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EXPERIMENTAL MEASUREMENTS
OF THE LAMINAR SEPARATION BUBBLE
ON AN EPPLER 387 AIRFOIL AT LOW REYNOLDS NUMBERS

Abstract

An experimental investigation was conducted to measure the flow
velocity in the boundary layer of an Eppler 387 airfcil. In particular, the laminar
separation bubble that this airfoil exhibits at low Reynolds numbers was the
focus of the study. Single component laser doppler velocimetry data were
obtained at a Reynolds number of 100,000 at an angle of attack of 2.0°. Static
Pressure and flow visualization data for the Eppler 387 airfoil were also
obtained. The difficulty in obtaining accurate experimental measurements at
low Reynolds numbers is addressed. Laser doppler velocimetry boundary layer
data for the NACA 663-018 airfoil at a Reynolds number of 160,000 and angle of

attack of 12° is also presented.
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NOMENCLATURE
bubble aspect ratio, ARy = |1 / hp
airfoil chord
saction lift coefficient
section moment coefficient
pressure coefficient, Cp = (P - P.) / Q..
bubble height, hy = 81¢- 314
height of transition
shape factor, Hi2 = 8,/ 3>
shape factor, Haz = 83/ &7
length of laminar separation bubble, lIg = |1 + I>
length of laminar region of separation bubble
length of turbulent region of separation bubble
local static pressure
freestream static pressure
freestream dynamic pressure
Reynolds number based on chord, Rg = Uss C/ v
Reynoids number based on Iy, Rj, = Ugly/ v
Reynolds number based on 81, Rg, = Ug 31/ v
Reynolds number based on 32, Rs, = Ug 33/ v
local tangential velocity component
external or edge velocity

external or edge velocity

freestream velocity

xi



X1i

X distance along airfoil chord from leading edge
y normal height above airfoil surface
YD dividing streamiine height
Greek Symbols
o angle of attack

separation angle, y = tan-1((8,- &) / I1)

boundary layer thickness
o1 boundary layer displacement thickness, 8, =f(1-U/Ue)dy

5
32 boundary layer momentum thickness, 8, = J (U/Ug)(1-U/Ug)dy
8

84 boundary layer energy thickness, 83 = t’[ (U/Ug)(1-(U/Ug)2)dy
11 absolute viscosity of air
v kinematic viscosity of air, v=p/p
p density of air
Subscripts
c airfoil chord ‘
e external or edge of boundary layer
r reattachment
s separation
t transition
oo freestream condition
Abbreviat
LDV laser doppler velocimetry



CHAPTER |
INTRODUCTION
1.1 Background

Interest in low Reynolds number aerodynamics has increased as new
technology has opened up flight regimes praeviously thought impractical or even
unattainable. The advancements made in materials and electronics make small
remotely piloted vehicles (RPV's), large high altitude RPV's, man powered
aircraft, solar powered aircraft, and very high aspect ratio aircraft, wind turbines,
and small gas turbine blades possible. These applications all operate at low
Reynolds numbers. Mueller (1985) gives a more comprehensive overview of
low Reynolds number applications and Drela (1988) provides an interesting
study of human powered aircraft low Reynolds number aerodynamics.

Reynolds number is a dimensionless quantity that relates viscous forces
to inertial forces for fiuids in motion. By definition Reynolds number is a function
of a characteristic length, velocity, density, and absolute viscosity. Low
Reynolds number can now be thought of as referring to flows in a given fluid
were the velocities and physical dimensions are small. The term low Reynolds
number for these applications refers to R in the range from 50,000 to 500,000.
This is far from the creeping or all laminar flow regime, but below that usually
associated with manned flight. It is interesting to note that most birds operate in
this Reynolds number range. Very low Reynolds number flows, Reynoids
numbers below 10, are fully laminar and can be solved analytically. High

Reynolds number flow around an airfoil can be accurately solved with the help
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of boundary layer theory. In this case it is assumed that viscous effects are
confined to a thin layer next to the surface and are solved by simplified
boundary layer equations, while the flow outside the boundary layer is

considered inviscid.

1.2 Low R¢ Airfoil Flow Field

The low Reynolds number flow regime is particularly difficuit. The flow
field features laminar and turbulent flow , separated flow, and large wakes. Low
Reynolds number laminar boundary layers are relatively stable or in this case
persistently so. This laminar boundary layer that forms on the forward surface is
unable to resist any appreciable adverse pressure gradient of the form that
exists behind the pressure peak on an airfoil. The flow separates forming a
laminar shear layer. This shear layer is not a free shear layer as the close
proximity of the airfoil surface stabilizes it but it is less stable than an attached
boundary layer. The initial laminar shear layer transitions over a length into a
turbulent shear layer by amplification of disturbances present in any flow. The
common form of these amplified disturbances are two dimensional Tollmein-
Schlichting waves. A turbulent shear layer is a good conductor o'f' momentum
through the boundary layer and entrains high momentum fluid from the outsidg
flow, thus thickening rapidly. The transition process is complete when this
turbulent shear layer contacts the airfoil surface and becomes an attached
turbulent boundary layer. If the separated shear layer, laminar or turbulent,
does not reattach the airfoil flow field is subcritical. Subcritical flows are
characterized by large wakes and extensive laminar flow. This entrainment of
fluid results in a turbulent boundary layer that is thicker than a turbulent
boundary resulting from an attached transition process. In a mean sense the

shear layer encloses a region of fluid near the airfoil's surface. The enclosed
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fluid and the separated shear layer is called a laminar separation bubble. Also
the enclosed region of fluid exhibits one or more recirculation zones. Figure 1.1
shows a general bubble mode! and its assumed flow field (Horton 1968). In
general a laminar separation bubble will reduce an airfoil sections lift and
increase drag compared to an attached transition process but is preferable to
the massive wake that results from laminar separation without reattachment.

Laminar separation bubbles can occur on both airfoil surfaces,
sometimes simultaneously, and alter the pressure distribution around the airfoil.
This change in the pressure distribution manifests itself as a reduction in the
pressure peak (from that expected by an inviscid flow) followed by a pressure
plateau. Figure 1.2 shows the pressure distribution on an airfoil with a laminar
separation bubble. The pressure plateau location is coincident with that of the
laminar portion of the separation bubble. The transition to turbulent flow results
in a rapid pressure rise brought about by fluid entrainment. This pressure rise
often overshoots the inviscid pressure that would exist at the reattachment
location. The location of the point of equality between the actual and inviscid
pressure marks the location of reattachment. At this point a simple distinction
between short and long bubbles will be made. A short bubble will only slightly
perturb the airfoil's pressure distribution while a long bubble significantly
changes the pressure distribution. A bubble also produces a thick turbulent
boundary layer that is susceptible to turbulent separation. Turbulent separation
will further increase drag and reducs lift while also altering the airfoil pressure
distribution. This in turn affects bubble size and location. This coupling of
characteristics is what makes this flow regime so difficuit to model.

Another difficult feature of low Reynolds number aerodynamics is a
phenomena called hysteresis. Hysteresis can occur in lift , drag, and moment

characteristics of airfoils with separation bubbles (Mueller (1985), Marchman
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(1987), McGhee (1988), Selig (1984), and Althaus (1986)). Hysteresis results
when a laminar separation bubble behaves differently for increasing angle of
attack than for decreasing angle of attack, thus affecting aerodynamic
characteristics like lift, drag, and moment. This presents a serious problem for
those interested in stability and control of vehicles operating at low Reynolds
numbers. Two types of hysteresis are most common, pre-stall and stall
hysteresis.

Pre-stall hysteresis is associated with long bubbles located at mid-chord.
If angle of attack increases from a low value the bubble extends aft and may
even extend into the wake to create a trailing edge stall. As angle of attack is
further increased the flow transition point moves forward and a short bubble
forms near the leading edge. If at this point angle of attack is reduced the
bubble will jump back to a mid chord location at a lower angle than that for the
initial formation of the short bubble.

Stall hysteresis is usually associated with a short leading edge bubble.
As angle of attack increases the bubble bursts, extends across the airfoil without
reattachment. The bursting destroys the airfoil's pressure peak with a resulting
drastic reduction in lift that is like a leading edge stall. If angle of attack is

reduced the bubble shortens at an angle lower that that for bubble bursting.

1.3 Scope of Present Work

The interdependence of the flow field characteristics of low Reynolds
number aerodynamics such as laminar separation, transition, turbulent
reattachment, and turbulent separation has slowed the formulation of empirical
and analytical models. Accurate experimental results are useful for
development of new models and comparison with computational solutions.

Increasing the low Reynolds number data base was the primary function
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of the research presented in this study. Boundary layer data for this purpose
was obtained by LDV measurements. The advantage of this method over the
more commonly used hot-wire anemometry method is the ability to discern flow
direction and magnitude unobtrusively and directly. Data for two airfoils
supporting two different types of laminar separation bubbles is presented.
Measurements on the Eppler 387 airfoil include LDV boundary layer profiles at
Rc = 100,000 and a = 2.0° across the upper surface, with particular emphasis
on the bubble region. The conditions and mode! size, chord = 304.8 mm, werse
chosen to give a large steady bubble. LDV boundary layer measurements were
also made on the upper surface of a NACA 663-018 airfoil at R, = 160,000 and
a = 12.0°. This exact airfoil model has previously been tested at Notre Dame
with hot-wire and LDV techniques.

The results of this research are presented with particular emphasis on
measurement uncertainty and errors. The low Reynolds number regime
provided a challenge for the measurement techniques used. Some of the
factors involved include low velocities, small physical dimensions, and
unsteadiness in the flow field of interest. The specific details of which are

discussed later in this thesis.



CHAPTER 1l
EXPERIMENTAL APPARATUS
The Notre Dame Aerospace Laboratory was the site for this research. All
equipment and facilities are housed in this building. The south low speed wind
tunnel was utilized for all experiments. These include the flow visualization,
static pressure measurements, and the laser doppler velocimetry (LDV)

boundary layer measurements.

2.1 Wind Tunnel

The wind tunnel used in this investigation is the south low speed low
turbulence wind tunnel originally designed by F. N. M. Brown for low speed flow
visualization. This is an open circuit indraft type tunnel with square cross
section through the inlet and test section with a transition to a circular cross
section in the diffuser. The inlet features a 3-D 24:1 contraction ratio from 2.95m
square to 0.61m square in 1.48m. Preceding the inlet are twelve anti-
turbulence screens. The same test section was used for all experiments. This
section featured three plate glass side walls, one plexiglass back wall with a
model sting holder, and measured 0.61m x 0.61m x 1.83m internally. A diffuser
with 4.2 degree half angle leads to the eight bladed 1.2m diameter fan driven by
an 18.6 kW variable speed A.C. motor. Figure 2.1 shows a dimensioned layout
of the wind tunnel. Figure 2.2 shows the test section used and the positions of
the



mode! and the pitot tube.

2.2 Airfoil Models

The Eppler 387 airfoil models were constructed in the Aerospace
Laboratory shop by machining an aluminum master plug and constructing
molds from which models could be cast in epoxy. The airfoil models used had a
0.3048m chord and quarter chord sting mount location and various spans. The
coordinates for the Eppler 387 airfoil were provided by NASA Langley and are
tabulated in Table 2.1. Three models were used in the various tests. The
surface/smoke flow visualization and pressure modeis had a 0.406m span.
These models were mounted centered in the tunnel cross section between
0.61m x 0.61m plexiglass endplates. These endplates featured round leading
and square trailing edges and located the airfoil quarter chord location 0.267m
from the leading edge of the endplate. The pressure model included 66 ports
for static pressure measurement. These ports are 0.79mm in diameter and are
normal to the airfoil surface. All ports lead into Teflon tubing of 1.78mm O.D.
and 1.27mm L.D.. Port positions are staggered along the span at a 60° angle to
the leading edge. This was done to reduce port disturbance effects of upstream
taps. Pressure port distribution is tabulated in Table 2.2 with bot;i chord wise
and normal coordinates given.The LDV model extended from one tunnel side

wall to the other with a 0.61m span and was used without endplates.

2.3 Data Acquisition Equipment

A computer based data acquisition system was used to record data
during pressure and LDV measurements. This system is based on a PDP 11/23
mini computer. This PDP 11/23 was configured with a Data Translation DT
2752 DMA 12 bit A/D, DEC DWV11-C real time clock, and an AAVII-C 12 bit
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D/A. The A/D was configured to read up to eight channels with software
adjustable gains of 1, 2, 4, and 8. This system had an input voltage range of
plus or minus ten volts and a best resolution of plus or minus 0.61 mV (O'Meara
1985). The D/A is capable of four channels of plus or minus ten volts output. A
PDP11/34 mini computer was used for data reduction and data plotting through

Hewlett Packard 7470 A plotters.

2.4 Flow Visualization

Three types of flow visualization were utilized in this study. The primary
goal of this research was documentation of the laminar separation bubble. As
an initial investigation surface flow visualization was used to located the bubble.
The flow structure of the bubble was photographed with smoke wire
visualization. Smoke streak lines generated buy a kerosene smoke generator
and smoke rake were used to study the macroscopic flowfield.

The smoke rake and generator were developed by F. N. M. Brown and
are shown in Figures 2.3 and 2.4 respectively. This apparatus was also used to
seed the flow for LDV measurements. This system operates by vaporizing
kerosene dripped on electric strip heaters. The resulting smoke is then filtered,
cooled, and distributed by the smoke rake. This smoke rake is adjustable in
height by a remotely controlled electric motor.

Surtace flow visualization utilized a fluorescent mixture of fluorescene,
water, and photo flow. Black light illumination by two 40W bulbs allowed
viewing of the bubble location by variations in the fluorescent intensity. This
variation is due to visualization fluid flow thickness changes driven by external
flow shear stress.

Smoke wire flow visualization produced smoke by vaporizing model train

smoke fluid applied to a 0.003 inch diameter stainless steel wire. lllumination
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for photography was provided by three General Radio model 1540 strobe
lamps. These were positioned above the tunnel test section and projected light
through a 0.025m slit masked off on the upper glass . Synchronized flash and
smoke production was accomplished by a specially constructed control unit.
This unit was developed by Mueller (1980) and by Batill (1980) for smoke wire
photography. This control unit passed an adjustable current through the smoke
wire for a specified time. After a set delay this unit triggered the camera shutter.
The strobes were fired simultaneously by the camera's flash synchronization
system. The only unique feature to this system is the position of the smoke wire.
It is positioned in the spanwise direction at some point along the airfoils chord
by specially made thin brass wire holders. These allowed the wire to be
positioned at various heights from the airfoil surface and chord positions. The
wire mounted directly to the airfoil model and no holes through the endplates
were necessary. Flush mounting of these holders allowed the airfoil model to
butt up against the endplates.

Photographs were taken in 35mm format by SLR cameras with a variety
of focal lengths. Negatives and prints were processed in the Aerospace

Laboratory's dark room.

2.5 Pressure Measurement Equipment

Pressure measurements were made by Spectra Systems Mode! 339H
electronic manometers. Manometers with a pressure range of 0-140.6 mm H0O
and an analog output proportional to pressure of 0-5 volts were used. These
manometers have a listed accuracy of £ 0.2mm HzO. In all experiments a pitot
static tube system utilizing this electronic manometer was used to determine
tunnel flow speed.

