of the structure within a
separated/reattaching flow region. The experimental setup consisted of a long,
splitter plate instrumented with an array of 80 flush-mounted microphones
located within the wake of a fence. Data were acquired for two Reynolds
numbers of 7885 and 10513, based on the fence height. Two distinctive regions,
defined based on their location relative to the position of the mean reattachment
point (x;) of the shear layer, emerged from the spatio-temporal analysis of the
surface pressure measurements. Upstream, from the fence to %x,, the surface-
pressure signature was dominated by large time scale disturbances and an
upstream convecting velocity of 0.21U... Beyond the Yx, turbulent structures
with small time scales and a downstream convection velocity of 0.57U.,
generated most of the pressure fluctuations. There was evidence that these
structures began to form around Yx, and grew in strength and size with
downstream distance before reattaching on the plate. Only the time-averaged
I fmm the microphones at the lower Reynolds number have been




NASA Langley Research Center in Hampton, Virginia,

e ‘the grant for the Graduste Student Rasearch Program
msearch. | would =l t k £ v umphreys
from th

Buring

Dr. Ahmed Naguib,
thank you




o

i

i



h at NASA Langley Research Center in Hampton, Virginia.
5 é ¥ sl

T S — ’ . ]
the grant for the Grad Student R h Program,

JUISOr e
ACQUISIEON TI DRIAY ... s oo comimsconk



L

L

LI



~ TABLE OF CONTENTS

vii
B And viii
LIST OF SYMBOLS xii
5723
1 INTRODUCTION it
1.1 Background 1
1.2 Canonical Geometries for Studying Separating/Reattaching
Flows 2
1.3 Literature Review 8
1.4 Flow Control and Surface Measurements 21
1.5 Motivation and Objectives 24
2 EXPERIMENTAL SET-UP AND PROCEDURE 26
2.1 Experimental Set-up 2%
2.1.1 Wind Tunnel Facility 2
2.1.2 Model 28
Fence 34
Instrument Plate 41
Middle Plate 42
Tail Plate 2
Endplates 43
2.1.3 Instruments for Measurement 46
Static Pressure System 46
Microphones 48
Particle Image Velocimetry 56
2.2 Experimental Procedure 56
2.2.1 Static Pressure Syst 56
Acquisition Time 56
AP Acquisition Time Delay 58
2 Alignment ... 59







“‘ e codetcai i e e
T

Laser Noise 71

Airfoil 74

Base Microphone Run 77

2.2.3 Data Collected 78

3 RESULTS AND DISCUSSION 80
3.1 Reattachment Length 80
3.2 Mean Pressure Distribution 22
3.3 Root-Mean-Squared Pressure Fluctuations 86
3.4 Auto-correlation Analysis 94

3.5 Power Density Spectra 103

36 Cross-Correlation with respect to measurements at

reattachment 110

3.7 Phase, Coherence, and more on Convection Speed 116

3.8 Inviscid Analysis on Vortical Structures in the Shear Layer......................... 137

4 CONCLUSIONS AND FUTURE WORK 139
4.1 Conclusions 139
4.2 Future Work 142
APPENDIX A: Microph Coordinat 144

APPENDIX B: Particle Image Veloci y 145

147

B.1 Experimental Set-up

151

B.2 Experimental Procedure
Synchronization of Microphone and PIV....

151

Dot Card. 153
Ruler. 155
Background Run . 156
Zero-Pulse Separation 157
APPENDIXC:  Microphone Contamination Testing 158
APPENDIX D: Error Estimation for Integral Time scales. 159




Basic Research (

matrix for microphone only tests — C = ADC channel and M =

'matrix for microphone and PIV tests — C = ADC channel, M =
e number, and T = Trigger

79

79

6 Microphone positions used in cross-correlation analyses
Johrste

7 Convective velocities for various frequencies

8 Sk

tan
+

13 Yall pla

14 Spanwist
St = X, E100

A Frequency Respanse Curve ~ Panasonic data shest

..125




LIST OF FIGURES

1 Typical separating/reattaching flow geometries and their ideal two-
dimensional flow field: (a) backward-facing step, (b) blunt-face splitter
plate, and (c) splitter plate with fence

2 Subsonic Basic Research (Wind) Tunnel at NASA Langley................cccc...... 27

w

Splitter-plate-with-fence configuration ... 29

4 Flow characteristics surrounding the splitter-plate-with-fence
configuration: x; = reattachment length...

5 Flow field around backward-facing step - reproduced from Eaton and
B R s 7o s s e o o 43 sansvaungsme o3 aeosoznaeuiasingdavsssongnssstasns 31
6 Skeleton used to support the model and to house cables and tubes.............33
7 Schematic of actual model
8 Dependence of reattachment distance on blockage ratio ... 35
9 The three fence configurations tested ... 37
10 Static pressure distribution for all three tested fences — model was not
aligned in the test section at this point..............coooooi 38
11 Fence configuration used in experiment...............ccoooviiiiiiis 39

12 Instrument plate lay-out consisting of microphones and static pressure

13 Tail plate used on the model: isometric view and side view ... 43

14 Spanwise reattachment lines reproduced from Castro and Haque (1987)
R IO DR 110 CONTOIIING ooo- s - isaaropes 1ops oogh (-4 RS o ossvuseronasnsnsanasiasnssnssto 45

15 Circuit design used to control the scanivalve...

16 Typical WM-60A Frequency Response Curve — Panasonic data sheet......... 49

17 Schematic of the circuit used to drive the microphones and amplify the
output signal 50

18 Actual circuit used to drive the microphones 50




19 Op-amp board used to drive the microphones — two microphones per op-

amp circuit. (Twenty shown here). 51
SO mpHeneealibrationtunit.....................ccoooin s 52
21 Distribution of microphone sensitivities ................cocoiiniiiiiiii 54

22 Distribution of microphone time delays

23 Mean pressure values at six different tested time series....................c..o.. 58
24 Typical step response of the tubing/pressure transducer system................. 59
25 Vertical alignment of model in the tunnel in the streamwise direction........... 61

26 Check for two-dimensionality of the mean flow in the spanwise direction —
Cpo=Cpat xalong the centerline ..o 62

27 Power Spectrum sampled at 12,000 Hz for the microphone closest to

RO, £ i0r. sontoer. man, fon 2L A1 Laniatine INCTopiniRs. ... 65
28 RMS pressure fluctuations — 5 different time series.................co 67
29 Schematic showing position of noise cancellation microphones.................. 68
30 Power spectra for microphone #0 with and without noise cancellation ......... 70

