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INTERNATIONAL CONFERENCE ON THE AERODY-
NAMICS AT LOW REYNOLDS NUMBERS BETWEEN
10 AND 108

1 INTRODUCTION

The International Conference on
Aerodynamics at low Reynolds numbers was
held from 15 through 18 October 1986 at
the Royal Aeronautical Society facility
in London, England. Approximately 120
scientists and engineers were in attend-
ance from Europe, Australia, Japan, Bang-
ladesh, and the US. A total of 30 tech-
nical papers were presented. An addi-
tional five papers were presented as pos-
ter papers. Although the international
conference concluded on Friday afternoon,
an additional session entitled "Practical
Aerodynamics Workshop' was held on Satur-
day morning, 18 October.

The principal objective of this con-
ference was to provide a forum to discuss
research results in flow phenomena along
with practical engineering problems re-
lated to low Reynolds numbers aerodynam-
ics. The applications of this work are
related to the design and performance of
gliders, remotely piloted vehicles, and
microlight, manpowered, and model air-
craft as well as to propellers, wind tur-
bines, and other applications. While the
conference was designed to attract pro-
fessional aerodynamicists, both theoreti-
cal and applied, the conference was also
open to other interested people 1in this
field.

The chairman of the conference pro-
gram planning committee was Mr. T.J.
Patrick of University College, London,
UK. Professor John L. Stollery of Cran-
field Institute of Technology (UK), a
member of the conference planning commit-
tee and president-elect of the Royal
Aeronautical Society, gave the welcoming
address to the participants in order to
kick off the conference. In his welcoming
remarks Professor Stollery indicated that
this conference was put together by en-
thusiasts and was stimulated by the pub-
lication of Martin Simon's book on model
aircraft aerodynamics, The review of this
book which was published 1in the Royal
Aeronautical Society's magazine Aerospace

stimulated a great deal of interest in
the UK. He also indicated that Mr. Gates,
who organized the model aerodynamics re-
search project in the 1950's, wondered
what advances in the design of model air-
craft airfoils had been made during the

past 30 years. This inquiry brought a
response from Tom Patrick, who listed a
few of the studies that had been made
since the 1950's, and his description
ended with the question, "Has the time
come to convene another meeting at the
Royal Aeronautical Society such as the
one the Low Speed Aerodynamic Research
Association held in 1953?" The result of
that question is the present conference.

Professor Stollery pointed out that
the renewed interest in model aircraft
aerodynamics coincides with the growth in
research related to remotely piloted ve-
hicles and small unmanned aircraft. The
designers of such vehicles are having to
face the same problems related to transi-
tion, laminar separation bubbles, laminar
and turbulent separation, hysteresis of
aerodynamic forces, and the sensitivity
to roughness, to mention the most obvi-
ous, There have been a number of recent
conferences related to remotely piloted
vehicles. One of the most recent confer-
ences which concentrated on airfoil aero-
dynamics at low Reynolds numbers was the
meeting at the University of Notre Dame
in June, 1985, organized by Thomas J.
Mueller,

A number of the participants in this
current conference were at that meeting
at Notre Dame and may have looked at this
conference as a natural sequel, indica-
ting how much progress has been made in
the past year. Both of these conferences
were suppccted by the US Navy Office of
Naval Rese.rtch and in the organizers of
this conference would 1like to thank, in
particular, the London Office of ONR for
its support and help.

2  AIRFOIL DESIGN METHODS AND VERIFICA-~
TION

Aerodynamics at Low Reynolds Numbers

The first paper, by Dr. J.L. van In-
gen, Delft University of Technology (the
Netherlands), was a review of theoretical
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and experimental research at the univer-
sities in aerodynamics at low Reynolds
numbers. Van Ingen and his colleagues at
Delft have been active in this area for
many years. They have performed a large
number of basic experiments to gain a
better understanding of laminar separa-
tion bubbles, including transition, which
led them to develop prediction methods
and finally to the design of low Reynolds
numbers airfoils. His paper described
the empirical determination of the lami-
nar separation angle--i.e., the angle at
which the separation streamline leaves
the wall. An extension of the en transi-
tion prediction method for separated
flows as well as a simple bursting cri-
terion for separation bubbles were de-
scribed. All of these concepts were com-
bined in a simple separation bubble pre-
diction method. This prediction method
can be used to design and analyze low
Reynolds numbers airfoils,