Static pressure measurements on the Eppler 387 airfoil were conducted
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utilizing a specially constructed model that had 66 pressure ports distributed
around the cross section. The experimental setup is shown in schematic form in
Figure 2.5. Pressure measurements were not made simultaneously but rather
computer D/A controlled Scanivalves were used to divert airfoil static pressure
to a single electronic manometer. The Scanivalve model-J 48 port Scanivalve
was controlled by a modified model CTLR10/52-56 solenoid controller. This
controller allows computer control of Scanivalve port step and home reset
actions. Two manometers were used, one to measure tunnel speed and the
other to measure airfoil static pressure, with their total pressure ports connected
together. This feature is used to prevent the introduction of a pressure bias due

to pressure drop across the anti-turbulence screens.

2.6 Laser Doppler Velocimetry

LDV is a non intrusive method to measure velocity, i.e. it can resolve flow
speed and direction. In this experiment a forward scatter single component
mode with frequency shifting was used. Frequency shifting allows resoiution of
flow direction. The LDV system consists of an argon laser, transmitting and
receiving optics, signal processors, traversing equipment, and a kerosene
smoke generator and rake for flow seeding.

The laser is an XL5000 manutactured by Excel. It is a blue-green 5W
argon type that was used in a monochromatic mode with a wave length of 514.5
nm. Beam diameter is 1.2 mm measured to 1/e2 of the center intensity.

All optics were manufactured by TSI except where noted. Proceeding
from the laser head the transmitting optics include a 91108 collimator to prevent
beam divergence, 902-12 polarizer, 915-1 beamsplitter, 9182-11 spacer, 9182-
12 Bragg cell with a model 9186A LV frequency shifter, 913 beam aligner,

9188A beam expander, 9181-2 beam blocker, and a model 939 focusing lens
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with a 578.6 mm focal length. These components were supported on 9178-1
and 9179 optics stands. This system had an ellipsoidal measuring volume
0.14mm in diameter and 3.22 mm long. The receiving optics included a 9167-
500 lens. This is a 500 mm focal length lens with k=2.81. Also included are
model 9140 receiving optics body, a model 962 photomultiplier with a model
965 photomuitiplier power supply, a model 976 beam pin hole blocker, and two
model 976 optic stands.

The signal processor operates as the final link between the optical
hardware's photomultiplier signal and the final analog output that represents
flow velocity through the measuring volume. Processing of the photomultiplier
signal was performed by the 9186A LV frequency shifter to account for laser
light frequency shifting in the Bragg cell. The photomultiplier signal is created
by the passage of particles through the measuring volume and is called a
doppler burst. This doppler signal contains a frequency component created by
geometric scattering, for the fringe spacing and particle diameters used in this
experiment, of laser light in the measuring volume. Fringe spacing was 3.91 um
and the optimal particle diameter for this spacing was 0.98 um. A low frequency
component was also present as a result of intensity variations across the laser
beam diameter. High frequency components were present when multiple
particles passed through the fringes of the measuring volume and from signal
noise. Band-pass fitering by the model 1994B input conditioner was used to
select the correct frequency component that corresponds to the flow velocity.
Further signal selection was based on the number of fringes that are crossed by
a given particle. This selection is based on a cycles per burst criterion, where a
cycle is created by a fringe crossing. Cycles per burst were measured in the
1995B timer module, time mode output was displayed in volts on the 1992

readout module, and the 1988 analog output module allowed the PDP 11/23
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A/D to read a voltage inversely proportional to the velocity measured (doppler
frequency). The computer A/D was incapable of reading data as fast as the
signal processor. Therefore, a data ready pulse sent from the latter was used to
trigger a Rutherford Electronics Model 814 pulse generator that sent periodic
signals to a Schmitt trigger on the PDP 11/23. The output of the photodetector
and the filtered output were monitored by two oscilloscopes. A schematic of the
set LDV apparatus is shown in Figure 2.6 .

The flow field that needed to be sampled by the LDV required a 2-D
traversing system. This system used a fixed arrangement of laser, transmitting,
and receiving optics connected by a space frame. This arrangement was
required for alignment of the forward scatter optics and was possible because of
the transparent test section walls. The traversing system utilized a Bridgeport
milling machine for three axis translation of the LDV system. All LDV
components were attached to a Thermal Systems Inc. TSI model 9127 table
that was gridded by threaded holes. This table replaced the milling machine
head. The receiving optics were attached to this table by a space frame
composed of thin wall tubing. This configuration maintained alignment between
the transmitting and receiving optics. Figure 2.7 shows the LDV traversing
system and its relation to the test section. This traversing system.'was capable
of translation with a 0.0254mm least count by manual tuming of lead screws. -

The LDV measuring volume was seeded by kerosene smoke. The
smoke generator and smoke described previously were used for this purpose.
The smoke rake was positioned so a smoke streak line passed through the
measuring volume. The kerosene smoke consisted of small droplets of
kerosene that range in size from 1.0 to 3.0 microns at the smoke generator

temperatures used (Visser 1988).



CHAPTER il
EXPERIMENTAL PROCEDURE

The experiments conducted on the Eppler 387 airfoil profile were
intended to characterize the laminar separation bubble. To accomplish this
several flow visualization as well as LDV and static pressure measurement
techniques were used. The experiments were conducted at a Reynolds number
of 100,000 based on a 304.8 mm chord and at 2° angle of attack. This test
regime was chosen to study a laminar separation bubble of large physical
dimension in a flow field with little turbulent separation of the boundary layer.
This type of flow field would lessen the inherent unsteadiness of the turbulent
reattachment process in the laminar separation bubble by reducing
unsteadiness of the wake. Previous investigators (McGhee 1988) have
determined the bubble to occupy around 40% of the airfoil's chord length at
these conditions. It was felt that this would be a good addition to work that has
previously been done at Notre Dame. This includes LDV measurements of a
short bubble of about 6% chord on the NACA 663-018 airfoil (Fitzgerald, 1988)
and this investigator) and the longer bubble on the Wortmann FX63-137 airfoil
(Brendel, 1987). The flow conditions for the Eppler 387 require steady free
stream velocities of approximately 5 m/sec at as low a turbulence intensity as
possible. The freestream turbulence level affects the laminar separation bubble
transition process. O'Meara (1985) contains test results that show the affects of
freestream turbulence intensity on boundary layer parameters; while McGhee
(1988) shows the affects of turbulence on aerodynamic characteristics like lift,

drag, and moment. This required running all tests when the atmospheric

13



14

conditions were dead calm, i.e. wind speeds of 5 km/hr or less. No flow
restrictors were used between the test section and diffuser. While flow
restrictors can provide steadiness for large scale fluctuations, like wind gusts,

they increase the tunnel turbulence intensity (O'Meara 1985).

3.1 Flow Visualization
The Notre Dame facility is particularly well suited for flow visualization
due to its low turbulence open circuit design. The following methods were used

in the study: fluorescent surtace flow, smoke wire, and smoke tube visualization.

3.1.1 Fluorescent Surface Flow Visualization

This method is commonly used for determination of separation and
reattachment locations. This experiment posed special problems due to the
very low velocities and resulting low surface shear stresses. The visualization
fluid viscosity was adjusted to the minimum that would still allow full surface
wetting. This method required the test section to be opened and a thin layer of
fluid painted on the model's surface. The tunnel motor was left on during this
procedure. The flow pattern develops over time and was recorded
photographically when the pattern was observed to be the most distinct.
lllumination was provided by a black light placed above the tunnel test section.
After each run the model's surface was cleaned to reduce fluid buildup that

could alter the flow.

3.1.2 Smoke Wire Flow Visualization
Smoke wire flow visualization inside the laminar separation bubble was
undertaken in an attempt to get away from titanium tetrachloride (TiCls). TiCls

produces a dense brilliant white smoke upon contact with the moisture in the air
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but it also holds a few associated disadvantages. These include toxicity and
harmful corrosive vapors. The most pressing reason to look for a new method
was the possibility of introducing disturbances into the boundary layer with the
TiCls injection process. These disturbances could alter the boundary layer
characteristics or induce premature transition in the bubble. An alternative
method of surface application of titanium tetrachloride could eliminate some
problems but precipitate build up on the model will still affect the boundary
layer.

The smoke wire method was designed to eliminate these difficuities. The
spanwise smoke wire was located at 75% of the chord on the upper surface
very close to the model's surface. The Reynolds number of the wire based on
diameter was about 2. This very low Reynolds number and the wires location in
or very near the turbulent portion of the bubble reduced its effect on the bubble
flow field. The disturbance of the boundary layer due to wire heating and
buoyancy effects was minimized by the both location of the wire and the time
delay between smoke production and shutter opening. Heated air was quickly
mixed with cooler ambient air and transported upstream and downstream by the
turbulent aft portion of the bubble. The disturbance influence on the sensitive
laminar shear layer was also reduced by its introduction into the turbulent
region.

The procedure used an adjustable time length and variable amperage
current for the smoke wire heating. An adjustable time delay between wire
heating and camera triggering allowed the smoke streak lines to fill the flow
field of interest and to reduce the affects of the heated air on the flow
characteristics. The smoke was produced by vaporizing oil that is applied to the
wire with a small sponge brush. Smoke wire current was adjusted to a

minimum setting that would still produced uniform dense smoke. The time of
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current application was adjusted to allow complete oil vaporization. The
settings described were optimized by trail and error and the time delay to

camera shutter opening was 1.5 to 3.0 seconds.

3.2 Static Pressure Measurements

The static pressure measurements made on the Eppler 387 airfoil were
done sequentially. The pressure measurements started at the leading edge
and proceeded along the upper surface to the thirty third port (64% x/c) at which
point the second Scanivalve was used to sequence ports. Measurements
continued to the trailing edge and then covered the lower surface from the
leading to trailing edge. At each port location 100 data points were taken at 100
Hz after a 1 second delay. This process was automated and run by computer
software that also reduced the data and stored it on disk in pressure coefficient
form. The standard form for pressure coefficient, Cp, was used. This data was

later reduced to obtain integrated lift and pitching moment coefficients.

3.3 Laser Doppler Velocimetry

This form of velocity measurement was capable of measuring flow
direction and magnitude of a velocity component. This gave it obvious
advantages over hot-wire measurements, which only measure a flow
magnitud_e and direction is assigned, in flow situations where reverse flow
occurs. One such situation occurs in laminar separation bubbles. The major
disadvantages included the slow speed of boundary layer measurements and
the critical importance of proper bandpass filtering. The measurement of a
single boundary layer velocity profile required about an hour and a half under
ideal conditions.

The laminar separation bubble on the Eppler 387 airfoil was investigated
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with the measurement of mean velocity profiles at thirty chord stations on the
upper surface. These profiles are located upstream, in, and downstream of the
bubble. The LDV data acquisition software was originally written by Brendel but
used with modifications by Fitzgerald and this investigator. The measurement
procedure began with model setup. The model was aligned in the tunnel
normal to the side walls at the desired angle of attack. Position of the LDV
system was aided by the use of the laser as a horizontal plumb. Careful initial
positioning of the milling machine allowed measurements at all chord positions
and heights without further adjustments to alignment. A pitot tube and
electronic manometer were used to set tunnel velocity for a desired Reynolds
number given the ambient conditions. Uncertainty in tunnel free stream velocity
was 0.32 m/sec (about 6% of the freestream velocity), at Rc = 100000 and ¢ =
304.8 mm, due to manometer uncertainty alone.

The initial step in the measuring process was the positioning the LDV
probe volume at the desired chord position. The airfoil model has chord
positions lightly scribed onto the upper surface for probe location. The probe
volume was moved in a spanwise direction to a plane coincident with that of the
seeding smoke tubes. Measurements were not made in the same plane as the
scribings to reduce any roughness induced effects. In this positior;' the plane of
the beam crossing was aligned to be tangent to the airfoils surface and the
probe height was zeroed. The former was easily accomplished by lowering the
probe volume to a point just below the airfoils surface and observing the
intersection of the beams on the model surface. The plane of crossing was
adjusted until the length of the beam reflections were the same. The angle of
this plane to horizontal was calculated by the software but usually differed
slightly (< 1.0°, which was the least count of the angular displacement scale)

from the angle visual inspection suggested. In these cases the angle obtained
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visually was used. The zero height position of the probe was obtained by
inspection of the signal from the photomultiplier. When approximately half of
the probe volume was in the freestream and half reflected from the model's
surface the photomultiplier signal was sinusoidal with frequency equal to the
shift frequency. Initial height position uncertainty was on the order of the
measuring volume diameter (0.14 mm) with this method. Finally the height of
the smoke rake was adjusted so that a smoke streak line impinged at the airfoils
stagnation point.

Measurements were made with normal increments of 0.3mm inside the
boundary layer and larger increments outside. Increments normal to the airfoil
surface were reduced by the software into horizontal and vertical components
for manual adjustment of lead screws on the milling machine. At each
measurement location 500 data points were taken and averaged to get a mean
velocity. Previous measurements in the freestream had shown the average
velocity change from one measurement to the next to reach a minimum for
measurements averaged from 400 sampies. This is a qualitative test as small
variations in the freestream velocity prevented accurate, or complete,
convergence. The selection of 500 samples of data was based on this test and
consideration was given to the time required to sample the data. Long data
collection times are a tolerable inconvenience but this length of time also
introduces LDV measurement bias errors due to tunnel velocity fluctuations.
The time required to take 500 points depended on the seeding and ranged from
one to several minutes. In general seeding in the laminar portion of the bubble
was poor while other portions of the flowfield allowed quite good seeding. The
first measurement location on the surface required the use of low laser power to
prevent signal washout from reflections. Locations off the surface allowed

higher power settings, approximately 1.5 watts, for better signal to noise ratios.
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A frequency shift of 1 MHz was used during all measurements. This shift
allowed measurements of reverse flow up to 4.04 m/sec. Bandpass filter
settings of 0.3-2 MHz were used very close to the surface inside the laminar
regions of the bubble while settings of 0.3-5 MHz were used further from the
surface and exclusively in profiles outside the bubble. Particle selection
requirements included the following tests. Doppler bursts required 16 cycles,
i.e., particles must pass through at least 16 fringes to be considered for velocity
measurements. A comparison percent criterion of 10% was used to reduce
background noise contributions. This criterion checked the repeatability of the
time for each cycle within a burst. An amplitude limit control setting of 0.5 was
also used. This prevented measurement of very large particles, particles that
may not have accurately followed the fluid flow. Computer software displayed
values for mean, RMS, and freestream velocities, Reynolds number, and
Reynolds number variation on screen for evaluation after each measurement.
Data at this location could then be retaken if some abnormality occurred during
sampling. This disturbance could take the form of a large variation in tunnel
speed from an atmospheric disturbance. As stated earlier data was collected
during calm wind conditions after sunset but occasionally large gusts did occur

which influenced the data collection process.