31 Auto-correlation for microphone #0 without and with noise cancellation ...... 74
32 Surface-pressure power spectra at microphones #2, 14, and 26................ 73

33 Static pressure data with and without airfoil in tunnel......................os 75

34 Auto spectra of microphone data with and without airfoil
35 The pressure coefficient distribution for six different studies........................ 81
36 Mean pressure distribution of presentdata ..o 82

37 Mean streamwise pressure distributions for the current study compared
to Castro and Haque (1987) and Cherry ef al. (1984) ... 83

38 Streamwise distribution of the coefficient of RMS pressure fluctuations....... 87
39 Surface-pressure RMS distribution in the spanwise direction ... 91

40 Comparison of the auto-correlation function computed in the time and
frequency domain




41 Auto-correlation function for microphones # 0,4, 7,21, and 27.................... 97

42 Contour map of the auto-correlation function for all 28 microphones along
the centerline of the:model...........cc.oiiiiiiiiii e 98

43 Streamwise variation of the integral time scale ................ccccccociiiiiins 101

44 Streamwise variation of the integral time scale ..
45 Power Spectra for microphones # 0,4, 7,21, and 27 ... 105

46 Power Spectra in logarithmic form for the first 27 microphones along the
centerline of the model — streamwise direction is from top to bottom..

47 Power Spectra for selected microphones covering the measurement
range - streamwise direction is from top to bottom..................c.ccoooi 110

48 Cross-correlation results at five different locations...

49 Cross-correlation color contour map for all 28 centerline microphones
(reference microphone closest to reattachment) ... g 114

50 Convection velocity plot for the cross-correlation contour plot from Figure
B s e ossian ey avss siausnsasiosins isibinspunni dsbions bevasiasistasasansinse 116

51 Coherence plot for four different microphones referenced to microphone

52 Coherence plot for four neighboring pairs of microphones.......................... 120

53 Streamwise development of the phase angle for five different frequencies
(reference microphone at x/x, = 0.023) ..

54 Phase angle plot at f(2H)/U., = 0.2 with and without phase angle change

B OO 1,55 . s o A5 v bt VRN 127
55 Cross-correlation color contour plot for all 28 (reference microphone at

A e O A S R 129
56 Cross-correlation color contour plot for all 28 (reference microphone at

RO fltarB e datas......... ..o cciiomsciiessieinetiansassosedssseiassvusinebsssssBAAEEN 130
57 Cross-correlation color contour plot for all 28 (reference microphone at

L N RO N R OR B S, 131
58 Individual cross-correlation plots for the first 12 microphones (reference

microphone x/x, = 0.26) — filtered 132







contour map in Figure

d static tap dir ion spreadsheet (all
in mehn) — streamwise dil refe
 center of microphone or tap hole and spanwuse

centerline of I-plate to center of microphone of tap
es and Taps = static p taps) 144

L

L]

|

0
“fbnhgms captured by the two camera positions used........................... 154
Q5 Slmple of the dot card used to align the two pairs of cameras.................. 154
;U Image of ruler used in calibration of PIV system ..., 156

67 Parabola 159




T2

c
O
Cp
Cpo
Cp’
cp'o
D

d
D
Epp
Ew
f

fs
H

h

S

Sz33=FF=—

=
3
£

ey T =

formaltized
i auto-coreial

- RMS of sampled signal

LIST OF SYMBOLS

normalize
Cross

;ﬁ\plitude of traveling wave

= 2n/). = wave number

% curvature of parabola

wave, or convection, speed

Discrete Fourier Transform coefficients in frequency domain
mean pressure coefficient

mean pressure coefficient along centerline

RMS pressure-fluctuation coefficient

RMS pressure-fluctuation coefficient along centerline
thickness of splitter plate

displacement vector for PIV analysis

half the height of the test section

energy in B&K microphone pressure spectral peak
energy in Panasonic microphone voltage spectral peak
frequency

sampling frequency

half the height of the fence

step height for backward-facing step configuration
fence height above the splitter plate

reverse-flow intermittency

record index

frequency index

microphone sensitivity

time index

camera magnification for PIV images

slope

total number of points measured in a time record
time shift or delay index

largest time shift or delay value

total number of records

reference mean pressure

surface mean pressure

FFT of p’ signal

sampled wall-pressure signal







distance along splitter plate

X0

Yoohne

;4

8
dpp
o102
C)

¥

n

b

T
-

v
0
p

AT
At

(0]
Toip2

2 nt length
centerline reattachment length
normal distance from the splitter plate
spanwise direction

boundary layer thickness
power spectrum of p’

cross spectrum of p's and p’,

momentum thickness

= [4oppf(2H)Mp°U.")

=1U./2H

wavelength

= n/fs = time shift

time delay between two negative peaks in auto-correlation function
kinematic viscosity

phase angle

fluid density

laser pulse separation

change in time delay

= 2nf = wave angular frequency
coherence

= (xX)/xc

Weol ond e
ABigy W maneuverthe




2
me
et
@
i3
N
oy

an

fer



1 INTRODUCTION

1.1 Background

For many years, researchers have studied the physics of separating and
reattaching flows created by various geometries utilizing flow visualization
methods, velocity and surface pressure measurements, and shear stress
techniques to name a few. The physics of this particular class of flows is
complicated, thus making the quantitative details of the flow challenging to
predict. Separating/reattaching flows are found in a variety of applications
ranging from aircraft flight, to building construction, to muffler and air conditioning
design, to automobile aerodynamics. Predicting the flow characteristics in these
complex applications can lead to improvement in component design and to the
development of control techniques that change the flow state to enhance the
performance of devices.

A good example of the advantage of being able to predict the flow pattern
surrounding an object during changing conditions is the wing of an airplane. The
ﬁing is a complex geometry that has a variable flow state above the surface
depending on flight conditions. That is, the flow separation on the suction side of
the wing changes its location as the plane navigates through the air, including
take-off and landing. Separation along the wing produces a low-pressure wake
that increases drag and reduces lift, thus requiring more energy to maneuver the

aircraft, or allowing a smaller payload. Being able to predict separation allows

for the adjustment of the wing geometry, which, in turn reduces the effect of the
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wake. Another example can be seen in building construction and in automotive
design. In both cases, separated flows can produce vibrations that cause fatigue
or audible disturbances. Therefore, it is pertinent to study these flows in order to
identify characteristics that can be used both to predict flow conditions and
ultimately to control the flow. Controlling separated flows can enhance lift and
reduce drag in aircraft as well as minimize vibrations and acoustic noise in
vehicles and in buildings, amongst many other benefits. Hence, researching
separated/reattaching flow geometries can provide useful information not only for
predicting the flow and related heat, mass, and momentum transport but also for
controlling the flow conditions, resulting in characteristic improvement in

performance.

