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Dissertation Abstract

AN EXPERIMENTAL STUDY QF THE INFLUENCE OF
LOCALIZED NORMAL, SURFACE OSCILLATIONS .
ON THE LAMINAR FLOW OVER A FLAT PLATE

By James M. Deimen

The purpose of this investigation is to study the
effect of a finite localized surface oscillation on the
mean value velocity profiles in the laminar boundary
layer of a flat plate and compare the results with an
analytic solution,

The experimental program consisted of the design,
construction and testing of a flat plate with a flexible
membrane located in the surface and driven by an oscil-
lating device. The flat plate was located in a low
turbulence, low speed wind tunnel. The principal
measuring instrument was a hot wire anemometer mounted on
a bridge over the plate with its position normal to the
plate controlled from outside the tunnel.

Experimental data was taken at free stream velocities
of 20 and 40 feet per second. The surface oscillation amp-
litude was 0,050 inches and the frequency range 15 to 100
cycles per second,

The results of the investigation show that a definite
change in the mean value velocity profile in laminar flow occurs
and is a function of free stream velocity, frequency and
location on the plate surface. In addition, early transition
is promoted, The analytic solution is found to be qualitat-
ively valid in the laminar flow region downstream of the
membrane,

XV



CHAPTER 1

Introduction and Literature Survey

Although a large number of boundary layer studies
both theoretical and experimental have been conducted and
reported, only a relatively small number have been con-
cerned with the effects of an artificial time varying
disturbance located in the boundary layer region. This
is a report of an experimental study of one such type of
disturbance, namely the effect of an oscillatory disturbance
in the boundary layer induced by the oscillatory movement
of a small region normal to the surface of a flat plate,

The flat plate is located in a steady parallel flow field
with no pressure gradient. This experimental study is based
upon a theoretical study conducted by Na (56) in which the
disturbance is an oscillating bulge in the flat plate
transverse to the mean velocity of the flow and sinusoidally
varying in amplitude with respect to time,

The literature survey was conducted with two primary
objectives., First, to review previous theoretical and
experimental research concerning disturbed boundary layer
flows along a flat plate. Primaxy interest was centered
upon the laminar profile and transition regions. Second,
to study and analyze the techniques utilized by previous
investigators - in their studies of turbulent flow and
boundary layer flow. Emphésis was placed oh hot wire

anemometry technique since this method of measurement is



used for this investigation. The following paragraphs
contain brief resumes of the more important references,
Liepmann and Dhawan (43,16) studied the skin friction
due to the laminar boundary layer. They utilized a flat
plate with a small moveable section in its surface,
Movement of this section gave a direct indication of skin
friction, The flat plate was mounted in a wind tunnel
of low turbulence level (0,03%). With a hot wire
anemometer they studied the effect of small gaps in the plate
surface and the Tollmien-Schlichting waves, They also studied
the pressure gradient due to the leading edge of the flat
plate.
Schubauer and Skramstad (67) conducted an experiment
in which they found the Tollmien-Schlichting waves as
predicted by the Tollmien-Schlichting stability theory.
In order to obtain the low turbulence levels necessary,
extensive experimental work was performed to find the best
combination of screens and cloth for the tunnel settling
éhamber and to isolate the test section from the rest of
the tunnel. The results of their turbulence measurements
and the effect of fan noise on turbulence are given in
the report. They deveioped the method of producing
oscillations in the boundary layer by electrodynamical ly
vibrating a thin metallic ribbon in the boundary layer,
Dryden, Schubauer, Mock and Skramstad (17) experimental-
ly determined tables of turbulence level versus mesh

length for various screens and developed corrections for



wire length when the Wire length and the scale of
turbulence are of the same order,

Schubauer and Klebanoff (65) conducted a detailed
investigation of the transition region with naturally and
artificially induced turbulence spots, They used the
vibrating ribbon flat plate and wind tunnel of reference (67)
and developed a method of dual mounting for two hot
wires so that a turbulent spot could be observed with
respect to time and distance simultaneously. They compared
their experimental results in regard to turbulent spot
movement and calming effect with Emmons (20),

Emmons (20) developed a probability transition theory
from observations of turbulent spots on a tilting water
table, He then épplied this theory to transition on a
flat plate with fair results.

Charters (5) conducted experiments to investigate
the effect of transverse contamination of laminar boundary
layer flow by turbulence. He studied the edge effect of
the wind tunnel walls with the flat plate fastened to the
walls and also the turbulent wake of a rod or airfoil set
perpendicular to the plate in the boundary layer. He
found that the transverse effect spread linearly with
distance downstream,

Liepmann and Fila (44) conducted studies on the
effect of roughness elements and heating on the boundary
layer of a flat plate mounted vertically in the flow. Their

method of reducing wind tunnel turbulence level is given in



the report including the components and measurements,
Blasius profile measurements were taken with both hot wire
and total head tube, 1In addition temperatures were taken
with the hot wire,

Dryden (18) gives a very detailed account of problems
met in hot wire‘boundary layer measurements and includes
leading edge effects and heat loss due to the proximity
of the hot wire to the wall., He includes a detailed
study of the effect of a pressure gradient along the surface
of the plate and a thorough investigation of the laminar,
transition and turbulent flow regions.

McPhail (46) conducted measurements to determine the
effect of the wind tunnel contraction section on the turbu-
lence components and turbulence level, In addition, he
studied the effect of fan noise on the turbulence level,

Klebanoff and Tidstrom (39) utilizing the vibrating
ribbon technique to induce vibrations in the boundary |
layer, made measurements of fluctua € ion in the laminar
boundary layer just upstream of transition. They used
two hot wires mounted in two positions with simultaneous
observation on an oscilloscope to observe the movements
of turbulent spots,

Hill and Stenning (34) measured boundary layer profiles
on a flat plate in a mainstream flow possessing pressure
oscillations which were va:iedvover a wide frequency
range., They compared the profiles with oscillations to
those without‘and found no change in the mean values from

the theoretical or experimental Blasius profiles.



Moore and Ostrach (54) developed a theoretical analysis
of the boundary layer profiles due to the oscillation of a
plate about its steady mean velocity. They found a
second order quasisteady effect on the mean boundary layer
velocity profiles in compressible flow,

Kestin, Maeder and Wang (37) developed a theoretical
analysis of the boundary layer equations including first
and second order effects., Their solutions are in the form
of infinite series of trigonometric functions. Computer
calculations indicate that oscillations due to a free
stream turbulence level of 5% would produce a second order
effect of only 0,25% on the mean velocity profile,

Klebanoff, Tidstrom and Sargent (38) present detailed
measurements of boundary layer instabilities including
secondary vortex streaming both for naturally and artificially
induced oscillations in the boundary layer. A vibrating
ribbon was used to induce oscillations and two hot wires
were used to simultaneously pick up two components of the
velocity for display on an oscilloscope,

Criminale and Kovasznay (12) developed a theoretical
analysis of the growth of a three dimensional wave packet
begun by an impulsive instability and located in a Blasius
boundary layer flow.

Greenspan and Benney (23) have recently developed a
theoretical analysis which indicates a sudden growth of
secondary oscillations in flat plate boundary layer flow,

Their linearized analysis possesses good agreement with



the experimental observations of sudden violent velocity
changes in the transition region as indicated by Klebanoff,

Tidstrom and Sargent (38).



CHAPTER II

Statement of the Problem

The problem is purely experimental in nature, conducted
primafily to ascertain the validity of a mathematical model
by Na(56). A physical system was designed and comstructed
to approximate the mathematical model., The mathematical
model including the basic assumptions and results of the
perturbation analysis developed by Na are as follows,

Let a semi-infinite "flat" plate be placed in a flow
of constant velocity such that the mean pressure gradient
on the surface of the plate is zero (Figure 2.1)., The
following assumptions are made:

a) Let L, the distance of the localized disturbance from
the leading edge, be significantly greater tham the boundary
layer thickness & , i.e., L »>> & , such that leading
edge effects can be neglected.

b) Let the fluid be incompressible so that the induced
pressure waves travel with infinite velocity.

c) Let the surface of the plate be given by the
probability curve for the two dimensional space-wise
coordinates (Figure 2,2) and the time-wise periodic
disturbance by complex notation for a steady periodic
disturbance., Therefore, the surface may be given by the

following expression:

y = éexp L -m (x - L)‘z + 1Wﬁj (2.1)
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Figure 2.1 Model of the flat plate
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Figure 2.2 Analytical model of the disturbance
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d) The effect of localized oscillations on the potential
flow is neglected. The potential flow is assumed to be a
flow of constant velocity
e) The velocity component of the plate im the x direction
is zero,