CHAPTER IV
EXPERIMENTAL RESULTS

The goal of this research was to document the laminar separation bubble
on the Eppler 387 airfoil. Measurement difficulties and uncertainty at low
Reynolds numbers are given special attention due to their significant presence.
The data includes static pressure and LDV measurements as well as flow
visualization photographs. Experimental data is useful for computational code
verification and bubble model development. These codes (examples: Drela,
1987, 1989, and Eppler, 1986) often utilize empirical and semi-empirical
models of the laminar separation bubble transition process. In addition,
experimental data, especially data that spans several facilities, allows better
understanding of the effects of tunnel environment on low Reynolds number

airfoil performance.

4.1 Static Pressure Data

The static pressure measurements were made to locate the position of
the bubble. This was done to verify certain aspects of the research. The
locations of laminar separation, transition, and turbulent reattachment are
sensitive to tunnel turbulence intensity as well as airfoil model accuracy and
surface finish. Comparison of these results to results obtained at other facilities,
namely the data obtained by McGhee (1988) in the LTPT at NASA Langley,
lends them a measure of credibility.

The data is presented uncorrected and as such is distorted slightly due to

the finite size and constrained nature of the wind tunnel flow field. This data is
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intended to help document the flow field which contains a laminar separation
bubble. Presented as such it is ideal for comparison with previous data, often
presented uncorrected, taken at the Notre Dame wind tunnels. In particular it
should be compared with data taken on similarly sized models some of which
have supporting LDV data. Data at large angles of attack (>10.0°) was not

taken because of the large model size and ensuing flow field distortion.

4.1.1 Static Pressure Measurement Error Analysis

The static pressure measurement uncertainty varied with the magnitude
of the pressure and thus varied with angle of attack and Reynoids number. The
largest uncertainties were present for high @ and low Reynolds number. A
representative value for the largest uncertainty was ACp =0.1796 for R.=75,000
and a=8.0°. In contrast uncertainty could be as low as AC, =0.0072 for
R.=300,000 and a=0.0°. Uncertainty in C, varied along the chord with
variations in Cp,. AC, was largest for low freestream velocity and high airtoil
static pressure. Pressure distribution repeatability is shown in Figure 4.1 for
four different tests at R.=100,000 and a=2.0°. Two of thesé tests were
specifically made to determine if hysteresis was present. The four plots for the
tests group closely, almost within the uncertainty, which is AC,=0.0496 for this
case. The discrepancies are probably the result of uncertainty in angle of attack
(Aa = 0.15°) and variations in Reynolds number (approximately +2%) during the
testing. -

Figure 4.2 shows a comparison of pressure distributions measured at
Notre Dame and NASA Langley at R.=100,000 and a=2.0°. Notice the data
sets exhibit the same stagnation points. Also the locations of separation,
transition, and reattachment are nearly coincident. These sets of data exhibit

an offset or a difference in Cp of about 0.057. If these pressure distributions are
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integrated for lift coetficient this offset is irrelevant. Integration of these data sets
by the same program results in identical lift coefficients of C_=0.611 . The cause
of the offset is unknown. Previous tests (Brendel 1986) have shown the time
constant for the tubing used in the pressure measurements to be on the order of
60 msec. A delay of over 16 time constants was used before measurements
were recorded so pressure attenuation in the tubing should be small. It also
seems unlikely that the offset is a result of a manometer calibration problem as
manometer calibration was checked. A discrepancy in angle of attack may
explain this offset. A maximum angle error between the airfoils tested in the two
wind tunnels would be the sum of the angle of attack uncertainties. An
estimated value for this uncertainty is twice the uncertainty for the Notre Dame
data. This value would then be Aa = 0.30°.

Lift curve slopes for identical airfoils tested in different facilities often
contain discrepancies. It is possible that the flow environment or model
differences could cause such an effect by altering the laminar separation
bubble. A higher value of free stream turbulence intensity often acts like an
increase in Reynolds number. This would shorten the bubble, altering the
pressure distribution. The pressure distribution would likely show a more
negative pressure peak. Another explanation may be tunnel wall interference
but the expected trend for this would be pressure distribution distortion. A
similar situation existed in comparing data from the Notre Dame wind tunnel to
data taken in free flight. These pressure distributions from the free flight test
showed lower values of C,, across the chord on the upper and lower surtace.
Lower values of Cp across the chord was the same trend seen between the
NASA Langley data and the Notre Dame data. In the pressure distributions
lower values of Cp are higher on the graph as negative C, is plotted on the

positive y axis.
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4.1.2 Static Pressure Distributions

Figures 4.3-4.36 show the measured pressure distributions for the E387
airfoil. The location of various flow features is discernable in these pressure
distributions. The laminar separation bubble alters the pressure distribution on
the airfoil in a characteristic manner. The separated laminar shear layer exerts
a nearly constant static pressure (separated flow maintains a nearly constant
velocity)on the airfoil, creating a pressure plateau. Transition to turbulent flow
results in a rapid pressure recovery region shown by a steep slope immediately
following the plateau. The static pressure distributions show a laminar
separation bubble is the exclusive: transition process observed for Reynolds
numbers below 200,000. In some cases this bubble extends over a
considerable chord length. At R.=100,000 and a=2.0° as shown in Figure 4.13
laminar separation occurs at 40% x/c, transition at 76% x/c, and reattachment at
85% x/c. This compared well with locations determined by surface flow
visualization. These locations were 40.% x/c and 80.% xc for separation and
reattachment respectively.

An attached transition process, transition without a laminar separation
bubble, is observed at Rc=200,000 and R.=300,000 for moderately high angles
of attack. At R.=200,000 this attached transition process is seen for a=7.0°8.0°,
and 9.0° and is shown in Figures 4.25, 4.26, and 4.27 respectively. At this
Reynolds number a separation bubble is again seen at a=10.0°. The shape of
this pressure distribution as shown in Figure 4.28 does not show the
characteristic shape expected when a bubble is present. This may be the result
of poor tap resolution. The taps on the upper surface are spaced every 2% x/c
and are optimized to locate large mid-chord bubbles. A small bubble, a few

percent chord in length at the leading edge, will not therefore be properly
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resolved. The pressure distribution in Figure 4.28 also shows a considerable
overshoot in pressure recovery at the end of the bubble. A similar overshoot
was seen in static pressure distributions for the Wortmann FX63-137 airfoil
(reference) at high angles of attack. In both of these cases the bubble was a
short leading edge bubble on an airfoil at high angle of attack, o below but
close to that for airfoil stall.

Similar behavior occurs at R.=300,000 where attached transition is seen
for a=7.0° and 8.0° as shown in Figures 4.34 and 4.35 respectively. A small
leading edge bubble is seen in Figure 4.36 for the case of R.=300,000 and
a=10.0°. This bubble again shows a very large pressure recovery overshoot at
the end of the bubble.

A summation of separation, transition, reattachment, and attached
transition is shown in Figures 4.37-4.39 for Reynoids numbers of 100,000,
200,000, and 300,000 respectively. These locations were determined from the
pressure distributions shown in Figures 4.8-4.36 and have an uncertainty of
$1% x/c. The locations of attached transition were taken from Eppler's program
results (Eppler, 1986). The data for R.=100,000 is shown in Figure 4.37 . This
figure shows the long bubbles that form on the E387 airfoil at moderate angles
of attack. As angle of attack increases the bubble moves forward and shortens
in length. At an angle of attack of seven to eight degrees the bubble location
moves rapidly forward to near the leading edge were a short bubble is formed.
This is the same angle for which an attached transition process is seen at
higher Reynoids numbers. The population of data points for the higher
Reynolds numbers is sparse but the trend of bubble shortening and migration
forward can still be seen. The attached transition process is represented by a
single symbol for transition. At the higher Reynolds numbers the location of the

short leading edge bubble is not shown due to the poor position resolution
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caused by tap spacing.

4.1.3 Lift and Moment Curves

The measured pressure distributions were integrated for lift and quarter
chord moment. The resulting coefficients do not have standard tunnel
corrections applied. The worst case uncertainty in lift and moment coefficient
was approximately twice the average uncertainty in pressure coefficient for a

particular test case. This results in a representative uncertainty in lift coefficient,
AC(, of 0.1 for R.=100,000 and a=2.0°. The uncertainty in lift coefficient

dropped to approximately AC_=0.02 for R.=200,000. The uncertainty in
moment coefficient may be assumed to on the same order as that for the lift
coefficient. Uncertainty in pressure tap location was not known. This value
could be assumed to be on the order of the tap hole diameter, which was .79
mm, for the chord wise coordinate, but was unknown for the other coordinate.
Figure 4.40 shows the lift and moment curve slopes for the E387 airfoil at a
Reynoids number of 100,000. The two sets of data come from Notre Dame and
NASA Langley. The lift curves match well. The start of nonlinearity in the lift
curve slope at high angle of attack is pfonounced and both data sets agree in
this respect. The linear portion of the curves seem to differ in slope with the lift
curve slope of the Notre Dame data being the greater of the two. Lack of tunnel
corrections could possibly account for this. The moment curves compare poorly
but the same trend toward reduced negative pitching moment at high angles of
attack is shown by both data sets. Figure 4.41 shows lift and moment versus
angle of attack curves for the E387 at Re=75,000. Figures 4.42-4.44 shows lift
and moment curves for the E387 airfoil at Reynolds numbers of 100,000,
200,000, and 300,000 respectively. All of the lift and moment curves show the

same trends with similar lift curve slope, lift curve slope round-off, and pitching
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moment curve shapes. The data set for R.=75,000 is incomplete but the higher
Reynolds number cases do not show pre-stall hysteresis as might be expected

for a long mid-chord laminar separation bubble.

4.2 Laser Doppler Velocimetry Boundary Layer Measurements

Boundary layer measurements by LDV are attractive in flow fields with
reverse flow like that inside laminar separation bubbles. These measurements
were made on the E387 airfoil at Rc=100,000 and a=2.0°. LDV data will also be
presented for a NACA 663-018 airfoil at R.=160,000 and a=12.0°.

4.2.1 E387 LDV Boundary Layer Measurements

The LDV data for R.=100,000 and a=2.0° is plotted in dimensionless
U/Uex velocity plots. In these plots the vertical distance, y (mm), is normal to the
airfoil's surface. The chord position is set manually and uncertainty in chord
position is estimated to be about 1 mm or 0.33% x/c. This uncertainty arises
from a combination of possible errors that include scribed airfoil chord locations
and initial probe volume location.

Figures 4.45-4.47 show laminar boundary layers upstream of the laminar
separation bubble. The pressure gradient on the E387 at these conditions is
favorable up to 25% x/c and adverse after this chord station. The boundary
layers in Figure 4.47 are for 38% x/c and 39% x/c and show the effects of an
adverse pressure gradient with thicker boundary layers. The 39% x/c profile in
Figure 4.47 b) shows near separation like behavior with an inflection point and
small velocity gradient dU/dy at the surface. Figure 4.48 a) shows the velocity
profile at 40% x/c to be the first separated velocity profile. This profile also
exhibits reverse flow. The separation point is now determined by LDV data to
occur at 39.5% t 0.8% x/c.
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A distinct region of the bubble is located from separation to 55% x/c. In
this laminar region a distinct recirculation zone is seen. Figures 4.48-4.51 show
these profiles. If the pressure distribution in Figure 4.13 for R.=100,000 and
a=2.0° is examined the region from separation to 55% x/c shows a slight
pressure recovery with a small adverse pressure gradient. The LDV
measurements in this region were made with relatively good seeding and are
presented with relatively good confidence (i.e., accurate to with +15%).

The velocity profiles downstream of this recirculation region show very
little reverse flow as can be seen in Figures 4.52-4.54 for chord stations of 56%
to 66% x/c. As previously mentioned the seeding for LDV measurements in this
region was poor. The pressure distribution over this region shows a pressure
gradient that is very nearly zero. This plateau of zero pressure gradient roughly
extends from 54% x/c to 76% x/c. Flow visualization photographs like those in
Figures 4.76-4.79 show a possible Tolimein-Schlichting disturbance that is first
noticed around 66% x/c.

The pressure distribution in Figure 4.13 suggests transition to turbulent
flow in the shear layer at 76% x/c. This is the beginning of the rapid pressure
recovery region of a turbulent boundary layer. The veiocity profiles from 68%
x/c to 74% x/c show odd shapes as seen in Figures 4.55-4.56 . This may be a
result of improper bandpass filtering in the LDV measuring process or a velocity
bias. A velocity due to fluctuating flow would be towards higher velocities.
Considering the possibility of improper filtering and poor seeding these profiles
may yet show a possible boundary layer profile. The flow in this region may
contain circulation. The net flow through this aft region of the bubble may be
nearly zero, yet instantaneous streamwise and reverse flow with a recirculation
pattern may be present periodically. The boundary layer measurements are a

long term average of this behavior so actual average measurements of reverse
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flow may be unlikely. Vorticity seems to be shed from the shear layer during
transition, a point located above the airfoil surface. This corresponds with the
shape of the profiles which suggest a core location about 3.5 mm above the
surface at 70% x/c and about 6 mm at 74% x/c. This vorticity is rapidly
dissipated and is not seen at 76% x/c.

The shear layer grows rapidly after transition and the boundary layer
profile at 76% x/c shown in Figure 4.57 a) shows this. The profile exhibits
reverse flow but the boundary layer thickness is very low, just over 2mm. This
can be compared to the boundary layer thickness at 68% x/c which is over
6.5mm. The profiles at 78% x/c and 80% x/c shown in Figure 4.57 b) and 4.58
a) show nearly attached boundary layers. The profile at 81% x/c in Figure 4.58
b) is the first measured attached boundary layer after the bubble. LDV
measurements suggest the reattachment location to be 80.5% +.8% x/c. Figure
4.59 shows turbulent boundary layers at 90% x/c and 95% x/c.

The boundary layer velocity profiles have been integrated for
displacement, momentum, and energy thickness. These values are plotted in
Figure 4.60 . The integrated thicknesses show considerable scatter. This
scatter was not unexpected as the uncertainty in the integrated values was
large. Uncertainty in displacement thickness is about 0.1 mm. This value was
on the order of the initial probe height position uncertainty. Uncertainty in
momentum and energy thicknesses were about 0.3mm and 0.4 mm
respectively. This was a result of the shapes of the profiles and the nature of the
integration; where unity minus nondimensional velocity, nondimensional
velocity, and products of these are integrated.

The rapid growth in displacement thickness marks the location of
separation. The displacement thickness reaches a peak at 66% x/c. This peak

is sometimes used as a marker for transition. In this case it is a marker for the
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start of the transition process. Momentum and energy thicknesses show a rapid
growth at the start of transition and peak at the end of the transition process at
76% x/C.

Shape factors can be obtained from the integrated thicknesses. The
uncertainty in shape factors is larger that that for the integrated thicknesses . In
the LDV tests on the E387 the uncertainty for Hy2 is on the order of 1.2 mm.
Figure 4.61 is a graph of shape factor H,2 versus x/c. This figure shows a
gradual reduction in Hy2 in the favorable pressure gradient laminar boundary
layer and an increase near separation. The laminar portion of the separation
bubble, from 40% x/c to 64% x/c, shows large values of Hi2. The remaining
part of the bubble and the turbulent boundary layers aft of the bubble show low
values for the shape factor Hi2.

