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ABSTRACT

A detailed hot-wire anemometer study was made to determine the
basic characteristics of the turbulent boundary layer flow with a zero
pressure gradient over a compliant surface. The compliant surface was
constructed from a 0.001 inch polyvinyl-chloride (PVC) membrane backed
by a 3/16 inch damping layer of polyurethane foam (40 P.P.I). The foam
was bonded to a 14 foot x 2 foot test plate positioned horizontally in
the center of a 2 foot wide, 15 foot 8 inch long test section of a low-
turbulence wind tunnel constructed for this investigation. The membrane
was stretched across the foam and clamped at the edges. Boundary layer
thickening was achieved by bonding a two-foot length of No. 16 sand-
paper to the leading edge of the test plate. The tests were run at a
constant velocity of 50 fps. The hot-wire anemometer study over the
compliant surface revealed little change in the velocity profile, but a
reduction of turbulence intensities was recorded, as well as a 25 per
cent decrease in the Reynolds stresses, when compared with hard plate
data. The spectra of turbulence measurements indicated a decrease in
energy at the higher frequencies throughout the boundary layer. As the
wall was approached an increase in energy at the low frequencies was
measured. Production, dissipation, and convection of turbuient energy
were found to decrease over the compliant surface when compared with the

hard plate measurements.
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NOMENCLATURE

The following nomenclature is used throughout this work unless

noted otherwise.

A 1/«

B -(1/¢) In g

B.L.D. boundary layer development

C capacitance

c' hot-wire cooling velocity —
G -L(88/505% )0 278 ru;)aly/8) sy ()
Cs coefficient of skin friction 1b/1/2pU§

€ voltage drop across capacitor

e, differentiation-circuit input voltage

€, differentiation-circuit output voltage

e voltage drop across resistor

f frequency

Fu(k]) percent of turbulent energy ;z'associated with k,
fu(kl) turbulent energy az.associated with Ky

K sensitivity of wire A and B when KA = KB

KA sensitivity of wire A

KB sensitivity of wire B

KG amplifier gain factor

Ks sum and difference unit amplification factor

Xii
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=
=~

=

A+B
A-B

P(u/u')
P.P.I.

rms voltmeter calibration constant
one-dimensional wave number

ms voltage of signal from wire A

rms voltage of signal from wire B

rms voltage of sum of signals from wires A and B
rms voltage of difference of signals from wires A and B
rms voltage of amplifier noise signal
probability density of u/u'

pores per inch

production of turbulent energy = (GUVYU$)(dU/dy)
mean static pressure

mean static pressure at X = 10.5 feet
timg_megg_valgp of twice energy of turbulence
=u +v +W

Reynolds number [Re = (U]Xo)/v]

longitudinal space correlation coefficient of u-fluctuation

time

temperature

x~-component of mean velocity
shear velocity = /rolp

U/UT

mean velocity in free stream

instantaneous turbulent velocity fluctuations in x, y and

Z directions, respectively
root mean square values A, N and JG§: respectively
mean square values of u, v, and w

Xiii
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TURBULENT BOUNDARY LAYER CHARACTERISTICS OF FLOW
OVER A COMPLIANT SURFACE

CHAPTER I
INTRODUCTION

In the continuing quest for an effectivé means of reducing drag
on aerodynamic and hydrodynamic bodies, many technidues have been ex-
plored. Interest in the technique of utilizing a compliant wall on
bodies, i.e., ships and aircraft, was originally generated from the
promising experiments of Kramer in 1955 [1 and 2]. Tests on his compli-
ant wall models, designed from observations of dolphins [3], revealed
impressive drag reductions of more than 50%.

Benjamin [4], Hains [5], Landahl [6] and Kaplan [7] undertook
theoretical analyses of the compliant wall phenomenon. Their work in-
dicated that laminar and low disturbance flow could be stabilized by
the presence of an ideally designed compliant boundary.

Experiments under the direction of Laufer and Maestrello [8]
on turbulent air flow in channels with flexible walls were inconclusive.
They utilized thin aluminum, steel, mylar, and rubberized textile fabric,
backed by a variety of different types of rubber for a combination of
test specimens. Further work was undertaken by Ritter [9], who measured
a 7 to 14 percent drag reduction on compliant coatings, but the scatter

of the data was so large that the results have been considered question-
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2
able. Dinkelacker, at the University of Southampton, as reported by
Benjamin t9], found no significant skin friction reduction in his ex-
periments on water channels with flexible walls. Smith [10], working
with water flow through circular pipes with annular coatings of elastic
gell, could find no reduction in skin friction. Gregory and Love [11]
conducted several tests on foam sandwich-type structures with thin
aluminum or rubber coatings attached to the surface of an airfoil. Their
results were inconclusive with regard to skin friction reduction.

Karplus [12], investigating the scale and degree of turbulence
for water flow over mylar film with various fluid substrates, measured
a slight drop in the amplitude of the fully developed turbulence in the
boundary layer for flexible walls as compared to rigid walls. He con-.
cluded that turbulence occurred sooner for the flexible wall.than for
the solid wall but was retarded in its rate of development.

Pelt [13] obtained more promising results in his measurements
of pressure drops through lined pipes. He recorded a 32 to 35 percent
reduction in pressure drop using polyester-based urethane resin ("Texin"
tubes} as pipe liners backed by a damping medium. Von Winkel and Barger
[14] found a considerable reduction in intensity of surface pressure
fluctuations with a Kramer type compliant skin.

Experiments conducted at the University of Oklahoma have proven
to be most promising for substantiating the basic ideas of Kramer.
Results published by Fisher and Blick [15], Looney and Blick [16] and
Walters and Blick [17] have indicated a significant drop ih the ampli-
tube of the turbulence level and an associated reduction of the skin

friction coefficient. Turbulent flow over a polyvinyl-chloride (PVC)
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membrane with a variety of damping fluid subsirates was studied. For
certain combinations of streamwise and transverse skin tensions and
viscosity of damping fluid, Walters and Looney reported a 20 percent
reduction in turbulence intensity and a 45 to 50 percent reduction in
skin friction, respectively.

Along with the decrease in turbulence level reported in refer-
ence [17] and detailed by the author [18], a decrease in the boundary
layer shear stress was measured. From a plot of this Reynolds stress
versus y/§, an extrapolated value for the skin friction coefficient on
hard plate and also for compliant plate was calculated by the method
utilized by Laufer [19]. These skin friction coefficients coincided
extremely well ﬁith those directly measured by Looﬁey.

These basic experiments did give credence to the results of
theoretical investigators that the compliant wall could indeed influence
the boundary layer stability. The mechanism by which the compliant
boundary induces the appareat increase in stability and decrease in
Reynelds stress is far from being completely understood. However, a
recent paper by Blick [20] has developed a theory which explains how a
compliant coating can reduce the Reynolds stress in a turbulent boundary
Tayer.

Most of the reported theoretical analyses (i.e. references 4 to
7), have dealt with the problem of laminar boundary layers exposed to
compliant walls. This is a logical approach, to gain insight into the
less complex, mathematically feasible problem. Gyorgyfalvy [21] has
approached the problem by a theoretical analysis of amplification rates

and delayed transition with compliant walls, much 1ike Kaplan's initial
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work. Gyorgyfalvy listed desirable membrane properties and Reynolds

numbers.

This previous work gives some of the basic parameters that might
be used in approaching the fully turbulent boundary layer problem over
compliant surfaces. However, it is essential first to become aware of
the methods of approach to the rigid wall case. Since turbulence by its
nature is complex, it would be advantageous to work with the simplest
case, that of homogeneous, isotropic turbulence, with zero mean rate of
shear.. This type of turbulence, which can be described mathematically
by probability distributions of velocity fluctuations, has provided some
insight into ihe mechanism of turbulent interactions and prediction of
turbulence characterist;lcs. Nevertheless, this statistical approach has
made 1ittle progress in the area of turbulent shear flow. Therefore,
more of the work in the turbulent shear flow area has dealt with ad-
vancing the empirical-phenomenological theﬁries. This work has evolved
into exhaustive experimental measurements of the turbulent boundary
layer characteristics, such as Klebanoff's work [22], and various attempts
to visualize turbulence. |

One of the best recent attempts to attain a physical interpre-
tation of the mechanism of turbulence has been by Runstadler, Kline, and
Reynolds [23]. Their "wall layer hypothesis", can be stated as follows:
“The wall layer structure and its interaction with the outer flow plays
a dominant role in creating and maintaining the structure of the entire
turbulent shear layer." Using a water channel system that included a
hot-film anemometer and an elaborate photographic arrangement, they

were able to give the following supporting evidence for their hypothesis:
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The dominant mechanism for the transport of turbulence to the
outer regions of the flow is through the outwards and downstream
convection of small scale turbulence within larger scale eddies
which originate near the wall following the break-up of wall
layer streaks. The flow in the outer layers is thus proposed

to be an integrated or history effect of flow arriving in these
layers from upstream. In and near the wall layers, we suppose
the flow is primarily determined by the local character of low
and high speed streaks, break-ups and ejections, and turbulent
interactions. Further from the wall, we conjecture that the flow
is governed to a greater and greater extent by upstream wall con-
ditions through the history effect of advected turbulent eddies.
In a sense, then, the entire boundary layer flow structure is
speculated to be the result of the formation and ejection of
eddies from the wall layer. The slow return flow of fluid to

the wall we visualize as driven by instantaneous pressure forces
resulting from dynamic interactions between eddies and is part
of the process by which energy is extracted from the mean flow.
This return flow of high momentum fluid supplies energy to the
wall layers; the energy there is dissipated into internal thermal
energy by the strong viscous forces, with the resultant formation
of momentum deficient fluid which apparently takes the form of
streaks. We envisage that the ejection of lTow momentum streaks
away from the wall layers results in a strong interaction and
production of turbulent energy immediately outside the wall layer
and the continued movement of the streaks away from the wall
provides a continuous interaction process for the production of
finer scaled turbulence within the large scaled eddies. This
then becomes the mechanism for the diffusion of turbulence into
the outer flow and the net transfer of turbulent energy from the
larger scales to the smaller scales of the turbulent motion and
eventually to internal thermal energy of the fluid through viscous
dissipation. (reference [23], pp. 88-89)

The purpose of this paper is to investigate the character-
istics of the turbulent boundary layer exposed to the compliant surface,
using the work of Klebanoff [22], Townsend [24] and Runstadler, et al.
(23] as a guideline.