1.2 Canonical Geometries for Studying Separating/Reattaching
Flows

Over the years, several geometries have been used to generate and study
separating/reattaching flow regions. Some are more complicated than others
and therefore are more difficult to analyze. Three simple models typically used
when studying separating/reattaching flows include the backward-facing step, the
blunt-face splitter plate, and the splitter plate with fence. These geometries have
the advantage of possessing a well-defined separation point. The three
geometries and typical, average, flow patterns above the surface are shown in
Figure 1.1. The flow features among the three geometries vary only slightly in a
few areas such as the separation angle, reattachment length, and flow

symmetry. Generally, for all three models, the flow separates from the model at
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Figure 1.1 Typical separating/reattaching flow geometries and their
ideal two-dimensional flow field: (a) backward-facing step,
(b) blunt-face splitter plate, and (c) splitter plate with fence

- Starting with the backward-facing step (Figure 1.1a), the free stream flows
along the top surface of the step creating a boundary layer due to the viscosity of
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characterized by a steep, velocity gradient causing high shear stresses on the
wall. Growing in thickness as the flow moves across the top part of the step, the
layer has a definite thickness (3s) as it reaches the sharp edge of the step. At
this point, the layer may be laminar, turbulent, or in transition between the two
states, depending on the length of the surface ahead of the step and the
disturbances in the flow and its environment. As the boundary layer reaches the
edge of the step, it separates from the wall and becomes a shear layer. The
layer tends to follow the same trajectory it traveled along the flat plate; and
therefore initially, the streamlines in the shear layer are parallel to the plate at
separation.

The thickness and the state of the boundary layer at the edge of the step
affect the reattachment of the flow farther downstream. As mentioned in the
backward-facing step review by Eaton and Johnston (1981), a thicker boundary
layer at separation results in a shorter reattachment length. Also, the
dependence of the reattachment length on the flow state at separation is directly
related to the Reynolds number, based on the momentum thickness. The
reattachment of laminar boundary layers is more dependent on Reynolds
number than turbulent boundary layers [Eaton and Johnston 1981]. Increasing
the Reynolds number within the laminar region causes an increase in the
reattachment length, whereas, increasing the Reynolds number in the turbulent

region has no effect on the reattachment distance.

Finally, once the flow separates, vortical structures begin to form because

of the instability of the shear layer. These structures grow in strength and size
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as they move downstream and are strongest at the point of reattachment.
Beyond reattachment, the structures diffuse and decay. Beneath the shear layer
and its convective vortices there is a re-circulating region as seen in Figure 1.1a.
There is also another separation point associated with a secondary re-circulating
bubble in the corner just behind the fence. Similar features described here are
also seen in the other two models.

The model in Figure 1.1b, the blunt-face splitter plate, has a different
separation point compared to the model in Figure 1.1a. The free stream
approaches the blunt-face and separates at the edges of the front face.
Because of the favorable pressure gradient along the blunt-face and the typically
short development length (D/2), the boundary layer is thin at the separation
point. ~ Similar to the backward-facing step, the resulting thin shear layer
generates turbulent structures that grow in strength and size with downstream
distance before reattaching on the splitter plate. There is also a re-circulating
region formed under the separation bubble. By calculating the reverse-flow
intermittency (I, equals the fraction of time the flow is in the upstream direction)
using the discrete-vortex model and measuring I, with a split film probe, Kiya et
al. (1982 and 1983) suggested the formation of a secondary, separation bubble;
although, evidence of this is difficult to find in other blunt-face-splitter-plate
studies.

Finally, the model shown in Figure 1.1c is the splitter plate with a fence

attached perpendicular to the plate. The splitter plate is parallel to the flow, and

the fence is perpendicular to the flow. As with the blunt-face plate, a favorable
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pressure gradient on the front face of the fence results in a thin, laminar shear
layer at separation. The shear layer is highly unstable, and the slightest
disturbance can cause it to become turbulent. These disturbances could be from
vibrations in the tunnel, acoustic noise, free stream turbulence, and/or interaction
with the wall at reattachment. Between the laminar and turbulent stages, there is
a transition state where the disturbances start to affect the shear layer. At the
beginning of transition, low-energy structures start to form. The energy of these
structures amplifies, and they grow in size as they convect downstream before
reattaching on the splitter plate. Beneath the shear layer, a re-circulating region
develops; and as in the backward-facing step, a second separation point and
associated re-circulating region form.

There are slight differences among the three geometries. For example, as
previously explained, the backward-facing step flow state is affected by the
boundary layer conditions at separation. This is not the case in the other two
geometries where a thin shear layer forms at separation instead of a thick one.
This layer is substantially smaller than the overall scale of the flow field, for
example, the fence height. Another example concerns the reattachment
distance. With the backward-facing step, the reattachment length divided by the
step height is shorter compared to the other two geometries. This could be due
to the angle of the separation streamline from the edge. On the backward facing
step, the flow separates parallel with the plate and the incoming flow. This

means that the peak height of the separation bubble is at the point of separation

and beyond that point the shear layer bends downward toward the wall until it
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reattaches. In the other two geometries, the near-wall separation streamline is
90° to the splitter plate and to the incoming flow, reaching a peak height at a
short distance downstream of separation and then curving toward the
reattachment point. This causes the difference in the reattachment lengths
between model (a) on one hand and models (b) and (c) on the other.

Between models (b) and (c), reattachment on the blunt-face splitter plate
(normalized by D) is shorter than on the splitter plate with fence (normalized by
2H, which is the total height of the fence). The reason being that once the flow
separates on the blunt-face model, it is closer to the splitter plate wall than in the
fence/splitter plate model. In model (c), the flow separates from the fence at a
known distance above the splitter plate. Since the separation occurs closer to
the plate in model (b) than in model (c), it is expected that the shear layer in
model (b) would reattach before the shear layer in model (c) because it has a
shorter distance to travel before impinging on the plate. As a result, the splitter
plate with fence model will have the longest reattachment length out of the three
geometries. Finally, flows for models (b) and (c) are symmetric top and bottom,
which is not the case in backward-facing steps. As a result, the symmetry of the
flow surrounding the blunt-face splitter plate and the splitter plate with fence
must be checked prior to collecting data.