The second part of this review in-
cluded a description of experiments which
indicated the effects of acoustic dis-
turbances as well as the effects from
different types of turbulators on the
boundary layer characteristics and the
performance of several low Reynolds num-
ber airfoils. The low-speed, low-turbu-
lence wind tunnel used was of the closed
return type with a turbulence intensity
which varied from 0.015 percent at 10 m/s
to 0.1 percent at 80 m/s. The lift was
measured with a balance system and the
drag with a wake rake, Examples where
tripping the boundary layer eliminated
the separation bubble and reduced the
total drag were presented. Studies show-
ing the effects of flap deflection were
also included.

Design Techniques for Low-Reynolds Num-

Reynolds numbers, along with performance
trades between lift coefficient, moment
coefficient, Clmax, and thickness-to-
chord ratio. A number of airfoils de-
signed by Dr. Liebeck for chord Reynolds
numbers below 500,000 were presented
along with experimental data comparing
the wind tunnel results with the design
objectives. The results generally indi-
cated that for chord Reynolds numbers
above 300,000 the airfoil performance
measured in the Douglas Aircraft Company
wind tunnel agree reasonably well with
the theoretical predictions.

Wind Tunnel Studies of a Liebeck-Designed
Airfoil

Wind tunnel studies of an airfoil
designed by Dr. R.H. Liebeck were pre-
sented by P. Le Blanc of the University
of Southern California (USC)., The air-
foll geometry studied was the Liebeck
LA2573A airfoil section. This model was
studied in both the Douglas Aircraft Com-
pany's low-speed wind tunnel in Long
Beach, California, and the USC Dryden
tunnel in Los Angeles. The results pre-
sented for this airfoil from the two wind
tunnels were comparable. Additional stud-
ies of the turbulence intensity in the
two wind tunnels indicated that they were
the same at 0.l percent turbulence inten-
sity for frequencies higher than 1 Hz,
Low-frequency fluctuations on the order
of 20 Hz or less were found to comprise a
significant contribution to this turbu-
lence 1intensity, as indicated by the
free-stream velocity spectrum, These
results indicated that the measured per-
formance of a given airfoil model in
these two wind tunnels, with the same
free-stream turbulence 1intensity, was
essentially the same.

Recent Developments in Boundary Layer

bers Airfoils

A description was given by Dr. R.H.
Liebeck, Douglas Aircraft Company (US),
of low Reynolds number airfoil design

techniques used at Douglas. He discus-
sed the development of the design meth-
ods which have evolved over the past 15
years, and covered the fluid mechanics
problem of control of the laminar sepa-
ration bubble, which 1s crucial at low
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Computation
Dr. R. Eppler of the University of

Stuttgart (West Germany) reviewed recent
developments in boundary layer computa-
tions which he had included in his design
and analysis program. Dr. Eppler has
been responsible for a large number of
developments in this area over the last
25 years. The program for the design and
analysis of low-speed airfoils by Dr.
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Eppler and Dan Somers is the most widely
available computer program used for this
purpose. The computer program is distin-
guished by 1its ability to obtain useful
results while employing simple analytical
tools. The velocity distribution around
an airfoil is calculated using potential
flow theory with no provisions made for
viscous effects. The boundary layer
thicknesses are then calculated for this
velocity distribution using momentum and
kinetic energy integral methods. The
results from the potential flow and
boundary layer calculations are then used
to predict the airfoil's performance.
The 1ift 1s estimated using the computed
zero lift angle of attack in conjunction
with a 1lift curve slope of 2 7, In this
procedure it is assumed that the positive
effect of airfoil thickness 1is offset by
the boundary layer displacement effects.
If turbulent separation is predicted by
the boundary layer calculation, the lift
is reduced by an amount proportional to
the extent of the separated flow. The
drag contribution produced by each sur-
face of the airfoil 1is calculated using
the Squire-Young formula. In most cases,
the program tends to underpredict the
airfoil drag. This is a consequence of
the program's inability to estimate the
effect of separation bubbles on airfoil
drag. In the present paper, Dr. Eppler
reviewed the boundary layer techniques
used in his computer program and discus-
sed the recent addition of a bubble anal-
ogy which attempts to ildentify those con-
ditions for which the drag penalty, due
to a separation bubble, exists. Although
the bubble analogy does not account for
the effect of a bubble on the external
velocity, 1t treats the flow in the
bubble as 1f it were fully turbulent and
is a very helpful tool for airfoil de-
sign.