Since it was not possible to consider the characteristics of
boundary layer turbulence in total, this investigation was concerned pri-
marily with: (1) construction of a system with flow characteristics over
a rigid plate similar to previous work [22] for comparison to the com-

pliant plate, (2) obtaining quantitative measurements pertinent to the
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energy balance and (3) delineating differences in the spectral distri-

bution of turbulent energy over compliant plate and hard plate. Kle-

banoff's hard plate work was selected for comparison due to the avail-

able laboratory potential.



CHAPTER IIL
WIND TUNNEL TEST FACILITY

The turbulence investigations recorded in later chapters of
this text were conducted at the University of Oklahoma, in the
Aerospace and Mechanical Engineering Laboratory. A wind tunnel was
constructed primarily for the present investigations, due to the

lack of a tunnel with the specific requirements.

Preliminary Tunnel Requirements

In the summer of 1967, initial design and construction were
started on a wind tunnel which met these specifications. The initial
requirements, formulated to insure proper turbulence investigations
and duplication of previous hard plate work, [22], are as follows:

1. Low turbulence in main stream of test section.

2. Fully developed turbulent boundary at beginning of
compliant test plate area (X = 9.4 ft.) with a minimum
boundary layer thickness of two inches at that point.

3. Zero pressure gradient condition throughout tunnel
test section.

4. Sufficiently wide compliant test plate in order to
neglect edge effects.

5. Test section height small enough to enable hot-wire anemo-

7



8
meter probe to extend to test section floor, that is,

the compliant test plate surface.

6. Very small gap around free test plate.

7. Enclosure around test plate support (possible provision
for strain gage bar) to stop airflow through gap. =~ -

8. Series of pressure taps along tunnel floor or wall to
monitor pressure gradient.

9. Double layer ceiling - one for blister effect and one
for support and sealing hot-wire probe.

10. Entrance of test section and leading edge of the
boundary layer development plate such that a natural
transition to a turbulent boundary layer occurs.

11. Ability to remove tunnel from compliant test plate or
vice versa. Need leveling screws on tunnel and test
plate support.

12. Sufficient access to any point within upper test
section region.

After several preliminary designs were completed, a design was
selected and developed so that construction could be initiated. The
completed design is shown in Fig. 2.1.

The design can be substantiated by enumerating the means incor-

porated to fulfill the listed requirements.

Main Tunnel Test Section

To satisfy the second requirement, that a fully developed
boundary layer exist at the beginning of the flush, inserted test plate
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with a large boundary layer thickness (approximately two inches thick),

a long test section was needed. After looking at Klebanoff's work,
[22], a smooth, flat plate, fourteen and one half feet (14.5 ft.) long,
one half inch thick and 24 inches wide, was selected. On the first 4.5
inches of the flat plate was bonded an aluminum, symmetrically tapered
leading edge. The last two inches of the flat plate were tapered to
minimize the size of the wake that would enter the diffuser section.
The plate was mounted 12 irnches from the top of the tunnel test
section, which had cross-sectional dimensions of 20.5 inches high and
24 inches wide. The cross-sectional dimensions of the test section
were developed from the fifth and tenth requirements. That is, the
compliant test plate, which was flush with the boundary layer develop-
ment (B.L.D.) plate, should not be more than 12 inches* from the top of
the test section. The 8-inch dimension between the B.L.D. plate and
the floor of the test section was thought to be adequate to insure that
the leading edge of the boundary layer plate would be exposed to an
undisturbed flow. The consequent 8-inch x 24-inch area was sufficient
to provide equal flow velocity on either side of the leading edge of the
B.L.D. plate. This height between the B.L.D. plate and the test section
floor was limited by the necessity of inserting the compliant test plate
and support through the test section floor until flush with the upper
surface of the B.L.D. plate at the 10.5 foot mark. The leading edge of

*determined from available length of hot-wire anemometer probe

after insertion in probe holder.
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the B.L.D. plate was placed one foot behind the test section entrance to
assist in minimizing entrance effects.

Since desirable results were obtained with an 8 inch by 26 inch
compliant test plate in previous work [18], the same dimensions were
used. Since data measurements were to be made at the X=10.5 foot posi-
tion as used by Klebanoff [22], the test plate was centered around this
position in the B.L.D. plate. Therefore, a rectangular hole was cut in
the B.L.D. floor. This rectangular hole was centered in the 24 inch
width and extended from X = 9 feet 5 inches to X = 11 feet 7 inches, with
a 1/16 inch gap on all sides (requirement number 6).

The main tunnel test section, 15 feet 8 inches long, was con-
structed of 5/8 inch interior fir plywood held by a frame of 2 inch x
2 inch (3/16 inch thick) steel angles. The frame was supported at four
different stations by screw adjustments (requirement No. 11) attached
to an A-frame structure anchored to the floor. This enabled the frame
to be leveled before insertion of the plywood walls, which had been fin-
ished with a sanding lacquer finish and a plastic varnish. A1l interior
walls and the B.L.D. plate were finished in this manner to give an
aerodynamically smooth surface.

In order to satisfy the twelfth requirement an imaginary black-
board model was used to determine the most desirable tunnel access win-
dow positions and sizes. The resultant access windows were placed at
the locations shown in Fig. 2.1. An access window was located on both
sides of the compliant test plate area. The windows were constructed
of 1/4 inch polymethymethacrylate("Plexiglas") with an aluminum frame
and were sealed with 1/2 inch by 5/16 inch Johns-Manville weatherstrip-
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ping. Adjustable sash fasteners were used to press the windows into

position flush with the tunnel walls and to maintain a desirable air seal.

Test Section Pressure Gradient

In order to maintain a zero pressure gradient condition through-
out the upper tunnel test section, as stated in the third requirement, a
variable-area test section had to be obtained. This was accomplished by
suspending a 1/8 inch thick, 24 inch wide and 16 foot long strip of
pressboard from the top of the tunnel test section by means of screws to
form a false adjustable ceiling. These screws were attached to the back
side of the pressboard and inserted through holes in the top of the
tunnel test section. A maximum point of curvature of the false ceiling
was positioned at the leading edge of the B.L.D. plate. -This was tapered
off as X increased to approach asymptotically the top of the tunnel test
section. This variation in area offset the decrease in effective flow
area due to the boundary layer displacement thickness on all sides.

A series of 1/32 inch diameter holes were drilled midway in the
side wall of the upper tunnel test section and also the lower tunnel test
section for use as static pressure taps. These were spaced at one foot
intervals, starting at the leading edge of the B.L.D. plate. Using Tygon
tubing, these taps were connected to a board manometer for coarse readout
and the Flow Corporation Model MM-3 micromanometer for fine readout (ten-
thousandths of an inch of fluid). After tunnel completion, the false
ceiling was adjusted until the pressure gradient, as shown below in Fig.
2.2, was obtained. The largest pressure difference was found to exist
at X = 12 feet. At X = 7 feet, 9 feet, and 12 feet, small discontinui-

~ ties of the tunnel wall existed which were thought to give erroneous
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readings at these particular stations.
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Figure 2.2. Pressure distribution along the flat plate.
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.At the X = 0 station, a pressure difference was found between.zﬁé
upper and lower pressure taps. A tuft survey indicated a choking condi-
tion in the lower flow. The pressure difference was later eliminated by
the installation of a fiberglass screen in the upper flow at the trail-

ing edge of the B.L.D. plate.

Sealing Test Plate Support

As found in previous experiments [18], and so stated as require- |
ment number 7, flow through the gap around the test plate was eliminated
by sealing the test plate support apparatus from the surrounding air.
This was accomplished by means of a sealed plywood box built around a
steel frame between the bottom of the wind tunnel and the floor of the
test room. The front of the box was removable for access to the test
plate support. Also in the removable section was installed a "Plexi-
glas" door for easy access to the test plate support.

A NASA 16-021 air foil was installed between the bottom of the

B.L.D. plate and the test section floor to shield and seal the lower
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flow from the test plate support apparatus; since the support extended
through this particular region. The air foil had a chord length of 5
feet and a maximum thickness of 12.75 inches. The height of the airfoil
was 8 inches. The airfoil was constructed from press board and finished
with the plastic varnish, as wasAthe false ceiling.

A1l of the joints, connections, and bolt holes were sealed with

Dow Corning Silastic 892-RTV Adhesive sealant.

Entrance Section

An entrance section of the tunnel was designed to provide a
minimum of turbulence in the test section main stream flow (requirement
No. 1).

As stated by Pankhurst and Holder [25], the three principal
methods used for reducing wind tunnel turbulence of an airstream are
screens, a contraction, and honeycomb. All three methods were incorpor-
ated into the entrancg section design.

After reviewing th; work of Uberoi [26], who listed experimental
data for 16:1, 9:1, and 4:1 contraction ratios, a 9:1 contraction was
selected. The size of the contraction was also limited by available room
at the wind tunnel location. From Uberoi's work, this particular con-
traction ratio gave a favorable decrease in the longitudinal component
of turbulence without too large an increase in the lateral component.
Also, the two-dimensional contraction was best suited for the rectangular |
test section geometry.

The contraction, as shown in Figs. 2.1 and 2.3, was fabricated
from 1/8 inch x 4 feet x 12 feet pressboard held by a wooden frame built

from 2 x 4 inch wood boards. A four foot long pre-contraction pre.c::a



Figure 2.3.

e

RN,

Overall view of wind tunnel arrangement.

SL



16

box, or settling chamber, was used with a two foot post-contraction
length. The four foot settling chamber allowed time for honeycomb and
screen flow disturbances to dampen considerably before entering the
contraction. The two foot post-contraction length assisted in providing
fully developed parallel flow before reaching the leading edge of the
B.L.D. plate.

From test section turbulence measurements by the author and
tabulated experimental data by Dryden and Schubauer [27], three 16 x 18
mesh fiberglass screens, separated by distances of 4.5 inches and 12
inches respectively, measured in the direction of flow, provided the -
lowest main stream turbulence level.