The shape factor Hjz is a ratio of energy to momentum thickness. This
shape iactor can be used to determine the point of separation in semi-empirical
boundary layer equations (Eppler, 1980, 1986). This value of Haz is 1.51509 for
the separation profile. This value is not seen near separation but Figure 4.62
shows a general decline in Haz up to separation. The value of Haz at 39% x/c is
1.592. The magnitude of the shape factor in the bubble is widely varying. The
curve of H3z versus x/c is only relatively smooth for chord stations outside of the
bubble. The uncertainty in Haz is approximately 4 mm for this data in the bubble

region.

4.2.2 LDV Measurement Uncertainty and Repeatability

Uncertainty in LDV measurements by direct calculation for the system
used would be complex. Such things as uncertainty in focal length and
aberration for optics and uncertainty in laser light frequency or coherency would

be hard to quantify. Other factors like uncertainty in shifting frequency and
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calibration of frequency shifting were not investigated. The LDV system should
be accurate and repeatable, if properly adjusted, for measurements with good
seeding in steady flows. Meyers (1979) listed LDV hardware uncertainty to be
on the order of two and one half percent.

The quality of LDV measurements can be degraded by several
measurement situations. Those pertinent to this experiment will be described.
Low data density and its associated discontinuous signal, often found with poor
or intermittent seeding, can result in velocity measurement errors. Fringe bias
results when particles pass through the measuring volume fringes in a non-
normal direction. This would be the case for boundary layer measurements in a
laminar separation bubble. A bubble often contains recirculation regions and
measurements with at fringe velocity vector angle up to 90° would seem
probable. The probability of making a measurement decreases 10% when the
velocity vector and the fringe normal differ in angle by 37°. Fringe bias is
reduced by frequency shifting and high cycles per burst criterion, both of which
were used in the measurements presented in this thesis. Another bias is a
velocity bias associated with fluctuating flows. In an unsteady flow a high flow
velocity measurement is more probable than a low one as high velocities carry
a greater number of particles through the probe volume. This results in an
erroneous average velocity measurement. In a LDV experiment conducted by
Bogard (1979) on the viscous sublayer of a fully developed turbulent boundary
layer in a channel, velocity bias errors of 10% were found. This was the
difference between weighted and unweighted average veliocity measurements.
In Bogard's experiment LDV measurements were made with natural seeding in
a water tunnel. Turbulence in the boundary layer was solely responsible for the
bias. Velocity bias also can be attributed to multiple measurements on a single

particle. Even the finite size of the probe volume contributes to velocity errors in
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a flow region with a velocity gradient. Meyers (1979) listed maximum errors in
measured turbulence intensity up to 0.5% due to probe volume size alone.

Previous investigators (Fitzgerald, 1988 and Brendel, 1987) have
compared low Reynolds number LDV boundary layer measurements to hot-wire
measurements. Comparison is very good for nondimensional tangential
velocity in the outer regions of the boundary layer and above. Fitzgerald listed
the accuracy of velocity measurements as +0.15 m/sec for the hot-wire and
<10% for the LDV measurements. Fitzgerald also noted that U, varied greatly
from chord station to chord station. These uncertainty values seem overly
optimistic.

The largest factor in LDV velocity measurement for this experiment was
proper resolution of an average velocity in an unsteady flow with poor seeding.
The type of flow inside a laminar separation bubble. Proper weighting factors
for individual velocity measurements are needed to eliminate velocity biases.
The proper bandpass filtering is easy to determine in attached laminar and
turbulent boundary layers by observation of the doppler bursts in the
photomultiplier signal. The proper filtering is more difficult inside the bubble
due to nonuniform seeding of the flow with smoke particles. The initial laminar
region of the bubble described earlier was unexpectedly easy to measure. The
following region was more difficult, with very sparse seeding, but what seemed
to be the best filtering was used. In this region average velocities near zero
were often composed of individual velocities that ranged from -2 m/sec to 2
m/sec. The profiles in the turbulent aft region of the bubble usually provide
good quasi-steady seeding. These profiles were measured and looked quite
strange with a pronounced "s” shape. These profiles were remeasured with
different bandpass settings and seemed to show a region that was forced to low

velocity by the filtering process. The original measurements were thus retained.
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Another source of error includes wind tunnel free stream variations.
Considering all factors a value for uncertainty in LDV measurements is
estimated to be AU/Ugx = .15 inside the laminar separation bubble’'s boundary
layer and +15% above and outside the bubble. Because the average velocity
inside the bubble, measurements below the displacement thickness, can vary
from approximately -20% to 80% of Uext, the estimated uncertainty can range
from 20% to 75%. Confidence in measurements is increased if they are
repeatable in the long term. Figure 4.63 shows two such repeatability tests.
These profiles show worst case repeatability for profiles were filtering and
seeding was considered good. Both of these profile comparisons contain local
areas were velocity measurements differed considerably. In general velocity

profile measurements were repeatable to a difference less than 5%.

4.2.3 NACA 663-018 Airfoil LDV Measurements

LDV boundary layer measurements were made on the NACA 663-018
airfoil at R.=160,000 and a=12.0°. This airfoil supports a short leading edge
bubble at these conditions. The LDV system used is exactly the same as used
for the E387 tests. The only equipment differences are found in model size and
mounting. The model was mounted between plexiglass endplate% in a similar
fashion to the E387 pressure model and had a chord of 249.5 mm. Figure 4.64
shows the pressure distribution for this airfoil at these conditions. This pressure
distribution suggests laminar separation at 3% x/c, transition at 6% x/c, and
reattachment at 12% x/c, with uncertainties of one half the tap spacing or 0.5%
x/c. The measured U/Uex velocity profiles for the NACA 663-018 airfoil are
shown in Figures 4.65-4.71. Laminar boundary layer profiles are found at 1%
x/c and 2% x/c. The bubble profiles in Figures 4.66-4.68 a) show a singie

recirculation zone. The reverse flow region grows in thickness in the laminar
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portion of the bubble as seen for the 4% x/c and 5% x/c chord locations in
Figure 4.66 . The 6% x/c chord station in Figure 4.67 a) shows an increasse in
reverse flow magnitude with a thickness similar to that seen at 5% x/c. At 7%
x/c, Figure 4.67 b), the reverse flow magnitude is similar but the thickness of the
reverse flow region is decreasing. This profile also shows a smaller velocity
gradient across the shear layer, the region between reverse flow and the
streamwise flow. At 8% x/c the profile shows less reverse flow and an even
lower velocity gradient across the shear layer as shown in Figure 4.68 a).
Figure 4.68 b) for 10% x/c shows an attached boundary layer. This suggests a
location for reattachment at 9. % x/c $0.8% x/c. Figures 4.69-4.71 show
turbulent boundary layers for chord stations from 15% x/c to 55% x/c. Note the y
scale change in Figure 4.71 b).

These NACA 663-018 airfoil boundary layer profiles have been
integrated for displacement, momentum, and energy thicknesses. Figure 4.72
shows these quantities plotted as a function of x/c. In this figure the rapid
growth of 8y marks the location of laminar separation. This location is between
2% x/c and 4% x/c. The displacement thickness maximum occurs at 6% x/c.
The momentum and energy thicknesses also begin a rapid growth at 6% x/c,
oddly from negative values. This compares exactly to a location of 6. % x/c for
transition obtained from the pressure distribution. The rapid growth in 5, and 34
ends at the 10% x/c chord position. Figure 4.73 show the shape factor Hi»
plotted as a function of chord position. The small magnitude negative values for
momentum thickness in the laminar portion of the bubble result in large
magnitude negative values for H,z in this region. The uncertainty in this shape
factor is on the order of 40 or £160% inside the bubble. However, positive
values of momentum thickness are within these values uncertainties (£0.2mm).

If this were the case the shape of the shape factor plot could look entirely
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different with no large magnitude negative values. .After transition at 7% x/c the
shape factor assumes large positive values which rapidly fall in magnitude until
reattachment. This figure does show classical behavior in the fact that the
magnitude of H,2 reaches a peak at transition. Figure 4.74 shows the shape
factor Hao plotted versus chord position. This shape factor distribution shows a
possible value, plus or minus the uncertainty which is 1.2 mm, equal to that for a
theoretical separation boundary layer profile, on a flat plate with pressure
gradient, of H32 = 1.51509. Separation for the NACA 663-018 airfoil at these
conditions is 3% x/c as determined by the pressure distribution in Figure 4.64 .
The magnitude of Haz, which is a ratio of energy thickness to momentum
thickness, begins a rapid growth at transition at 6% x/c. This behavior is
expected, as at transition, the energy content of the separated shear layer
grows rapidly. The momentum thickness initially takes longer to grow but does
so rapidly in the turbulent shear layer. This behavior is seen in Figure 4.72
where the difference between the energy thickness at 5% x/c and 6% x/c is
distinct but that between the momentum thickness at these chord locations is

almost zero.

4.3 Flow Visualization

Flow visualization photographs are an important supplement to the LDV
and static pressure distribution measurements. The major limitation to the
interpretation of this type of flow visualization is the fact that streamlines are not
shown. Rather, typical flow visualization pictures identify streaklines. The flow
field in and around the laminar separation bubble is unsteady and streaklines in
unsteady flow can be deceptive. Hamma (1962) provides further insight into
this phenomena.

The laminar separation bubble on the E387 airfoil covers a substantial
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portion of the chord. This can be seen in Figure 4.75 where the streaklines and
airfoil cross section are shown in the same true scale. The trnangles mark the
chord locations of laminar separation at 39.5% x/c, start ot transition at 65.0%
x/c, end of transition at 76.0% x/c, and reattachment at 80.5% x/c. Figure 4.76
and Figure 4.77 show similar photographs in an enlarged format. Notice the
straight and sharply defined boundary between the streaklines and the outer
flow in the laminar portion of the bubble. The considerable distance that
transition occupies is also visible. The crest like structures visible are most
likely two dimensional wave disturbances that are being amplified. The true
shape of the streamlines in this transition region of the shear layer may look like
sine waves bounded by an exponential envelope. The other obvious structures
visible are the periodic smoke puffs. These are most likely caused by vorticity
shed from the bubble.

During LDV measurements the flow field was seeded by smoke. A
smoke tube was positioned to impinge on the airfoil at its stagnation point. The
bubble, or more probably the laminar portion of the bubble, was often visible as
a region of scarce smoke surrounded by dense smoke. Smoke would enter this
region of the flow in bursts from the turbulent aft portion. During measurements
the position of this region was mapped by visually identifying the edge of the
smoke with the LDV probe volume. This region defines a dividing streakline of
sorts. Brendel (1986) found the dividing streamline to coincide with the line of
smoke that lies between‘ the bubble and external flows. Althaus (1986) states
similar results and also presents photographs. A dividing streamline in a
laminar separation bubble is a streamline in the boundary layer across which
the net mass flow is zero. Figure 4.79 shows this dividing streakline on a cross
section of the E387. This dividing streakline correlates very well with flow

visualization photographs and measured boundary layer velocity profiles. A
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particularly interesting feature of this dividing streakline is the chord location of
its aft most point at 76% x/c. This is the chord position of transition in the shear

layer.

4.4 Laminar Separation Bubble Parameters

The characterization of laminar separation bubbles can be done by the
examination of certain parameters. Table 4.1 shows a compilation of data for
four different bubbles. These bubbles are present on the E387, Wortmann
FX63-137, and NACA 663-018. This table is primarily composed of information
calculated from LDV measurements. The hot-wire data for the Wortmann airfoil
is included as it is for a similar angle of attack as the E387 data and at the same
Reynolds number of 100,000.

The bubble aspect ratio, ARy , term was calculated to show the large
differences in bubble geometry that exist. The E387 has a very long thin bubble
with ARp=33.0 . In contrast to this was the bubble on the NACA 663-018 which
has an aspect ratio of only 3.2 for the higher Reynolds number case. The
success of a search for a universal bubble modeling criterion seems unlikely
with this type of geometry range. Boundary layer profiles shown in Figures
4.45-4.58 for the E387 and Figures 4.65-4.71 for the NACA 663-018 show quite
different flow fields for these two extremes in bubble geometry.

One important trend was seen for all of the airfoils. This is the
relationship between the transition Reynolds number, R, . and the Reynolds
number based on momentum thickness at separation, Rs,, . Large values for
Rs,, represent separated shear layers that are in close proximity to the airfoil's

surface. This close proximity has a stabilizing effect on the transition process,
hence a larger value for R), is expected. This trend is seen in Table 4.1 but no

correlation is attempted due to the small number of data points.
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In summary this experiment was very time intensive and somewhat
difficult. Low flow velocities and unsteady phenomena were the major
contributors to this difficulty. The major concern of this author in regards to the
results is the necessity of proper bandpass filtering of the LDV photodetector
output. Intermittent seeding created and compounded the filtering problem. In
effect these difficulties required that you know the answer to a problem before

you investigate it.



CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

The objective of this study was to measure the flow field in and around
the laminar separation bubble on an E387 airfoil at low Reynolds numbers. The
| measurements were made using LDV at R, = 100,000 and o = 2.0°. Supporting
static pressure measurements and flow visualization were also done. Static
pressure measurements for the E387 airfoil at angles of attack from negative
two to ten degrees at Reynolds numbers from 75,000 to 300,000 were made to
locate the laminar separation bubble and were integrated for lift and moment
curves. LDV measurements were also made on a NACA 663-018 airfoil at Re =
160,000 and a = 12.0°. A quote by McMasters (1979) may be appropriate at
this point. "The wind tunnel is a marvelous tool for describing what happens,

but seldom provides much guidance on why a particular event occurs.”

5.1 Conclusions

The Eppler 387 exhibits a large laminar separation bubble at a mid-
chord location for low angles of attack. At R = 100,000 and o = 2.0° this bubble
extends from 39.5% + .8% x/c to 81.5% + .8% x/¢c as determined by LDV
measurements. At these conditions the location of transition in the shear layer
is at 76% t .8% x/c as determined by the peak in displacement thickness
calculated from LDV measurements.

A compilation of data obtained by the LDV method at low Reynolds
numbers on airfoils with laminar separation bubbles is tabulated in Table 4.1 .

Examination of this data reveals a few trends.

38



39

The transition Reynolds number of the separated shear layer increases
with increasing Reynolds number based on momentum thickness at separation.
Brendel reached a similar conclusion and the new cases shown in Table 4.1
support this. This suggests that the transition Reynolds number parameter is
not a constant as some investigators have suggested. The Reynolds number
based on momentum thickness at separation provides a measure of the
stabilizing effects that the airfoil's surface has on the separated shear layer.