Recent Wind Tunnel Experiments at Low
Reynolds Numbers

A paper describing recent wind tun-
nel experiments at low Reynolds number
was given by D. Althaus of the Institute
for Aerodynamics and Gas Dynamics at the
University of Stuttgart (West Germany).
Activities in this field at the Univer-

sity of Stuttgart began in about 1955
under the direction of the late Professor
F.X. Wortmann, who died in January 1985.
Dr. Althaus worked closely with Professor
Wortmann for most of this time in both
the design of airfoil sections and in the
experimental determination of their per-
formance. Two wind tunnels have been
used for these experimental studies,

The 1large wind tunnel, called the
laminar wind tunnel, which was construct-
ed between 1958 and 1960, was especially
designed for two-dimensional testing of
airfoils. It 1is an open return wind tun-
nel with an inlet contraction ratio of
100 to 1 and a rectangular test section
0.73x2.73 m. Chord Reynolds numbers
between 300,000 and 600,000 are possible
in this facility, The 1lift of a two-
dimensional airfoil section was measured
from the pressure distributions on the
tunnel walls, the drag was determined
from the total pressure loss measured by
a wake rake, and the moment of the air-
foil was measured by means of a balance.
A force balance for measuring lift and
drag 1s also available for this large
tunnel.

The smaller model wind tunnel, which
is capable of chord Reynolds numbers
below 300,000, 1is also the open return
type with a 19.6 to | inlet contraction
ratio and a rectangular test section
0.37x0.6 m. The reported {ree-stream tur-
bulence level for this tunnel was lower
than 0.075 percent. In this tunnel the
1ift was measured by a force balance, the
drag by a wake rake, th: moment by a mo-
ment balance.

Althaus presented experimental re-
sults for six different aircoil sections
designed ty Eppler and two airfoil sec-
tions de.1gned by Selig. He concluded
that hysteresis of the aerodynamic forces
at low Reynolds numbers can be caused by
two different mechanisms:

1. At low angles of attack it can
be caused by transition from subcriti-
cal to supercritical flow, or wvice
versa. Supercritical flow exists when
a separated shear layer reattaches at
the trailing edge forming a midchord
bubble.
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2. At high angles of attack hyster-
esis can be caused by bursting and re-
attachment of a laminar separation bubble
near the leading edge.

A study of the drag increase due to a
0.5~am gap in the center of the airfoil
wodel indicated that the additional drag
ranged from 5 percent at an angle of at-
tack of 3° to 12 percent at an angle of
attack of 9° for a model with a span of
250 mm at a chord Reynolds number of
200,000,

3 AIRFOIL CALCULATION METHODS

Theoretical Aspects of Three-Dimensional

Small Disturbances

A third theoretical approach was
presented in a paper by Dr. G.R. Inger of
Iowa State University (Ames). This paper
addressed the theoretical aspects of the
formation and properties of spanwise per-
iodic three-dimensional small disturb-
ances in the wake of a slightly stalled
wing at low Reynolds numbers. Experimen-
tal studies have indicated a small wavy
structure on finite wings in the region
after stall has taken place., Other ex-
amples from surface flow visualization on
axisymmetric bodies as well on two-dimen-
sional airfoil models also indicate small
spanwise structures. The analysis of the
physical events on the boundary layer
scale in this paper 1indicated that the
streamwise vortices formed at separation
remain distinct and continue far down-
stream. This implies that the separation-
originated vortex structure could produce
a spanwise-periodic variation in the drag
determination by the wake survey meth-
od.

