JOURNAL OF AIRCRAFT
Vol. 36, No. 6, November-December 1999

Effects of Freestream Turbulence on Wing-Surface
Flow and Aerodynamic Performance

Rong F. Huang* and Han W. Lee'
National Taiwan University of Science and Technology, Taipei 106, Taiwan, Republic of China

The effects of freestream turbulence intensity on the surface-flow characteristics, including separation, bubble,
leading-edge bubble, turbulent separation, and three-dimensional flow, as well as the corresponding aerodynamic
performance, including lift, drag, and stall, of a cantilever NACA 0012 wing model have been studied in a wind
tunnel. Different wire-mesh screens were placed between the nozzle and test section to produce various freestream
turbulence intensities. The characteristic regimes of surface flow were identified by using the surface-oil flow
technique. The aerodynamic lift and drag were measured with a PC-based force/moment sensing system. The
variations of lift and drag were found to be closely related to the behavior of surface flow. The freestream turbulence
significantly affects the surface flow and aerodynamicperformance. The surface flow and lift/drag at low freestream
turbulence are apparently different from that at large freestream turbulence intensity. The influence is drastic when
turbulence intensities are smaller than about 0.45 %, whereas it becomes insignificant when turbulence intensities
are greater than 0.45%. Details of the influences are discussed and illustrated.

Nomenclature

b = span of wing, 30 cm

Cp = drag coefficient, D/qbc

Cp = lift coefficient, L /qgbc

C max = maximum lift coefficient prior to stall

c = chord length of wing, 6 cm

D = drag force, measured by balance in freestream direction

L = lift force, measured by balance in cross freestream
direction

q = dynamic pressure of freestream, %,ow u?

Re. = Reynolds number based on chord length of wing

T = nominal freestream turbulence intensity, root mean
square of velocity fluctuationtime-average velocity

U, = freestream velocity in wind-tunnel test section

X = normalized streamwise coordinate, x /¢

X, = normalized chordwise length of separationbubble, x;, /¢

X, = normalized streamwise location of reattachment point
of separated boundary layer on suction surface of
wing, x, /c

X = normalized streamwise location of separation point of
boundary layer on suction surface of wing, x; /c

X = streamwise coordinate, originated from leading edge
of wing

Xp = chordwise length of separation bubble

X, = streamwise location of reattachment point of separated
boundary layer on suction surface of wing

X = streamwise location of separation point of boundary
layer on suction surface of wing

Y = normalized spanwise coordinate, y /c

y = spanwise coordinate, originated from leading edge of
wing on root plane

o = angle of attack

Ugiall = angle of attack at stall

Ow = density of air
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Introduction

S a lifting surface, the wing is the quintessence of flight

vehicles. Carmichael’s encyclopedic report! reviewed the
known theoretical and experimentalresults of various airfoils span-
ning the chord Reynolds numbers from 10 to 10°. In the range
10> < Re. < 10*, which occurs on the insects and small model air-
planes, the low aerodynamic efficiency caused by the strong and
persistent laminar flow on the wing surface is essential. The light
aircraft, jettransports,airships,etc., whichusuallyhave high aerody-
namic performance caused by the fully turbulentbehaviorof bound-
ary layeron the wing surface are foundin therange 10° < Re, < 10°.
Flying animals, large model airplanes, man-carrying hang gliders,
human-powered aircraft, remotely piloted vehicles (RPVs), etc.,
fall in the category of 10* < Re, < 10°. In this range the aerody-
namic performance of the lifting surface is low at Re, < 10° and
significantly improved at Re. > 10°. The drastic improvement in
the lift/drag ratio is caused by the complex variationsin the surface-
flow regime over the wing.