Previous investigators (Fitzgerald 1988) found discrepancies in trends for
integrated parameters between hot-wire and LDV data for the NACA 663-018
airfoil at R.=140,000 and a=12.0°. New measurements on the NACA 664-018
airfoil at R.=160,000 and a=12.0° show a local minimum in Haz at transition.
This compares favorably with Fitzgerald transformed hot-wire data trends.
Transformed hot-wire data is data that has been corrected for flow direction and
it typically exhibited larger magnitude reverse flows than Fitzgerald's LDV data.
Fitzgerald's LDV data shows a local minimum in Hjaz at transition. The
transformed hot-wire data shows a local peak in Hjsz just after transition.
Physically this indicates the energy dissipation to momentum loss ratio is large
just after transition. The E387 measurements showed no discernable trend in
Ha2 in the bubble but energy dissipation thickness did reach a peak at
transition. The bubble examples in Table 4.1 all show a general increase in Hi2
in the bubble region except for the NACA 663-018 airfoil at R.=160,000.

Figure 5.1 shows a proposed flowfield for the E387 at R.=100,000 and
a=2.0° in the vicinity of the laminar separation bubble. This modei shows a
recirculation zone in the earty laminar portion of the bubble. The central zone of
the bubble is a laminar dead air region. This region may exhibit small
streamwise and reverse flow oscillations that are not shown in the average

velocity boundary layer profiles. The final region shown is the turbulent aft
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portion. Horstmann (1981), van Ingen (1985), and McGhee have presented
presumed bubble models that show three flow regions inside the bubble.
These models were created to explain surtace flow phenomena that was
present on the airfoil surface inside the bubble. The periodic shedding of
vorticity seems to come from a point in the shear layer were disturbances are
first noticeably amplified. Flow visualization photographs confirm the periodic

shedding process.

5.2 Recommendations
This study of low Reynolds number laminar separation bubbles, as in
most studies, will probably raise more questions than it answers. The following

are a few recommendations for further research.

1. Improvements in the test facility and test equipment:
Improved resistance to the influence of wind gusts is needed.
incorporation of gust filters for the wind tunnel motor shed will expand the
envelope of conditions in which low speed tests can be run.
An improved bandpass filter witﬁ an expanded selection of frequencies
is needed.
LDV measurements in the laminar separation bubble need an improved
seeding arrangement.
An automated LDV traversing system would speed data acquisition.
Simultaneous high frequency static pressure measurements may allow

resolution of unsteady bubble flow characteristics.

2. Expansion of the low Reynolds number data base:

More boundary layer measurements should be made with LDV and hot-
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Wire techniques. Werse applicable the hot-wire technique should be used
to save time.

LDV measurements should be made on the E387 at R.=200,000 and
angle of attack a=1.0°. At this Reynolds number and angle of attack the
laminar separation bubble still covers over 30% of the chord. Previous
LDV experience with the NACA 663-018 airfoil at a Reynolds number of
100,000 indicated that velocities in this flow regime was nearly
impossible to measure.

it would be interesting to measure boundary layers on low Reynolds
number airfoils with flow control devices. Pneumatic turbulators are one
such device that seems particularly promising. Horstmann (1981),
Boermans (1989), and van Ingen (1985) have shown flow control
devices, namely fixed boundary layer trip strips and pneumatic
turbulators, can reduce drag. Pfenninger (1988) has suggested flow
control over substantial portions of the upper surface may improve low
Reynolds number airfoil performance by reducing the large pressure

drag associated with a laminar separation bubble.
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TABLES
TABLE 2.1
EPPLER 387 AIRFOIL COORDINATES

Upper Surface

x/c
0.00000
0.00044
0.00519
0.01423
0.02748

0.04493
0.06643
0.09185
0.12094
0.15345

0.18906
0.22742
0.26813
0.31078
0.35505
0.40077
0.44767
0.49549
0.54394
0.69272

0.64136
0.68922
0.73567
0.78007
0.82183

0.86035
0.89510
0.92554
0.95128
0.97198

0.98729
0.99677
1.00000

y/c
0.00000
0.00234
0.00931
0.01726
0.02562

0.03408
0.04238
0.05033
0.05775
0.06448

0.07037
0.07529
0.07908
0.08156
0.08247
0.08173
0.07936
0.07546
0.07020
0.06390

0.05696
0.04975
0.04249
0.03540
0.02866

0.02242
0.01679
0.01184
0.00763
0.00423

0.00180
0.00043
0.00000

Lower Surface

x/c
0.00000
0.00091
0.00717
0.08190
0.03596

0.05827
0.08569
0.11800
0.15490
0.19599

0.24083
0.28892
0.33968
0.39252
0.44679
0.50182
0.55694
0.61147
0.66472
0.71602

0.76475
0.81027
0.85202
0.88944
0.92205

0.94942
0.97118
0.98705
0.99674
1.00000

y/Cc
0.00000
-0.00286
-0.00682
-0.01017
-0.01265

-0.01425
-0.01500
-0.01502
-0.01441
-0.01329

-0.01177
-0.00998
-0.00804
-0.00605
-0.00410
-0.00228
-0.00065

0.00074

0.00186
.0.00268

0.00320
0.00342
0.00337
0.00307
0.00258

0.00196
0.00132
0.00071
0.00021
0.00000
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EPPLER 387 PRESSURE TAP COORDINATES

TABLE 2.2
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Upper Surface

x/c
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.22

0.24
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y/c
0.0000
0.0209
0.0317
0.0399
0.0466
0.0524
0.0575
0.0617
0.0656
0.0689
0.0743

0.0765
0.0783
0.0798
0.0807
0.0817
0.0822
0.0824
0.0821
0.0817
0.0808
0.0797

0.0784
0.0767
0.0750
0.0728
0.0706
0.0681
0.0655
0.0629
0.0600
0.0572

0.0542
0.0511
0.0481
0.0449
0 .0418
0.0386
0.0354
0.0322
0.0241
0.0150
0.0078

Lower Surface

x/c
0.00
0.02
0.04
0.06
0.08
0.10
0.15
0.20
0.25
0.35
0.40

0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95

y/c
0.00
-0.0103
-0.0129
-0.0143
-0.0148
-0.0150
-0.0145
-0.0132
-0.0114
-0.0077
-0.0058

-0.0040
-0.0023
-0.0009
-0.0005
0.0016
0.0024
0.0030
0.0034
0.0034
0.0029
0.0020




TABLE 4.1
SEPARATION BUBBLE PARAMETERS
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From LDV Data Except as Indicated

Airfoil E387 FX63-137 FX63-137 FX63-137 NACA
(hot-wire) (lower surface) 663-018
angle of attack 2.0° 3.0° 7.0° -5.0° 12.0°
Rc (x 10°9) 1.0 1.0 1.0 1.0 1.4
S ( %chord) 39.5 42 33 2 1.2
T (% chord) 76 69 53 10 7.0
R (% chord) 80.5 80 59 1 12
chord (mm) 304.8 305 305 305 249.5
Iy (mm) 111.3 83 61 25 2.48
ARy 33.0 15.4 20.3 9.6 5.8
Y 2.6° 3.7° 2.8° 7.0° 9.6°
Riy (x103) 32.5 41 31 12 16.1
Rsys 670 609 597 191 654
Rs,s 160.6 194 180 57 100.7
Ry 1990 3084 2136 1422 3408
R 119 503 345 71 271
1s (mm) 1.65 1.2 1.2 0.4 0.589
51t (mm) 2.41 6.6 42 3.0 3.07
3os (MmM) 0.404 0.40 0.36 0.12 0.09
&2t (mm) 1.26 1.07 0.68 0.15 0.244
Hyos 4.07 3.15 3.33 3.33 6.72
Hiot 1.91 6.13 6.21 20 12.51
Haszs 1.63 1.54 1.56 1.5 1.43
Hao 1.74 1.37 1.49 1.82 1.74
U (Mm/sec) 5.3 1 1 1 9.9
Ues (M/sec) 6.4 t t t 17.8

NACA
663-018

12.0°
1.6
3.0
6.0
9.0
249.5
1.94
3.2
16.3°
9.4
488
75
3375
125
0.39
2.7
0.06
-0.10
2.6
-25.9
1.5
-0.41
10.3
20.0

1 indicates no table entry



FIGURES

Dividing Separated Turbulent
Streamline Shear Layer
-~

Edge of the
Boundary Layer
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Figure 1.1 The Flowfield in the Vicinity of a Laminar Separation Bubble
(Horton, 1968)
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lc, | ACTUAL PRESSURE DIST.
2.0 7 [WVISCID PRESSURE DIST.
1.0 -

Figure 1.2 Characteristic Pressure Distribution on an Airfoil with a Laminar
Separation Bubble of the "Short" Type (Russell,1979)
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Figure 2.4 Smoke Generator
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AIRFOIL PRESSURE TAP

PITOT-STATIC
PROBE MODEL
<
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aw sV 4%
™
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EM EM EM

PDP 11723
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Figure 2.5 Static Pressure Measurement Equipment Schematic
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Figure 2.6 Laser Doppler Velocimetry Equipment Schematic



53

weisAg |esieaes| Anewrolep sejddoqg sesel -z einbiyg

sused pue poddns oiqef ——p

- / UOIIS 1S9,

nndninwoioyd pue sondo Sutarxy



54

00'¢ =0 pue 000'00} =Y 1e

oy Zg€3 104 Anjiqeleedeyy Jueweinsesyy 8insseid eS|y eunbig
gyaoHd 3J/X
m..O 8 °0 L°0 m..D mb.o 14 ..O € °0 20

$334930 O "2=VHJY
000001-2Y
10481V LBE3

4 A A A e A A - A




55

,0'2 = 0 pue 000'001= 2y e IoMIv z8€3 Jo sise] AejBue] YSYN
pue ewe(] 810N 10} uosuedwo) Jueweinsesyy einsseid oNelS  2'y eanbiy

Qd0H3J 3/X

0l 6 °0 80 L0 9°0 S0 ¥ 'O €0 20 1°0

'
s

-
-
-’

AITIINVY VSYN <
INVO 3¥ION o

"

S334930 O "2=VHJY
000001=2Y
10481V LBE3

A " ' 4 L i 1 ' A A

-+ m .Dl




56

s0'0 =1 ‘ 000G/ =°Y ‘|I0{IV /BET J0} UONNQUISIQ BInsseld onels  £'v esnbiy

(o
dr .
Q

80 L0

QY0H3 3/X

S0

¥y 0

-

S33¥930 0 ‘0=VHJY
000S.L=2Y
JI04NIV LBE3

A i




57

o0'L =% " 000°G. =Y ‘IOMIV L8ET JO} uONNQUISIQ @insseld JUelS 'y esnbiy

Qy0HIJ J/X

60 8°0 L0 9°0 S0

4
v

v -0

€0

-

0

1°0

-

334930 O "l=VHdVY
000SL=3Y
TI0SYIVY LBE3

~—A - A A — A

- S0

- S "0-




58

00'€ =0 ' 000'G/ = °H "IOHIV £8ET JO} UONNQUISI] 8INSSeld ONelS Gy einbiy

O¥0HI] J/X

.
-

S33¥4930 O ‘E=VHJV
000SL=2Y
TI048IY LBEI

'S o A

-

- S0




59

,0°'Z =1 ‘000'G. =Y ‘IIOHIV /8ET 10} UONNGUISIQ @INSSeId eI 9'p einbiy

g¥M0OHJ J/X
01 6 ‘0 80 L0 9°0 S0 ¥ 0 € °0 20 1°0 0.0o.ﬁ
| L L] v L] L Ll B L] L L
3 4
L ]
. + S0
[ 1\\.\\0\|\|‘.\\\|l D - ]
o +0°0
| u
- - m .O.l
9
!
- -0 "T-
3
!
- - m cﬂ.l
H ]
{ 4 )
B S338930 0 "L=VHJY 4+ 0 °2-
000S.L=°¥ 4
10481V LBEIQ 1
e 5y 4 4 L 1 . 4 'y m .Nl



60

.08 =D ‘000'G. = 1Y oIV Z8E€3 JO} UONNQUISI] BINSSeId INEIS  L'v einbiy

ag¥0oH3 3/X
o°1 6 "0 80 L0 9°0 S0 ¥ "0 E O N..D ﬁ..O O.GG.H
s 4
- +s-°0
b
8
L - 00
i - S "0-
- - 01—
I +s1-
H ]
!
L d
- S334930 0 "8=VHdV 4+ 0-2-
| 000SL=9Y ]
! J104NIV LBE3I

¥ 3 - A A A '} e A A 'l ' A m lNl



61

0%~ =D ' 00000} =Y
I1OMIY £8E3 1O} UONNGUISI] OINSSeid ONelS  8'% enbiy

Q¥0H3 3/X

60 80 L0 9°0 S0 ¥ 0 €0 N..D

-

'l
v

+

S334930 O 'r—=VHdY
000001=2y
TI04¥IV LBE3J

3 I i A i A ' 'y

<+ 9 1-

0°'e-



62

,0'2-=P ' 000'00} =Y
IlOPIY Z8E3 40} UONQUISI] @INsSeld JlelS 6y einbiy

Jd0OHJ J/X
01 60 80 L0 9°0 S0 v 0 €°0 0 [0 O.OO.~
1
- - S0
:
5 - 00
i
3
i - S "0-
S338930 0 "2-=VHdV
{ 000001 =2y
: TI04¥IV LBEQ




63

,0'L-=D ‘ 000'001 =2y
'O Z8ET JO} UONNQUISIQ BINSSeId ONeIS O}t 8Inbiy

Qy0HI 3/X

90 S0 ¥ o €0 2’0

o
o
©
-,
O
B~
o

-

338930 O "1—-=VHdJV
00000 =2}
TI04¥IV LBE3

A - F i " A A - - A 'y —— '




64

0'0=0 '000'00L =°Y
IIOM1Y Z8E3 1O} UOINQUISIQ 8INSseld JneiS |1y einbiy

Q¥0H] 3/X

o
o

8°0 L°0 9°0 mMO ¥ 0 €0 2’0

-

[

-

-
+

4
v

+

S33¥I30 O "O=VHJIV
00000 T=2¥
710481V LEE3

A 'l A A o A A P 2 " i




65

o
o
@
o
~
o
e
o

0’k =0 ' 000'004 =Y
oY Z8E 10§ UOANQUISIA eINsseld onels 2 v enbiy

QY0H3 3/X

S0 v 0 £°0 0

4
-+

i

10

-

3348930 O “[=VHJV
000001 =3y
10481V LBEJ

a— A i rn s A A A

L

- G0

- 0°0

ImoOI




66

002=2 ‘000001 =Y
oIV Z8€3 Joj uonnqQuUIsig einsseld onels €'y eanbiy

0d0H3J 3J/X

60 80 L0 g9°0 S0 | A0 €0 20 I°D DM_UO.a
s
| - S °0
+ 1

-— —— ® ag > > - - - » o - e o 1 _ -
: Dé v 4
L +0°0
L 4
= o . m uOI.
S33¥930 O "Z2=VHJ1V .
i 000001 =2y
10481V LBE3