Calculation of Flow Over Low Reynolds
Number Airfoils

The paper authored by T, Cebeci,
G.S. Wang, and K.C. Chang and presented
by Professor Whitelaw of Imperial Col-
lege, London (UK), covered recent devel-
opments in the calculation of flow over
low Reynolds number airfoils. The method
used was originally developed for high
Reynolds numbers flows and was extended
so that it could be use to calculate low

Reynolds number airfoil flows. This
method 1is based on the interaction of
solutions of inviscid and boundary layer
equations and the balance of flow around
the airfoil including its wake. The in-
viscid equations are solved by the con-
formal mapping technique and boundary
layer equations by inverse finite differ-
ence procedure, A correlation formula
based on linear stability theory was de-
veloped and used to calculate transi-
tion. The results showed that the accu-
rate prediction of transition was impor-
tant and was satisfied by the formula
used. The paper also demonstrated the
need to include the wake in low Reynolds
number flow calculations for all angles
of attack. A comparison of the results
of this calculation technique with exper-
imental results for the GBttingen 797
airfoil at a chord Reynolds number of
700,000 are reasonably good. Another
comparison between the calculated 1lift
drag and pressure distribution from this
method with experimental results for a
NACA 643-418 airfoil at a chord Reynolds
number of 300,000 was also reasonably
good. The only quantity which did not
appear to agree well was the calculation
of the drag coefficient. The calculation
procedure underestimated the drag coeffi-
cient in the low angle of attack range.
Dr. B,R. Williams of the Royal Aero-
nautical Establishment (RAE) presented a
paper on the calculation of flow about
airfoils at low Reynolds numbers with

applications to remotely piloted vehi-
cles. In this paper, experimental
results for five airfoils--NACA 4412,
NACA 643-418, GHttingen 797, Wortmann

FX63-137, and GA(W)-2--were compared with
calculations obtained from a viscous-
inviscid interaction method. Results
obtained from this method gave reason-
able estimates of the 1ift and drag co-
efficients for a number of airfoils down
to chord Reynolds numbers of 700,000.
The best results were obtained at the
higher Reynolds numbers of 1 million or
greater for the NACA 4412 and the GA(A)-2
airfoils. As the Reynolds number de-
creases, the difference between experi-
mental and theoretical value becomes
larger. The most notable discrepancies




between measured and predicted values
were for the drag coefficients. These
discrepancies were usually related to the
inaccurate prediction of the position and
mechanism of transition and will increase
as Reynolds number is decreased. In or-
der to extend this method to lower chord
Reynolds numbers, Williams suggested that
several improvements should be made: (1)
a more precise calculation of the posi-~
tion of laminar separation, (2) a calcu-
lation method for long laminar separation
bubbles, (3) a better calculation method
for the process of transition, and (4) a
better calculation for the separated tur-
bulent boundary layer.

Using the Triple Deck Theory

Two papers concerned use of the
triple deck theory. The first, by H.K.
Cheng of the University of Southern Cali-
fornia (USC--Los Angeles), studied the
problem of massive laminar separation,
which may be responsible for bifurcating
steady-state phenomena. The objective of
this approach was to provide some analyt-
ical basis for explaining 1ift hystere-
sis, symmetry breaking, and other anoma-
lies in the suberitical flow regime. The
results of this approach clearly showed
the nonunique nature of the steady states
of nonlinear, slightly viscous flow.

The second paper using triple deck
theory, presented by H. Reed of Arizona
State University (Tempe), was a progress
report of a continuing analysis of un-
steady two-dimensional separation bubbles
where the theoretical considerations will
be used to match an experiment in a water
channel which 1is under construction. A

parallel experimental effort using a low-

Reynolds number airfoil in a wind tunnel
is also in progress. Preliminary results
of this study are encouraging.