. A honeycomb was constructed from 288 four-inch diameter, one foot
long, 24 gage galvanized steel cylinders, stacked vertically rather than
offset. The cylinders were fastened in a plywood frame such that the
trailing edge of the cylinders was one foot from the first fiberglass
screen. This honeycomb arrangement helped to provide proper alignment
of air, suppress lateral velocities and eliminate or dampen bursts of
air in the test section region (see honeycomb in Fig. 2.3).

The effectiveness of the screens and honeycomb is shown in Table
2-1 below.

Without the honeycomb or screens installed on the entrance section,
an 11% level of turbulence was observed. The honeycomb with three
screens was a slight improvement over the honeycomb with two screens.

The inside of the contraction was finished with two coats of sand-
ing lacquer sealer and two layers of a hard finish paste wax. The out-

side corners of the contraction section were sealed with fiberglass
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cloth and epoxy resin.

Table 2-1
TEST OF SCREEN AND HONEYCOMB EFFECTIVENESS

Configuration u'/Uy, percent
Pre-contraction Area Open 11.1
No Honeycomb, one screen installed 4.14

No Honeycomb, two screens installed 2.51
Honeycomb, two screens installed 0.3-0.4

Honeycomb, three screens installed 0.15-0.5

Diffuser Section and Drive Unit

To convert the kinetic energy of the airstream leaving the test
section into pressure energy before reaching the driving unit, an effi-
cient expansion section was needed. The total angle of the expansion
for most subsonic diffusers has been recommended by Pope [28], and
Pankhurst and Holder [25], to be 5 to 7 degrees. However, due to space
limitations the author used a 10° total angle.

A fan, built by the New York Blower Company, was purchased for the
drive unit. This fan, a type ME No. 330 with a PL wheel, had a wheel
diameter of 33 inches, a fan outlet area of 6.28 square feet, and an inlet
diameter of 36.5 inches. This fan was set on four 3/4 inch diameter
threaded rods welded to a 10 inch steel channel and I-beam frame. Also
on this frame was attached a General Electric, 1760 R.P.M., 220 V.A.C.,

20 H.P. electric motor for the power source of the drive unit. The drive



18

unit frame was isolated from the test room by twenty medium-hard rubber
disks, about 3/4 inch thick and 1 1/4 inches in diameter. The fan was
fixed at 670 R.P.M. with a 2.625 pulley ratio. According to the fan
specifications, at 670 R.P.M, and approximately 3/4 inch pressure drop
across the inlet-outlet, it could deliver approximately 13,000 CFM. A
parallel blade outlet damper was then constructed to provide a fine
adjustment of tunnel test section velocity. At the design speed of 50
feet/second the tunnel had a volume flow requirement of approximately
10,000 CFM. The test section now had a velocity range of 0-60 fps and
with a pulley ratio of 1.535, a range of 0-175 fps was measured.

Since the test section dimensions corresponded to a hydraulic
diameter of 25 inches and the fan inlet diameter and desired diffuser
angle were known, the diffuser length could now be determined. The
length was 5.7 foot with a two inch straight flange on the aft end for
attachment to the blower. A two foot long rectangular-to-round convert-
er section was soldered to the front end of the diffuser. Between the
aft end of the test section and the converter section was placed a vibra-
tion isolator region made from a vinyl material (see Fig. 2.4). With
this isolator section and the rubber disks on the fan-motor frame, the

test section vibration due to the drive unit was minimized.



Figure 2.4.

View of work area of wind tunnel, showing contraction, test section, and diffuser.
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CHAPTER III
EXPERIMENTAL INVESTIGATION

After assembling the wind tunnel components as described in
the previous chapter, the major portion of the construction phase was
complete. The next phase was initiated by acquiring the necessary in-
struments, some of which were available from previous experiments [18].
The instrumentation was selected on the basis of the desired measure-
ments, namely, those terms of the turbulent boundary layer energy equation
that could be measured with a modern hot-wire anemometer system and

associated accessories. The desired measurements are enumerated below.

Delineation of Energy Balance

The energy balance for the turbulence at a given cross section
in a two dimensional boundary layer is given by Klebanoff [22] as:

I I1 I11

-z 35 -7
uv aU/ay + 1/2 a(u v+ v + vw )/ay + (I/p)a(piv)/ay
IV v

-z T -7 - T -
+1/20(u +v +w)/ox+1/2Va(u +v +w)/ay

VI

(3.1)

4 -z Z
~viuvu+viv+ww =0

The terms listed in the equation have the following physical

interpretation:
20
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I. Production of turbulent energy from the
mean motion
II. Turbulent energy diffusion
I1I. Pressure diffusion
Iv. Convection of turbulent energy by the

x-component of the mean motion

V. Convection of turbulent energy by the
y-component of the mean motion

VI. Dissipation of turbulent energy
The two convection terms, IV and V, according to Klebanoff [22],

can be transformed into a single nondimensional term.

[ . .Y/GU {7+v+w)
c]=-

1 ]

The dissipation term (VI) can also be rewritten into a more

suitable form for hot-wire anemometer measurements:

—_—

) (F+7.+;2') —z

v T2 P + &9 <)+()
dy

+(§%) ()+(§Y,) )+()] (3.3)

Therefore, from (I) of equation (3.1), it is necessary to obtain the
distributions of the Reynolds stress (-puv) and the mean velocity across
the boundary layer. The diffusion terms, II and III, do not lend them-
selves to presently available hot-wire anemometer techniques and would
have to be determined by balancing the energy equation for the rigid wall
case if all other terms were known. The term in brackets in equation

(3.2) can be evaluated by a graphical integration of a mean velocity
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distribution plot. The first derivative of the summation of the turbu-
Tent velocity components can be determined readily from a plot of the
turbulent velocity components versus the dimensionless height above the
plate (y/8). The first term in equation (3.3) can also be found from a
plot of the distributfon of the turbulent velocity components by using

a first central difference technique.

dzf.i _Fiaa - 24 1y
dy” (8y)”

(3.4)

Five of the remaining terms of the dissipation component can

be determined by other hot-wire anemometer techniques. The values of

Z Z y 4 . .
(au/ax) , (av/ax) , and (aw/3x) can be determined from a space-time

transformation as described in Appendix C; for example,

u 1 u
('g;) = e ('g-t') - (3.5)

4 4
Values for (au/3y) and (3u/3z) can be determined from measur-

ing the correlation coefficients Ry and Rz, as described in Appendix D;

for example,

R, = Yly) uly+ = ( )(Ay) (3.6)
Y u'(y) u'ly + ay) g

where
Ay »+ 0

The above measurements that have been described as being possible,
as well as the spectrum of turbulence meaéurements, have been made for

both compliant and rigid wall cases. These experimental results are
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described in the next chapter. The instrumentation and procedure for
obtaining the necessary measurements are described below and in the

Appendices.

Instrumentation

A11 of the measurements to be described were made at the
X = 10.5 foot station, except for the pressure gradient measurements
mentioned in Chapter II. A hole was drilled through the double ceiling
at this station and the probe transversing mechanism (shown in Figure
3.1) was installed. This mechanism had the capability of normal move-
ment only to the test plate, -and could be read to 0.005 inches. It was
designed to hold the single wire and cross-wire hot-wire anemometer probes.

The main instrumentation consisted of the Flow Corporation
Model CCB two-channel hot-wire anemometer system. This system contained
a constant current hot-wire anemometer (C in Figure 3.2), a sum and
difference control unit (D) and a random signal voltmeter (B), which had
a 16 second time constant and a peak factor of 25.

This system was used for velocity measurements as described
in Appendix A in the y < 0.125 inch range. A hot-wire velocity calibra-
tion curve was obtained before each run. The Model CCB was also used
for all of the turbulence measurements by utilizing the single wire for
u' component and the horizontal and vertical x-array probes for the v'
and the w' component, respectively. Tungsten wire, 0.00035 inches in
diameter, with an exposed length of 0.04 inches was used on all of the
probe tips. A better signal-to-noise ratio would have been possible

with a smaller diameter wire but it would have been too delicate for
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g

Figure 3.1. Probe traversing mechanism installed on wind tunnel
test section.



. RETRCEL R D S

P
Pasid

Figure 3.2.

o byl

ROAOLE

311 X7
teloratorniy

S vam, .

et e A B

View of hot-wire anemometer system and accessory equipment.

trt e,

274



26
shipping and handling. A 7KC low-pass filter was connected to the out-

put of the hot-wire anemometer to eliminate high frequency noise.

An oscilloscope (A) was used to monitor the anemometer output
signal and to set the compensation frequency of the anemometer output
amplifier by the square-wave calibration method [29]. For sufficient
amplification the attenuation switch of the anemometer output was set

. . . Z
to(:)while taking single wire turbulence and (du/dt) measurements as

. . Z
shown on data sheet Form 2B in Appendix E. Measurements for (du/dt) ,

(dv/dt)z and (dw/dt)z were made with the differentiation system (E) as
detailed in Appendix C. As described, the time derivative was converted
to the spatial derivative as needed for the energy equation of the tur-
bulent flow, discussed in the previous section of this chapier.

The single wire turbulence equations used for X-array hot-wire
measurements of v' and w' were taken from Gessner [30]. He described a
technique for taking such measurements with two well-matched hot wires
on each x-array probe. The wires used for this investigation had un-
heated resistances that agreed within 5 per cent and heated resistance
agreement within 3 per cent as required by Gessner. The probes were
visually aligned with the flow stream for each measurement. Alignment er-
ror was checked by rotating the probe slightly and observing any changes
in anemometer output readings for both wires. For small angles, well
above visual alignment error, no changes in output were recorded. No
wire length corrections were made for any of the measurements.

Measurements of the spectra of turbulent energy were made with
the General Radio sound and vibration analyzer (I) which had a frequency
range from 2.5 cps to 25,000 cps. The method used to obtain the measure-
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ment is described in Appendix B. Permanent records of the spectra data
were made with the graphic level recorder (J) connected to the sound and
vibration analyzer.

Both the differentiation systems (E) and the sound and vibration
analyzer were calibrated with the audio oscillator (F). The rough meas-
urements of the pressure gradient were made with the board manometer (H).
A pitot tube and the micromanometer (G) were used for most of the velocity
measurements, as described in Appendix A. The micromanometer (G) was
also used for a fine adjustment of the pressure gradient.

The probability distribution of the u' velocity component was
measured with a Bruel and Kjaer Model 161 Probability Density Analyzer.
The output was recorded on a Hewlett-Packard XY Plotter. The Model 161,
which had a 0.1 sigma window width, was set on a 32-minute sweep time to

obtain a good time average of the signal.