The advantages of these simple types of geometries are that they create
flow characteristics similar in nature to what is seen in more complex geometries

while providing a more controllable setting. These simple geometries have a

known separation point and a mean flow field that is fairly well documented in
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the literature. Instantaneous characterization, however, of the flow is challenging

due to the complexity of the flow structures produced by the three simple

e ]

separating/reattaching flow models. The splitter plate with fence model was
used in this study because it has the longest reattachment length, minimal
influences of the boundary layer details at separation on the flow field, known
separation point, and rich flow characteristics. Ruderich and Fernholz (1986)
also used the splitter plate with fence configuration for the same reasons
described. They were the first researchers to scrutinize the flow structure details

in this geometry.

1.3 Literature Review

As will be seen later, the present study makes use of the fence-and-
splitter-plate geometry to establish a separated/reattaching flow for the purpose
of collecting surface pressure measurements beneath the flow. Because this
geometry is one of the classic separating/reattaching flow geometries, there are
a number of studies that have characterized the flow surrounding this model.
This is also true for the other two geometries described. Hence, studies
reviewed here will be limited to those pertaining to either a splitter-plate-with-
fence geometry, or unsteady, surface-pressure measurements in the other two
classical configurations.

Aire and Rouse (1956) studied the two-dimensional flow over a series of
parallel fence-with-splitter-plate models in a uniform flow using computational

and experimental techniques in an attempt to model the separation bubble. In

their studies, they were able to determine an approximate pattern of the







streamlines surrounding the fence, identifying the dividing streamline between
the shear layer and the re-circulating region. From this analysis, they attempted
to model the flow surrounding the plate using potential flow theory over a
Rankine oval. The Rankine oval represented the standing eddy, or re-circulation
region, seen in the characterization of the streamlines surrounding the fence.
Arie and Rouse (1956) used the results from the potential-flow analysis to add
falsework to the walls of the test section. These pieces curved in the same
fashion as the streamlines produced by the model and were placed at a distance
equal to the calculated, boundary-layer-displacement thickness at the tunnel
walls in an effort to remove the boundary layer and its effects on the flow.
However, because the falsework was designed based on the assumption of
irrotational flow, the tunnel did not simulate infinite-flow-domain conditions
around the plate as originally presumed. They attributed this to the potential flow
analysis that did not take into account the wake farther downstream at the edge
of the standing eddy (re-circulation zone), where turbulence is prominent.

Smits (1982) looked at a number of kinematic conditions and their effect
on the time-average characteristics of a separation bubble, created by placing a
splitter plate in the wake of a two-dimensional bluff body (similar to that seen in
Figure 1.1c). Static pressure taps were used to determine the mean pressure
distribution along the splitter-plate surface, and a Pitot tube and a disc static
probe were used to measure the velocities and pressures within the separation

bubble. Smits (1982) examined the relationship between blockage ratio and

reattachment length based on the step height. Step height, hy, is the height of
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the bluff body above the splitter plate. The blockage ratio is defined as the step
height divided by half the height of the test section, h¢/D,. A large blockage ratio
means the distance between the bluff body and the test section ceiling is small.
This causes an increase in the acceleration of the flow around the fence, which
would shift the reattachment length.

Smits (1982) found that as the blockage ratio increased, the reattachment
distance decreased (shown in Figure 2.7). He also investigated the effect of the
splitter plate length on the flow, confirming work previously done by Arie and
Rouse (1956). According to Aire and Rouse (1956), the splitter plate needs only
to be 10 times the total height of the fence, as further lengthening of the plate
was found to have no effect on flow conditions. Smits (1982) reaffirmed this
conclusion showing the reattachment distance to be the only parameter affected
by lengthening the splitter plate. For example, increasing the plate length by
50% resulted in a 7% increase in the reattachment length, which is a fairly small
effect. It was also stated in the paper by Smits (1982) that there was a balance
between the turbulent eddies in the shear layer moving downstream and the
reversed flow in the re-circulating zone. This balance created the mean-
pressure distribution observed around the model.

Castro and Haque (1987) studied the turbulent shear layer in a splitter-
plate-with-fence  configuration using static pressure and skin-friction
measurements and pulse-wire anemometry. In their study, they outlined

parameters for designing and building a splitter-plate-with-fence model. All their

dimensions were normalized by the step height or the total height of the fence,
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2H. The total fence height is defined as twice the step height plus the thickness ﬁ
of the splitter plate. Castro and Haque (1987) determined the blockage ratio for -
their model based on the study done by Smits (1982). However, they did

suggest adding sideplates to the model in order to improve the two

dimensionality of the flow by creating a new boundary layer that was thinner than

the one formed on the walls of the test section. Castro and Haque (1987)

showed that a model with a small aspect ratio and endplates has better two

dimensionality than a model with a larger aspect ratio and no endplates.

Moreover, the length of their splitter plate was 35H, where H is half the height of

the fence.

In a low-turbulence-intensity wind tunnel and at a Reynolds number based
on the total fence height of 2.3x10*, Castro and Haque (1987) characterized the
mean, static-pressure distribution over the splitter plate, finding the minimum
pressure around 0.5x;. Although they do not to attempt to explain this, they do
state that the mean pressure distribution is invariable with Reynolds number.
Through velocity autocorrelations and associated integral time scales, Castro
and Haque (1987) identified a low frequency motion that had a larger time scale
than eddies in the shear layer. From this analysis, they found the velocity field to
be dominated by large time scales up to about 0.4x, and farther downstream
shorter time scales dominated the flow. These large time scales, which were
most noticeable near separation, were attributed to the ‘flapping’ of the shear

layer. Also normal and shear Reynolds-stress measurements suggested a

‘positive feedback’ system within the flow. That is, at reattachment, fluid mass is
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returned upstream in the re-circulation bubble and re-entrained into the shear

layer, which accounts for the vertical, Reynolds stress-component amplification.

This amplification was not seen in the spanwise component. Finally, Castro and y
Haque (1987) found that the shear layer reached a height of 2hy; although the

mean shear layer streamline had a height of approximately 1.5h;.  Their

reattachment point was at 19.2hs downstream of separation.

Ruderich and Fernholz (1986) also studied a fence with splitter plate
configuration but did not observe the flapping frequency described by Castro and
Haque (1987). Ruderich and Fernholz (1986) characterized the flow in the
streamwise and spanwise directions using oil-flow, surface-streaking pictures
and hot- and pulsed-wire anemometry at a Reynolds number of 1.4x10*, based
on fence height. From the oil-flow pictures, they confirmed the flow symmetry
around the model in both the streamwise and spanwise directions and
determined the centerline reattachment length of the shear layer to be
17.240.5h.  They stated there were two possible reasons for the wide
reattachment region: (1) large structures impinging on the splitter plate at
reattachment, or (2) the flapping of the shear layer. Near the walls, the
reattachment length was reported to be 15hy. This demonstrated evidence of
substantial three-dimensional effects off the centerline of the flow geometry,
which did not have endplates.