The continuity, momentum and energy equations for

Cartesian coordinates can be thus expressed,

Continuity,
ou , dw
e
3 d4 ° (2,2)
Momz;tum
W -U,au/ iﬂ &aw az
g o * ) 9”"‘/""(&/%‘“* 9)
(2.3)
X L L [V ,aP %Y | 32
SETUSLtYIn) TS 2V
Energy,
ST 37“ QI 82T . 3°T
+u + U = a 12_=+‘ -
ot o O L (2.4)
The boundary conditions are,
Yy = € exp [~ (/%—‘LJ)E-+£:LUij
T*";TW
w=0
=l € aapl-rm (= L«):-iuz,,wtj
lf——;oor (2.5)
@

L U
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The final result obtained by Na expressing the
equation for the velocity profile in the boundary layer under
perturbed conditions is,

2 3 4
W= wul +-/%»a§o —p3-283+3 +

%1@ (x) {-53.7%?( 3-3 34 22‘4)}

(2.6)

where,

"
¢=7

&)= X g e (X-2) X7-0.25] [ 1.50 -
4 X(X=2)Ims (X22)X7-0.25]
QM’X/@X:/—.Z)} @

The primes denote non-dimensional quantities and %
is the Blasius non-dimensional variable, defined as %&g%;a

The first three terms on the right s ide are an
approximate representation of the boundary layer laminar
profile over a flat plate with no oscillation, i.e., the
zeroeth order solution (36,59). This non-oscillatory case
may also be represented by the Blasius profile (2). The
purpose of this investigation is the effect of the last
term. Scrutiny of this term reveals that it may be
divided into G’ivl* /Re multiplied by a geometric
quantity., Therefore, the effect of this term can be in-

vestigated by the alteration of the amplitude and frequency
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of the bulge in the plate. Since the frequency enters
to the fourth power, the effect of frequency alteration will
be sudden and rapid.

The experimental program is concerned with two
comparisons. a) A comparison of the mean velocity profile
with oscillation with the mean measured velocity profile
without oscillation. b) A comparison of the mean velocity
profile with oscillation with the prediction of the per-
turbation theory. Since the small perturbation solution
'is very restrictive in regard to the size of é'ﬁ bUﬂ/Re
the theoretical solution is not expected to hold when the
last term reaches a few percent of the sum of the first
three terms,

The experimental investigation utilizes relatively
large values of amplitude and moderate values of frequency,
i.e., on the order of the boundary layer thickness at the
bulge and frequencies up to 100 cps. In effect, a
finite disturbance is introduced into the boundary
layer. Therefore, the theoretical solution is only a
qualitative indication of the physical problem when applied

to finite disturbances.



CHAPTER III

Experimental Equipment

The experimental program is conducted in a low speed,
low turbulence wind tunnel of the Aerospace Engineering
Department. Inside the tunnel test section is a flat
plate assembly with a flexible membrane located in the
surface, The principal measuring instrument is a boundary
layer hot-wire probe located on a bridge over the plate
(Figure 3.1)., The flat plate and supporting assembly
is mounted vertically with the flexible membrane drive
mechanism mounted on one side of the tunnel test section
wall and the hot-wire position control passing through the
opposite wall, The roof of the test section is removable
glass panes to allow adjustment and visual inspection, Views
of the electronic instruments and controls are shown in

Figures 3.2 and 3.3.

3.1 Flat Plate Configuration

The plate is 13 inches by 31 inches, 6061-ST6
aluminum plate 4 inches thick (Figure 3.4), The plate is
split at the membrane location 9 inches from the leading
edge with the downstream section fastened to the T-section
rails and the leading edge section moveable to facilitate
adjustment of the membrane tension. The membrane is glued
to the clamping bars on the underside of the plate (Figure 3.5).
The dimensions of the downstream section are based upon the

length of the membrane across the plate, Charters (5)

12
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Figure 3,1 Flat Plate test apparatus mounted
tunnel test section
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Figure 3.2 Electronic instruments

Figure 3,3 Micromanometer, oscillator and wind
tunnel controls
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found that an edge effect would expand over the surface of

a plate with a constant angle of less than 10° in the
downstream direction. Therefore, for a 10°-angle and 8-inches
membrane length the edge effects would meet at a downstream
distance of approximately 22 inches, The membrane is 10-inches
long to insure two dimensional flow over the full central
8-inches. The supporting structure allows the plate to be
adjusted for angle of attack and pivots approximately at

the membrane location. The structure holds the plate
rigidly 12-in¢hes from the wall approximately in the

center of the tunnel test section. The leading edge is
symmetric and razor sharp, with each surface approximately
parabo lic (Figure 3.6). The plate surface was hand sanded
with #250vwet'sandpaper to obtain a satin finish before the
plate was split at the membrane location. The T-rails

insure that there is no change of elevation on the plate

at the membrane. The membrane clamping bars are shimmed

to adjust the membrane level with the plate, The gap in

the surface between the membrane and the plate is less than
1/16-inches which is less than the 1/8-inches tested by
Liepmann and Dhawan (16.,43)., The membrane material is a

thin very elastic rubber commonly known as rubber dam,

The surface roughness is comparable to the surface

roughness of the plate. The width under tension is 1 3/8-in,
Glued to the centerline of the membrane is the aluminum

driven link of the oscillating linkage,
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3.2 Oscillator

The device to oscillate the membrane in the plate
surface required the most effort in the development of the
test apparatus. The initial goals of the investigation
were set high and required an oscillating device with a
frequency range of 10-1000cps and with an amplitude
greater than 0,010 inches., In addition the driving device
would have to be located within an area less than one inch
below the plate or outside the tunnel test section. The
frequency requirement indicated that an electromagnetic
device would be most promising, The first test device
utilized a 0,001 inches aluminum foil membrane above a
specially constructed D.C. electromagnet., The membrane
lay parallel to the magnetic field lines. An electric
A.C. current oscillating at the desired frequency was
passed through the membrane in a direction perpendicular to
the magnetic field lines, Thus, an electromotive body
force was developed in the membrane with its direction per-
pendicular to the plane of the membrane, The iniensity of
the oscillating disturbance generated was so small that a
stethoscope had to be utilized to hear the sound. There-
fore, a second electromagnetic oscillator of similar design
was constructed but with an iron foil membrane of 0,003
inches thickness. The effectiveness of the superior
magnetic permeability is partially nullified by the increase
in stiffness and inertia in comparison with the aluminum
foil. The electromagnet was operated to produce a magnetic

flyx ten times that necessary to produce magnetic
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saturation in the foil, The signal was audible but of such
low intensity that the oscillation amplitude was insuf-
ficient for the purpose of this investigation. Since the
iron foil was magnetically saturafed and‘thickenihg of the
foil would increase the stiffness and inertia, the only
alternative would be to increase the A.C. current level.
Sufficient current for an appreciable oscillating amplitude
would cause severe heating of the membrane, Heating of
the membrane could not be permitted since heating a section
of the plate would induce a change in the air flow over

the plate that could not be tolerated. Therefore, the
electromagnetic oscillator was abandoned.

Brief consideration was given to various forms of fluid
powered oscillators but the best approach seemed to center
on a mechanical oscillator with a frequency range of
10-200 cps. Therefore, a mechanical oscillator was con-
structed as follows.,

The membrane is driven from outside the tunnel by a
connecting rod of aluminum tubing l4-inches long. At
the crank end the rod length is adjustable, The crank is
an eccentric with a 9/16-inches connecting rod needle
bearing, Eccentrics with 0,050 inches and 0,010 inches
were constructed but only the 0.050 inches was used in
this investigation. The connecting rod is connected to
the driven link under the membrane with a small journal
bearing. Dual counterweights on either side of the

needle bearing complete the reciprocating mechanism.
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The total reciprocating unbalance is less than 1/20 pound-
mass and the-rotating unbalance is less than 1/20 pound
mass. The counterweights approximately eliminate the
rotating unbalance and shift the angular position of the
maximum reciprocating unbalance, See Appendix for the
design of theeccentric and counterweights,

The eccentric is driven through a gearbox (Figure 3,7)
The gearbox has interchangeable spur gears with possible
ratios of 10 to 1, 4 to 1 and 2 to 1. The gearbox
is driven by a shunt wound, 24 volt D.C, 10,000 RPM,
Robbins and Myers, % Hp. aircraft motor. The motor is
capable of sustained operation over a range of 5000 to
12000 RPM, With the gearbox the useful frequency fange is
10 to 100 cps. In addition, the eccentfic can be mounted
directly on the motor shaft for frequencies from 100 to
200 cps. A thin jron disk with six teeth is mounted on the
motor shafto Continuous monitoring of the motor speed is
obtained with an Electro Model 3010-A magnetic pickup and a
Hewlett-Fackard Model 522-B electronic counter, Two 12-volt
storage batteries are connected in series through a
rheostat to control the motor speed by control of the

motor voltage. Figure 3.8 shows the control circuitry,

3.3 Membrane dynamic configuration

The instantaneous shape of the membrane at either
maximum or minimum position is assumed to be triangular
(Figure 3.9). Also shown is the analytical curve used

by Na(56) to describe the surface,
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Figure 3.7 Mechanical oscillator drive
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Figure 3.8 Motor control circuit for oscillator
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Figure 3.9 Membrane configuration



23

y = €exp[-m(x - L)ZJ (3.1)

In Figure 3.9 the analytical curve is made to equal the
idealized triangular shape at 0.3 inches from the center-
line of the membrane, The corresponding value of m' is
535 and the resulting analytical shape closely approximates
the actual shape. In fact any value of m' from 400 to 1000
will cause the analytical shape to closely approximate
the actual triangular shape,

The possibility of harmonics in the shape of the
membrane was checked analytically and experimentally,
The experimental check consisted of observing the membrane
in operation over the frequency range with a Strobotac
stroboscopic light. No harmonics appeared in the membrane.
In addition the membrane was simultaneously checked for
rocking about the wrist pin and no rocking was observed,

The analytical check utilized the following membrane

equation,
2 33
2 2 9w (23)
which, for this case, reduces to
2 2
dw _ 1 dur (3.3)
3 2> o gt*
2 S
where, o= —%— (3.4
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The center of the membrane is displaced as € sin Wy t.