Preliminary Tests

After the instrumentation setup was complete and the zero
pressure gradient set, measurements of the distribution of the mean
velocity were made. For a natural transition of the flow from the lead-
ing edge of the B.L.D. plate, a 2.2-inch boundary layer thickness was
measured. In order to make comparisons with Klebanoff's work [22], a
No. 16 floor-sanding paper was installed as described by Klebanoff and
Diehl [31]. After resetting the zero pressure gradient, which was the
same as shown in Figure 2.2, the transverse velocity profile across the
wind tunnel (z-direction) and a normal profile (y-direction), from test

plate to ceiling were made, as indicated in Figures 3.3 and 3.4 re-
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spectively. The transverse (z-direction) velocity profile indicated

that a two-dimensional flow assumption was valid. The free stream con-
dition, or an area apparently unaffected by the presence of the walls,
was substantiated by the normal velccity profile.

Hard plate tests were then initiated with a careful measure-
ment of mean velocity distribution. As shown in Figure 3.5, the velocity
distribution was in excellent agreement with that of Klebanoff [22].
Good agreement also existed for the "1/7 power law."

The values of u' as well as U were obtained as close to the
wall as 0.01 inches where Klebanoff obtained values to 0.004 inches.

Due to the geometry of the X-array probes, v' and w' measurements were
only obtained as close to the wall as 0.0625 and 0.03125 inches, respec-
tively. '

A comparison of the hard plate data versus Klebanoff [22] was
plotted in Figure 3.6 for the distribution of u', v', and w' turbulent
velocities. The turbulent velocity components have been nondimensionalized
by dividing by the free stream velocity, U]. As shown, the u' and v'
components had fair agreement. The u' component differed from Klebanoff
[22] by about 5 per cent, while the v' component differed by 10-12 per
cent. The hard plate values of u' had a peak at y/é = 0.085, while the
comparison curve of Klebanoff [22] peaked at y/é = 0.0075. In previous
works [18], the peak was fcund at y/é§ = 0.095, for 6 = 1.0 inches. No
explanation for this peak difference was concluded, except for the fact
that smaller diameter hot-wires were used in Klebanoff's experiments
which might have produced less interference in the region of the wall.

The w' turbulence component was recorded to be 18-20 per cent below
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Klebanoff's [22] value.

The values of the turbulent shear stress, or Reynolds stress,
were in excellent agreemént with those of Klebanoff [22], as shown in
Figure 3.7, except for values less than y/s = 0.0625. An extrapolated
wall value of ZEV/U]2 =Cp = 0.0029 was obtained. This coincided with
a skin friction value given by Squire and Young as described by Klebanoff
[22]. This value of ce at Re, = 4.2(10)6 was also found on a cg vs.

Re, curve given by Dhawan [32]. Fenter [33] has listed a theoretical and
experimental curve of Ce VS. Rex for incompressible flow and, at
Re, = 4.24(1056, a value for ce = 0.0028 was found.

The spectrum of turbulence was measured at different y positions
in the boundary layer, as shown on Figures 3.8 and 3.9. The data were
normalized as indicated in Appendix B. The curves did indicate that as
y decreased the wave number increased. They had the same general trend
that the curves of Klebanoff displayed. The low wave number, low fre-
quency level region contained the large percentage of energy. The energy
decreased with increasing wave number. However, as the plate was approached
the energy contained at the high wave numbers increased. The higher
wave numbers corresponded to the smaller eddies, the lower numbers to the
larger eddies. The magnitude of the Fu(k.) was lower than Klebanoff's
data at the lower wave numbers. This particular variance was partly
attributed to differences in the wave analyzer instrumentation. The wave
analyzer used for these experiments had a constant percentage (.07f) band-
width so that at lower frequencies the analyzer averaged the signal over
a bandwidth less than one, until about 14 cps. This bandwidth increased
to 490 cps at 7000 cps. Klebanoff's wave analyzer had a constant effective
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bandwidth of 5.36 cps throughout the spectrum. The data were repeatable
to within 5 per cent over most of the frequency range. The accuracy was
less than this value at the two end points due to the large random
amplitude fluctuations at frequencies less than 8 cps and the low signal-
to-noise ratio at the higher frequencies.

The differentiation circuit had a considerable loss in amplifi-
cation and also did not compensate for some error caused by assuming
q/C to be large compared with R dq/dt, as described in Appendix C. That
part of the anemometer signal above 3000 cps was not considered in total
due to the non-linear characteristic of the RC differentiation signal
above that level (shown in Figure C.2). Klebanoff's data were divided by

a factor that would place his curves uvar the present dissipation deriva-

tive curves of (au/ax)‘, (av/ax)‘ and (aw/3x) 1in Figure 3.10. The trend
for both curves was generally the same. As found in the distributioﬁ of
turbulence curves, the peak for the derivatives occurred at a higher
value of y than did the comparison data.

Comparisons of Klebanoff's data to other present hard plate
measurements are made in the last section of this chapter on the hard
plate versus compliant plate curves. Although complete agreement does
not exist with the comparison data of Klebanoff's work, the system and
procedures used for the work reported in this paper remained identical
for both hard plate and compliant plate data. Also, the hard plate data
shown previously were the result of not less than two sets of data for
most curves. Therefore, these data can be used for a good comparison

with the compliant skin data.
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Modification of Tunnel

After the hard plate tests were completed a small compliant
surface was constructed from 3/16 inch polyurethane foam (40 P.P.I) and
0.003 inch thick polyvinyl-chloride (PVC) membrane. The polyurethane
foam was selected for the substrate on the basis of the promising results
of Smith and Blick [34]. They obtained a 25 per cent decrease in the
skin friction coefficient at a Reynolds number of approximately one
million, using a 0.0030 inch PVC membrane and the thin polyurethane foa.

The foam was bordered by a 3/16 inch high, by 1/2 inch wide
balsa wood strip to form a reservoir for the water in the foam. This
was placed on the 8 x 26 inch small test plate previously installed in
the tunnel and filled with water. The test plate configuration was
similar to one used in previous work [18]. The PVC membrane was stretched
across the foam with a transverse tension of T, = 0.1 1b/in and a stream-
wise tension of T, = 0.2 1b/in. This tension was selected on the basis
of the reference [18] data. The compliant test plate was then inserted
flush with the wind tunnel floor. A static tap reservoir was connected
to the test plate fluid to equalize pressure above and below the membrane.

A velocity profile and a distribution of the u' component of
turbulence were measured. No discernible differences were measured
from that of the completely rigid plate.

i Therefore, the foam was removed so that only water remained as
the substrate. The membrane now seemed to be oscillating slightly, ob-
servable in the reflection of a spot light. Slight differences were
detectable in initial tests of the velocity profile and u' turbulence
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measurements. Therefore the entire series of measurements were run for
the small PVC and water compliant plate with the hope that more con-
clusive differences could be obtained. Only a slight drop in the turbu-
lent shear stress was detected and no differences were observed in the
derivative terms. The spectra of turbulence and shear stress revealed
no decisive results.

The small compliant plate, 8 inches x 26 inches, apparently did
not provide enough length to influence the three-inch thick boundary
layer. So a compliant plate was constructed that extended from the trail-
ing edge of the sandpaper, X = 2 ft. to X = 14 foot. This compliant
plate provided 8.5 feet of length to influence the flow. The full length
compliant plate was constructed from a 3/16 inch sheet of polyurethane
foam bonded to the B.L.D. plate with 3M Company "Scotch Grip-44" spray
adhesive. A sheet of 0.001 inch PVC membrane was also bonded to the
foam with a 1ight coating of the spray adhesive. Static pressure taps
from the center of the side wall were inserted into the foam substrate
every foot to equalize the pressure differential between the foam sub-
strate and flow region, to insure a flat membrane surface. This provided
a seeminy desirable composite membrane-substrate construction. A velocity
profile and Reynolds stress measurement were made using the same test
conditions and procedures as with the hard plate. No changes were detected.

The same types of material were then used without the spray ad-
hesive bond between the foam and membrane. The membrane was stretched
across the foam at a temperature of 90-95°F and clamped to the floor of
the tunnel on the sides with 3/16 x 1/2 inch balsa wood strips, visible
on the B.L.D. plate in Figure 3.1. Since the tests were run at 80°F, the
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membrane was stretched taut in the z-dirvection. Wrinkles, that were
present after installation, were absent at the lower temperature. The

initial measurements on the new compliant surface indicated very prom-

ising results.



CHAPTER IV
EXPERIMENTAL RESULTS

With the 0.001 inch (PVC) membrane and a 40 P.P.I. polyurethane
foam substrate installed, the same data were run as with the hard plates,
using the same geometry or configurations. The pressure gradient had to
be reset due to apparent changes in the flow. The pressure gradient was

set at the same readings as shown in Fig. 2.2.

Presentation of Data

The boundary layer thickness did not have a measurable change
but the shape of the mean velocity profile did have a slight measured
difference between y = 0.6 and 2.8 inches, as shown in Fig. 4.1. This
was the same trend as observed in previous work [18], where an increase
in the mean velocity throughout the outer portion or wake region of the
boundary layer occurred. At y = 0.01 inches the U/Uj value was 0.40 for
the compliant plate while the hard plate value was 0.455. Part of this
difference has been attributed to the difficulty in locating the y = 0.01
inch position on the compliant skin. Since the slope (dU/dy) was at a
maximum close to the wall, a slight change in y produced a significant
change in velocity. The measurement of y close to the wall has proven
to be very critical. During the tests, the measurement of y was made by
using the length of a shadow from a spot light positioned at a small
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angle from the horizontal. During the compliant plate tests, the y posi-

tions in the proximity of the wall had to be determined with the tunnel
running since the hot-wire had a slight influence on the compliant dis-
placement of the membrane. '

The three components of turbuience measurements for the compli-
ant plate indicated a significant change from hard plate data. The
decrease in the u' and v' fluctuating velocities is indicated in Fig. 4.2.
The w' component showed a possible decrease for y/s values greater than
0.08 inches, but increased above hard plate data for y/§ values less than
this.