Additionally, Ruderich and Fernholz (1986) identified the re-separation

region (See Section 3.2 for details) to be within 2.3h; downstream of the fence.

Within this region, corner vortices were observed near the sidewalls. These
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e vortices had little angul locity but dil d the fluid d along the

tunnel side wall.

Cherry et al. (1984) made two-point unsteady surface pressure
measurements in a separating/reattaching flow region. Their test model
geometry was a blunt-face splitter plate, which is similar in nature to the splitter-
plate-with-fence geometry. The Reynolds number used in the experiment was
based on the thickness of the splitter plate and was held within the range of
3.2x10% + 0.2x10%. Cherry et al. (1984) used two microphones set at different
spacings along the centerline and in the spanwise direction of the model in order
to record the unsteady pressure measurements. A time-averaged analysis was
done on these data in terms of RMS fluctuating pressures and cross correlation
functions in the streamwise and spanwise directions along with a frequency
analysis using power spectra. Instantaneous smoke flow visualization was also
done simultaneously with measurements of the fluctuating pressure and velocity.
The RMS surface-pressure analysis revealed that the time varying pressure
increased in the downstream direction, reaching a peak in the vicinity of
reattachment, followed by a gradual decrease farther downstream of
reattachment.

Cherry et al. (1984) attributed the increase in fluctuating pressure to the
growth of turbulent structures in the shear layer. These structures were initially
weak near separation but were strongest near reattachment. Furthermore, using

smoke flow visualization, the formation of vortical structures in the shear layer

was seen to start around 0.3 times the thickness of the splitter plate, D. This is
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upstream of the point where the RMS wall-pressure fl i start ir ing
(about one D from the face of the splitter plate). Cherry et al. (1984) do not
comment on the reason for this discrepancy.

The convective nature of the surface-pressure imprint associated with the
downstream motion of the shear layer structures was also demonstrated by
Cherry et al. (1984) through the cross-correlation analysis between two signals
from microphones spaced apart in the streamwise direction. One microphone
was fixed near the reattachment and the other was moved to five different
positions from upstream to downstream of the fixed microphone. The peak in
the cross-correlation function was seen to shift to smaller time delay as the
movable microphone was traversed in the downstream direction, indicating the
convective nature of the flow structure dominating the wall-pressure generation
process. Cherry et al. (1984) also observed low- and high-frequency peaks in
the power spectrum measured close to separation and near reattachment,
respectively. They attributed the low-frequency signature to the flapping of the
shear layer associated with the growth and decay of the separation bubble.
Finally, it is worth noting that the flow field investigated by Cherry et al. (1984)
was not free of three-dimensional effects in the spanwise direction because the
reattachment line was curved slightly. The flow reached a three-dimensional
state shortly after separation; however, they observed that the larger shear-layer

scales were free of the ‘three-dimensionalizing' effects of the reattachment

process.
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Qualitatively, the backward-facing step flow, as explained earlier, has
similar flow characteristics to the splitter plate with fence geometry. As a result,
the presents study was also compared to studies concerned with the back step
configuration because these studies provided more information regarding
surface pressure measurements within a separating/reattaching flow region. In
1981, Eaton and Johnston reviewed the research done on the classic backward-
facing step geometry in effort to summarize the data available at the time and to
suggest areas worth investigating. Most of the studies up until that time had
been conducted using hot-wire, pulsed-wire, and laser anemometry. Since then
there have been a good number of studies in this classic geometry that have
used more current techniques such as surface pressure sensors and particle
image velocimetry (PIV). Of these, the ones containing surface-pressure data
are summarized below.

Farabee and Casarella (1986) studied fluctuating wall pressures in a
forward-facing and backward-facing step using a flush-mounted B&K 1/8in.
condenser microphone to measure the surface pressure fluctuations. They
characterized the backward-facing step as having an “attached shear layer” that
separates from the step at the edge and reattaches on the wall a short distance
later. From the RMS turbulent pressure values, they observed the surface
pressure fluctuations to rise rapidly with increasing streamwise distance as the
shear layer structures grew in strength and moved downstream. These

fluctuations reached a maximum as the flow impinged on the surface of the plate

at reattachment. The n ts of Farabee and C lla (1986) were
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compared to an equilibrium flat plate boundary layer flow. The measured RMS
values at reattachment were 5 times larger than those measured in the
equilibrium flow farther downstream.

Using frequency domain analysis, Farabee and Casarella (1986)
described the characteristics of the wall-pressure field as variable with x distance
along the wall. Close to separation, the spectra showed the highest level of
energy at very low frequencies; whereas, farther downstream the spectrum
containing the largest energy was found at reattachment. This was a
manifestation of the increase in the energy of the organized, turbulent structures
as the flow convected downstream. A corresponding shift was seen in the
spectrum as the dominance of the low-frequency disturbances gave way to the
dominance of the high-frequency structures downstream. Farabee and
Casarella (1986) also stated that the energized structures diffused and decayed
beyond reattachment; however, these structures were still identifiable 72 step
heights downstream of the step.

Finally, convection velocity analysis at different positions along the model
downstream of the step showed that the pressure fluctuations close to
separation were associated with the re-circulating low-speed fluid and not the
high-speed fluid in the shear layer. However, Farabee and Casarella (1986)
commented that the convection velocity was always in the downstream direction,

indicating that the pressure fluctuations were not originating from the reverse

flow within the re-circulating bubble.
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Driver et al. (1987) identified two types of fluctuating motion in their

backward-facing step study of the time-dependent character of the separated

BT

shear layer at a Reynolds number of 37, 000, based on the step height. The first
type was the flapping of the shear layer that has been identified by many
researchers and the second was a quasi-periodic vortical type motion, which,
they stated, needed further investigation. Driver et al. (1987) noticed abnormal
contraction and elongation of the separation bubble due to the shortening and
lengthening of reattachment length. This was labeled as the flapping motion of
the shear layer with amplitude estimated to be 20% of the shear layer width.
They also found the direction of the flow to change intermittently over the range
of +1 step height from the reattachment point.