The following steady state solution is applicable,

w= F (L) e wt (3.5

The steady equation then takes the form,
/)
F Qénwt = q;( ~FlY)w th) (3.6

The boundary conditions are as follows

/2,::¢3/ L =4,
w-=E€ Uur=0 (3.7)

The solution for # is,

co-0 Co-ar"‘
ey,
W= w _M%M w (3.9)
and /€3'1?27<L=w2 %%IQ*DIAAANJ {}aym/oUt

The membrane density ﬁ;m,: 0,0359 me/in3° Table

3.1 indicates the elongation from a one inch relaxation
length, the corresponding tension, the fundamental
natural frequency and the first harmonic, Operation of
the oscillating membrane was limited to elongations

between 4 and 3/8 inches with frequencies below 200 cps.
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FIRST

FUNDAMENTAL
ELONGATION TENSION NATURAL "HARMONIC
FREQUENCY FREQUENCY
Ib
250 INCHES | 275 /;n2 | 217 cps 434 cps
b
375 INCHES | 425 /2 246 cps 492 cps

Table 3.1 Natural frequency and first harmonic of
membrane

Figure 3.10 Hot wire probe
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3.4 Hot-wire anemometer

The hot-wire probe is mounted on an aluminum bridge
spanning the plate and clamped to the rails underneath
the plate (Figures 3.1 and 3.4), The bridge may be
clamped at any location along the plate. Mounted on the
bridge is an assembly that may be clamped at any span-
‘wise position on the bridge. This assembly contains a
Starrett micrometer head for positioning the prope at
~any location normal to the plate, The micrometer head can
be turned from outside the tunnel with a shaft passing
through the tunnel test section wall, Various probes may
be accommodated by the micrometer assembly,

The hot wire probe utilized for this investigation is
shown in Figure 3.10., Two curved stainless steel surgeons
needles are mounted in a streamlined plastic block which
in turn is mounted on the end of a %-inch aluminum rod
which fits into the micrometer assembly. Soft soldered
across the tips of the stainless steel needles is the hot-
wire itself. The hot-wire is a 0,0002 inches diameter
tungsten wire 0,050 inches long. Since the length to
diameter ratio of the hot wire is 200 to 1 the thermal end
effects of the wire when heated may be ignored, The
electrical leads are soldered into the eyes of the needles.

The hot-wire instrumentation consists of a Flow
Corporation Model HWB3 constant current anemometer which
includes the wire current circuit, galvanometer circuit,

bridge circuit and voltage amplifier., This control unit

utilizes a four-wire circuit where two leads to the hot-wire
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carry the current for the hot-wire and the other two
leads are for measurement of the hot-wire voltage with the
galvanometer. The output voltage of the hot wire can be
fed into the amplifier which includes a compensating circuit
for the thermal lag in the hot-wire, The output of the
amplifier is fed through a 7 kc low pass filter to a
Dumont Model 322 oscilloscope. The oscilloscope
continuously monitors the instantaneous voltage drop
across the hot wire as compensated and amplified. In this
investigation the purpose of the oscilloscope is to
enable a qualitative instantaneous understanding of the flow
characteristics at each data point of each velocity profile.
Measureménts of RMS voltage and current are made with the
galvanometer of fhe control unit,

The temperature of the air in the wind tunnel is
measured simply by means of a thermometer inserted through

the roof of the tunnel test section,

3.5 Wind Tunnel

All preliminary developmental testing was performed in
a wind tunnel with a test section of 2 feet by 2 feet cross
section and 4 feet in length, Unfortunately this tunnel
does not possess a calming section ahead of the convergent
section, Gross instabilities are present in the air flow
thus preventing its use for quantitative measurement in
this investigation,

The wind tunnel used to obtain the results of this

investigation is shown in Figure 3,11, The calming section
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of the tunnel contains three turbulence screens followed
by a 25 to 1 convergent section., Two test sections in series
are located downstream of the convergent section. The test
section cross section area is 2-feet by 2-feet and 12-feet
in length. The downstream test section is utilized for
this investigation. Downstream of the test section is the
divergent section leading to the axial flow fan. The fan is
driven by a field controlled series wound D.C., motor,
The tunnel is capable of producing velocities ranging from
10 to 50 feet per second through fully open test sections,
The velocity of the free stream in the tunnel test section
can be kept within 0,001 inches of water in terms of the
dynamic head. The free stream turbulence level of the tunnel
is approximately 0,05% at 20 feet per second and 0,1%
at 40 feet per s econd,.
For continuous monitoring of the test section free

stream velocity and the calibration of the hot wire probe
an F.W, Dwyer pitot static tube is utilized, The pitot
static tube is connected to a Merriam micromanometer
Model 34FB2 TM. A three way valve in the tubing leading
from the stagnation point tube is included with one branch
open to the ambient barometric pressure., Thus, either the
dynamic head inside the tunnel test section or the dif-
ference between the tunnel test section static pressure and

the ambient barometric pressure can be measured.



CHAPTER IV

Measurement Procedure

The operation of the hot-wire and associated equipment
for the purpose of quantitative velocity measurements
requires painstakingly careful measurement technique.

The following procedure was developed specifically for
the experimental program of +this investigation but con-
tains methods common to most hot-wire procedures. The
measurement procedure may be divided into three major
categories: a) hot-wire calibration procedure,

b) profile measurement procedure, c) determination of
the locations of interest in the boundary layer of the
flat plate.

The hot-wire is calibrated with a pitot static
tube and micromanometer, The hot-wire probe is mounted in
a fixture fastened to the pitot tube with the hot-wire in
a plane normal to the end of the tube and about 4-inches
from the tube. The pitot tube is mounted about 7-inches
from the tunnel test section wall where the tunnel free
stream air flow is uniform, The following expression
derived from Bernoulli's equation and the perfect gas law

is used to determine the tunnel air speed.
- = 2
(Po P.) ngRTS PV (4.1)

(Po - Pg) is the dynamic head and is measured by the
micromanometer in inches of water., The gas constant R

is 53.35 pounds force feet per pound mass degree Rankin

30
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and g, is 32.174 pounds force per pound mass, Tg is
the static temperature of the air in the tunnel test section
as indicated by an ice bath calibrated mercury thermometer,
Since the tunnel wind speed is always below a Mach number
of 0.05 the static temperature and stagnation temperature
are essentially alike., The static pressure inside the wind
tunnel is measured with the micromanometer by comparing the
static pressure of the pitot tube with the ambient outside
the wind tunnel and subtracting from the corrected
barometric pressure as measured by a mercury barometer,

The hot-wire is operated at a resistance ratio of 1.6,
The cold resistance is set with the galvanometer and bridge
circuit, Then the hot wire heating current is switched on
and balanced with the bridge circuit. Finally the wire
current is measured with the galvanometer. A typical
calibration curve of current versus velocity is shown
in Figure 4.1, Hot-wire calibration is affected by aging
of the hot-wire and by dirt depositing on the wire, thus
causing a change in the convection heat transfer, Large
changes in wind tunnel operating termperature will also
cause changes in calibration, Therefore the calibration
of the hot-wire is checked before and after each series
of tests on each testing day,

The flat plate is mounted vertically in the

tunnel test section with a minus % degree angle of
attack with respect to the geometric center plane of the
tunnel, The measurement of profiles with the plate at

angles of attack from 0° to=3© indicate that profiles most
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Pigure 4.1 Calibration curve of hot wire current
versus velocity
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closely approximating the theroetical Blasius profile

at all plate locations occur with the -i° angle of
attack. The reason for the small angle of attack may be
the slight asymmetry in the flow due to the necessary
supporting structure of the plate,

The measurement of profiles is as follows. The probe
bridge is clamped to the plate with the hot-wire located
at the desired distance downstream of the leading edge.
The probe is adjusted toward the plate until the tip of
the probe and its reflection in the plate just meet, Then
the probe is adjusted outward to the first data point
location. The wind tunnel air velocity is adjusted to the
appropriate velocity as monitored by the pitot tube and
micromanometer, The tunnel velocity is checked and cor-
rected for each data point. For non-oscillatory profiles
the membrane is kept level with the plate surface.