The distribution of the turbulent shearing stress for the com-
pliant plate indicated a very desirable decrease over most of the bound-
ary layer region as compared to the hard plate (see Fig. 4.3). An extra-
nolated wall value for the local coefficient of friction produced a value
for cf = 0.00215 as compared to 0.0029 for the hard plate. This 25 per
cent decrease was most significant.

The spectrum of the u' component of turbulence was plotted
originally in the same way as the data in Fig. 3.8 and 3.9. To display
more vividly the changes that were found, the data have been presented
as the difference in energy of hard plate and compliant plate divided by
the energ& of the hard plate at each frequency. Frequency, rather than
wave number, was chosen for the abscissa so that it would not be a func-
tion of the mean velocity. As previously discussed, the mean velocity
determination was very critical in the region close to the wall. There-
fore, this helped to eliminate errors in presenting the spectrum data.

The plot of the percentage change in spectrum energy versus
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frequency at the y/é = 0.0033 position is shown in Fig. 4.4. Considering

that the data were repeatable within 5 per cent over most of the frequen-
cy range, the change indicated in Fig. 4.4 is significant. As shown, a
higher energy level existed for the compliant plate at frequencies less
than 60-80 cps and a lower energy level for frequencies greater than 80
cps.

The same type of plot for spectrum at y/s = 0.05 is somewhat
inconclusive but a positive slope of the data is indicated in Fig. 4.5.
The data in Fig. 4.6, for y/6 = 0.20, again indicate more energy at lower
frequencies, and transitioning from negative to positive around 60-80
cps. The same trend is indicated at y/s = 0.58 in Fig. 4.7, and more so
in Fig. 4.8, at y/6 = 0.80. The data at y/6 = 1.0 in Fig. 4.9 were
somewhat vague due to the low signal-to-noise ratio but still indicated
a positive slope. Correction for finite length of the wire was not made.
This error should increase with the decrease in scale of turbulence at
the higher frequencies. However, the data involved here are a comparison
of two sets of identically-measured signals.

The distribution of amplitude of the u-fluctuations was recorded
with a probability density analyzer as mentioned previously. Unfortunate-
1y, the instrument was available for the compliant plate data only, since
it was on a trial loan from Barnhill Associates in Dallas, Texas.

Since u denotes the fluctuations of the velocity about some mean
velocity, it can be normalized with respect to the time-averaged value
of u, that 1s,/A7 = u'. If P(u/u') is the probability at any given
instant of time of the velocity being between u/u' and u/u' + du/u', the

following relationship exists:

!
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J P d(E) = 1 (a.1)
where P(u/u') is usually 56;; number less than one. The probability
density for the ideal homogeneous isotropic turbulent flow would then
follow a Gaussian or normal distribution curve, since it has no prefer-
ence for any specific direction.

The nonisotropic boundary layer turbulence dealt with here is
compared with the Gaussian distribution curve in Figs. 4.10 to 4.17.
Since hard plate probability distributions were not possible, as mentioned,
the compliant plate is compared to the hard plate data of Klebanoff [22].

The minimum signal input allowance for the probability density
analyzer was 1.25 volts for a probability density of 1. The output sig-
nal of the hot-wire anemometer was connected to the random signal volt-
meter, which had an internal amplifier. This circuit was used to amplify
the input signal to the probability density analyzer so that the signal
was large encugh to normalize. Two problems existed: that is, in order
to amplify the signal sufficiently for normalization, amplitude distortion
of the amplifier would appear, as illustrated in Figs. 4.16 and 4.17.

Also, if the signal were not normalized,

L PU,) d() # 1 (4.2)
The probability distribution of u for y/s = 0.0033 is shown in

Figs. 4.10 and 4.16. The input for Fig. 4.10 was not normalized and

it is evident by comparison with the normal distribution curve. At

y/6 =0.05, as shown in Fig. 4.11, the amplitude is approximately the

same as that indicated by Klebanoff [22], but the position of maximum

probability seems to have shifted to the right. In Fig. 4.12, at y/s =
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0.2, the amplitude has increased slightly, and the maximum probability
point has shifted morz to the right. For y/6 = 0.4 (Figs. 4.13 aﬁd 4.17)
greater amplitude and again a shift of the maximum to the right is
indicated as compared to Klebanoff's data [22]. Although not normalized,
- the curves for y/s = 0.8 and 1.0 (Figs. 4.14 and 4.15, respectively) are
very similar to Klebanoff's comparison points for the two positions.
The plot at y/s = 0.8 appears to ir.  *e more of a concentration of the
signal around the midpoint and a decrease at the extreme points. Un-
fortunately, due to the short period of availability of the probability
density analyzer, further experimentation with the instrument was not
possible. Nevertheless, this investigator appreciated the opportunity
to obtain the data presented here.

The measurement of the dissipation derivative was accomplished

by the procedures described in the instrumentation section of this

chapter and in Appendices C and D. A decrea: - the (au/axfz and (av/ax)l
derivatives was measured throughout the boundary .yer profile. The
Z;;;;;;z derivative decreased between y/s = 0.2 to y/s = 0.0125, where it
measured higher than hard plate data. The hard plate versus compliant

plate data for the three derivatives are indicated in Figs. 4.18 and 4.19.

The other two derivatives,(au/ayszrand (3u/32)", obtained by the

correlation coefficients as described in Appendix D, are illustrated in
Figs. 4.20 and 4.21 for specific values of ay and Az used. Due to the
geometry of the experimental arrangement, the minimum Az distance was
4/64 inches. At this wire separation distance, good correlation was not

possible since the scale of turbulence was apparently much smaller.

Therefore, a comparison of (au/ay)?rand (au/az)z is made in Fig. 4.20 for
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z = Ay = 0.0625 inches to speculate on possible trends for (su/3z)
- — Z e 4s
at smaller Az values. The (su/ay) data indicated a decrease below hard
plate data both at the py = 0.015 inch (Fig. 4.21) and oy = 0.0625 inch
(Fig. 4.20) separation distances. From Fig. 4.20 and previous indica-
tions of the z component characteristics, one could speculate that the
Z .
(3u/3z) compliant plate data would not decrease for smaller 2z values.
The only interval distance common to both pz and ay was 4/64 inches, so
that a better interpolation was not possible. As shown in Fig. 4.22, for
most of the larger separation distances, the hard plate values for the
—Z

dissipation derivative (au/3z) are below the compliant plate values.
This is a strong indication that the same could be true for smaller wire
separation distances. However, this assumption appears to be somewhat
. c e e . T .
invalid in view of Fig. 4.23 for the (3u/3y) values. For large wire

separation distances hard plate data were sometimes below the compliant
plate values and then well above comp:iant data from small wire spacing

distances. Therefore, the behavior of the (3u/3z) term for closer wire
spacing is rather inconclusive and only the comparison data obtained at

a spacing of 4/64 inches are used for further discussion.

Discussion of Data

The mean velocity profile was replotted in the form of the "uni-

versal velocity distribution law" from Prandtl's mixing length hypothesis

[35].

_ U*=Alny*+ 38 (4.3)
where v* = u/y
ey Uk

1/ x
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g = constant

—

=gy = "mixing length"
N u3)q1/2
U, {;O/p [(@wa E-1-)]
Y
The hard plate data coincide extremely well with the upper

11(

logarithmic portion of the profile using the constants suggested by
Clauser [36] where A = 2.44 and B = 4.9 in Fig. 4.24. A wake region,
which deviates from the logarithmic line, is indicated for y* values
greater than 1000 (y/s> 0.36). The hard plate data points approaching
the wall layer (viscous sublayer) are above the universal velocity
profile 1ine of Clauser [36] (eq. 4.3) rather than below. A1l data
points were rechecked and as yet no explanation can be given for this.

The compliant plate data (shown in Fig. 4.24) were offset
above the hard plate data as dictated by the universal velocity distri-
bution law for lower wall shear stress. A line drawn through the com-
pliant data was found to be parallel to the hard plate data. The com-
pliant data line corresponded to a value of B = 8.4. Since the lines
were parallel, A remained constant and therefore indicated 1ittle or no’
change in the proportionality between mixing length, 1, and wall distance.
The compliant data indicate a wake region beginning at y* greater than
500. This corresponds to a y/é value of 0.21. Therefore, the wake region
appears to have increased in size.

Although the mixing length theories have lost some significance,
it is interesting to note the changes in 1 over the height of the bound-
ary layer. In Fig. 4.25, plotted with data from Fenter [33], the mixing
length, 1, over the entire boundary layer is not the same for the compli-

ant and hard plates, as calculated by Prandtl's mixing length hypothesis
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[35].

1 = (du/dy)’/(-uv) (4.4)
Both compliant plate and hard plate data approach the linear relation for
1 and y at values less than y/6 = 0.1. In Fiq. 4.24, for some values
less than y/s = 0.1, 300 >y*> 770, the logarithmic portion of the plot is
valid. Therefore, one can conclude from Figs. 4.24 and 4.25, that the
proportionality between mixing length and wall distance, in the fully
turbulent region, does not appear to change for compliant plate and
hard plate.

Von Karman's similarity hypothesis [37] concerning the struc-
urc of turbulence reguires that a constant ratio exist between the
turbulent shear stress distribution and the turbulent kinetic energy
distribution. The shear correlation coefficient actually gives this
ratio. In Fig. 4.26, the distribution for the shear correlation coeffi-
cient is given for compliant and hard plate, with a comparison of
Klebanoff's data [22]. Over the ranje of y/é = 0.05 to 0.9, the compli-
ant and hard plate data maintain a relatively constant value.

In Fig. 4.27, the ratio of the shear stress to the total turbu-
lent kinetic energy (;73 is compared for the hard plate and compliant
plate. The ratio for the hard plate more nearly approaches a constant
across the range from y/é6 = 0.1 to y/s = 0.8 than does the compliant
curve. However, both are acceptable as an indication that the von Karinan
similarity hypothesis is valid over a large portion of the boundary layer.

The direct viscous dissipation ("u) and production (Pr) of
turbulent energy are compared in Fig. 4.28. It is evident from Fig. 4.28
that the direct viscous dissipation is negligible for y/s§> 0.02 in com-
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parison with the production term. However, from Klebanoff's same plot
[22] in Fig. 4.25, it is possible to show that direct viscous dissipa-
tion is negligible for y/é> 0.01. In Fig. 4.28, it is interesting to
note that the direct viscous dissipafion for the compliant plate is
slightly above the hard plate curve; however, the compliant plate
turbulent energy production is considerably less than hard plate.