Surface-pressure measurements along with velocity measurements
showed that there was a definite low frequency disturbance in the flow, but that it
contributed very little energy to the overall pressure fluctuations. This low
frequency was associated with the shear layer flapping. Driver et al. (1987) gave
a possible explanation for the flapping motion of the shear layer, stating that it
could be caused by a vortical structure with enough momentum to escape being
engulfed by the separation bubble at reattachment. This might cause the bubble
to momentarily collapse because fluid mass supplied to the re-circulating region
would be temporarily lost. The collapse would change the shape of the shear
layer and the length of the reattachment. The reattachment point would move

closer to the separation point causing more curvature of the shear layer and a

high-pressure gradient at reattachment. This increased pressure gradient would
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cause the bubble to inflate again as it would hinder the advancement of the low-
speed fluid.

Heenan and Morrison (1998) ir { d wall-p flL ions

behind a rearward-facing step and passive control of these fluctuations using a
permeable surface (at Reynolds number equal to 1.9x10° based on the step
height). A particularly interesting feature of Heenan and Morrison’s study is that
they were able to remove the low-frequency surface-pressure signature
associated with shear-layer “flapping” by using the permeable surface placed
downstream of the step. They attributed this success to inhibiting the re-
circulating flow responsible for the upstream convection of disturbances formed
at reattachment. Although the characteristics of the measured wall-pressure in
the non-permeable case were consistent with that summarized earlier in this
chapter, one difference existed. More specifically, Heenan and Morrison (1998)
found an upstream convection velocity close to separation using phase-angle
analysis. They identified negative phase angles (with respect to a microphone
signal measured immediately behind the step) at low frequencies and at
locations from separation up to 0.4x, in the impermeable case.

Lee and Sung (2001) used a 32-microphone array downstream of a
backward-facing step to measure wall-pressure fluctuations in the streamwise
and spanwise directions. Spatio-temporal statistics were completed on this
comprehensive data set for a Reynolds number of 33,000, based on the step

height. Lee and Sung (2001) observed the same phenomenon in their

experiment as experienced by earlier investigators of backward-facing step
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studies. The RMS pressure fluctuations rose sharply starting around 0.5x, and
peaked in the vicinity of reattachment, decaying beyond that point. Pressure
spectra revealed low-frequency dominance close to separation, presumably due 4

to the flapping of the shear layer. Farther downstream, the spectra were
dominated by high-frequency components. In terms of the convection velocity,
Lee and Sung (2001) calculated a downstream convection velocity of 0.6U.. at
high frequencies and they did not find evidence of an upstream convection
velocity. Although from their phase plot, used to determine the convection
velocity, there were many singularities (phase discontinuities) at low frequencies.
This was not the case at the higher frequencies.

Most recently, Spazzini et al. (2001) concentrated their investigation on
the low-frequency motion identified in their backward-facing step. In their
experiment, using a technique called Forward Flow Probability from skin friction
measurements, they observed two important areas beneath the shear layer: (1)
the mean reattachment point and (2) a secondary, separation point. Similar to
wall-pressure fluctuations, the maximum of the streamwise skin-friction RMS
distribution was found slightly upstream of the reattachment point. Employing
Fourier analysis, 75% of the total energy in the wall-shear spectra was found to
be contained at low frequencies at the location starting from in the vicinity of the
step up to 0.4 of the reattachment distance. Farther downstream, this same
frequency range contained only 30% of the total energy. At this position, the

spectra were dominated by higher frequencies.
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Using a wavelet transform for more detailed analysis of the low frequency
motion, Spazzini et al. suggested that at a comparable frequency to the flapping
frequency there was intense activity in the secondary re-circulation bubble. This
hypothesis was examined further using PIV measurements in a water-tunnel
experiment. Based on these measurements, it was proposed that the secondary
re-circulation bubble was the cause of the low-frequency motion as described in
the following paragraph.

Starting at reattachment, the flow was displaced in two directions as part
of the flow moved downstream to form a boundary layer and the other part
moved upstream to form a re-circulating region. Near the step, the reversed flow
from the re-circulation bubble was then divided into two parts. One part stayed
with the re-circulation bubble and became part of the shear layer again, and the
other part impinged on the wall of the step at a secondary reattachment point.
This point fluctuated within 0.7 and 0.9 H (height of the step). At this second
reattachment point the flow split into two parts again: (1) that entrained by the
separated flow at the step and (2) that directed toward the base of the step
forming a vortex. This vortex formed the secondary re-circulation bubble and
grew in size and strength until the height of the bubble was comparable to the
step height. At that point, or soon after, the bubble experienced break down and
the cycle was repeated. It should be noted that although the study of Spazzini et

al. (2001) did not include wall-pressure measurements, it was summarized here

because it offers an interesting hypothesis concerning the origin of the low-




frequency unsteadiness as well as the possible significant role of the re-

circulation flow in causing these fluctuations.

1.4 Flow Control and Surface Measurements

Controlling separating/reattaching flows is important to the performance of
several flow systems as previously explained. Flow control changes the flow
conditions surrounding a particular geometry and can be used, for example, to
prevent flow separation or to reduce the separation bubble size (e.g., Kiya et al.
(1999)). Therefore, flow control can be used to optimize the flow state around a
defined geometry and as will be seen later, is one of the motivations behind this
study.

Research in the area of flow control is relatively new. Over the past
decade, however, researchers have been successful in manipulating flows in
separating/reattaching flow geometries, with the most effective technique being
periodic excitation of the shear layer at the point of separation (Wygnanski
(1997)). Kiya et al. (1997) experimented with single- and double-frequency
sinusoidal disturbances and found that a minimum reattachment length was
obtained at a particular forcing frequency. The effect of the shorter reattachment
length was first shown by Roos and Kegelman (1986) using periodic
disturbances to control separation in a backward-facing step. Chun and Sung
(1998) observed similar results by exciting the shear layer from a backward-
facing step through sinusoidal oscillation of a slit jet. In response to the success

in manipulating flow in simple geometries, research has since been done in effort

to apply separation control to gas turbines [Rivir et al. 2000], over rotorcraft
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retreating blades [Loerber et al. 2000], and in planar diffuser flows [Coller et al.
2000). These are just a few of the many studies that have been completed on
flow manipulation, as it is difficult to reference all studies.

There are two ways of controlling flows: passive and active. Passive flow
control requires no energy. The flaps found on commercial airline planes are a
form of passive control. During take-off, these flaps are extended allowing air to
flow through a slit along the wing. The high-pressure flow beneath the wing
moves through the slit to the low-pressure side of the wing. Therefore, new air is
injected on the top part of the wing. This energizes the flow over the wing, thus
causing the flow to remain attached to the wing of the airplane and improving
performance by reducing drag and increasing lift.