The locations for the data points of each profile
are determined in the following way. Table 4.1 gives the
theoretical laminar boundary layer thickness ( 2 ) as
defined by 99% of the free stream velocity. The boundary
layer thickness for the appropriate plate location and
free stream velocity is divided by ten and the first data
point location is taken at approximately 10% of the
boundary layer thickness, In addition two or three points
are taken at the same interval beyond the boundary layer
to insure that the free stream has been reached., A
final point is taken at least 3/4-inches from the plate

to insure that the other free stream measurements are
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correct. Some profiles measured are in the transition
zone and therefore require more data points than the thir-
teen or fourteen above. The procedure is similar in that
equidistant points are taken receding from the plate until
the free stream velocity is reached and checked as above.

At each data point the following procedure is
carried outs:

a) the probe is adjusted to the appropriate distance
normal to the plate,

b) the air stream temperature is checked and recorded,

c) if the air stream temperature has deviated more than
0.50 Fahrenheit from the value at the previous data point
then the hot-wire cold resistance is reéhecked,

d) the hot-wire is balanced with a resistance ratio of 1.6,
e) the hot-wire current is read and recorded with the
galvanometer,

f) if the oscillator is operating then the motor speed is read
and recorded from the electronic counter,

g) the hot-wire current is rechecked.

The oscillating profile is always measured immediately
after the non-oscillating profile measurement thus insuring
the most accurate possible comparison. Quantitative
measurement with the hot-wire anemometer is an art that
requires much experience before the best results can be
consistently obtained.

The raw data are in terms of wire current in milli-

amperes. From the hot-wire calibration curve the velocities
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may be read. The velocity and the geometric position of

the hot-wire are reduced to non-dimensional form as,
w - —
fuy = F (2) = F(y[P= )
Ly

where 1? is the Blasius similarity parameter and &/

(4.2)

equals 0,16373 x 1073 feet per second squared, the kinematic
viscosity of air. The values of “fliww are plotted
versus 7.

The static pressure gradient along the surface of the
plate is checked with an aluminum flat plate of similar
configuration to the test plate (Figure 4.2)., The plate
for the pressure check contains static pressure taps two
inches apart along the length of the plate, With the tunnel
in operation and the plate at a minus 3C-angle of attack, the
static pressure at each tap is compared with the ambient
.barometric pressure utilizing the micromanometer, The
changes in the pressure difference read on the micromanometer
are introduced into the following expression which is

derived from Bernoulli's equation along a streamline,

a’\/=~%€ed@ (4.3)
where fa. = .075 Lbg/ft3

V is in feet per second

P is in inches of mercury
C is the conversion factor 70,727 1bg/ft2/®Hg. The static
pressure at the plate surface must be assumed equal

to the static pressure in the streamlines just beyond the
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Figure 4.2 Plate for static pressure check
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The fourth term may be differentiated with respect to é

and set equal to zero to obtain,

L3, (53.749) A (XY (1-9 548 8°)=0
or  (1-98%488)=0

(4.4)

The root of interest in this equation is é = 0.422
which is the location of the maximum or minimum effect as
determined by the sign of F3(X'), Thus, the largest absolute
effect may be expected at about 42% of the boundary layer
thickness or % = 2.1,

.On the basis of this analysis the following pro-
cedure is followed. The probe is located a& a given
value of x and y corresponding to “Z = 2.1. The wind
tunnel is operated at the appropriate velocity and the hot-
wire current balanced with the oscillating membrane turned
of f. lThe hot-wire current is measured. Immediately
thereafter the oscillating membrane is turned on and the
wire current rebalanced and remeasured., This procedure
is repeated for various frequencies, velocities and loca-
tions on the plate starting with x = 4-inches downstream

to x = 22=-inches (Table 4.2)



40

Table 4.2
Frequency and Probe Location for Mean

Velocity Change at % = 2.1

x inches 4 6 .8 10 11 12 14 16 18 19.5
Weo = 40 40 40 40 40 40 40 40 40 40
40 | Preq. | 50 50 50 50 50 50 50 50 50 50
ft |c.p.s. | 56 56 56 56 56 56 56 56 56 56

sec 108 108 108 108 108 108 108 108 -- --

- 40 40 40 40 40 40 40 40 40 40
W= | Freq. | 50 50 50 50 50 50 50 50 50 50
20 |c.p.s.| 56 56 56 56 56 56 56 56 56 56
ft, 108 108 108 108 108 108 108 108 108 108

secC,



CHAPTER V

Uncertainty Analysis

This chapter concerns both the inaccuracies associa-
ted with the actual construction of the test apparatus
and the uncertainties involved in the measurement procedure
for the profile data points. A single sample analysis (14)
for uncertainties will be applied to the procedure for the
reduction of data,

The micromanometer reading accuracy for the dynamic
head is estimated at * 0,001 inches of water. The
micromanometer accuracy for static pressure meaéurement is
also * 0.001 inches of water, The result of the mercury
thermometer calibration in an ice bath was 32.7 °F,

The 0,.79°F is assumed to hold over the entire rangé of the
thermometer and is taken into account in obtaining the raw
data for the calibration curves, The reading accuracy of
the thermometer is + 0,1°F,

The uncertainty of the calibration points may be
ascertained with a single sample uncertainty analysiso
The uncertainty interval for each result may be computed

with the following expression,
dF
bF:‘J (35, b) (axab,)‘ Tt '(mb)a (5.1)

where F is the function used to compute the result from the

raw data, d; is a measured variable and b, is the un-

certainty of the ith variable, Equation 4,1 rearranged

41
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into the following form is used to compute the velocity,

- |2CR-R)%. &
V"‘J R E4 (5.2)

Equation 5.2 is substituted into equatiom 5.1 and the

resulting expression divided through by equation 5.2 to give

the following expression,
by _[r1 be-s ) L bypy 1 b
V‘( R - Fg)+< (P) ( (T‘s‘)) (5.3)

Table 5.1 indicates the uncertainty interval for various
velocities,

The geometric position of the hot wire is accurate
to * 0,050 inches in x and #0.005 inches normal
to the plate, The hot-wire current is measured to an
accuracy of 4-milliampere by balancing the galvanometer,
Table 5,2 indicates the percentage inaccuracy as a
function of velocity as read from the calibration curve
for a hot-wire resistance ratio of 1,6, The raw cali-
bration data of the hot-wire is applied directly to
the calibration curve,

Since the oscillating drive is a moving mechanical
device, play was present when the linkage was first assembled
due to inaccuracies in the manufacture of the parts,
After completion of all the tests for this investigation,
wear of the moving parts had increased the play. A

fair estimate of the inaccuracy in the oscillating
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amplitude is # 0,005 inches which is 10% of the 0,050
inches amplitude of oscillation used in this investigation,
Angular play of the eccentric gear in the gear box never
exceeded 5° with respect to the motor pinion when the

gear box was used for the lower frequencies. The
oscillating frequency always remained within * 3%

of the desired frequency.

Extraneous vibrations are produced in the whole test
plate from the tunnel test section wall to which the
test plate is attached. Tunnel wall vibration originates
from two sources., A slight rotating unbalance in the
wind tunnel fan produces vibrations along the entire wind
tunnel. This effect is minimized by conducting all
experimental tests at wind tunnel velocities which
minimize the effect. When the oscillating drive
mechanism is operating the reaction force of the
reciprocating masses is transmitted to the tunnel test
section wall and thence to the plate, The amplitude of the
vibrations produced in the whole plate by the above effects
always remained less than 5% of the amplitude of the oscil-
lating membrane,

The uncertainty of the profile curve results may be
ascertained with a single sample uncertainty analysis., The
position of tﬁe probe is calculated in terms of the Blasius(2)
non-dimensional similarity parameter,

7= 42

(5.4)
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The expression for ﬁ? may be substituted into equation 5.1

and the resulting expression divided by 1? to obtain

LAn ?+?ua+?f$i (5.5)

Table 5.3 indicates the uncertainty interval for a typical
12 at a velocity of 20 feet per second and x = 8 inches,
The uncertainty interval in the non-dimensional

velocity uj’% L?aﬂb may be determined, also by
substituting into equation 5.1 and dividing through by

w to obtain,

w’ w2 0= (5.6)

Table 5.4 indicates the uncertainty for typical

dimensionless velocities,
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Table 5.1