4 LOW REYNOLDS NUMBER RESEARCH AT NASA
LANGLEY

Research in 1low Reynolds number
aerodynamics at NASA Langley Research
Center was reviewed by NASA's W.D. Har-
vey. NASA Langley has been actively in-
volved in a variety of low Reynolds num-
ber aerodynamic research areas in order

to increase the data base and also study
separation in the hope of improving high-
performance flight vehicles and their
components., The current emphasis is on
the basic understanding of complex flow
phenomena which occur at 1low Reynolds
numbers. Several of wind tunnel facili-
ties have been used for these studies. A
small, open return wind tunnel called Low
Speed Facility, has been used as an in-
expensive vehicle to explore a number of
low Reynolds number phenomena. This fa-
cility has a test section which is 0.3 m
by 0.46 m preceeded by a 24 to ! inlet
contraction. The free-stream turbulence
level in this tunnel varies from 0.1 per-
cent to 0.25 percent as the chord Rey-
nolds number increases from 80,000 to
400,000, The acoustic disturbance level
increases dramatically as the Reynolds
number 1s decreased from about 200,000.
The second wind tunnel facility used in
these studies was the Langley low-turbu-
lence pressure tunnel, which is a single
return, closed circuit tunnel that can be
operated at pressures from 0.25 to 10 at-
mospheres. The test section is rectangu-
lar, 0.91 mx2,311 m, and the inlet has a
17.6 to 1 contraction ratio. The low-
turbulence pressure tunnel has a disturb-
ance level from 0.02 to 0.06 percent in
the chord Reynolds number range from
200,000 to about 1 million per foot.
These experimental facilities have been
used to evaluate airfoil designs and to
study the 1laminar separation bubbles,
boundary layer stability and transition
control, and low Reynolds number juncture
flows,

Results presented in Harvey's paper
showed comparisons between experimental
11ft and drag characteristics and the
theoretical predictions from the Eppler-
Somers Code for the Eppler 387 airfoil
for Reynolds number from 60,000 to
200,000. While the comparison was quite
good for chord Reynolds numbers of
100,000 to 200,000, the lack of separa-
tion bubble model in the Eppler code
resulted in a large disagreement at a
Reynolds number of 60,000,

Lift, drag, pressure distribution,
and flow visualization results for
the NASA LRN(1)-1007 airfoil were also
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presented. It was recognized during the
design of this airfoil that the smooth
airfoil would have large regions in sep-
arated flov and deteriorated performance.
It had been anticipated that roughness
strips would be necessary to improve the
performance of this airfoil. Experimental
results comparing the smooth and rough-
ened airfoil surface indicated that at
Reynolds numbers from 40,000 to 100,000
the use of roughness did significantly
improve the performance of this airfoil.
Acoustical tripping of the boundary layer
on this airfoil at Reynolds number of
40,000 was also studied. The results of
laser Doppler anemometer measurements of
a laminar separation bubble in the con-
cave region of an airfoil were also pre-
sented. The variation in the boundary
layer parameters along the chord indi-
cated a peak in the boundary layer thick-
ness at the position of transition in the
free shear layer. A rapid rise in the
momentum and energy thickness took place
just after this transition point. The
transition Reynoids number obtained from
these experiments falls in line with data
from several other experimental investi-
gations when the transition Reynolds num-
ber is plotted against free-stream turbu-
lence levels.

Results from the juncture flow stud-
ies obtained in the low-turbulence pres-
sure tunnel were presented with and with-
out corner fillets and with and without
three different leading edge fillets.
Data showed a secondary flow system on
the wing surface near the juncture which
can adversely affect the flow over the
wings by accelerating trailing edge sep-
aration at nonzero angles of attack; the
juncture fillet used appears to be an ef-
fective way in removing this low-momentum
bulge on the curved wing surface. A
slight overall flow acceleration in the
filleted juncture compared to the no-
fillet case still persists. The results
of the leading edge fillet experiments
indicate that for moderate wing incidence
there 1s some reduction in juncture drag
and improved flow characteristics in the
wake region for properly designed leading
edge fillets. However, care should be

exercised since either larger of smaller

fillets may produce an overall deteriora-
tion in these characteristics.