The turbulent energy production term is compared with the
dissipation derivative term in Fig. 4.30. The hard plate production
agrees quite well with Klebanoff's curve.

The five.measured dissipation derivatives were combined togeth-
er to form Hé. The magnitude of wé for the compliant plate was less than
that for the hard plate over the measurable portion of the boundary
layer. The decrease was most pronounced from y/é< 0.2, as shown in Fig.
4.30.

Klebanoff's temn for the dissipation derivatives, W, contained

all nine derivatives as described in the first section of Chapter III.

Since only the first five, (au/ax)2, (au/ay)?, (au/az)2, (av/3ax)? and

(aw/ax)2, were measurable,. Klebanoff approximated the remaining four by

the following isotropic relations.

(au/ay)?

2(av/ay)2= (aw/ay)?

(4.5)

(av/3z)2 = 2(aw/az)2

(au/az)2

]

The addition of the four remaining terms to W, by means of
these relations contributed to the major difference between w2 and Hé
shown in Fig. 4.30. Part of the difference is attributed to the differ-

entiation amplification problems described in Chapter III. Therefore,
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to minimize the errors, only the measured derivatives were compared for
hard plate and compliant plate. The second derivative term of the dissi-
pation was found to be negligible for uiost of the boundary layer except
for the region approaching the wall.

The convection of turbulent energy, Cy, is plotted in Fig. 4.31.
The hard plate curve shows remarkably good agreement with Klebanoff's
plot except at the small y/s values. In all cases, the magnitude of the
convection term from the compliant plate is less than for the hard plate
even when the terms are positive. However, in comparisen-with the pro-
duction and dissipation terms the convection term is practically negli-
gible over most of the boundary layer.

In discussing the turbulent motion, the transfer of energy is
of primary concern. Some insight into the process of the transfer of
energy from large eddies to smaller ones can be gained by examining the
spectral distribution of turbulent energy. As described by Tchen [38],
the flow of energy from larger eddies to smaller eddies corresponds to
a dissipation due to three different types of momentum exchanges. The
momentum exchanges occur between the molecular motion and the turbulent
motion, between the small and large eddies, and between the turbulent
and mean motion. The basic concept of this idea is that the energy
enters the spectrum through the large eddies from the mean motion and
is transferred through the spectrum to the smaller eddies where it is
finally dissipated by the molecular motion.

Frequency (f) can be written in terms of the wave number (k])
by the relation, k = 2nf/U. The Tow wave numbers correspond to the

large eddies and the higher wave numbers to the smaller eddies, since
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the eddy size is inversely proportional to the wave number. In Figs. 3.8
and 3.9, it was shown that the trend was for the higher wave numbers to
possess a greater percentage of the turbulent energy as the rigid surface
was approached. .

In Figs. 4.4 to 4.9, it is evident that there is less energy at
the higher wave numbers for the compliant plate although the percentage
decrease in turbulent energy becomes less as the compliant plate is
approached. A strong indication that the energy has increased at the
low numbers and greatly decreased at higher wave numbers is given by
Figs. 4.4, 4.6, and 4.7. On the basis of the previous discussion, this
would indicate that the energy transfer has been hindered and thus a
decrease in the momentum exchange has possibly occurred.

Runstadler, Kline, and Reynolds' [23] definition of the turbu-
lent flow could provide the basis for an elementary explanation of the
mechanism involved in this apparent reduced turbulent energy transfer,

In the last part of Chapter I, a description of the flow mechanism was
given according to Runstadler, et al. This description states that
turbulence transport to the outer flow régions is maintained by the out-
wards and downstream convection of small-scale turbulence within large-
scale turbulence, or €ddies, which originate at the wall. This ejection
of eddies, which is in the form of low momentum streaks, has a strong
interaction in the fully turbulent region outside the wall layer which
results in the production and dissipation of turbulence. The loss of
energy via dissipation in and ejections from the wall layer is resupplied
by the flow of high momentum fluid toward the rigid wall, which reaches

the wall more uniformly than the concentrated ejected eddies.
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It is speculated that, with the compliant wall acting as an
effective uniform energy absorber, some of the available energy of the
high momentum inflow is decreased by the compliant wall-fluid interac-
tion. This would result in a weaker interaction of the injected momen-
tum-deficient fluid in the fully turbulent region where maximum turbu-
lence intensities are measured. As noted in Fig. 4.2, the largest de-
crease in the turbulence intensity levels for compliant plate were
measured at the peak level. The outward v' and downstream u' compon-
ents of turbulence were noted to have the largest decrease with a possi-
ble increase near the wall of the w' component. Accordingly, this would
precipitate a reduced shear stress, -UV, as indicated in Fig. 4.3. Then
the decrease in ejected fluid reaction potential would logically reduce
the production and dissipation of turbulent energy, as noted in Fig. 4.28,
for the compliant wall condition.

Further insight into this mechanism of fluid motion could be
gained by the study of the velocity correlation coefficients R,, R,, and

Y

R;. The measurements of the correlation coefficients Ry and R, were not

extensive enough to yield conclusive results for a basic eddy flow de-

scription,

-



CONCLUSIONS

The fo]lbwfﬁg conclusions and recommendations have been obtained
from the experimental study of the turbulent boundary layer characteris-

tics of flow with a zero pressure gradient over a compliant surface.

Concluding Remarks

The compliant surface was found to influence favorably the char-
acteristics of turbulent flow as measured by a hot-wire anemometer system
and accessory equipment. After several choices of the membrane-damper
configuration, a 0.001 inch thick polyvinyl-chloride membrane with a dry
polyurethane foam substrate was used as a compliant plate, extended over
the full length of the "boundary layer development" plate.

Turbulence intensity reductions for the u' and v' components
of approximately 10 per cent and 6 per cent, respectively, were measured.
When compared with the hard plate, the w' component indicated a slight
reduction until the wall was approached where an increase was measured.

The Reynolds stress for the compliant plate had a 20-25 per
cent decrease over most of the boundary layer compared with the rigid
plate condition.

The spectrum of the u' component of turbulence over the compli-
ant surface indicated a significant decrease of energy at the higher

frequencies or wave numbers. As the wall was approached, the low fre-
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quency, low wave number part of the spectrum contained an increase in
energy, while the higher frequencies still had a reduced energy level
compared with the hard plate.

The probability density of the u-fluctuation appeared to be the
~same és thé hard plate comparison data of Klebanoff [22]. Results were
inconclusive due to lack of extensive measurements.

A reduction in the production, convection, and dissipation of
turbulent energy for the compliant surface was indfcated when compared
with the identically measured hard plate values.

Possibly the above reductions are caused by the compliant wall
acting as an effective uniform energy absorber which would reduce the
interaction of fluid motion in the fully turbulent region of the bound-

ary layer.

Recommendations for Future Research

In order to gain further insight into the characteristics of
turbulent flow over a compliant wall, additional investigations are
needed. Extensive measurenents of the dissipation derivatives with a
more sophisticated differentiation circuit would be helpful. Also, a
device needs to be designed for obtaining more precise correlation ccef-
ficient measurements, since this is a critical factor in describing the
eddy flow structure.

Lower free stream turbulence levels could possibly be obtained
in the tunnel used for this investigation if an entrance section were
designed to precede the honeycomb system and vibration in the drive unit

were eliminated,
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APPENDIX A

HOT-WIRE ANEMOMETER VELOCITY CALIBRATION



HOT-WIRE ANEMOMETER VELOCITY CALIBRATION

The velocity profile data listed in this report were obtained
with a pitot tube (0.D. = 0.125 in.) and the Flow Corporation Model
MM-3 Microm3nometer, which has a capability of measuring a Ah of
0.0001 inches of fluid.

Although pitot tube measurements were made at a minimum y
value of 0.0625 inches, the hot-wire anemometer velocity data were used
for the y = 0.01 to 0.125 inch range.

Therefore, calibration coefficients were obtained for the hot-
wire anemometer from the pitot tube measurements for values of y greater
than 0.125 inches. Since the coefficients were variable, a straight
line was drawn through the points by using the least-squares method.
Extrapolated values for the Iv/Io values in the region of y less than
0.125 inch were read from Figure A.1 for the hard plate, and from
Figure A.2 for two sets of velocity data for the compliant plate and
one set of hard plate data. Unfortunately, all of the velocity data were
not obtained with one wire due to probe A damage after part of the hard
plate data were complete. However, excellent agreement was found to
exist between the two wire current values. The least-squares technique
provided consistency in placing a line through the four sets of data.

The hot-wire anemometer velocity equations and pitot tube
equations were similar to those used previously by Walters [18] and
Flow Corporation Bulletin No. 25, Cambridge, Massachusetts.
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METHOD FOR SPECTRAL DENSITY ANALYSIS

The spectral distribution or spectral density analysis of the
turbulent velocity components was measured with the General Radio Type
1564-A Sound and Vibration Analyzer. The input of the analyzer was
connected to the output of the Flow Corporation, Model CCB, Hot-Wire
Anemometer System. The output signal of the analyzer was measured with
the Flow Corporation Model 12A1 Random Signal Voltmeter for a true rms
reading. To check the continuous frequency range from 2.5 cps to
25000 ops, the output signal of the 1564-A analyzer was recorded on the
General Radio Type 1521-A Graphic Level Recorder using 1521-9493 chart
paper. Only the frequency range from 0-7000 cps was of practical inter-
est, since the anemometer output utilized a 7KC Tow pass filter.

To obtain a sufficient time average of the 1564-A analyzer out-
put, the signal had to be measured by the 12A1 voltmeter and observed
for a period of time not less than one minute. Since, for practical
reasons, the continuous frequency range could not be measured by using
the 12A1 voltmeter, the range was divided into eighteen different fre-
quency levels from 3.175 cps to 7000 cps, as illustrated on the data
sheet, form 5A, in Appendix E.

The required meter readings for finding the percent of energy
or turbulence at each frequency level were derived from the following

equations. Since
9]
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\r;E-= 4i M;+V- Mi

o B.1
; . (8.1)

I cvee 1
Iv[] - (_I_O_)] nty+s nt+v

=

v

is the equation for calculating total turbulence, a percent of turbulence

was calculated by -

(W) [, M),

ntv
(u )total (Mn+v° Mn)tota1

2 2
so that the spectra of Mn+v and Mn were required.