I\ N A i i A L a 'l - A A - O-ﬂl



67

0P =0 ‘000001 =°H
llopIY Z8E3T 10} UONNQUISIQ 8INSSeld dNeIS ¢ v 8inBiy

d0HD 3J/X

6 °0 8 0 L0 90 s'0 ¥ 0 £°0 20

-+
-+
-

T

$3334330 0 "t=VHJV
000001 =2
103481V LB8E3

A 1 1 -~ i i L 4 (1

-+




68

-0’9 =0 ‘ 000'00t =Y
llopIY /€3 10} uoNNQUISIQ 8INSSesd ONelS GL'y emnbiy

Qy0H3J 3/X

‘0 8 ‘0 L0 90 S0 ¥ "0 €0’

-+
L

<0

L o

-

'l '
¥ 4

S334930 O "9=VHdV
00000 =2}y
10481V LBE3

'y I a 1. 'y s - 1 I




69

00'Z=0 ‘000001 =24
JIOIV 28€3 10} UOIINQUISIQ 8JNSSeid onelS 9| einbiy

Qy0H3 3J/X
"0 8 0 L'O 90 S0 v 0 €O 2°0 1°0 0oa .
' + + + + 4 4 t + 0-
+s°0

$S33¥930 O "L=VHJV
000001 =2
TM04¥IV LBE3T

A A

Ionml

=

IO-N.I




70

s0'8=0 ‘ 00000} =Y
lopIY Z8E€3 10} UONNQUISIQ BINSSeId JNelS /L'y einbiy

gd0H] 3J/X

o-t 6 0 B°0 L0 g9 -0 S0 v -0 € °0 c'0 [°0 G.n_c.H
" 4+ S0
- -0 °0
h
= - m .O....
B oL I
B -
- S33M930 O "B8=VHJV ol A
| 00000 =24 ]
t 10381V (LBE3 1

Il 2 A i A A L A i A m -NI




71

40’6 =0 ' 000'00} =°H
NOUIY Z8E3J 104 UONNQUISIQ 8Jnsseld Jnels 81 'y einbid

gd0H3 3/X

1°0

E

T

T T T T

5334930 0 ‘B=VHJV
000001 =2y
1I104¥IV LBE3

' A ' - A L - A ' A

PUBPE ST

PSS S

y-eareuarui GErORPFEENENE

-0 °0

lm-ol

TQ-Hl




72

00’0l =2 ‘00000l =°H
['OUIY Z8€3 10} uonnquisiq einsseid oneis 61y einbiy

T T T Ty

LM A SN SEL NN SND SN NN UL Sun Nn S un SNA SNMS

OJd0H3 3J/X
60 80 L0 90 S0 ) €0 20 10 00
. +so
t o0
4
+ s o-

lcoﬂ.l

y Wy

lmoﬂl

-0 -2-

9
4

S334930 O "Al=VHJV
000001=°Yy
TI03MIVY LBE3

3 Y 1 L A 4 — A A 1 m -m|



73

s02-=P ‘000002 =Y
oK1V £8E3 JO} UOUNQUISIA BINSSeid JNelS 02"t einBiy

gd0H3 J/X
6 0 80 L0 9-°0 S°0 v 0 €°0 20 1°0 0.0o.ﬁ
!
8 4+ 50
!
S
B c°'0
5
- - m -0]
] 1
f S3AFNT3Q 0 2—=YHAV
000002=->Y 1
1041V LBE3 1




74

0'k- =0 ' 000002 =2y
llopY £8€3 40} uONNQUISIQ BINSSeld OIS  12'p 8unbid

Q¥0H3J J/X

1°0

-

' 'y 4
L L] L

8 0 L0 90 S0 v 0 €0 N..O

338930 O "{-=VHdV

000002=2Y

J104MIV LBE3

A 'y A A A " 'l '

-




75

-0’0 =D ‘ 000'002 =Y
lloptY Z8€3T 10j UONNQUISIQ 8INSSeld oNelS 2g'v einbiy

QY0HI 3/X

-

60 8°0 L0 90 S0 ¥ 0 €0 c’0

-
+*
-_

10

->

S334930 O "O=VHJY
00doo2=°y
10381V LBE3

L -y — A e 't A - A '




76

0’k =0 ' 000'002 = °H
NOpIY /€3 10} UONNQUISIQ 8INSSBId ONeIS €2 f inbiy

gyoHJ 3/X
60 8 "0 L0 a0 S 0 ¥ 0 €0 20 10 o .oo
+ + 4 + 4 + —+ ¢ T
|
fm.o

Tmcol.

334930 O "l=YHdJY '
000002~y 1
TI04¥IV LBET :

- A - L a A 'y I A . i A — Qnﬁl.



77

,0'€ =0 ' 000'002 = °H
oMY £8E3 10} UOUNQUISI] 8INsseld JnelS 2 v eanbid

QyOHI J/X

60 80 L0 9°0 S0 v 0

- 4 i
v L

<+
<+

$33¥930 O ‘E=VHJV
000002~2Y

TM04HIV LBET

A i 4 L A i A




78

10KV /8EJ Joj uoNQuisig einsseld onels sz'v eunbiy

00'L =0 '000'00C =°H

O¥0H3 3/X

S334930 0 "L=VHdJV
00000c=-"Y
JI04NIV LBE3

A A -




79

.08 =2 ‘000'00C =°H
NOMIV g€ J0j uonnNQuIsiq einssesd oneis 9z'y einbi4

QY0H3I 3/X

- Ty

—y Ty

S334930 O 'B=VHJIY
000002=2d
TI04MIV LBE3

'] " A A A A A 4




80

006 = ‘000002 =°Y
[IOHIY Z8€3 10} uONNQUISIQ 8iNSseld dnels /g2y einbiy

gy0oHI J2/X

o0°t 6 ‘0 8°0 L0 9°0 G0 ¥ "0 €0 N».O 10 O.OD.ﬁ
{
g lco
i 1
| ]
i oo
i 1o
. ]
[ ]
- - o-1-
- L g -1-
. D uN.l
!
! S33W930 0 "6-VHI IV |
1 000002=Y
s 1I04MIY LBE3

0 e~



81

,0'0L =0 * 000'002 =Y
o1y /@€ JO} UONNQUISIQ 8INsseld onels gz v eInbiy

gyo0H3 3/X

g0°t1 6 0 8°0 L0 g0 S ‘0 ¥y ‘0 € 0 20 1°0 O.O_u.ﬁ
s }s-o
! 1o
5 + s -o-
) <
b 4
W» [.l D -H.I
[ ]
..u . m -ﬁl
g 0-2-
[
5
ﬁn - m .Nl
5
[ $334930 0 "0T=VHdY
g 000002-2¥ 1 0'e-
[ I04YIV LBED ]

1 A A 4 2 A ry -~ A A ] m uml.

0



82

,0'2- =0 ‘ 000'00€ =Y
llopty Z8€3 10} UONNQUISIC BINSSeId dNBIS 62't eInbid

QY0H3J 3J/X

80 L°0 90 S0 v 0 ED 0

<+

4 3 1
T t -+

$S33¥930 0 "Z2-=VHJY
00000€E=2Y
10381V LBEI

A "

'} A. i A 'y - A i 1

- S "0-




83

c0'l- =1 ‘ 000'00€ =°H
U1y /8ET 4O} UONNQUISIQ @INSSeld dlelS 0F v enbiy

Qy0HJ 3/X

338930 O "l-=VHdY
00000€E=>Y
1041V LBES

i A 'y b ~b.. ' A e A




84

,0°0 =0 ‘ 000'00€ = °H
lIopIY Z8€3J 10} uoNNQUISIQ 8INsseld onels  Le'y enbiy

Q40H3 J/X

60 8°0 L°0 9°0 m».c ¥ o €0 2’0

r'y
2 ¢ -

+

S334930 O "O=VHJVY
0000UE="Y
JI0HMNIV LBET

A A A A A A 4 'S

- S0

- 0°0




85

0L =D ‘ 000'00€ = °H
NOpIY /8E3 10} UONNQUISIQ BINSSBId JNelS g€ Y 8By

Qy0OHJ 3/X

60 80 L0 90 S0 L 0 EO 2’0

10

-+

o0

'S 'l
A4 Lj

-
L od
-

338330 O "(=VHJY
00000€E=2Y
JI0H¥IVY LBE3T

i ' e A A - A ']

$s0-




86

00'€ =0 ‘' 000'00€ =Y

lopIY Z8€3 10} UONNQUISIQ BINSSeId INBIS €€t 8Inbiy

O¥0OH3J 3/X
6 °0 8°0 L°0 90 S0 : ) N_.O t°0 o .OO ‘1
|
! 3
3
L
L - S0
b 14
. - 4
—— g \g g >
| 1+ 0 °0
3
3 4
3 4
- + s ‘o-
i
S334930 O "E=VYHJY
00000E="Y o
T103¥1IVY LBE3 - {
A A 2 —_— i A A ' A A o o.ﬂ.l



87

0’ =D * 000'00€ = °H
oMY /8E3 JO) UONNQUISIQ BINSS8Id JNEIS PE'v eInbiy

Q¥0HJ 3/X

—r—r

T

60 8°0 L0 9°0 S0 v 0

+~

S334930 0 "L=VHdJY
00000E=2¥
JI04¥1IV LBE3J

A - A — 4 4 A —— 'l '

4 G "0-

b Qoﬂ.l

lmuﬁl

S e2-



88

,0'8 =0 ’ 000'00€ = °H
lopy /€3 10} uonnquisig einsseld oHels Se'y enbig

Qd0H3J 3/X

6 "0 80 L°0 9°0

Y

i
v

S$338930 0 "8=VYHdJ 1V . - 0 °2-
00000€E=2Y
II04¥IY LBE3

4 . 2 Iy s | 'l 1 A - m .Nl



89

000l =0 ‘000'00€ =°Y
[1OMIY 7@€ J0j uonNQuIsIg eansseld dNelS 9¢ v enbiy

QY¥0OHJ J/X

6 "0 8°0 L0 9°0 S0 ¥ 0 E'O 20 1°0 00

1
LS

-’
1-
-~
Q
-

T T T T YTy

LN S SN S AND AND SHE ANE SEL NN AU St S SN

-

.
to-1-

4
a m -ﬂl
4
4
14

TO-NI

$334930 0 "OT=VHJVY
00000€E=2Y
JI04¥IV LBE3

A A 1 4 - 4 4 A 2 A m .m.l



90

000'001 =°Y 1e jloply
/8€3 8y} 10} Hoeny jo se|fuy snouep 10} suoneso juswyoeyesy
ljuejnqun] pue ‘uvonisues) ‘uonesedeg Jeuiwe jo Llewwng /€'y einbiy
O40H3J 1IN3JH¥3d 2/X

06 08 oL 09 as ot 0€E ae ol 0

'
-+

AN3WHIVLILVYIY INIINENNL o
NOILISNVYL «
NOI1V¥VJ3IS HVNIWY1 o

00000 =2y TO
I04MIV £BE ¥3dd3

ot

(53383305 VHJV



91

000°002 = °Y 1B |loply
/8€3 8u} 10} yoeny jo se|buy snouep 10} suoneso] Juswyoeyesy
we|nqn] pue ‘uolisuel] ‘uonesedeg Jeuiwe jo Alrewwng ge'v eanbiy

Jd¥0H3J 1IN33Jd3d 3/X

ool 06 o8 oL 09 os ov o€ oc ar
I + ———o—+ t + + !

ANIWHIVILVIY INITNEBY¥NL o
NOTLISNVHL <«
NDOI1VHVd3S YVNIWVT o

000002=2¥
10481V LBE ¥3INdd3

at

VHJVY

(S33433M



92

000°00€ = °YH 1€ [IopIy
/8ET 8y} 10} Yoeny 40 se|buy SNoUBA JO} SUONEBDOT JUBSWORNESY

jusinqn) pue ‘uonisuel] ‘uonesedes Jeuiwe Jo Alewwng 6y 61nBiy
O40H3J 1IN33J¥3d 3J/X
08 oL 09 os ov OE o2 ot 0

3 4 . i s
4 < © + $

' 3
v LS v

AINIWHIVLILY3Y INTINBNNL o
NOILISNYYL «
NOI 1lV3Vd3S NYNIWVI o

00000€E=2Y
JI0JMHIY LBE ¥37dd3

YHJV

(S33433M




93

000'00} = °Y 1e |IOPIY Z8ET Oy} JO} SBAIND JUSUIOK °

pue Y1 Ae|bue ySYN pue eweq e)noN jo uosuedwor op'y einbi4

(s@@abap) yHd4V

vi 21 Ol 8 9 v Zl

o

c -

'} | 'l ' $
Y Al T A\l L]

IWVO JMI0ON o
o AJFTIONVY VYSYN

000001 =2y
7103J81Y (BE3

'y
T

v0 "'0-

- 90 "0~

L

- 80 "0-

- 01 "0-

s

- 21 "0~

vli ‘0-

vi

|

4
T

(saaubap)

or b g

i 'y

VHd 1V

W3

T T T

IWVO JION o
AFTIONVT VSVYN «

000001 =2y
J104¥IV £LBET

13



94

(sea2ubap) VvHJV

-

e

000'SZ = °Y 10} SBAIND JUBWON Pue Y L8ET L'y enbid

00 ‘o

+ 20 -0-

+ vo -o-

- 90 "0~

- 80 "0-

o1 "0O-

(seasbap) vHdJV

-+ <

-

W3

+8°0

13



95

ol

000'00} = °H 10} SBAIND JUBWOW pue Y /83 Zp't eunbiy

(se@aabep) vHJVY (seadbep) VHd4TV

8 9 ¢ =2 © =2- ¢ ot 8 9 ¥ =2 0O 2- ¥-
. +—t ! + 00 ‘0 4 ' + bt 00
4
+z0
- + 20 ‘o-
++v-o
*
. 4 vo-0-
{190
1 1
{80
+ 90 ‘o-
1
* 1ot
80 "O- 4
1zt
(o) g }
AL J 1 o J PO 1 PO | A A Q”'O' A |l 4 A a1 P A *‘”

13



96

000002 = Y 10} S6AIND JUBWOW pue Yy [8ET EV'Y einbiy

(se@aabap) VHJV (seaabap) VHJV
o1 8 9 v 2 o 2- - ot 8 9 v 2 a 2- -
+ ' + 4+ ' + 00 ‘g + 4 + } + o\ 00
3 4 .
" 420
N lﬁl 20 "0- L
L ) ﬁ + ¥ 0
- 4+ voo-
- 490
I Ot g
K4
- 480
4 90 ‘o-
L - to-t
+4 80 ‘O-

a 4 -~ A4 'l A 'y Oﬂ 'Dll - A A L A yFu - A - vuﬂ

13



97

(s@aabap) vHJV

000'00€ = °H 10} SOAIND JUGWOW pue Y /8E3 v v 61nBI4

(s@a4bap) vyHdJV

o1 8 9 v Z 0 - v- ot 8 9 14 e o - v-
+ + t —+ + + 00 ‘0 + + + +— + + 0°0C
#
4
+2°0
- + 20 '0- ]
T+ v 0
- + v0 ‘0-
T9°0
}
+8°0
+ 90 ‘0-
} 4
+~0°t
- + 80 "0- A
4+2°1
]
! 1
A 4 'y A -— A i Dﬂ nOl. 4 A ' 4 i - A Q 'ﬂ