5 UNSTEADY AERODYNAMIC CHARACTERISTICS

The study of some unsteady aerody-
namics characteristics of a NACA 0012
airfoil at chord Reynolds numbers of
125,000, 400,000, and 700,00 was de-
scribed by M. Fletcher and E. Covert of
Massachusettgses Institute of Technology
(MIT-~Cambridge). The Wright Brothers
Memorial Wind Tunnel at MIT was used for
this study. This wind tunnel is of the
closed circuit type with a 2,000-hp motor
and a variable pitch fan. The test sec-
tion 1s elliptical, measuring 3.05 m
along the horizontal major axis and
2.29 m along the vertical minor axis.
The length of the test section is 4.57 m.
An extensive investigation of the dis-
turbance enviromment in the test section
of this wind tunnel was made. These stud-
ies showed that the turbulence intensity
varied from 0.7 percent at the chord Rey-
nolds number of 700,000 to almost 3 per-
cent at chord Reynolds number of 125,000,
A power spectral density study indicated
strong peaks associated with the fan
blade passage frequency at about 45 Hz as
well as 60-cycle noise and harmonics of
each of these. A study of the stability
of a laminar boundary layer concluded
that none of the high-energy frequencies
produced a sufficient amplitude growth to
induce transition.

The NACA 0012 airfoil was fixed in
the wind tunnel test section and the un-
steady flow was produced by a rotating
elliptical cylinder downstream of the
trailing edge of the airfoil. Unsteady
pressure measurements and hot-wire meas-
urements were made. Among the results of
this study it was found that the mean
pressure coefficient results showed a
slight increase in the suction peak, a
slight increase in the 1lower surface
pressures, and a slight decrease in the
adverse pressure gradient on the upper
surface with increasing values of reduced
frequency. It was also demonstrated that
the unsteady difference pressures de-
creased with Reynolds number 125,000 and
400,000 but showed no variation above
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400,000. Also, the mean skin friction co-
efficient decreased with increasing Rey-
nolds numbers as expected. The mean law
of the wake results were weakly dependent
on the effects of the unsteadiness of the
external flow.

6 WIND-TURBINE APPLICATIONS

Wind Turbine Measurements

The paper by B.R. Clayton (Univer-
sity College, London) was concerned with
the aerodynamic force coefficients deter-
mined from a vertical axis wind turbine
simulator. The force coefficients for a
vertical axis wind turbine rotor with
NACA 0015 and 0020 airfoil sections were
determined by integrating the blade pres-
sure distributions. Two constant-section,
untwisted ecirfoils were mounted in the
University College vertical axis wind
turbine analog rig which was located just
downstream from the nozzle of an open
jet wind tunnel. The wind speed was held
constant at 10 m/s and the airfoils were
rotated at speeds between 1 and 4 rps.
The version of the paper handed out at
the conference contained only three

pages. The interested reader is referred
to the final proceedings or to the
author.

Horizontal Axis Wind Turbines

The presentation by J.L. Tangler and
D.M. Somers of Solar Energy Research In-
stitute (UK), concerned a low Reynolds
airfoil family for horizontal axis wind
turbines. The object of the study was to
develop a family of airfoils for horizon-
tal axis wind turbines with rotors 10 to
20 meters in diameter that would perform
well at low to medium wind speeds. The
performance of these airfoils is enhanced
through the use of laminar flow while
more consistent rotor operating char-
acteristics at high wind speeds are
achieved by tailoring the airfoil so that
Clmax 1s 1independent of roughness ef-
fects. Three airfoill sections consisting
of a root section, outboard section, and
tip section were designed using the Epp-
ler airfoil design code. Two-dimensional