Active flow control requires energy and is applied only when needed.
Examples of active flow control include jets that add energy to the flow; suction
at the surface, which removes energy from the flow; and actuators that can
change flow conditions. An example of active flow control can be described
using an airfoil. At a certain angle of attack, the flow separates from the airfoil
due to an adverse pressure gradient on the surface, which produces a wake, or
a low-pressure region, which causes large drag. By placing an active flow
control mechanism, such as a jet, on the airfoil in the region of separation,
energy is added to the flow and separation along the surface changes.

Qver the years, there has been extensive research regarding the use of

active flow control to manipulate internal and external flows in order to reduce

drag, enhance lift, minimize vibrations, and control separation to cite a few
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examples. This research has shown a great potential for the use of active flow
control due to the advantage of being able to apply the control when needed and
to specify the amount of control applied. However, in most, if not all,
investigations, active flow control is applied to a priori known flow field. In
practice, the details of the flow to be controlled may not be known. For instance,
over a wing, control may be applied where separation is expected, not
necessarily where it is actually occurring. Therefore, it would be advantageous
to have a system that could detect and apply the control to the actual separation
point and which can adapt to changing conditions. By integrating a feedback
loop into an active, flow-control system, the information about the flow state can
be gathered and directed back to the controller. Based on the flow-state
information, the level of control and the position to apply the control can be
adjusted in response to the flow conditions. This optimizes the device
performance, uses energy only when needed and adapts to changing conditions.

In order to implement a feedback control system, there is a need for a
methodology to estimate the flow state above the surface using embedded,
surface sensors. This is important since, for all practical purposes, sensor arrays
cannot be inserted within the flow stream without adversely affecting the
performance of a technological device. Therefore, efficient models are
necessary to take the information from the surface measurements and deduce

the flow state above the surface. Examples of such models are Proper

Orthogonal Decomposition (POD) and Stochastic Estimation (SE). Sources of
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such work include Corke et al. (1994) using the former approach, Guezennec

(1989) using the latter, and Glauser ef al. (1999) using both techniques.

1.5 Motivation and Obijectives

This study was done in collaboration with NASA Langley Advanced
Measurement and Diagnostics Branch (AMDB). Their interest has been in
consolidating data from large sensor arrays into a manageable amount that
describes the essential features of the flow state above the surface. For
instance, suppose it is desired to track the core coordinates and size of a vortex
above a wing. It would be extremely beneficial in processing measurements
from, for example, 100 surface sensors to extract and feed only the needed
information to the monitoring/control system. This would require transmission of
three pieces of information (x and y coordinates and diameter of vortex) as
opposed to 100 signals, thus simplifying the required complexity and cost of the
measurement system significantly.

Since the ‘on-board’ hardware/software used for processing the sensor
signals must be relatively simple and compact, the flow state estimator algorithm
must also be relatively simple. Therefore, simplified (low-order), yet sufficiently
accurate, models linking surface information to the dominant flow features are
needed. Interest in such models for a variety of flow fields began around the
early to mid-nineties. However, there are a limited number of investigations that

provide surface and flow databases that are sufficiently comprehensive to

develop and verify different types of low-order models.
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~ This study is aimed at characterizing the flow above the surface of a
splitter plate with a fence using an 80 surface-microphone array, which has not
been doﬁe before, although, Lee and Sung (2001) have studied a backward-
facing step using a 32-microphone array. The current microphone-array
measurements were taken simultaneously with particle image velocimetry (PIV)
measurements in order to correlate the flow field above the surface, measured
by the PIV, with the wall-pressure measurements, recorded by the microphones.
The specific goals of this study were:
(1) To design and construct the fence-with-splitter-plate model
(2) To compile an extensive database and verify its quality against previous
experiments whenever possible
(3) To analyze the space-time character of the surface pressure array data.
Only the time-averaged microphone results are described in this thesis.
Instantaneous results for the microphone data as well as PIV results are left for
future studies.
In the following sections the experimental set-up and procedure for both
the microphone and PIV techniques as well as a detailed description of the
model design is given. This is followed by a presentation and discussion of the

time-averaged statistics, spectra, and correlations from the microphone data and

a summary of findings along with recommendations for future studies.
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2 EXPERIMENTAL SET-UP AND PROCEDURE

The subsequent sections describe the experimental set-up used in the
study and the procedure followed throughout the investigation. Three types of
measurement techniques were used to characterize the flow field surrounding a
splitter-plate-with-fence geometry: static pressure taps, surface microphones,

and particle image velocimetry.

2.1 Experimental Set-up

The experimental set-up consisted of the wind tunnel facility, the
separating/reattaching flow model, and the measuring devices used in the study.

Each of these components is described in further detail in this sub-section.

2.1.1 Wind Tunnel Facility
The experiment was completed in the open-circuit, Subsonic Basic

Research (Wind) Tunnel (SBRT) at NASA Langley Research Center in
Hampton, Virginia. The intake side of the tunnel is surrounded on three sides
with a semi-circular, entrance lip that enables the incoming flow to stay attached

to the wall. The upper lip is removed due to space constraints inside the tunnel

room. A schematic of the tunnel is shown in Figure 2.1.
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Figure 2.1 Subsonic Basic Research (Wind) Tunnel at NASA
Langley

The inlet dimensions are 1.52 m wide by 1.82 m high. Air entering the
tunnel flows through 0.2 m of aluminum honeycomb flow straigtheners that use
12.7 mm cells designed to remove any flow swirl. The flow then moves through
a double row of wire mesh turbulence screens, separated by 76.2 mm. These
screens are located approximately 0.2 m downstream of the honeycomb and are
0.254 mm in diameter at about 8 meshes per 10 mm. The intake section
stretches 1.14 m leading into a 6:1 contraction section that measures 3.54 m in
length. Located downstream of the contraction is a 0.57 m wide by 0.82 m high
by 1.85 m long test section. The walls of the test section consist of plywood,
Plexiglas, and glass. The glass side is used for high quality flow visualization
and particle image velocimetry (PIV).
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Finally, the diffuser and fan section measure 3.6 m in length. The fan is
driven by a 200 hp motor enabling flow speeds in the wind tunnel up to 60 m/s.
Corresponding turbulence intensity at flow conditions used in this study is
believed to be in the range of 2-3%. Saathoff and Melbourne (1997) studied the
sensitivity of the mean reattachment length (x,) to the free-stream turbulent
intensity in a splitter-plate configuration. They found that the x, distance
decreases with increasing turbulence intensity. As will be seen in Section 3.1,
the reattachment length in the present study is comparable to that of Castro and
Haque (1987) and Cherry et al. (1984), whose turbulent intensities were on the
order of 0.25% and 0.07% respectively. Therefore, based on that comparison, it
is believed that the turbulence intensity in SBRT was relatively small and did not
affect the mean streamwise measurements. For more details concerning the

wind tunnel specifications refer to Howerton (1998).