Calibration Velocity Uncertainty

v | 10 ft/sec '20lft/secl 30 ft/sec t40 ft/sec

by | +.283 | +.148 | .02 | :.078

Table 5.2

Hot Wire Calibration Uncertainty

v I 10 ft/sec IZO ft/sec‘ 30 ft/sec |4O ft/sec

AVl +2.5 I:_z.s | 165 | s1.2s

%

Table 5.3

Uncertainty for uy = 20 ft/sec
and 2~ = 8 inches

” | 1.037' 2,075| 3.111| 4.150 |5.187

by £.178| #.192 | £.213] £.240 | £.270

Table 5.4

Dimensionless Velocity Uncertainty

uj, 1.00! .75 | .50 l .25

bul #.0354] +.0313 | #.0280 [ +.0258



CHAPTER VI

Results of Measurements

The results of this investigation may be divided
into six categories,
A. Static pressure on the plate as a
function of x,
B. Comparison of the non-oscillating laminar
flow profiles with the Blasius (2) solution,
C. Tests for locations of interest in
oscillating flow,
D. Comparison of non-oscillating and oscillating
profiles at the same velocities and geometric locations,
E. Comparison of oscillating profiles as a
function of x at constant frequency and flow velocity.
F. Comparison of oscillating profiles as a
function of frequency with x and flow velocity constant,
The first and second categories concern the fidelity
with which the physical system approximates the theoretical
model., The final four categories concern the effect pro-
duced by the oscillating disturbance. All results found in
this study are for free stream velocities of 20 or 40

feet per second,

6.1 Static pressure on the plate as a function of x.
The static pressure data from the static taps of the
flat plate constructed for the pressure gradient check are

reduced with equation 4,3, divided by the free stream velocity.
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The percentage change is plotted as a function of distance
élong the plate surface from the leading edge. The resulting
velocity gradient is assumed to occur midway between the
pressure taps. Figure 6.1 is the plot for tunnel velocities
of 20 feet per second and 40 feet per second. It may

be ndted that the maximum velocity gradient is slightly

larger than 1% at 40 feet per second and always less than

1% at 20 feet per second. Thus, the assumption of a zero free

stream velocity gradient is valid.

6.2 Comparison of the non-oscillating laminar flow
profiles with the Blasius(2) solution,

A better check of the actual laminar flow velocity
profiles along the plate as compared with the theory by
Blasius(2) is afforded in Figures 6.2 through 6.10. The
solid curve is the Blasius solution, The figures indicate
that the measured profiles at the values of x as shown
closeiy approximate fhe theory for both the 20 and 40
feet per second free stream velocities. Therefore, the
physical system constructed quite closely approximates the
theory for laminar boundary layer flow with no artificially
induced disturbances in the boundary layer and for zero
pressure gradient, Of course, random instantaneous disturb-
ances are always present in the free stream and boundary

layer as observed on the oscilloscope,



48

*X JO uorjidunj e Se
A3T00T3A wedx3}s 3313 ur d3ueygd 33e3juadiyag 71°9 31n3Tyg

S3HONI “X
GZ €2 12 sl 2l cl ¢l T 6 L S ¢
T ] I [ | [ _ ! 1 [ [ _
23S
m_.“_ o2 O
mepn_ o O !
a
o ©O 8
o © = o
O O
a a
O w — 1+
O
%




49

(o = OOn ‘g = x) sniserq
03 paxedmod o1rjord tejusurradxa Apedis 2°9 21n3ryg

ol 6 8 2 9 g v ¢ 2 [ o)
— T T T T T T T T T 0]
—z20
0)
v 0
vivad “IVINIWIY3dXI O . oop
Al n
‘NI 08= X . 490
23S _ 0o
4400= "0
480
o JO1



50

(o = XPn‘or = x) sarsergd
03 pazedwoo ayrjoxd yejuaurxdadxa 4Lpeais €°9 2an3tyg

Ol 6 8 A 9 ] v ¢ 2 | 0]
— T T T T T T T T ] (0]

—42°0

—v 0
vivad TVIN3IWIY3dX3 O) : oon
snisvg N

‘NI OO0l = X - —49°0

23S _ 0o
A40P=""
0) —148 O




S1

(ov = Pn ‘g1 = x) snrserq
03 paxedwod arrjoad jejudwriadxs Apeajys ¢°9 3aindryg

Ol 6 8 YA

2o

o)
viva IVIN3WIN3dX3 O mul
snisvg
‘Nl 9l= X 90
23S = ®
440P= 70
80




52

(ov = Pn‘cz = x) snrserg
03 pazedwoo 37r3joxd tejuawrxadxa Aped3lsS ¢°9 3in3tg

Ol 6 8 yA

2o

v0
viva IVLNIWIYIIXI O o
snisvg n
‘NI €2= X 90
53s _®
44 0F=""N
80




53

, (02= O9n‘g = x) snrselg
03 pazedwod I37rioxd tejuawraddxd 4LApea3ys 9°9 aindtyg

ol 6 8 A 9

Viva IVLNINWIY3dX3 O
snisvg
‘Nl 8=

53s _
44 02"

X
Qv:




54

Ol

(02= O%n ‘0T = x) sarselg

03 pazedwod 3Frjoxd yejuawrrddxa Apea3s L°'g aandtyg
XA
©n/ k=L
6 8 A 9 S v ¢ e | 0]
I T T T T f T T T T 0]
© —42 0
o
—Hv O
Oon
vivad TVLN3INWIY3dX3 O e
snisvg
—49°0
‘NI Ol= X
J3S O
A402=""
48 O
-0




35

0z= ®n ‘91 = x) snrserg
03 pazedwod 3T7rjoxd tejuawriadxa Apeais g°9 2i1n3ry

ol 6 8 2 9 S v ¢ 2 I o}
| T T T T T T T T T 0]
—H20
(O]
b0
%®n
Viva VIN3WI¥3AIXI O n
snisvg (O] 490
‘NI 9l= X
23S _ 0o
4402= "
480
Joi




56

(02=®n‘cz = x) snrseyg
03} paxedwod 3frjoxd fejuamyrradxa Apeais 6°9 asin3dtg

Ol 6 8 yA

Vivd TTVAN3WIY3dX3 O
snisvlg ———

‘NI §2= X
o3s _o®
440¢=""




37

sa1rjoxd Tejuamrradxa Apeays jo I33rsodwo)d 01°9 d3andrd

Moﬂ A

ol 6 8 l 9 S b ¢ 2
| | | ] | | l | |

S3HONI €2=x‘ 93% joz=®n g

SaHONI 91=x* 939 ,oz=0n A

S3IHONI OI=X" omm\t 02=®n p

S3IHONI 8 =X° omm\h_ 02=®n v

saHoNI €2=x' 935 jop =®n o

S3HONI 9l =X* omm»n_ ob =®n o

S3HONI Ol =X* omw\k.._ ob=®n 0

S3IHONI 8 =Xx° omm\k.._ ob =®n O

TIVAN3WIY3d X3
snisv1g —

¢




58

6.3 Tests for locations of interest in oscillating flow.

All oscillating data was obtained with a membrane
amplitude of + 0,050 inches., The membrane centerline is
9-inches from the leading edge. For a free stream velocity
of 20 feet per second the theoretical laminar boundary layer
thickness is 0,149 inches. Therefore, the oscillating
amplitude is 33% of the boundary layer thickness. For a
free stream velocity of 40 feet per second the boundary
layer thickness is 0,105 inches and therefore the oscillat-
ing amplitude is 48%. Herce, the disturbance is a finite
disturbance in amplitude,

Fighres 6.11 and 6.12 indicate the results of the
measurements made to determine the locations of interest on
the plate., The measurements were made at 2-inch intervals
of x except immediately downstream of the oscillating
membrane where the measurements were made one inch apart,
The 1last position was at 19.5 1 nches because of mechanical
difficulties underneath the plate, The location of the
probe from the surface of the plate always corresponded
to a value of 3& of 2.1, The data are plotted as the
change in mean velocity due to the oscillating disturbance
as a percentage of the free stream velocity versus plate
location x. The positive percentages indicate an increase
in velocity. The lines at + 2,5% indicate the accuracy band
of the hot wire anemometer. The centerline of the oscil-
lating membrane is the location 9-inches from the leading

edge, as shown,
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Figure 6.11 for 20 feet per second indicates that
there is no significant effect upstream of the membrane
for any of the frequencies checked. Immediately downstream
for frequencies of 50 cps and above a definite decrease in
the velocity is to be noted. At l4-inches and beyond
there is a definite increase in the velocity., The instant-
aneous hot-wire signal on the oscilloscope indicafed turbu-
lence spots at locations l6-inches and downstream,

Figure 6.12 for 40 feet per second also indicates no
significant effect upstream of the membrane except for one
point at 108 cps and 8-inches. Downstream of the membrane the
effect at the lower frequencies is less discernable,

At 108 cps, however, a definite decrease occurs immediately
downstream with an increase at 12-inches and thereafter.
Turbulent spots were noted on the oscilloscope from
locations l4-inches downstream at a frequency of 108 cps,

In reference to the Tollmien-Schlichting stability
theory (64) the disturbances of this investigation lie
entirely within the damping region to the left and below
the neutral curve, The neutral curve applies to disturbances
of vanishingly small amplitude whereas this investigation

concerns large amplitude disturbances,

6.4 Comparison of non-oscillating with oscillating profiles
at the same velocities and geometric locations,

Figures 6.13 through 6.49 compére the mean value
profile for oscillating flow with the profile for non-

oscillating flow. Figures 6.13 through 6,17 are for a
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free stream velocity of 40 feet per second and an oscillating
frequency of 15 cps. There is nosignificant difference in
the profiles except those at x = 9,63 and x = 10-inches
which exhibit a consistent decrease in velocity,
Figures 6.18 through 6.21 are at 40 feet per second and

50 cps. There is no significant change at x = 8-inches.
However, at x = 10-inches there is a consistent decrease
'in velocity. At x = l6-inches there is an increase in
velocity near the wall and a decrease in velocity near the
edge of the boundary layer, This oscillating profile
exhibits an increase in the boundary layer thickness,
However, no turbulent spots were noted on the oscillo-
scopes, The profile at x = 23=inches is a definite
transition profile with turbulent spots observed on the
oscilloscope.