wind tunnel tests were conducted to ver-
ify the predicted performance character-
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igtics of the outboard airfoil, and at-
mospheric tests of the wind turbine are
planned for the future to verify the per-
formance characteristics of the entire
airfoil family. The primary airfoil was
designed for the radial station 75 per-
cent of the distance from the hub to the
tip, while the complimentary airfoils
were designed for locations 30 percent
from the hub and 95 percent of the dis-
tance from the hub. The design criteria
for the primary airfoil included high
lift to drag through laminar flow, re-
strained Clmax insensitive to surface
roughness, and airfoil thickness of from
12 to 16 percent of the chord. The pri-
mary, airfoil designated S805, was eval-
uated in the Delft University low-speed
wind tunnel. A 500-mm chord aluminum air-
foil model with 113 chordwise and span-
wise pressure orifices was tested at
chord Reynolds numbers from 500,000 to
2 million. These tests 1included the
smooth model, called the transition free
model, and a transition fixed model using
grit roughness near the leading edge. The
comparison of the wind tunnel results
with those predicted by the Eppler design
program were quite good at a chord Rey-
nolds number of 1 million up to about 8°
angle of attack for the lift coefficient.
At this Reynolds number the drag coeffi-
cient comparison showed the same trend
although the Eppler design code under-
predicted the drag to some degree on the
smooth model from an angle of attack of
-3° to about 7°. For the rough model,
the comparison of the experiment with the
theory was quite good from an angle of
attack of 2° to about 8°. However, below
2° the Eppler design code overpredicted
the drag to some degree. It 1s clear
that in this Reynolds number range the
Eppler design code produces airfoil sec-
tions which agree reasonably well with
the wind tunnel measurements and can be
used with confidence.

7 SEPARATION BUBBLES

Using the Viscid-Inviscid Interaction
Technique
Another analytical approach, the

viscid-inviscid interaction technique for
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predicting separation bubble formation on
airfoils at low Reynolds numbers, was
presented by R.A, McD. Galbraith of the
University of Glasgow (UK). While this
technique uses empirical methods for pre-
dicting transition and reattachment rath-
er than the triple deck theory, it at-
tempts to model airfoil flows ir the Rey-
nolds number regime of practical inter-
est. This technique was developed for the
prediction of the onset of long separa-
tion bubble formation. Comparisons of
the predictions with experimental data
from one airfoil appeared to be reason-
ably good. However, the general applica-
bility of the method remains to be shown
for a large number of airfoils over a
range of chord Reynolds numbers.

A Separation Bubble Experiment

An experimental study of the loca-
tion of the separation bubble on a NASA
LRN(1)~1007 airfoil section using smoke~
wire visualization and static pressure
distributions was reported by S5.S5. Fisher
and J.D. Abbott of the University of Vir-
ginia (Charlottesville). This airfoil
section, which was specifically designed
for low chord Reynolds numbers, was stud-
ied over the Reynolds number range from
60,000 to 220,000 for the angle of attack
range from 0° to 16°. The disturbance
level and spectrum of the velocity fluc-
tuations in the test section were meas-
ured using a single-sensor hot-wire ane-
mometer. The rms fluctuation divided by
the mean speed varied between 0.05 per-
cent and 0.1 percent over the speed range
from 4 to 24 m/s. The only feature of the
frequency spectra which could be clearly
associated with tunnel operation was a
moderately broad peak which advanced in
frequency linearly and increased in in-
tensity with increasing tunnel fan speed.
The location of laminar separation, tran-
sition, reattachment, and turbulent sep-
aration were estimated from smoke flow
photographs. Static pressure distribu-
tions were also used to determine these
locations. Other investigators have found
that determining these 1locations from
smoke flow photographs becomes very dif-
ficult, especially the location of re-
attachment. For short separation bubbles

near the leading edge of airfoils, static
pressure distributions clearly indicate
the location of laminar separation and
trangition in the separated shear layer.
However, reattachment is not always evi-
dent or obvious from these data. For long
separation bubbles,; further downstream on
the airfoil, the small gradients in stat-
ic pressure make it very difficult to de-
termine separation, let alone transition
and reattachment.