The variations of surface flow and aerodynamic loads of a wing
at Reynolds numbers in the range of 10*~10° have been studied
by many investigators. Crabtree? studied the formation of short and
long laminar separation bubbles on thin airfoils at incidence. Of the
two types of separation bubbles, Crabtree showed that the long one
was more significant because of its strong effect on the aerodynamic
characteristics,whereas the short one should be consideredin its ca-
pacity as an agent for initiating a turbulent boundary layer. Ward®
notedthatthe bubblebehaviormightberelated to the boundary-layer
transition process. Most of the studies of low-Reynolds-numberair-
foil during the 1980s were focused on the behavior of the surface
flow because of its significant influence on aerodynamic perfor-
mance. For example, the reports of Refs. 4-12 were sited frequently
intheliterature. The generalbehaviorof the laminarseparation,tran-
sition, reattachment, etc., on the low-Reynolds-numberwings were
reviewed by Lissaman.'* The laminar boundary layer, extending
from the stagnation point over the leading edge, separates down-
stream at the point of minimum pressure under certain flow condi-
tions and wing configurations. Transition to turbulentflow occursin
the free shear layer a short distance downstream from the separation
point. The flow then reattaches to the wing surface, with a turbulent
boundarylayer extending from the reattachmentpoint to the trailing
edge. A bubble is found between the separation and reattachment
points once the boundary layer reattaches. At low-chord Reynolds
numbers and angles of attack, the bubble generally extends over
a large portion of the chord length and significantly changes the
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pressure distributionby tremendously altering the shape of the outer
potential stream flow. The aerodynamic performance thus is signif-
icantly changed. Huang et al.'* noted the variations of aerodynamic
performance because of the change of surface-flow characteristics
at different Reynolds numbers. Hence, most of the control meth-
ods currently used for low-speed airfoil aerodynamics, including
suction, blowing, shaping, heating, cooling, wave cancellation, tur-
bulators, acoustics, etc., reviewed by Gad-el-Hak'> were focused on
the modulation of the behavior of surface flow.

The appearances of surface flow reported in the literature were
usually performed in different ranges of freestream turbulence and
surface roughness. Hillier and Cherry'® and Kiya and Sasaki'” stud-
ied the influence of the freestream turbulence on the separation
bubble along the side of a blunt plate with right-angled corners.
The bubble length, length scale of vortices in the reattaching zone,
and suction-peak pressure were correlated fairly well with the tur-
bulence intensity outside the shear layer near the separation point.
The effects of freestream turbulence on lift and drag performance
of a Lissaman 7769 airfoil were presented by Mueller et al.!® The
hysteresis characteristics of the lift and drag coefficients were ob-
served at 0.10% freestream disturbance intensity. The hysteresis
loop, however, disappeared as the freestream turbulence intensity
was increased to 0.30%. They argued that surface roughness could
also produceresults identical to those achieved with freestreamdis-
turbances. The disappearanceof the hysteresisloop of aerodynamic
lift and drag coefficients at high freestream turbulence intensity be
related to the change of surface-flow pattern. The surface flow, how-
ever, subjectto the changein freestreamturbulencewas notreported.
In this paper the experimentalresults of surface-flow characteristics
and aerodynamic loads of an NACA 0012 wing model at various
freestream disturbances are presented.

Experimental Setup

The experiments were performed in a Gottingen-type'® (closed-
return) wind tunnel as shown in Fig. 1. The size of the test section
was 60 x 60 x 120 cm. The lower and upper limits of the tunnel
velocity were 0.7 and 56 m/s, respectively. The freestream turbu-
lence intensity was about 0.2% within the normal operating range
5-40 m/s. To generate different turbulence intensities in the test
section, wire meshes of different mesh densities and wire diameters
were placed between the nozzle outlet and the test section. There
were five sets of freestream turbulence intensities employed in the
study, as shown in Fig. 2. The screen number, mesh density, wire di-
ameter, and nominal freestreamturbulenceintensity are listed on the
plot. The nominal turbulence intensities, 0.20, 0.40, 0.45, 0.50, and
0.65%, were used in the following context. The turbulenceintensity
was measured with a hot-wire anemometer. To digitize the output
signal of the hot-wire anemometer, the sampling rate and elapsed
time of the data acquisitionsystem were set at 16,000 samples/s and
2 s, respectively. Each record length thus had 32,000 samples. No
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Fig. 1 Experimental setup.
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Fig. 2 Freestream turbulence intensities produced by various mesh
screens.

particular peaks were found in the power spectral density function
of the screen-generatedturbulence so that the speculationabout the
synchronizationof the turbulenteddies with the free shear layer that
forms above the bubble was isolated. During the experiments, the
average velocity of the approaching flow was determined either by
using a pitot-static tube in the normal velocity range or by a cali-
brated hot-wire anemometer in the low-speed range. An aluminum
platewith sharpleadingand trailingedges was placed 5 cm above the
floor of the test section for control of the boundary-layerthickness.