To obtain the total turbulence rms meter readings of Mn+v and

Mn, the 1564-A Analyzer bandwidth control was set on the "All Pass"
2

n+v
on the 1/10 octave position. The 1/10 octave selection had a constant

position. For the (M - M'Z‘)f readings the bandwidth selector was set
percentage bandwidth (= 7%) such that its bandwidth increased in direct
proportion to the increase in the frequency to which the bandwidth was
tuned [39].

To calculate a true spectrum level the data were divided by
0.07f, as shown in data sheet form 5A in Appendix E. This met the require-
ments of the definition of the spectrum level of a signal which Keast
[40] stated as, "The spectrum level of a specified signal at a particular
frequency is the level of that part of the signal contained within a
band one cycle per second wide, centered at the particular frequency."

Using the Hewlett-Packard Model 200AB Audio Oscillator as a
signal generator, input and output values for the General Radio 1564-A
Analyzer were recorded at the "All Pass" bandwidth position and at
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several frequencies from'3.]75 to 700 cps for the 1/10 octave position.
A constant gain factor was measured for all positions.

Mn+v'and Mn, for continuous range of frequencies, were recorded
by the graphic level recorder for the different y positions of both hard
and compliant plate. This was a check on the validity of choosing the
18 different frequencies as a true sampling of data. This insured that
irregularities over the entire §pectra of turbulence were not deleted

1

from consideration.
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DERIVATION OF EQUATIONS AND TECHNIQUES
USED IN OBTAINING THE TIME DERIVATIVE

In order to obtain the spatial derivative of the turbulent
velocity components u, v and w, in the streamwise direction of flow
(x-direction), it is necessary to measure these instantaneous turbulent
velocity components at two x-locations simultaneously. This would
involve the use of two hot-wire anemometer systems. Separating two
probes by some x-interval, while maintaining constant y and z coordinates,
would place one probe in the wake region of the other due to the neces-
sary small ax for proper signal correlation.

Townsend [41], as well as later investigators, has made use of
the temporal derivative of fhe signal from a single hot-wire anemometer
system to obtain the spatial derivative in the streamwise direction
(x-direction). Making the common assumption that the turbulent velocity
components are small with respect to the mean velocity of the stréam,

the following space-time transformation can be written

3 1 (3u au
B2 (3 or (5
ot

1 ,3u
= (— (c-])
X X 62. at

———e

The time derivative can be obtained from a simp{é resistance-
capacitance network, since electrical differentiation depends on the use
of the changing current of a capacitor to produce a potential drop in a
series resistance proportional to the time derivative of the potential

difference across the capacitor.
95
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The equation for the simple RC circuit shown below can be

written in two different forms.

Figure C.1. Simple Differentiation Circuit.

If e, is the input voltage and q is the charge on the condenser,

then

. Rg—garfcl (C.2)

®

]

1]
=

+

fb

n

where

de

i=g-‘%=ca-f‘i (C.3)

If %—>> R (%% , that is, if the voltage drop e_ across the resistance is

R
small compared with €ss then one could make the following approximations
de.

- 49 . pe 1
ec %-and R at RC It eo

An alternate equation could be written in the following manner,

where v = 2af,

e; =e +e. = Ri = (j/wC)i (C.4)
e /e; = Ri/i(R - j/uwC) (C.5)
€ ] 1

e; e J/uwRC T+ I/3wRC (C.6)
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.é_?. - %ﬁ%%_:_]_ (C.7)
If wRC << 1 then the necessary differentiation conditions 1isted above
will hold.
Townsend [41] stated that the required amplification for
differentiation can be obtained if RC = T, where T is the time constant

for the hot wire. T can be computed from [42]

(C.8)

where ne is the characteristic frequency of the wire. The time
constant is the time required for the wire to complete 63.2% of its
adjustment to a sudden step change in velocity. T;E characteristic
frequency depicts a "transition" region. Above this frequency the hot-
wire signal decreases linearly with frequency. The characteristic fre-
quency is determined by the approximate formula
pog® 000,

. C.9
¢ lood R/R-1 s (c.9)

n

where d is the wire diameter in inches and Iv the wire current
in amperes.

For the hot wire used, R/RE = 1.3, d = 0.00035in., Iv = 110 ma.
Therefore,

0.04 , (11.0)°

ne = (57533' o3 CPps = 526 cps
(I 110ma) = 1/2w(526¢ps) = 0.000303

v

T(1I 100ma) = 1/2n(435) = 0.000367

v

For the hot-wire current range of Iv = 100ma to 110ma, the hot-
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| wire time constant varies from T = 0.000303 sec. to 0.000367 sec., which
corresponds to the RC range.

Different combinations of R and C are plotted in Figure C.2.

As can be seen the RC values that match the wire time constant have a
very limited 1inear frequency response, i.e., 0 to 300 cps.

When the value of RC = 3.3(10)'4 was used in the differentiation
circuit, insufficient amplitude was obtained.

A value of RC = 3.3(10)'5 was selected, since this would satisfy
the condition of wRC << 1 or would permit a wider frequency range. The
calibration plot of RC = 3.3(10)"5 is shown in Figure C.2. As illus-
trated, the response is linear to approximately 2500 cps.

The differentiation circuit was calibrated by connecting a
Hewlett-Packard Model 200AB Audio Oscillator to the input. The input and
output voltages were measured on the Flow Corporation 12A1 random signal
voltmeter and a Hewlett-Packard Model 3440A Digital Voltmeter.

The quantity (de/dt) was used for the ordinate of Figure C.2,
since this is the desired form in equation (C.1).

From the basic compensated hot-wire turbulence equation, an
equation can be derived for the derivative ofthe turbulent velocity com-
ponent in the streamwise direction with respect to time.

Equation (42) in Flow Corporation Bulletin No. 94b [42] can be

written as follows,

¢ 44 1 s
P — - o-—————-—zr S— c.]o
R 1-(1/1,) (es) (€.10)

where i is the square wave current, and the amplifier output due to the

square wave is )
« K21 IR

e

(c.1)
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and I, K, R, i, A], f, x # f(t)

Let
4i
l-= vd (C.12)
- 1,01-(1,/1,) 1

Then, taking the time derivative of equation (C.10)

-]
de d(e. ')
dc 1 - 1 f S
A A (€.13)
where
de
S _
a -0
s
2 (Z)ZZ ot (C.14)
€)”  (e)”
Now, let
d(ef+en)
Misv = KVKZ\V/L-—_EE——"J (a)
(D’
M= KVKZ dt (b)
- ?
Mo = Ky (en) (c) (C.15)
—
Mn+v = Kv (ef+en) (d)
—_—
Mntyes = Kv\/kes+ef+en) (e)

Ky is the amplifier gain while Ko is the gain of the differen-
tiating circuit.
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Equations (C.15a) and (C.15b) can be rewritten in the following

form
""_Z' 2
( )+2( )( ) + (=) ————-T(M“"") (C.16a)
= . 10a
dt dt 3"‘ dt (Kv'(z)
and
de (M )2
()’ = - (C.16b)
Ty

Second term on left side of equation (C.16a) is zero due to

Tack of correlation of ee and €, where e, is the noise of the circuit

and ee = 0.
Combining equations (C.16a) and (C.16b)
2
de; » (M ) - (M)
(_%f) - ntv zn (C.17)
(K K,)

So that equation (C.14) can be stated in terms of the meter readings,

&, ) - o)

A Y A (€.18)
2 MI’\"’V"’S Mn+v
or
du, 2 2
(3%) : (M + ) - (M)
s (c.19)
Y Iv[l-(TQO ] Ko nives oty
v —

The value of RC = K, = 3.7(10)"5 was obtained from a calibration

. of the differentiation circuit.

Equation (C.19) is the final equation for the time derivative
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of the streamwise turbulent velocity component. This equation dictates
that only the hot-wire signal plus noise reading and the noise reading
alone need be obtained from the differentiation circuit output.

To obtain the time derivatives of the transverse turbulent
velocity components normal and parallel to the plate, y and z respectively,
the X-array wire probe arrangement has to be employed for the appropriate
plane. The necessary equations can be derived from basic hot-wire anal-
ysis for the X-array arrangement.

Consider the general coordinate system with axis X and Xy as

illustrated.

X2
~~ Wire B
uz
1] T“] u '\450
Jase !
Ug\,
»— Wire A

Figure C.3. X-array Hot-Wire Arrangement.
The U and u, velocity components can be written in terms of

Up and ug.

=

I s .
e A A A ]
The time derivatives of which are

du;/dt = [(duA/dt) + (duB/dt)]//Z (c.21a)

B
Ve (c.20)
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du,/dt = [(duA/dt) - (duB/dt)]//i‘ (C.21b)

Squaring and taking the time average

(i ) = V2llug ) * 2 uy uy o+ (ug )] (C.222)
(up,¢)” = 1/2L(uy ) - 2 up ug o+ (ug 7] (C.22b)

Equation (C.22b) can be written in terms of the Cartesian
coordinate system set up for the present experiments, so that the com-

ponents are

PE——

(dufdt)” = 1/2[(ug ) + 2 uy yu o + (ug 4)"] (C.23)

— 7 ~2

(dv/dt) = 1/2[(u, ,) -2 uy ,up . + (ug ,) ] (c.24)
A,t A,t'B,t B,t xy plane

- < 2 Z

(dw/dt) = 1/2[(u, ,) -2 u, ,u + (uy ) ] (C.25)
A,t A,t'B,t B,t xz plane

Up ¢ and ug 4 can be written in terms of the rms voltmeter readings, so

that

Mi,q = \J/ + ’
as = KKoV/ [KgKsklup ¢ + ug o) + €y 4]

s e\ ’
Ma-g = KKz \/ [KgKgk(up o - ug 4) + e 4] (C.26)

— 7
Mﬁ N KVKZ (en,t)

or rearranging, where (uA.t + uB,t) en,t =0

2 2

—_— —  (Mj - (M

g * 2 ity g+ g =2 h ) (o)
] ’ ] » (KVKGKKSKZ)
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] 2 l2
z_ Mgl - )
(KVKGKKSKZ)

7z
(up,¢) -2y o ¢+ (ug (C.28)

Equations (C.24) and (C.25) can be denoted in terms of equation (C.23)

- 7 “m02'2%¢%¢+(%¢F
(dv/dt)” = (du/dt) = — (€.29)
(ug ¢) +2up qug o + (ug 4)

Xy plane

Z ra
(dw/dt) = (du/dt) (C.30)

Z Yy
(up,¢) +2up qug o+ (ug o)

xz plane
Using equations (C.27) and (C.28) in equations (C.29) and (C.30)

the final form of the time derivatives can be obtained.