Figures 6,22 through 6.26 are at 40 feet per second
and 75 cps. Again no significant change is noted at
x = 8 inches. However, at x = 9;63=inches a consistent
decrease in velocity is noted and at x = 10-inches a large
decrease in velocity is apparent in combination with a
thickening of the boundary layer., No turbulent spots were
noted on the oscilloscope at this location, However, at
X = 16-inches the flow has gone into transition with
attendent turbulent spots. The flow is further into

transition at x = 23=inches,
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Figures 6,27 through 6.31 are at 40 feet per second and
100 cps. No significant change is noted at x = 8-inches,
At x = 10-inches a consistent decrease in velocity can be
thed and at x = 12-inches, the velocity increases near the
wall and then decreases as the edge of the boundary 1ayer
is approached. No turbulent spots were observed on the
oscilloscope at this location, However, at x = lé6-inches
the velocity increases over a larger portion of the
boundary layer and the boundary layer is thicker, A few
beginning turbulent spots were noted on the oscilloscope.
At x = 23-inches transition flow has again occurred,

No boundary layer separation was noted at either
X =79°63-iﬁches or x = 10-inches. x = 9,63-inches is
the downstream edge of the oscillating membrane.

Figures 6,32 through 6.36 are for a velocity of 20
feet:per second and a frequency of 15 cps. There is no
significant change in the profiles except at x = 23-inches
wheré the oscillating profile is consistently decreased.

Pigures 6,37 through 6,40 are for 20 feet per second
and 50 cps. There is no significant change in the profiles
at x = 8 or x = 10-inches, At x = l16-inches the velocity
increases near the wall and near the edge of the boundary
layer but does not increase in the central portion of
the boundary layer, Apparently this profile occurs just
upstream of the location where the velocity profile is
fully increased. No turbulent spots were present on
the oscilloscope. At x = 23-inches a transition profile

occurs with turbulent spots appearing on the oscilloscope.



64

(S1=3 ‘8=x ‘ov= OO:V UOT3}EITEOSO 3INOYITM
pue g3Tm sarrjorxd £3ro073A jo wosrredwo) ¢£1°9 3In3Td

Ol 6 8 2 9 G b ¢ 2 [ 0
— T T T T I T T T T O
.D 4z0
—Hv 0
NS al! "
n
‘Nl 060'=3''SdD Gl=4 A T
NOILVYITIDSO ON O dso
‘Nl 8= X
23S o
1400 =70
a 4180




65

ST=3‘€9°6=x ‘Ov= OPn) uoTIETITISO INOYITM
pue g3tm sarrjoxd A3rdo073A jo uosriedwo)d HI°9 3In3td

(0] 6 8 A q 174 ¢ b4 | (0]
— T T T T T T T I 0]
—2°0
SNiIsv8
—t 0
‘Nl 0S0'=3°SdJ Sl=} A o
n
NOILVY11I2SO ON O] n
7.,_w_ €96 = Q“n ds0
J3 _
{407 = n
48 0
-0’1



66

(ST=3 ‘0T=x ‘ov= ®n) uorzerrraso 3noyirm
pae g3Tm sS31t3oxd A3TO0T3A jJO nowwua&ioo G1°9 3xn3ryg

Ol 6 8 YA 9 S 14 € e

snisvg

‘Nl 0S0'=3"Sd’J Gl =}
NOILVTITIIOSO ON
‘NI Ol =

A

o
X

23S, op= ®n

2o

80




67

Ol

(sT=3 ‘9r=x‘Ov= ®n) worzeriroso jnoyjrtm

pue yi3Tm Sarrjoaxd L£31do0T2A jo uwostredwo) 91°9 21n3ryg
XA
Oon/ K=L4
6 8 A 9 S 174 ¢ Z 0]
f T T T T T T T T 0]
—42 0
—t 0
snisvg — %n
‘NI 060°'=3°"SdD Gl =4 A :
NOILYTIIOSO ON O 190
‘NI 9l= X
J3s _0o
A40v="1"
-8 0O
—JO° |




68

(ST=3 ‘cz=x ‘Op= POn) vorzerrroso 3noylTM
pue g3Tm Sayrjord £3T2073A jo uostredwo)d LT°9 31In3rg

ol 6 8 2 9 S b ¢ 2 | 0
| T T T ! T T T T T 0]
Jdz0
dv0
snisvg o
‘NI 0SO'=3°'SdD Sl=4 A : :
NOILLVIIIDSO ON O ; 490
‘Nl €2= X
53s e KR
44 OP= "N .
dgo
- Joi



69

(0S=3 ‘s8=x ‘ov= Quav UOT}BIITOSO 3NOY3lTM
pae gitm sayrjoxd L3rooyaAa jJo uostreduwo) gI°9 3In3Tg

Ol 6 8 yA 9

snisvg
‘NI 0SO' =3 'SdD 06=34 A
NOILVIII2SO ON O

‘Nl 8= X

53s e

440p="00




70

(0S=3 ‘01=x ‘Ob= OO:V UOT3BTITTOSO 3jnoyjlIM
pue y3itm s3T1Trjoaxd LA3T250723A jo uostiedwo)d I°9 2an3tg

snisvg
‘NI 060'=3SdD 0=} A
NOILY1I19SO ON O

‘Nl Ol= X

23S _oo

440 =770

2o

80



(0S=3 ‘9T=x ‘ov= ®n) uorzerrraso inoyrrm
pue y3tm safrjoad £3T0072A jo uostredwod 02Z°9 axn3tyg

71

snisvg

‘NI 0S0'=3°SdD 0S=}
NOILYT1IDSO ON

- "Nl

53s
14

ol =
ob =

A

o
X

®q

2o

80




72

(0S=3 ‘cz=x ‘op= ®Pn) worierrroso inoyrrm
pue yitm sa1rjord £3ro0013A jo uostredwo)d T[Z°9 2an3tyg

Ol 6 8 YA 9 S v € e

snisv1g ——
‘Nl 0G0'=3SdDd 06=3 A
NOILYTUISO ON O
‘NIg2= X

J3S -00n
140%

DDDD P




(SL=3 ‘s8=x ‘Ov= ®n) uorzeryroso jnoyjrm
pue y3rm sa1Tjoxd £3T20132A jo uostriedwo)d gz2z'9 2an3tyg

73

—

snisvg

‘NI 060'=2SdD G2=3 A
NOILVTIIOSO ON O

‘NI 8= X

mew_h ot = ®n




74

Ol

(SL=3 ‘€9°6=x ‘Ov= oozv GOT3}BTTTOSO 31N0(YITM
pue yirtm sayrjord £3¥5013A jJo uostredwo) ¢Z°9 2in3ryg

6 8 VA 9 S 174 ¢ b | o)
I T T T T T T T T T 0]
—2°0
snisvilg — . -vo
‘NI 0S0'=3°SdD G2=} A Oou
NOILVTIIDOSO ON O .
NI €96= X —49 0
23S 0o -
440P="""
48 O




75

(SL=3 ‘01=x ‘Ov= OOn) worjerrraso noyjirm
pue g3tm s3aTrjoxd £3rd0013A 3O uostrredwo)d Z°9 Ian3tyg

ol 6 8 ]

snisvg
‘NI 0S0'=3°SdDd S2=} A
NOILVTIOSO ON O

‘NI Ol = X

ouwA. ot = ®n

d




76

(SL=3 ‘9T1=x ‘oOv= 93 UOTIETTFOSO 31NOY3ITM
pue gitm sayrjoxd £3ro07aA Jo uwostredwo) GZ°9 I3rn3tyg

ol 6 8 2 9 S v ¢ 2 [ 0
r T T T T T T T T I (0]
—420
A
snisvg v o
‘Nl 0S0'=3°SdD G2=} A ®n
n
NOILY1IIDSO ON O A )
‘NI 9l= X Yy A 1°°
23S =
440t=""" < A
A _
A O 8 0
A A B
A A A A : .
SN N S\ >~ Joi