The rectangular wing model was made of stainlesssteel. The pro-
file of the cross section was NACA 0012. A chordlengthof 6 cm and
span of 30 cm provided an aspect ratio of 5. The wing model pro-
truded vertically through the aluminum floor of the test section and
the boundary-layerthickness control plate. The leading edge of the
wing model was placed at 4.2¢ (about 200 mesh sizes) downstream
from the fine-wire mesh screen so that the flow approaching the
wing model is beyond the establishment and initial decay periods
of the grid turbulence.

The wing model was mounted on a JR? Universal Force-Moment
System. The assembly of wing model and balance was mountedon a
rotary support. The rotary supporthad a resolutionof 0.012 deg. The
JR? balance had a monolithic six-degree-of-freedan force sensor.
The output electronic signals of the sensor were sampled by a PC-
based high-speed data acquisition system.

The surface-oil flow technique as described by Huang and Lin*
was employed to detect the variation in flow modes. Mineral oil
mixed with a small amount of blue dye powder was blush coated
on the suction surface of the wing model. The dark traces on the
wing surface are located where the massive dyed oil accumulated.
The flow direction on the suction surface was observed in situ from
the trace of oil flow motion. The positions of separation and reat-
tachment of the boundary layer on the suction surface of the wing
were taken from the recorded video images of the surface-oil flow
patterns.

The accuracy of the measurement of freestream velocity was af-
fected primarily by the alignment of the pitot tube and calibration
of pressure transducer. With the help of an on-line micropressure
calibration system and careful alignment of pitot tube, the uncer-
tainty in the freestream velocity was estimated to be as large as
3% of reading. The accuracy of the angle of attack was controlled
within 0.5% of reading. The uncertainty in separation location was
estimated to be less than 3% of chord length. The uncertainty in
reattachmentlocation was less than 4% of chord length. The largest
uncertainty in C,, is at near zero lift, i.e., at low angles of attack. It
was estimated to be within 3% of reading. The largest uncertainty
in Cp appears at zero angle of attack, where the drag is a minimum,
and was estimated to be about 4% of reading.
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Results and Discussion

Typical Surface-Flow Patterns

The typical hand sketches showingthe patternsof surface-oilflow
on the suction surfaceof the NACA 0012 wing model at 7 = 0.2% at
variousangles of attack are shown in Fig. 3. The bold lines delineate
the separationor reattachinglines, whereas the thin lines with arrow
heads indicate the paths and directions of oil flow on the suction
surface. The hand sketches at the bottom part of Fig. 3 delineate the
side view of what is assumed to be the surface-flow patterns in the
two-dimensional area.

In Fig. 3a the bold line indicates approximately where the bound-
ary layer separates. A large portion of the surface flow is in the
two-dimensionalregion except near the wall and tip. In the attached
flow area the oil flow moves in the main stream direction. The di-
rection of oil flow is reversed in the separated area while increasing
the angle of attack, the location of separation moves toward the
upstream direction. The wall effect around the juncture alters the
separation pattern, which is comparable with Rizzetta’s description
for a cylinder/plate juncture?! The end effect causes the separation
line to curve toward the leading edge. This type of surface-flow
pattern exists at low Reynolds numbers and angles of attack and is
identified as the regime of separation.

In Fig. 3b two dark lines appear. The left line is where the
boundary layer separates, whereas the right one represents where
the separated flow reattaches. The direction of oil flow in the two-
dimensional region shows the existence of a separation bubble be-
tween these two lines, as shown in the bottom part of Fig. 3b. The
bubble moves toward the upstream area and becomes smaller with
the increasein root angle of attack. This type of surface-flow pattern
is identified as the regime of bubble.