2 2
P(MA_B) = (Ml'l) -
Z Z
(dv/dt) = (du/dt) i - (C.31)
(Maep) = (Mp)
xy plane
i, 2 2
Z Z
(dW/dt) = (du,dt) ( )Z (M )Z.J (C-32)
M - 1
- h+B " %z plane
T e Therefore, by obtaining the rms meter readings, MA+B’ MA-B and

M& from the output of the differentiation circuit with the xy and the xz

X-array probes, the respective (dv/dt)‘ and (dw/dt)z can be found from
. e
the single wire data and equation (C.19). A single wire (du/dt) measure-
ment is illustrated on sample data sheet Form 2B in Appendix E.
A sample X-array measurement for the xy plane is illustrated

on data sheet 3B in Appendix E to obtain the spatial derivative of the
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normal transverse velocity (v) from the temporal derivative in equation
(c.31).

The equations (C.31) and (C.32) follow the same form for the
turbulent velocity component, without the time derivative, as given by

Gessner in [31].
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METHOD OF CORRELATION COEFFICIENT
—
MEASUREMENT FOR (du/dy) and
o
(du/dz)



_ METHOD OF CORRELATION COEFFICIENT MEASUREMENT
FOR (du/dy)” AND (du/dz)”

The dissipation derivatives were calcualted from the relations

given by Taylor [43].

—Z
-5.:@-2'= (]-Ry) 2u

3y (Ay)z for Ay + 0 - (D.1)
and
2
2 (1-R,) 2u
@ - ( ;z for az + 0 (D.2)
8z

__-Ry and RZ are the correlation coefficients obtained by compar-
ing the u2 values at two different locations in the flow, separated by
small intervals, Ay and Az, respectively.

The relations for Ry and Rz were derived from the work pre-
sented in a technical memorandum [44] from Flow Corporation. The re-
lation for Ry, which is identical to R, except for denoting probe locations,
is given on data sheet form 3A in Appendix E.

The correlation coefficients were measured with two single wire
probes attached to the two-channel hot-wire anemometer system. One
probe was supported at an angle of 30° from the vertical probe so that
the probe tips could be placed in a position for small intervals of

separation as shown in Figure D.1.
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]08 ] 300

[ mobile

stationary

‘ Ry

Ay U 3> aay

FRONT SIDE

Figure D.1. Front and Side View of Ay Geometry

Le— 309/
iy 1"# P

| v
stationary /
< __mobile
f—a z SIDE

Figure D.2. Front and Side View of Az Geometry

As illustrated, for the Ry measurements, the slanted probe was
used as the stationary probe and the vertical probe was used to vary
the interval, Ay. Since the vertical probe could only be positioned
normal to the plate and not transverse, the slanted probe was moved for
varying Az during Rz measurements. From the geometry of the system,
the practical minimum values of Ay and Az were 0.015 inches and 0.0625
inches, respectively. Good agreement was found to exist between the two
wire current values and the individual turbulence readings of the vertical

and slant probes.
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SINGLE WIRE TURBULENCE AND (g-uf) MEASUREMENTS Data Sheet
QURI Project No. 1499 Form .2B . - Date 8/5/68
Skin Thickness (in.) 0.001 Sandpaper Installed -(Yes) No
Pressure Gradient - 0

Fluid Substrate-Density = Polyuréthane (3/16')

Ambient Pressure (in. ﬂg) 29,0

Number Screeps 1 (%) Square Wave Ampl 1 (:)
Attenuation(4) 16 Ambient Temp.

X = 10.5' Y 0.50"

=810 78 1 =80 - 1425, BN = 146.5; Vel. = 38fps = U

— v
M, = 2.5 M = 6,25
_ - A= - M2 = 5846
M, =_76.5 M, = 5852 M M0 S
2 - B = - =
Mn+v+s %rl-w-s = 162409 Mxzmr-l-s %rl-v
. ’ A
o A 10.0 - S CO1 C> 9 N
49 4i = = 25.6 I= B
1 + BN == | )
I, [1-]
— v
Up= Sofps AR 1. 419X 1932 = 0810
M = 0.15 ()2 = 0,0225

! = ] 2 . 12 =
T i O T e

R (chms) = 33000  RG,.,.= _3.7(10)°°
C (farads) = 10 ®0):l 2.700)
-1
_(%52_ =1 = r"—@E)‘T"Z AL = 1.13120)% 0.01382 = 156.3
1- (T_) ]

(g’hg@_- a2 = 2.45010)*

2 &7 - 2500 192 061

H‘i»|°'

MMultiply square wave current equation by 4 when square wave
amplitude switch set on @.
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QORRELATION COEFFICIENT MEASUREMENTS Data Sheet
OURI Project .No, (1499 . " Form 3A . : Date .8/11/68

Skin Thickness (in.) 0.001 Sandpaper Installed - No
Pressure Gradient - 0 @
Fluid Substrate Density = 2_g}xuret:hane (3/16")
Ambient Pressure (in. Hg)

Number Screens 3 Square Wave Ampl. @
Attenuator 16 — Ambient Temp. 80 ‘F
Az = - Ay = 0.0015 in. y = 0.39 in
. (312) _ . . (461) _ . -
wire #1 I =322l - 7ema; 1 = B89 - 115.06ma; BN, = 119
( ) -— - = (461 = . - -
Wire #2 I =sg== : Iv = 115,25ma; B.N. = -

- 2 = M2 = = B2
Ma = 15,9mv Ma = 252.8 M§+b Mn 909.0 E
Mb = 17.0mv }% = 289.0 Mg.-b - Pﬁ = 22,0 =E2

= - - - - 2
M, = _30.2mv My = 91204 M- M= 298 = E
- = M2 = = B2
M, = _ 5.0mv M2, = 25.0 Mg - M2 = 286.0 =E}
% = 1,7mv lﬁ = 2,89
2 + E2)(E2 - E2
RS'="*"—C1C2 _1 BTG D | 0.95
i =0
or, Y¢ 76 (B3 + ED) (E,Ey)

(1 - Ry,)(@2) (62)
(?gu-;-.;? = 2 =

(ay)2 ¥ |

52

U2

52 Tz @ - R s
)

@ n)2 Ui -
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TURBULENCE & REYNOLDS STRESS MEASUREMENIS Data Sheet
OURI Project No. 1499 Form 3B Date 8/4/68
Skin Thickness (in.) 0.001 Sandpaper Installed - @ No

Pressure Gradient - 0
Fluid Substrate Density = Polyurethane (3/16'")

Ambient Pressure (in, Hg 28.88
Number Screens 3 Square Wave Ampl, @

Atterwator 4 — 16 Ambient Temp, 82 "’T
Vel.=38fps X =10.5' y=0.50"

: = (312) _ 45, 7= (397) _ . = 161: =
Wire #1 I = 2] = 78; I = 257 = 99.25; B.N. = 161; Vel. = 38fps

Wire #2 1= ——= - ; 1= 390 = 99.25; B.N. = - ;

M!, = _15.2mv ! ) 2= _231.04 M2 - M!2= 230,95
M = 142w ! 2= _201.64 MIZ - M!2= 201,55
M= _17.2mv M2= 295,84 MZ- M2= 291.8 = E2

M= _11.3mw M= 127.69 MZ- M2= 123.7 = E2
M= _23.2mv M2, = 583.24 M2 - M2= 534.2 =E}
M, = _13.2m M2 = 174.24 M2 - M2= 170.2 = E2
M= 2w M= 4 M= 0.3 M'2= 0.09
?:27’- or 3-%- U =(0.06182) ( 0.3185)= 0.001218

u2 v u? AZ/U; = 0.0349

U, W |00 M) M My 2]
G U} |02 - 20) 02, M) |

= 0,00200

—
62 dvorw) _¢? &, Ma-b wz 0.87
202 2 & —;;——7 =(0.611) (—) = 0.266
3 1 Matb” Mn
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Compliant or Hard Plate
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SPECTRIM OF TURBULENCE ~ Data Sheet Form SA

y= )f46= o B Date
Io= WLk - Substlj_ate Skm'
1=/ M1'1~l-v+s= DAV
C.F.= __ B.N.= AllPass Mhev— "f:‘n+v=
T= " F Rel.Hm.= ~ § = M=
P= 1!1. _l'lgo = ?‘ ___biz 2_
o AP, NV N ——0
1/10 Octave - °:~1/% Octave ~“Band Level=
b freq i M |ML | M | M2 | BD |Zpp | F
1] 3.175 -
2 5 1 -
3 8 ‘. 1
4] 12.6 .
5'; 20 i
6 | 31.75 e
7| so ;
8| 80 N 1 -
9 | 126 S
10 | 200 I ?
11 | 317.5 R
12 | 500 ¢
113 | 8o0o )
14 | 1260 :
15 | 2000 A '
16 | 3175 ‘
17 | 5000 : ) . i
18 | 7000 o —
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APPENDIX F

LIST OF INSTRUMENTS USED
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LIST OF INSTRUMENTS USED

following instruments were used for the work reported here-

Bruel and Kjaer Model 161 Probability Density Analyzer

Flow Corporation Model CCB Two Channel Hot<Wire Anemometer
System

a. Model HWB-3 Hot-Wire Anemometer

‘b. Model HWI-3 Hot-Wire Sum-Difference Control Unit

c. Model 12A1 Random Signal Voltmeter

Flow Corporation Model MM-3 Micromanometer

Fluke Model 931A RMS Differéntial Voltmeter

General Radio Type 1564-A Sound and Vibration Analyzer
General Radic Type 1521-B Graphic Level Recorder
Hewlett-Packard Model ZQOAB'Audio Oscillator
Hewlett-Packard Moseley Model 70058 XY Recorder
Hewlett-Packard Model 3440A Digital Voltmeter
TektronixType 503 Oscilloscope
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