8 EXPERIMENTAL FACILITIES AND TESTING

An Atmosphere Testing Facility

Dr. H.T. Liu of Flow Research Com-
pany, Kent, Washington, presented the
results of a rather unusual experimental
airfoil study. For this study an envi-
ronmental aerodynamic test system was
developed so that airfoils could be stud-
ied with atmospheric disturbances. The
system included an instrumented truck, a
boom-mounted wing, and an aerodynamic
balance mounted inside the wing. The wing
profile was that of a Wortmann FX63-137
with a span of 3.66 m and a chord of
0.61 m. Originally, the test system was
designed 8o that experiments could be
conducted on a smooth automobile racing
track or airport taxi way. By this meth-
od one would hope to approach a free
flight situation and thus eliminate the
interference of confining wind tunnel
walls. Preliminary tests, however, showed
that the vibration induced by the vehicle
motion and by road roughness overwhelmed
and masked the effects caused by atmos-
pheric conditions. Thus, it was decided
to park the vehicle and face the wing in-
to the prevailing wind in an open field.
Because of the unsteady nature of the
prevailing wind, the data obtained showed
a considerable amount of scatter. Al-
though this study showed that the Wort-
mann wing did not incur any catastrophic
effects due to the unsteadiness of the
wind, the data would be difficult to use
for any other purpose.

Transition and Separation Control

An experimental study of transition
and sgeparation contruvl on the low Rey-
nolds number airfoil NASA LRN(1)-1007 was
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presented by Dr. S.M. Mangalam of AS&M,
Incorporated (US). A small, nonreturn
low-speed wind tunnel was used for these
studies. The turbulence intensity in the
test section was determined to be less
than 0.25 percent under the test condi-
tions used. The overall background sound
pressure level was 87 dB, and this in-~
creased with free-stream velocity. No
sharp peaks were found in the turbulence
or sound pressure fluctuation spectrum.
The airfoil model had a chord of 0.1 m
and a span of 0.3 m. The airfoll was
manufactured with 14 pressure orifices on
the upper surface and eight orifices on
the lower surface, Lift was determined by
integrating the static pressure distribu-
tions, and drag was obtained from a 5-cm-
long wake rake with 24 nonuniformily
spaced total head tubes and a static
pressure probe. The wake rake was lo-
cated three chord lengths behind the air-
foil's trailing edge. The design 1ift
coefficient of the LRN1-1007 was 1.0 at
alpha = 4° and a chord Reynolds number of
100,000. The design objective was to
obtain large lift-to-drag ratios at low
Reynolds numbers. The more qualitative
data obtained on the same airfoil model
by Fisher and Abbott agreed with the data
obtained in this study. Since it was
assumed during the design of the airfoil
that laminar separation would take place,
methods of controlling separation were
studied. These methods included both sur-
face roughness and acoustical tripping.
Two-dimensional surface roughness strips
proved to be effective at angles of at-
tack below stall and produced significant
improvements in the aerodynamic charac-
teristics of this airfoil. Acoustical
excitation was used to influence laminar
separation and the frequency and inten-
sity level necessary to do this varied
with angle of attack at chord Reynolds
number of 40,000.

Accuracy of Low Reynolds Number Wind Tun-
nel Measurements

T.J. Mueller of the University of
Notre Dame (Indiana) gave a paper con-
cerned with low Reynolds number wind tun-
nel measurements. The emphasis of this

paper was on the importance of under-

standing the influence of the test facil-
ity and instrumentation on the results
obtained at low Reynolds numbers. In
particular, a method for obtaining two-

dimensional aerodynamic force coeffi-
cients at low Reynolds numbers using a
three-component external platform balance
was described. Mueller pointed out that
there is an uncertainty in the ability of
the experimental facility to simulate a
two-dimensional flow environment due to
the confinement effect of the wind tunnel
walls and the method used to mount the
airfoil in the test section. Additional-
ly, the ability of the instrumentation to
accurately measure the forces and pres-
sures also has an associated uncertainty.

This paper focused on efforts at the
university over the past 7 years to un-
derstand the errors introduced by the
experimental techniques and apparatus,
and on an attempt at estimating the un-
certainty of these effects because of the
difficulty in making experimental meas-
urements at low Reynolds numbers. The
low-speed, low-turbulence wind tunnels
used are of the open~return type with a
24 to 1 inlet contraction with 12 screens
at the beginning of the inlet. The tur-
bulence intensity is less than 0.08 per-
cent for a bandwidth of 25-2500 Hz. The
arrangement used at Notre Dame 1is to
float the airfoil model between two end-
plates and have the airfoi