2.1.2 Model
The model, used for generating the separating/reattaching flow, was a

splitter plate with a fence attached upstream perpendicular to the splitter plate as
shown in Figure 2.2, where x represents the streamwise distance measured from
the fence, y is the normal distance from the splitter plate, hs represents the step
height, and 2H represents the total fence height. The splitter plate was parallel

to the flow and the fence was perpendicular to the flow.
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Figure 2.2 Splitter-plate-with-fence configuration

The general mean flow characteristics surrounding the plate are shown in
Figure 2.3. As free stream flow approaches the fence, it separates around the
sharp top and bottom edges of the fence, creating a highly unsteady shear layer
that reattaches farther downstream. It is well known that the long-time, averaged
flow pattern in the separating/reattaching flow region is characterized by a re-
circulating flow zone upstream of the mean reattachment point (at location x,
downstream of the fence). Additionally, a smaller, secondary, re-circulating flow,
also called the re-separation zone, exists in the fence/splitter-plate corner, as
ilustrated in Figure 2.3. The illustration in Figure 2.3 shows the ideal two-

dimensional flow field surrounding the splitter-plate-with-fence configuration.
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Figure 2.3 Flow characteristics surrounding the splitter-plate-with-
fence configuration: x; = reattachment length

By using the splitter-plate-with-fence configuration, the boundary layer
effects seen in backward-facing step studies were eliminated. Beyond the
separation point, the general character of the flow field for the two geometries is
similar. However, upstream of separation there is a difference. In a backward-
facing step, as explained by Eaton and Johnston (1981) who wrote a review on
the research of the classic separating/reattaching flow model, an upstream
boundary layer separates at the sharp edge of a step forming a free-shear layer.

Figure 2.4 shows a backward-facing step flow.
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Figure 2.4 Flow field around backward-facing step - reproduced
from Eaton and Johnston (1981)

Upstream of the step, the flow moves along the surface forming a natural
boundary layer due to the no-slip condition at the wall and the viscosity of the
fluid. As a result there is a thin layer (relative to the total flow stream) of moving
fluid in which the velocity gradient changes dramatically over a short distance,
producing significant shear stresses within this region. The boundary layer
develops over the wind-tunnel wall up to the edge of the step, which results in a
certain boundary-layer thickness at separation. Eaton and Johnston (1981) re-
plotted initial boundary-layer thickness values against reattachment lengths, both
normalized by step height, from four similar studies and found a significant
connection between the two parameters. An increase in initial boundary-layer
thickness resulted in a shorter reattachment length. Eaton and Johnston (1981)
also reported that the state of the boundary layer before separation affects the
flow structure after separation, leading to a significant effect on reattachment.
Laminar boundary layers were found both to be dependent on Reynolds number
(based on momentum thickness) and to grow more quickly than turbulent
boundary layers, which were independent of Reynolds numbers. The Reynolds

number was defined as
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where U, is the free stream velocity, © is the momentum thickness at separation,
and v is the kinematic viscosity. At the corner, the high shear stress layer
separates and forms a free-shear layer similar to that of the splitter plate/fence
model. Separation in the splitter-plate-with-fence configuration, as described by
Castro and Haque (1987), differs slightly due to the strong favorable pressure
gradient near the edge of the fence. This pressure gradient causes a thin
laminar boundary layer at separation, after which transition shortly occurs.
Because of the thin laminar boundary layer separation, the effects of boundary-
layer thickness seen in the backward-facing step are negligible. That is, the
boundary-layer thickness is small relative to the overall size of the flow field and
therefore is not a significant parameter in this case.

The design of the model was symmetric with respect to top and bottom. It
was constructed out of aluminum, measuring 1.6 m long by 0.36 m wide, and
was supported by a 12.7 mm thick aluminum skeleton (Figure 2.5) covered with
3.175 mm thick aluminum sheets. The skeleton was also used to house the

cabling for the microphones and the tubing for the static pressure taps.
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Figure 2.5 Skeleton used to support the model and to house
cables and tubes

The model was fixed in the tunnel using posts secured to the sides of the
skeleton. The posts protruded out the sides of the wind tunnel and were bolted
to the tunnel walls using locknuts. There were several components that made up
the splitter-plate-with-fence configuration as shown in Figure 2.6: fence,

instrument plate, middle plate, tail plate, endplates, windows, and extensions.
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Figure 2.6 Schematic of actual model

Fence
The total fence height was approximately 35 mm, with a step height (h) of

about 8 mm, which is the height of the fence above the splitter plate. In selecting
the step height, it was necessary to consider the test section height of the wind
tunnel and the reattachment length needed for the experiment. If the fence
height was not sufficiently small in comparison to the test-section height, then the
fence would create a significant flow blockage. Such a blockage would lead to
substantial flow acceleration around the fence, thus affecting the mean location
of the reattachment (x;). Smits (1982) made a detailed documentation of the

effect of the blockage ratio, defined as hy/D; where D is half of the test section
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height, on the reattachment length for a geometry similar to that used in this
study. The pertinent graph from the study of Smits (1982) was digitized and re-
plotted in Figure 2.7. As seen from the figure, a lower blockage ratio leads to a
larger non-dimensional reattachment length. Thus, the graph in Figure 2.7 was
useful in the design stage to estimate the reattachment point location for a

particular selection of fence height.

042« rri

[ » —Smits (1982) |
0.10 - B Present Model |-
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Figure 2.7 Dependence of reattachment distance on blockage ratio

On the other hand, it was desired to have an x, location that was as large
as possible to minimize the streamwise spatial gradients of the surface pressure
field. This was important to attain the best possible spatial sampling of the
instantaneous pressure field with a given microphone spacing. Twenty-eight (28)
Microphones, each with a diameter of 6 mm, were spaced 3.5 mm apart. This
resulted in a total measurement distance along the centerline of approximately

262 mm, meaning the reattachment distance had to be shorter than that total
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distance in order to capture the reattaching point of the flow. By knowing these
parameters and by selecting a blockage ratio around 2%, the design,
reattachment length was approximately 0.2m. which maximized the space
allowed for spatial resolution and ensured that the reattachment point would be
contained within the extent of the microphone array. The actual blockage ratio
was calculated as a result of dividing half the test section height into the step

height.

Blockage Ratio = g—f x100 =1.94% (2)
t

where h¢ is the step height and D, is half the test section height. An overall
blockage ratio as seen by the flow was determined by dividing the total fence

height by the total test section height.
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