77

(SL=3 ‘g2=x ‘op= OO:V UGOT3IBTITOSO 3nNOYjlrrm
pue yj3Tm S37T13oxd £3¥2073A jo uostredwo) 9z°9 3in3ryg

ol 6 8 2 9 S v ¢ 2 _ o}
r L T T T T T T T T 0]
—20
SnIsv8 4 ch.o
NI 0S0'=3°SdD S2=} A on
NOILYTI2SO ON O . n
‘NI €2= X —H90
A
23S _0o
440v=" " © A
% A A 480
A A A A A
A .
—/ AN . : Jdo-i




78

(00T=3 ‘8=x ‘Ov= O®n) uorjeriroso inoyjitm
pue g3Tm s3Trjoxd £3ro0013A jo uostrredwo) 22°9 2andryg

ol 6 8 2 9 o b ¢ 2 [ 0
r T T T T T T T (0]
20
snisvg v0
‘Nl 060 =3SdD 00l=3 A on
NOILVIIDSO ON O n
‘NI 8= X 90
23S _0o
4400=""N
4180
Jon




79

(00T=3 ‘0T1=x ‘Ovb= OODV UOT31eTTTIOSO 3NOYlTM
pue YiTm saTrjoad L3rd20Y3A 3jo uostyedwo) 82°9 3In3tg

ol 6 8 2
| 1 i i
SnISv8
‘Nl 0G0 =3SdD 00I=34 A
NOILV1IIDSO ON O
‘Nl Ol= X
9:

93s )
N4 0Y=




80

(00T=3 ‘2I=x ‘Ov= °n) worzeryroso 3nogirm
pue y3iTMm S3TT3joxd A3¥d50T13A 3O uostredwo)

62°'9 2indty4

6 8 2 o ¢ 2 [ o)
r T T T | T T T 0]
—H2°0
A v 0
snisvg
{ 83
‘NI 0G0 =3"SdD 00I=3 A A T
NOIIVIIDSO ON O A 490
‘NI 2l= X
23S _0o
\hn_ oy ="-"n A g
A 48 0O
Joi




81

Ol

(00T=3 ‘9T=x ‘oOb= O n) uor3zerITIso 3noyzrm
pue Ug3tm saTrjoxd £3rd0[3A jOo uostredwo)d

0€°9 21n3dtyg

6 8 2 o ¢ 2 [ 0
[ T T T T T T T (@)
A Jzo
—Hv 0
snisvg R oo
‘NI 0S0'=2SdD 001 =3 A n
NOILVIIDSO ON O 490
‘NI 91= X A
o F [ _ o
wr..._ Ob = n A
A 4180
- Jo-i




82

Ol

00T=3 ‘cz=x ‘ov= Pn) uworjerrroso jnoyirrm
pue g3Tm S3TT3JOoxd A3rd2013A jo mostaedwo) T£°9 3xn3tyg

snisvg
‘Nl 0S0'=3"SdD 00l=3 A
NOILVTIIDSO ON O

‘NI €2= X

53s e
440v="10

A A

VAN

[>




83

3

(S1=3 ‘8=x ‘02=n) uorzerTraso jnoyirm
pue yj3rTm s3TTJoxd 4£3T2073A jo uostriedwo)d g£°9 ai1nry

ol 6 8 2 9 S v ¢ 2 [ o}
r T T T T T T _ T T 0]

—20

snisvig —— —Hv0
‘NI 0G0 =3SdDd Gl=}3 A oon
NOILVTIOSO ON O , n

‘Nl 8= X - —49°0

J3s - 00
A40e="T"
480
Joi



84

(ST=3 ‘€9°6=x ‘02=00n) morzeryroso 3noyirTm
pue yirtm satrjord £3100713A jo uostredwo)d ¢£°9 Iindrdg

Ol 6 8

~ N~
©
n
<
\p)
QY

snisvg

"Nl 0SO'=3“SdD Gl=§4 A
NOILVTIDSO ON O

‘NI €96= X

23S, A> .00

44 0¢="""

2o

vo

8

90

8 0

(O



85

(ST=3 ‘01=x ‘02=n) worjerrroso jnoyjrrTm
pue Y3Tm s3T7T3jord L31T12013A jo uosrredwo)d ¢£°9 axndryg

Ol 6 8 yA 9

sNisvg

‘NI 0S0'=3'SdD Gl=3 A
NOILVIIDSO ON O

‘NI Ol= X

23S .00

41402=%"




86

(ST=3 ‘91=x ‘02z= ®n) wor3errraso 1nogirm
pue g3Tm satrjoxd A3ro0yaA jo uostredwo)d G£°9 ain3rg

snisvg
‘NI 0S0'=3'SdD Sl=4 A
NOILVITI2SO ON O

‘NI 9l= X

73s o

440c="""

20

80




87

(ST=3 ‘g2=x .ONnAHv:v UOTIBTTTOSO 3N0YlTM
pue y3iTm sartjord £3ro0013A jJo uostredwo)d 9¢°9 2in3tyg

ol 6 8 2 9 S b ¢ 2 | 0
| T T T T T T T T T (o)
4z0
snisy1ga — qv o
NI 0S0'=3SdD 0= A &n
NOILVITIDSO ON O .
‘NI €2= X 1°©
73s 0o
440¢="1"1
dg0
A
AC :
. Jon




88

(0S=3 ‘g=x ‘oz= Pn) worzeryiroso noyitm
pae yi3Tm satrjord £3To0T3A jo uwostaedwod L£°9 3indryg

Ol 6 8 YA

snisvg

‘NI 0SO'=3SdD 0G=3 A
NOILVITOSO ON O
‘Nl 8= X

J3S _0o
4402=%n




89

(0S=3 ‘0T=x ‘02=0°n) worjerrroso 3noyjrrm
pue y3TM s3TTrjoxd £3T20T3A jJO uosvrredwo)d 8£°9 J3xn3Iryg

Ol 6 8

snisvg
‘NI 0G0 =3“SdD 0G6=3 A
NOILY11I2SO ON O

‘NI Ol= X

J3S _0o
4402=""




90

(05=3 ‘91=x .ONnQu:v UOT3EBTTITIOSO 31NOUITM
pue gjtm sa31rjoxd L3rdo07aAa jJo wostaedwo)d 6£°9 3I1n3rg

ol 6 8 2 9 S v ¢
I 1 | 1 1 | 1 | i I
snisvg
‘NI 0G0 =3°SdD 0G=} A A
NOILYTIIDSO ON O D
‘NI 9= X A
23S _ o
A402= "N :




91

(0S=3 ‘e2=x ‘0z= ®n) uorjzeryroso inoyjzrm
pae g3rm sarrjoxrd £3ro013A jO uwostredwo)y Qp°9 sinldry

sniIsvg

‘Nl 0SO0'=3SdD 0c=4 A
NOILVTIIOSO ON O

‘NI €2= X
23S _0o
440¢=""N A
A
A
A
A A A DA

A

20

80



92

Figures 6.41 through 6.45 pertain to 20 feet per
second and 75 cps. At x = 8 and x = 9,63-inches there is
no significant change in velocity. At x = 10-inches
the velocity consistently decreases., At x = l6-inches
the velocity is consistently increased throughout the
boundary layer. No turbulent spots are present on the
‘oscilloscope. A transition profile occurs at x = 23-
inches,

Figures 6.46 through 6.49 are for 20 feet per second
and 100 cps. There is no significant change in the
profile at x = 8-inches. At x = 10-inches the velocity is
consistently lower. At x = lé6-inches the profile increases
in velocity near the wall and decreases near the boundary

layer edge. A transition profile occurs at x = 23-inches.