In Fig. 3c the separationbubble becomes very small, and both the
separation and reattachinglines are located very close to the leading
edge. The oil around the leading edge tends to form a characteristic
bead-like pattern, which is similar to that observed by Winkelmann
and Barlow.?? A surface vortex?! appearsnear the juncturearea. This
type of surface-flow pattern is identified as the regime of leading-
edge bubble.

In Fig. 3d the bubble near the leading edge remains small. The
reattached turbulent boundary layer separates and forms a second
separation line near the trailing edge. This second separation line
moves toward the upstream area with the increase in root angle of
attack. This type of surface-flow pattern is identified as the regime
of turbulent separation.

In Fig. 3e strong three-dimensional flow effects are observed.
Two surface vortices?! which is a system of vortices developing
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Fig. 4 Characteristic flow regimes.

with vortex filaments not everywhere aligned to the oncoming flow,
with one near the root area and the other near the wing tip are
generated. The observed three-dimensional separated flow pattern
is quite similar to that reported by Bippes?* and Bippes and Turk.2*
The area occupied by the surface vortex near the tip is much larger
than that near the wall. This flow pattern is observed at angles of
attack higher than stall and is identified as the regime of three-
dimensional flow.

Characteristic Flow Regimes

At nominal freestream turbulence intensity greater than 0.2%,
the characteristic surface-flow patterns appear similar to those at
T =0.2%. However, the characteristicregimes of the flows are dif-
ferent, as shown in Fig. 4. The flow regimes are clearly distinguish-
able except for the boundary between the regimes of bubble and
leading-edgebubble. The inception of the leading-edge bubble was
artificially judged as the separation line of the bubble that moves
upstream from near the midchord to about 3% chord length from
the leading edge and stays there without apparent movement with
further increase of angle of attack.

The separation is delayed in chord Reynolds number at 7 =
0.45%, comparedwith thatat 7 = 0.2%, as shownin Figs. 4aand 4b.
However, the separation advances with the increase in turbulence
intensity when T > 0.45% so that the separationregime reduces, as
shown in Figs. 4c and 4d. The increase in freestream turbulence in-
tensity enhances the turbulentkinetic energy of the separated shear
layer to overcome the adverse pressure gradient. The separated
shear layer reattaches to the suction surface and forms a recircu-
lated bubble.!? The bubble regime extends from about o = 7 deg at
T =0.2%to about8 degat T = 0.45%. However, the freestreamtur-
bulenceintensity has little effect on the formation of bubble (i.e., the
occurrenceofreattachment) when 7' > 0.45%, as shown in Figs. 4b-
4d. The leading-edgebubble regime extends from about « = 10 deg
at T=0.2% to about 11 deg at T =0.45%. When T > 0.45%,
the leading-edge bubble regime does not change significantly. The
critical angle of attack for appearance of the three-dimensional
flow pattern increases with the increase in chord Reynolds num-
ber at T =0.2%, as shown in Fig. 4a. When T > 0.45%, the three-
dimensional flow pattern appears at @ ~ 11.5 deg with little increase
in Reynolds number, as shown in Figs. 4b-4d.

There exists a critical freestream turbulence intensity, beyond
which the regimes of leading-edgebubble, turbulent separation,and
three-dimensionalflow do not change significantly.

Separation, Reattachment, and Bubble

Figure 5 shows the chordwise locations of separation and reat-
tachment as well as the bubble length varying with angle of attack
and chord Reynoldsnumberat T = 0.2%. The chordwise location of
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Fig. 5 Typical appearances of separation, reattachment, and bubble
length at 7=0.2%.

separation in the regime of separation appears quite different from
that in the bubble regime. For instance, at Re, =5.4337 x 10* in
Fig. 5a, in the regime of separation the separation occurs around the
trailing edge at « =0 deg. The separation occurs around X; =0.5
at o = 1.8 deg. The change rate AX; /A« is about 0.27/deg. How-
ever, in the bubble regime the separation location moves toward the
upstream area with a rate X, /A« about 0.07/deg, which is much
smaller than that in the separationregime. The bubble is formed at
a = 0degat Re, larger than about9.1 x 10%, as shown in Fig. 4a.In
the bubble regime, e.g., Re. = 9.5389 x 10* and 1.41031 x 10° in
Fig. 5a, the change rate AX, /A« is small. The separation is found
at X, ~ 0.7, and reattachment is observed near the trailing edge at
o =0, as shown in Figs. 5a and 5b. Both separation and reattaching
lines move toward the upstream area with the increase in «, e.g.,
about 0.2 and 0.42 chord length from leading edge, respectively, at
o = 6deg. Therate of moving forward of the reattachingline is faster
than that of the separationline so that the bubblelengthreduces with
the increasein «, as shownin Fig. 5c. For instance, the bubble length
reduces from about 47 to 27% chord length as « increases from 2
to 6 deg at Re. =5.4337 x 10* and from about 32 to 22% chord
length as o increases from 0 to 6 deg at Re, = 9.5389 x 10*.