13



98

00'¢ =2 000001 = °Y 'SUOISO PIOYD /X %0Z PUB I/X %0}
'selyoid AnoojeA Jeke Aiepunog *°n/n AQT opIY /863 Spp einBiy

Ixan/n " axan/n
o'l 8°0 9'0 +0 20 00 ¢°0- 0t 8°0 90 #'0 2°0 00 ¢ 0-
bmr— oo e e ——@— ———4 O b=t e—f & -+ 0
Lo Le]
Lo] o
o % 1
¢ (o]
Lo Lo]
Oo + Z WV + Z
o Lo}
O 4 o) 9
(o] led
o T o TV
—O—t < —Cy <
o ~ ° L ~
3 3
te 3 te 3
1
48 + 8
J/X %02 ] (q J/X %01
L ot




99

00'¢ =2 “ 00000} = °Y ‘SUORISOH PIOYD I/X %/E PUB I/X %0E
‘se|joid AuoojeA seke Arepunog »°ry/n AQT I10MIY 2863 9'b @anBig

IXBN/N IXd{N/N
0Ol 8°0 9'0 0 2°0 OO0 2°0- 0l 8'0 90 ¥ 0 2°0 0°0 ¢ 0-
s ] [T SN S, S - o 4 — e e —t O
o
o
o o
o o
o o
o o
° T¢ ° -2
o o
o 1 o
o o
o + v o - v
o < o
1\ 1 ~ Oty
o 3
+—0— e 2 -9
o
o +8 - 8
o /X ZLLE ) (Q Jd/X ZOE
101 - 01

A

s

(e



100

IxX2M0,/N
0°'tl 8'0 9°0 v'0 2'0 0°0 2 0O-
b b —v—h e f b e #——t O
o)
[o]
o
o
[e]
o 142
<
1
Lo

o
A

0
(wu)

/X %BE . (q

02=D ‘000001 =°Y ‘SUONISOd PIOYD I/X %6E PUR I/X %BE
‘se|yoid Aol sehe Arepunog *°n/n AQ ItoplY £8€3 LYy @nbid

IxXan/n

0D°1

00 20—

't
L4 Al v 1 4

©
<
<
14
©

©
<
Lol
Lol

o
<

o
¢

8'0 90 v¥'0 20

1o
<

37X

Z8¢€

—~——— 0

o1

A

()

(e



101

00'¢ =1 ‘ 000°001 =Y ‘SUONISOH PIOYD I/X %ZP PUB I/X %0p
‘sajyoid Auooje 1ehe Arepunog Y°n/n AQT lI0MIY /863 8b'p 81nBiy

(e

IX3N/N IxX3N/N
8'C 90 #'0 2°0 00 2°0- 0Ol 80 9°0 v'0O 20 0°C 2°0-
b ! + + } ?!lﬁ 0 r b . b———¢—-—0
o o
o o
Lod o
o o
o o
© T N oo <+ 2
© o
© o
] 4+ v © T ¢
Lo < =<
° 1 © :
)
o 3 3
te 3 ° te 3
—O———t
pu = m + m
as/x zevy | (q /X %0v
—O——
1ot Lot




o 00’2 =1 ‘000'001 = 7Y ‘SUONISO PIOYD I/X %9y PUB O/X %P
- ‘se|yoid Auoojep 1eke) Aiepunog ™°ny/n AQT ouly Z8€3 6% v einbiy
IxX3N/N IXBN/N
0Ot 8°0 90 ¥ 0 2°0 00 ¢°0- Ot 8'0 9°'0 v 0 2°0 00 20—
T.flTll.Tlrirlothoiol.io 0 ' + + + + wl.tL, o
o o
Led o 4
© o
o
Lo
ey N o T N
L] <
© ©
o < o
<
o 4+ ¢ ° 4 ¥
o ©
° ~< ° L <
° 1
~ L] ~
o 3 3
° + 9 /w.\ o + 9 M\
o
©
<
. m - m
o <
/X %9v g (q /X %Avy L (e
—O—A
——
Lot L or




103

50’2 =1 ' 00000} =Y 'SUONISO PIOYD I/X %0G PUB I/X %8BV
‘se|ijoid A1oojeA 1eke Arepunog ¥°n/n AQ oply /863 0G'v einbiy

IxXan/n IxXsan/N
g°'rT 80 90 ¥ 0 2°0 00 2°0- 0Ol 8°0 90 v 0O 2°0 0°0C 2°0-
+ } ¢ + 4 +———+ 0 — ——rt -—o—— 40
o o
o o
o J o
—— °
o ] oo
o
Lo B N o T N
o o
o o
o 1 o
o o
o o
o + v o o 4
o o
o ] < o
[o] ~ o]
3
- m I w
© i () o
o 4
° o
+8 +8
o o
J/X %0S L (q /X %8V
;F gt - 01

ww) A



104

0t

002 =0 ‘000'00} =Y ‘'SUONISOd PIOYD I/X %SG PUB I/X %2S
‘se|yoid Aioojep 1ekeq Aiepunog ¥°/n AQT I0MIY £8€3 1S v @anbBiyg

IXBN/N

B°'0 9°0 v 0O 20

[
[

T ¥ v

3/X

T

00 2 °0-
+———+ 0
o
©
[+ 4
o
o
S 1z
<o
° 4
o
<
Lo ;r N
|A
*
N
3
4+ 9 m\
+ 8
%S ) (q
1 gt

IxXan/nN
o't 8°0 9°0 0 2°0 00 20—
— + ¥ 13 Jr?.,'.’OI'lLID
©
[o] 4
©
b3
° + 2
(o4
o
o 4
o
[+
o + ¢
Lo
¢ <
© {
o ~
3
©
o +9 3
o A
-+
o B8
/X %28 )
| ¢ o |

(e



105

00’2 =1 ‘000'00} =2Y 'SUOISOd PIOYD /X %8S PUB I/X %9G
‘se|joid AnoojeA seheq Aiepunog ™°n/n AQT IOUIY /8€T  2S'H einbiy

IXBN/N IxXan/n
0Ol 80 9'0 #'0 20 0'0 20~ Ol 8'0 9°0 #'0 2°0 00 2°0-
bt ———+ O e —% -+ + *- o
Lo Lo
o L)
L] Lo
Lo PO
——O——— o
M + 2 oo T2
o o]
[o] o
Lo 1 <
Lo}
o
o i 1
0 v ° v
o ~< o <
4
7\ ° N\
o 3 0 .m.
Loy T w /w.\ Lo T m ./
4
o o]
o T8 © gt 8
/X %8S . (q /X %9G . (e
—O—1 —O—




106

002 =2 ' 00000} =Y ‘SUONISOd PIOYD I/X %29 PUR I/X %09
‘sejjoid Anooje sehe Arepunog *°n/n AQT iloply £8E3 €St €inbig

IxXBN/N

B'0C 9°0 #'0 20 00 20—

v Ls

0000000%00000

J/X %28

|

- 0
+ 2
B
IA
Y
3
- 9 rw\
4
- 8
; (q
LTDﬁ

Iaxan/n
‘0 0 2°0 00 2°0-
——t e ——+ 0
Lo/
o
<
Led
<
o T¢
Lo}
Lo
)4 ]
+v
IA
*
e
3
4+ g rW\
4:m
/X %09 ] (e




107

00’2 =1 ‘000'001 = °Y ‘SUONISO PIOYD I/X %G9 PUB I/X %9
‘'seyyoid Aivojen 1eken Aiepunog ¥°n/n AQ IopY 2863 S enbig

Ixan/n IxXBN/N
't 80 9'0 +°'0 2°0 00 2°0- 0t 8'0 9°'0 +'0 2°0 00 20~
R it —rm e - ———+—+ 0 4ttt ——4——e-——40
o ©
° °
o ] o ]
o o
° o
0 12 —o— | 5
—— ©
o o
o g °
o o
o °
o o
o + v o + v
o o
o < o <
° ]
o ~ ¢ ~
o ° 3 o 3
Te 2 o Te 2
o
© ] 1
° o
+ B8 - 8
© ° 4
J/X %99 ] (q /X %¥9
—Q—a

40t 4 01

(e



108

00'2=1 ‘000'001 =Y ‘SUONSOd PIOYD /X %0/ PUE I/X %89
‘sejyoid Anoojep seheq Aiepunog *eryn AQT IOHIV Z8ETF S 8inbiy

Ixan/N " axen/n
Ol 8°0 9°'0 ¥ 0 20 00 2 0- 0Ot 80 90 0O 20 DO 2°0-
b —t o ——— 4 0 F + —+ } } N.l.|Lr 0
Lo
o o
o - o #
<o ©
o <o
L r /\V I - -
Tnlol|.o ' 4+ ° - 2
o ©
Lo <o
Lo Lo}
o) o
o] <o
(o] 4+ ¢ Lo + ¥
o Lo
o ~< o <
Lo} 4 o) 4
Lo ~ o ~
o o3 3 < 3
Lo
o T9 m\ T9 m\
o
Lo
o]
° + 8 ° gr 8
/X %0L g (q ° J/X %89
T?IA ]
<+ ot o + ot

(e



109

00’2 =1 00000} =Y 'SUONISO PIOYD I/X %b /. PUB I/X %L
‘sejyoid Anoojep 1eke Arepunog ¥°ny/n AQT oply /863 9G¥ einbiy

IxXan/n
o°l mo mO vO NO 00 20—
-P - - 11 Tc'lo
©
o
o]
(o]
——
o
N 1z
L]
<
o +
Lo
o
o + v
o
o <
o 1 ~
2ol 3
0 t+9 3
o 4
o T8
. (q
: I/ X Ay L )
4 o1

IX3an/n
o°t1 mO wO ¥y 0 2°0 00 2 °'0-
' + ——+——¢—+0
o
o
o
o
° LTN
. a—
°
o
o
o
o
© + ¥
o
o <
o 1 N
o3 3
o lﬁm W
o
o] + 8
—t /X ZeL J (e
4 01



00'2=0 ' 000'00} =Y 'SUOISOd PIOYD I/X %B.L PUE I/X %9L
‘se|ijoid A00|eA Jeke Kiepunog »°n/n AQT Ilopry /863 LG'v eanbidy

110

(e

Ixan/n Ixan/N
o't 80 9'0 +'0 2°0 00 ¢°'0- 0Ol 80 9'0 vy 0O 2°0 0D 20—
! 4 + } } \¢l14;o L | . <+ ——+0
o °
o o
Lo 4 (e
o 'S
o o
o 1 o 1
[od e oy e
o o
° o k
o
o Lrlv © l'*
< M <
o © )
£\ N
3 ° 3
: 4+ g M\ o3 4 g W\
o —
o )
18 —O0— + 8
J/X %BL ) (q o J/X %9L
L o1 Lo 4 01




111

00’2 =1 ‘000001 =°Y ‘SUONISOH PIOYD I/X % |8 PUE I/X %08
'se|yo1d Audoje sehe Arepunog ery/n AQT oMY /83 8SH eanbig

IxXan/n IXBN/N
'l 8°0 9'0 v'0 20 0'0 2°0- 't 8'0 9'0 #+'0 20 00 2°'0-
-t ' + ! *.x.liﬁo - } + +——t 4———— 0
o o
° o
o L o <
o o °
° +2 © +2
o o
(o ° J
0
o o
+ ° + v
~< o <
o
~ ° N
0 3 3
Te 2 ° Te 3
0
o
o] 4+ 8 ° + 8
/X %1 L %
0 %18 (q J/X %08
—o— Lot Lot

(e



112

00’2 =2 ' 000'00} =Y 'SUOIISO PJOYD I/X %G6 PUB I/X %06
‘sejyoid Auoolep 1eke Arepunog *°ry/n AQT 0PIy Z8€3 6Sv @unbiy

Ixan/n IX3N/N
0O°'t 8°0 9°0 #0 2°0 00 2°0- 0l 8B8'0 90 ¥#¥'0 2°0 0°0 ¢ 0O-
' . + 4+ +——o———+ 0 H 4 t + wo? —o——+0
o
o o
© 4 <
° o
° 4+ 2 o LTN
° o
° ] Lo} 4
o
4 o +
o - v 4
< <
] 0 . ]
° ~ ~
3 3
. te 2 ° te 3
] o
o
1 o 4
o 8 8
/X %66 | (q o J/X %06 | (e
—0—
Lot —0— 1 ot



113

o0'¢ =0 PUB 000'001 =Y ‘IIoUIY /8E3 8y} 10}
sessauoly | ABisu3 pue ‘wnuswopy ‘lueweoedsIq pejesBeiu; 09t einbiy

Qd4O0HI % 3/X

00l 06 08 0L 09 Dm,.._. oy 0E ae ol

€ v1130 o
€ V1730 «
I vi1730 o

S333930 O "2=VYHd VY
000001 =2y
TI0RYIV LBE 3

. A a A A P A

(WWS SSINMITHL H3AVY AMVONNGOS O3LVNOILNI




00’¢ =0 pue 000'00} = °Y ‘|lopIy /8€3 8y} 1o}
uonIsod pioyd snsieA sojoe4 edeyg ¢ty 19y einbiy

114

Q4O0HJ % J/X

0ot 06 08 oc 09 0s or . OE o2 ot 0
+ + +— + + 4 + — + 0
o -
- 1 ot
3
- + oz
- + o€
|
- 1 ov
i | + os
S3IFNIIQ O "2=VHJ IV
00000t =2>y 1
TI04¥IV (LBE 3

2IH d013Vd4d 3dVHS



115

0ot

06

o0'¢ =0 pue 000'001 =Y ‘jlopy /8€3 8y} 1o}
uonIsod pioyD snsieA Joe4 edeys €4 29y einbi4

Qd0H] % J/X .
os 0c 09 os ov (813 (sF ol

-
-
-

-+

4 - e 4
L v v

S33¥930 0 “2=VHdWV
4 000001 =2y
T1048IVY LBE 3

A A L - A A A A s '

2EH ¥013Vvd 3dVYHS



116

002 =1 ‘000'001 =°Y ‘se|yoid Anoojep i1ehe
Arepunog ¥®n/n AQ1 40} uosuedwod Aliqereedey £9°p einBi4

Ixan,/n IX3N/N
Ot B0 9'0 0 2°0 0°0 20~ 't 8°0 90 ¥+'0 2°0 00 20~
} { + 4+ +———e*————7—4+ 0 + } ———t +————— 0
< < Lo
oq <©
o ) & ]
< ©
e ]
< <
X T¢ - T°¢
—O0+4+4—4
L]
o4 -
0d4q
i o4
< + ¥ o4 + ¥
~< o4 <
<
~ e Oy ~
3 3
-] le fw.\ le M\
<
+ 8 + 8
3/X %0V ) (q J/X ZOE
LFOﬁ Lﬁoﬂ



N~ 00’2l =0 *000'091 =2y
- uonnquisiq eunsseiy I'oulY 810-€99 YOVN ¥9'y e.nBiy
(%> 3J/X
0ol SL 0s

¥ " . 'y - 4
¥ '