6.5 Comparison of the time-averaged oscillating profiles
for various values of x.

Figures 6.50 through 6.57 are a comparison of the
oscillating profiles as a function of x with frequency and
velocity held constant, All profiles of this comparison are
at x values of 8, 10, 16 and 23-inches., Figures 6.50
through 6.53 are at a free stream velocity of 40 feet per
second. Figure 6,50 indicates that at a frequency of
15 cps all four profiles follow the theoretical Blasius (2)
solution closely, At 50 cps in Figure 6,51 the profiles
at x = 8 and 10-inches follow the Blasius profile closely
but at x = lé-inches an increase in velocity near the wall

and a decrease in velocity near the edge of the boundary
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layer are apparent. The boundary layer also thickens in
this profile, At x = 23-inches the transition profile
occurs,

Figure 6.52 at 75 cps morekclearly indicates the pro-
gress of the phenomenon., At x = 8-inches the profile
closely approximates the Blasius (2) profile whereas at
x = 10-inches the velocity is seen to decrease and the
boundary layer thicken., The profiles at x = 16 and 23-
inches are both transition profiles,

Figure 6.53 at 100 cps clearly illustrates the phenomenon,
The profile at x = 8-inches is close to the Blasius profile,
At x = 10-inches the decrease in velocity is apparent., At
X = 1l6-inches the increase in velocity near the wall and
the thickening of the boundary layer is apparent, At x = 23-
inches transition has already occurred,

The thickening of the boundary layer while the flow is
still laminar may be explained as a similar effect to that
which occurs with a stationary bulge in the plate surface,

A stationary bulge will cause an acceleration and sub-
sequent deceleration in a laminar boundary layer,

Figures 6.54 through 6,57 are at a free stream velocity
of 20 feet per second., Figure 6.54 shows that at 15 cps
all the profiles except x = 23-inches follow the Blasius
profile closely., The profile at x = 23-inches tends to
decrease in velocity. Figure 6,55 at 50 cps indicates that
the profiles at x = 8 and 10-inches follow the Blasius
profile but at x = 16-inches the profile begins its
increase in velocity leading to the tranmsition velocity of

X = 23-inches.
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Figure 6,56 at 75 cps presents the clearest picture
of the phenomenon. Again theprofile at x = 8-inches follows
the Blasius profile., At x = 10-inches the velocity decrease
is clearly shown. At x = l6-inches the velocity increase
over the entire profile in the laminar boundary layer is
apparent. Finally at x = 23-inches the transition range
has been entered.

Figure 6-57 at 100 cps again indicates the phenomenon,
The pfofile at x = 8-inches follows Blasius. The profile
at x = 10-inches shows the decrease in velocity. The
profile at x = 16-inches indicates the increase in velocity
near the wall and the decrease in velocity near the boundary
layer edge. This profile apparently occurs after the fully
increased velocity profile and just before the transition
zone at x = 23-inches,.

The experimental results just presented indicate that
the analytic solution of Na (56) is qualitatively valid
downsfream of the membrane, The solution by Na indicates
a decrease in the velocity profile and then a subsequent
increase in the profile., The analytic solution cannot
give any indication of the onset of transition but the
experimental evidence shows transition occurs just down-
stream of the profile where all velocities exceed the
Blasius profile, The assumption in the analytic solution (56)
that no separation exists downstream from the membrane
is shown to be valid by the experimental laminar flow profiles

at x = 9,63 and 10-inches,.
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6.6 Comparison of the time averaged oscillating profiles
for various values of frequency,

Figures 6.58 through 6.65 are a comparison of the
oscillating profiles as a function of frequency with x and
velocity held constant, Figures 6.58 through 6.61 are at
a free stream velocity of'40 feet per second. Figure 6,58
indicates that at x = 8-inches the profiles all‘closely
approximate the Blasius profile. At x = 10-inches in
Figure 6,59 the profile for 75 cps decreases most markedly
from the Blasius profile, At x = 16-inches in Figure 6.60
the profile for 15 cps closely approximates the Blasius
profile, The profiles for 50 and 100 cps show the increase
near the wall and the thickening of the boundary layer, The
profile for 75 cps is a transition profile and shows the
most deviation, The profiles at x = 23-inches in Figure
6.61 are transition profiles except for 15 cps which is a
laminar profile closely approximating the Blasius profile,
It is apparent that the maximum effect of the oscillation
occurs at a frequency of 75 cps with a free stream velocity
of 40 feet per second.

Figures 6,62 through 6.65 pertain to a free stream
velocity of 20 feet per second. In Figure 6,62 the profiles
at X = 8-inches again indicate a close approximation to
the Blasius (2) profile. At x = 10-inches in Figure 6,63
the profiles progressively decrease from the Blasius pro-
file as the frequency increases from 15 to 100 cps. At
75 cps a slight thickening of the boundary layer may be

noted. Figure 6,64 at x = 16 inches indicates a progressive
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increase in the velocity profile from 15 to 75 cps.

At 100 cps the profile has begun the decrease in velocity
near the edge of the boundary layer. In Figure 6.65 for
X = 23-inches the profiles are transition profiles except
for the profile at 15 cps which is laminar but decreased
from the Blasius profile. There appears to be no
frequency within the range of frequencies studied that
produces a maximum effect for a free stream velocity of
20 feet per second,

Figure 6.66 is the difference between the Blasius
theoretical solution (2) and the experimental velocities for
the typical case of g = 40 feet per second and

§ = 100 cycles per second. The plot is velocity difference
divided by the free stream velocity versus the Blasius 12.
Only the profile at x = 10-inches appears to have a minimum
near 42 = 2.1 as predicted by the analytical solution
of Na (56). The transition profile at x = 23-inches has
a maximum at 7«1 and a minimum at about Y =4,5,

The profiles at x = 12 and 16 have maxima at about 4 = 1.5
and minima at about ﬂZ = 3,5, The profile at x = 8=inches
also exhibits a small maximum and minimum but this may be
open to question because of the accuracy of the

measuring equipment,
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CHAPTER VII

Conclusions

Several definite conclusions may be made from the
results of this investigation.
1. The analysis by Na(56) indicates that the maximum
change in the mean value velocity profile for this
type of oscillating flow occurs at” Az 2.1. Fig. 6.66
shows that the maximum change in the experimental mean value
velocity profiles occur at differing values of 7%, .
Nevertheless the experimental investigation shows that
measurements made at various x and %, = 2.1 will
indicate the location of profiles in the oscillating
flow that deviate from the Blasius (2) flow,
2, Separation will not occur behind a finite oscil-
lating surface disturbance as large as 48% of the
boundary layer thickness for velocities in the range
tested, i.e., 20 to 40 ft/sec., This conclusion
implies that the geometric shape of the disturbance
is similar to the probability curve,
3. A definite change in the mean value velocity profile
occurs for an oscillating disturbance of finite ampli-
tude and is a function of free stream velocity, frequency,
and position downstream from the disturbance., Immediately
downstream of the disturbance the mean velocities at
various 4, decrease. Subsequently, further downstream

the mean velocities increase with respect to the mean
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profile velocities without the disturbance. The
analysis by Na(56) for very small disturbances also in-
dicates the downstream decrease in mean velocities and
the subsequent increase. Unfortunately, quantitative
values obtained from the theory do not adequately pre-
dict the geometric location on the plate for the
decrease or increase, Therefore, the analysis by Na can
only be considered qualitatively valid for disturbances
of finite magnitude in the region downstream from the
membrane,

4, The data for 40 ft/sec indicate a maximum change in
the mean value velocity profiles at 75 cps.‘ The entire
range from 50 to 100 cps lies below the neutral
stability curve in the damping region. Thus, the maxi-
mum in the experimental data is not explained by the
stability theory.

5. Thickening of the laminar boundary layer occurs

for an oscillating surface disturbance in a similar
manner to the thickening for a stationary bulge. The
present investigation indicates a thickness of up to
45% in excess of the boundary layer without the disturbance,.
The boundary layer edge is defined as 99% of the free
stream mean velocity.

6., Early transition from laminar to turbulent flow is
definitely promoted in the frequency range of 50 cps

to 100 cps.



APPENDIX

Eccentric and connecting rod design and balance.

The eccentric configuration is shown in Figure A-1

and the counterweight configuration in Figure A-2.

Center of gravity for eccentric,

—77 ,éaa =77 02(6‘2)

(A-1)

[)2
Eg 3 __u_fi—

D~k
Eccentric unbalance ,

= EDZ _ T, 2
V485 (D'-k ),QJE-;;,?: ¢ =T/ A DE

(A-3)

where fB = 0,3048 Lbm/in3

The connecting rod rotating unbalance is m, € where fm,
is the connecting rod crank end mass (0,050 Lbm). The
connecting rod reciprocating unbalance is %mz 6

where m, is the connecting rod wrist pin end mass

(0,050 1bm). The total eccentric and connecting rod un-
balance is,

2
4§, 0, D€ +5my €+, €
(A-4)
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The counterweight ring unbalance is,

fg'”‘l}m"" (/%)zjjcw 3 (A-5)

The total unbalance is,

7774& De 4’;'/”%:6"‘”% é+f577[r —B( ,)J aw( -6)

The unbalance of the counterweight is,

(3 0-00018f5ONT = r*)(h =€) Lews =
S, (000273)150)( T yz)zf(sg 1?7)( ) Jg;zso é‘y‘w

(A-7)

The total unbalance is set equal to the unbalance of
the counterweight and the resulting expression solved for
outside radius I with & a specified parameter, Therefore,
for eaéh eccentric a set of counterweights must be constructed.

The resulting expression is a cubic equatiom in I with
the parameter & as follows,

T3.70854 % - 5,359€ = 0.0406 = O
(A-8)

For an eccentric with a stroke of ¢ = 0,050 inches

the outside radius I is 0,803 inches,
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D =0.5625 IN.
B =0.283 IN.
k =D-2€

1, =0.9375 IN.

7

Figure A.1 Eccentric configuration

15~

D =0.5625 IN.
r =0.3438 IN.
%, 0.500 IN.

A

Figure A.2 Counterweight configuration
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