-

4

P®312383auooupn
SJ0312t1a3s®dYy MO 4
seaabag 21 = oydpy

000 ‘091 = oy
B810-£99 VIVN

‘IUBRIDT 4420 2UANSSBUY



118

00'Ck =1 ' 000'091 =Y ‘SUOIISOd PJOYD I/X %2 PUB I/X %
se|ljoid AwooleA 1ehe Arepunog P°n/n AQT 110V 810-€99 YOVN S9°t 8anbiy

Ixan/n T axan/n
Ot 8°0 9°0 ¥#¥'0 2°0 00 2 °0- 'l 8°0 90 #'0 20 00 2 0-
¥ v \$ T -o T "'"ILFO r 2 J — T .wo dJ‘Ti D
< ©
o o
o 1 & 1
Lo ©
© T+ e Lo + 2
o
—0—i 1 1
o
44 + ¢
; ~< —0— <
') 4 ~n
3 3
+9 3 Te 2
1 t
+8 +8
3/X %2 ) (q /X %1 ‘ (e
F!Oﬂ erﬁ



119

00'CL =2 00009} = °Y 'SUOISOd PIOYD I/X %G PUB I/X %P

IX3N/N
‘0 ¥°0 20 00 ¢ °0-
——t + 2 4 ° 0
©
—O—]
° ° 4 2
+ v
IA
o\
3
4+ g W
:
18
/X %SG ] (q
- 0t

's8|j01d Anooje Jehe Aiepunog N AQT 110KV 810-€99 YOVN 99°t einbiy

IXIN/N

80 9°'0 ¥+ 0 20 00 2°0-

——t—— bt ¢+ 0
9
©
©
}2
1+
P | 4
19
+8
A7X %Z¥
L,l Dﬂ

A

qutu)



120

o021 =0 ‘000091 =7y ‘SUONISOH PIOYD I/X 9%,/ PUR I/X %9
‘se|ijoid Aiooje seke Aiepunog »°n/n AQT I'OMIY 810-€99 VOVN /9 8inbiy

IxXan/n Ixan/n
gt 8°0 9°0 ¥ 0 2°0 00 2°0- 0Ot 80 90 ¥'0 2°0 00 20—
b oA F-—— b ——t +——10 ———— -t ————+ 0
} o
o
o o
o
o
o © 42 Lo LfN
o
o] 9 o
o o
+ v 1 v
—O0—t < o <
4 ]
T T.él. 7\
3 3
te 2 te 2
4
le Lf-m
/X %L L (g /X %9 (e
4 o1 + 0t



121

00'ZL =D ' 000°'091 =Y ‘SUONISO PIOYD I/X %0} PUE I/X %8
'seIyoid AoojeA seke Arepunog P°n/n AQ1 oIV 810-699 YOVN 89'p enBid

IxXan/nN
0Ol 8°0 90 v+'0 2°'0 00 2°0-
et + ————t 0
©
o )
° L
° +2
Lo
o
4 ¢
° ~<
—0—s )
le /m.\
I:lm
/X %01 . (q
1 01

IxXan/n
C'l 80 9'°0 #+'0 20 00 2'0O-
-t ' -t ——&- =+ 0
o]
o -
©
° +e
o
4 ]
©
—O— 1y
lrnm
48
J/X X8 )
Lo

uwy A

(e



122

01
—

o0'CL =0 ' 000°09} =°Y 'SUONSOd PIOYD I/X %0 PUE I/X %G|
‘sejjoid Airoojep seke Arepunog »°ny/n AQT 110KV 810-€99 YOVN 69'p 81nbiy

v

IxXan/n
8°0 90 #'0 2°0 00 2°0-
— + t—r— ——————+ 0
Lo
o]
o . 4
o
o + 2
+
IA
4
~\
3
lrm M\
+8
/X %02 ) (q
IFQH

IxXan/nN

Ol 80 90 ¥+ 0 2°C OO N.Qm_
r ' J v A o 3 1 ”OJT
©

L3 4

(wwy A

J/X ZS1

(e



123

0L =0 000'09} = °Y ‘SUOIISOd PIOYD I/X %GE PUB I/X %GZ
'seyoid Awoojep 1eAe Arepunog »°n/n AQT 10U 810-€99 VOVN 02t 8inbig

v

Ixan/n IxXBN/N
o't m 0O w ‘0 v O N ‘0 00 2 °0- o-°t m ‘0 w 0 v ‘0 20 0°0 20~
- +I.|1ﬁo — +——t -t -—e———o0
° o
© o) 1
° o
° +2 ° +2
o
0 P
o
o
o 14 o T ¢
¢ < <
° °
7~ N\
3 3
° +9 3 o +9 3
© 1 —O— 4
° +8 +8
O J/X %GE ) (q /X XSe A
1ot ]

-0t

(e



124

s0'2L =1 ‘ 000'091 = °Y 'SUOISOJ PIOYD I/X %GS PUE I/X %G
'se|ljoid AiooleA seke) Aiepunog »°n/n AQT 110KV 810-€99 VOVN 12 v 8anBig

Ixan/n Ixan/nN
0T B'0 90 #'0 2°0 00 20— 0Ot 8°0 90 v+ 0 20 00 2°'0-
- + TS ———t 4————+ 0 ————t } —- — +———+ 0
° °
o
o o 1
+ 2
°
1 ° Te
o
+ ¥
o o
4
°
+9 0 + ¢
°
< ~<
o i o
+ B la) ~
) 3 3
. {2 o te 2
LrOm
Lo Lo o4
)
+ 21 o - + 8
r——q
/X %SG A (q o /X %SP ] (e
+ ¥l
4 —— glcﬁ



125

09

00'¢l =0 pue 000'091 = °Y ‘|lopy 810-€99 YOVN 8y} 10}
sessewyoly ) ABieu3 pue ‘wnuewop ‘Juewede|dsiqg pereiBelu; 2z 'y enbiy

O40HJD 1IN33J¥3d 3/X
1= os ) 4 av SE OE G2 o2 St or1 S 0

' 4 + + ! t 4 +
€ V1730 o
2 V1130 <
1 vi730 o
S33¥930 21=VHJIV

000091=3¥

L o
n
0

{

d
v

10V 810-99 VIVN

SS3INMIIHL d3AV A¥VYONNCH O31VN931INI

()



126

09

o0’} =0 pue 000'09} = °Y ‘IIOKIY 810-€99 YOVN ey} 10}
uonisod pioy9 snsiep sooe edeyg 2tH g/t einbi4

O30H3J 1N3J33d 3/X

SS  OS S¥ or SE ]3 =¥ o2 St ot S 0
4 4 + ' + + + + 4 + + —+ 0E-
T 1 sz-
| p
! + oz-
S33NI3A S2TI=VHIIV ]
f 00009 1=-3¥ lcr-
! 10481V 810-99 VIVN
- 4 or-
4
3 4
X 4+ g-
[ 1o
[————— o) o 3] “
[ 0 u
- TS
3 + ot
g } st
4 - A 'l A 'l A A o o A A A A 1 A A

0c

2lH ¥013v4 3dVYHS



127

09

00’Cl = pue 000091 =°Y ‘llopIy 810-€99 VYOVN ey} ioj
UoNIsod pJoyQ snsieA Jojoe4 edeys Z€H 7 'p eanbiy

Od0H3J 1IN3J¥3d J/X

GS as =3 4 av GE 8] G2 02 St ot S 0 [
! !
s S33¥930 Zl=VHJY 40
0gua9 I=3y
NI0HNIV B10-99 VIVN
f o
T
- p . ﬂ
o o P \\.\.\\0\\\\%
= - N
1

2EH d0112V3 3dYHS



128

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

. 00'¢ = 0 pue 000004 = °Y ‘ejeds 10} pepnjoul lopy /8E
ydeisBoloyd uonezyensip moj4 ejqang uonesedeg Jeuiwe] G/ einbi4

ORIGINAL PAGE

BLACK AND \1'@'77 nNTACRAPH



129

»0'¢ =0 pue 000°001 = °Y ‘|loJy /8€3 . 5
‘ydeiboloyd uonezyensip mo|4 ejqqng uonesedes Jeunue] 9/'p ainbiyg

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH



130

00'¢ =0 pue 000'001L =Y *
g nopy /8€3
udeiboloyd uonezyensip moj4 e|qang uonesedeg Jeuiwe] 7/ ¢ einbiyg

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH



131

00'2="1 ' 000'004 =Y ‘Anewoen eulpiesns Bupiig IopIY 2863 87y @nBiy

| |

1 . _

w4is® Z25¢ 24 T - ——
H E 444 WN“.QM.




132

00’ = 0 pue 000'001 =y
‘Pie14 moy4 ejqqng uonesedes seuiwe 2ge3  |°G einBig

w(vf wuﬂwvnug

Io.w..mrﬂku.
. Usaunds& ‘l‘Sr.:tlll

.\mew.s A
. e (44
. il id Co.. #Q\ Qk oS

Of= ~
\l\\l
.. &
.o o ‘ul/

-~ I
o> xp
np 0> xp
p
lll‘ll'l\.\l\\.\\n\\\.\
O =zx2P x
np 0% 0< 22

ne ne




REFERENCES

Althaus, D. (1986): "Recent Wind Tunnel Experiments at Low Reynolds Number,
"Aerodynamics at Low Reynolds Numbers 104 <Re<108 Intarnational
Conference”, Vol Il Proceedings, October, pp. 18.1-18.42.

Batill, S. M. and T. J. Mueller (1980): "Visualization of the Laminar-Turbulent
Transition in the Flow Over an Airfoil Using the "Smoke-Wire" Technique,”
AlAA Paper 80-0421.

Boermans, L. M. M., F. J. Donker Duyvis, and J. L. van Ingen (1989):
"Experimental Aerodynamic Characteristics of the Airfoils LA 5055 and DU
86-084/18 at Low Reynolds Numbers,” Conference on Low Reynolds
Number Aerodynamics, Preliminary Proceedings, Editor T.J. Mueller, June.

Bogard, David G. and Tiederman, W. G. (1979): "Experimental Evaluation of
Sampling Bias in Naturally Seeded Flows,” Laser Velocimetry and Particle
Sizing, edited by H. Doyle Thompson and Warren H. Stevenson,
Hemisphere Publishing Corporation.

Brendel, M. (1986): "Experimental Study of the Boundary Layer on a Low
Reynolds Number Airfoil in steady and Unsteady Flow,” Ph.D. Dissertation,
University of Notre Dame.

Brendel, M., and T. J. Mueller (1987): "Boundary Layer Measurements on an
Airtoil at Low Reynolds Numbers,” AIAA Paper 87-0495.

Drela, M. (1987): "Viscous-Inviscid Analysis of Transonic and Low Reynolds
Number Airfoils,” AIAA Journal, Vol. 25, No. 10, October.

Drela, M. (1988): "Low Reynolds Design for the M.I.T. Daedalus Prototype: A
Case Study,” Journal of Aircraft, Vol. 25, No. 8, August.

Drela, M. (1989): "XFOIL: An Analysis and Design System for Low Reynolds
Number Airfoils,” Conference on Low Reynoids Number Aerodynamics,
Preliminary Proceedings, Editor T.J. Mueller, June.

Eppler, R. and D. M. Somers (1980): "A Computer Program for the Design and
Analysis of Low-Speed Airfoils,” NASA TM 80210, August.

Eppler, R. (1986): "Recent Developments in Boundary Layer Computation,
"Aerodynamics at Low Reynolds Numbers 104 <Re<108 International
Conference®, Vol. ll Proceedings, October, pp. 12.1-12.18.

Fitzgerald, E. J. (1988): "Experimental Studies of the Transitional Separation

Bubble on the NACA 663-018 Airfoil at Low Reynolds Numbers," M.S.
Thesis, University of Notre Dame.

133



134

Hamma, F. R. (1962): "Streaklines in a Perturbed Shear Flow," Ihe Physics of
Eluids, Vol. 5, No. 6, pp. 644-650

Horstmann, K. H., and A. Quast (1981): "Reduction of Section Drag By Blowing
Through Rows of Holes in Areas of Laminar Separation Bubbles,”

Technical Soaring, Vol. Vi, No. 1, September.

Horton, H. P. (1968): "Laminar Separation Bubbles in Two and Three
Dimensional Incompressible Flow,” Ph.D. Thesis, University of London.

Ingen, J. L. van, and L. M. M. Boermans (1985): "Research on Laminar
Separation Bubbles at Delft University of Technology in Relation to Low
Reynolds Number Airfoil Aerodynamics,” Proceedings of the Conference on
Low Reynoids Number Airfoil Aerodynamics, UNDAS-CP-77B123,
University of Notre Dame, June, pp. 89-124.

Marchman, J. F. (1987): "Aerodynamic Testing at Low Reynolds Numbers,”
Joumnal of Aircraft, Vol. 24, No. 2, February.

McGhee, Robert J. , Betty S. Walker, and Betty F. Millard (1988): Experimental
Results for the Eppler 387 Airfoil at Low Reynolds Numbers in the Langley
Low-Turbulence Pressure Tunnel,” NASA Technical Memorandum 4062,
October.

McMasters, J. H., and M. L. Henderson (1979): "Low-Speed Single-Element
Airfoil Synthesis,” Technical Soaring, Vol. VI, No. 2.

Meyers, James F. (1979): "Applications of Laser Velocimetry To Large Scale
and Specialized Aerodynamic Tests,” TS| Quarterly, Vol. V, Issue 4,
December.

Mueller, T. J. (1985): "Low Reynolds Number Vshicles,” AGARDograph No. 288.

Mueller, T. J. (1985): "The Influence of Laminar Separation and Transition on
Low Reynolds Number Airfoil Hysteresis,” Journal of Aircraft, Vol. 22, No. 9,
September, pp 763-770.

Mueller, T. J., and S.M. Batill (1980): "Experimental Studies of the Laminar
Separation Bubble on a Two-Dimensional Airfoil at Low Reynolds
Numbers,” AIAA Paper 80-1440.

O’'Meara, M. M. (1985): "An Experimental Investigation of the Separation Bubble
Flow Field Over an Airfoil at Low Reynolds Numbers,” M.S. Thesis,
University of Notre Dame.

O'Meara, M. M., and T.J. Mueller (1987): "Laminar Separation Bubble
Characteristics on an Airfoil at Low Reynolds Numbers,” AIAA Journal,
Vol. 25, No. 8, August, pp. 1033-1041.



135

Pfenninger, W., and C. S. Vemura (1988): "Design of Low Reynolds Number
Airfoils-1,” AIAA Paper 88-2572-CP.

Russell, John M. (1979): "Length and Bursting of Separation Bubbles: A

Physical Interpretation,” Sci
Motorless Flight, NASA Conference Publication 2085 part |.

Selig, M. S. (1984): "The Design of Airfoils at Low Reynolds,” Soartech lll,
published by H. A. Stokely, 1504 Horseshoe Circle, Virginia Beach, VA,

23451.

Schmidt, G. S. (1986): "The Prediction of Transitional Separation Bubbles at
Low Reynolds Numbers,” Ph.D. Dissertation, University of Notre Dame.

Visser, K. D. (1988): Preliminary Departmental Particle Sizing Report, University
of Notre Dame.