At o =0.5 deg, as shown in Fig. 5d, the separation line moves
toward the upstream area with the increase in Reynolds number in
the separationregime. However, in the bubble regime X, increases
with the increase in Reynolds number for Re. < 1.4 x 10° and de-
creases slightly for Re, > 1.4 x 10°. At =3 and 5 deg, which are
in the bubble regime, the separation lines moves toward the trail-
ing edge with the increase in Reynolds number for Re. < 1.4 x 10°
and decreases with the increase in Re,. for Re. > 1.4 x 10°. The
reattaching lines move toward the leading edge with the increase in
Reynolds number, as shown in Fig. 5e. The bubble length shown
in Fig. 5f shortens fast with the increase in Reynolds number for
Re, < 1.4 x 10°. For Re. > 1.4 x 10’ the bubble length approaches
gradually to about 15% chord length. In general, the bubble length
covers about 15-48% of the chord length.

The behaviorof the separation,reattaching,and bubble size when
T > 0.45% are similar to those at 0.2% except the locations, change
rate, and size. Figure 6 shows the variation of chord-wise location
of separationwith T'. At Re, =5.5 x 10* as shown in Fig. 6a in the
separationregionata = 0.5 and 1 deg, the separationlocations move

1.0 T T T T T T
() Re,=55000 a

0.8 | bubble —A— 0.5°]
. sepa- A\A\A_,_—A — 00— 1°
ratmn D\Q—H —0—3°

0'6'—”;'/00—-0 —0—5 1
0-4T Bubble = bubble T

02F -
0.0 L 1 I 2 L
1.0 b L] 1 T 1 M
i Re =90000 @
0.8 (seza- C\ | bubble —a—0; |
X - ration_ = —o—-D ;o
s 06r O/OO’_O —— —O50 ]
0.4k bubble ]
bubble
02F -
00 1 1 1 1 X 1 1 L
1.0 T T T T
(c) Re=137000 a
08+ — A 05 ]
—0—3°

bubble —> _ T —O0—s5°

0.6 | g—" g0 i

0.4 — o -
021 bubble b
0.0 L L 1 i 1

0.0 0.2 0.4 0.6 0.8 1.0
T (%)

Fig. 6 Variation of separation location with freestream turbulence in-
tensity.

upstreamwith theincreasein 7 when7T < 0.45%.WhenT > 0.45%,
the separation locations do not change significantly with the turbu-
lence intensity. However, at « =3 and 5 deg in the bubble regime,
the separation locations move downstream with the increase in T
when T < 0.45%. When T > 0.45%, the separationlocationsdo not
change significantly. At Re, =9 x 10* as shown in Fig. 6b, the situ-
ation is similar except the increaserate AX; /AT, when T < 0.45%
is not as large as thatat Re, = 5.5 x 10*. At large Reynolds number
Re.=1.37 x 10° as shown in Fig. 6¢, the influence of freestream
turbulence intensity is not obvious. The effect of freestream turbu-
lence intensity on the separation location is observable only at low
Reynolds numbers when 7' < 0.45%.

Figures 7a-7c show the variation of chord-wise location of reat-
tachment with nominal freestream turbulence intensity at Re. =
5.5x10*, 9 x 10%, and 1.37 x 10°, respectively. When T < 0.45%,
the reattaching locations in all cases move distinguishably toward
the upstream area. When 7' > 0.45%, the variations of reattaching
locations with the increase in 7' become negligible.

Because the separation location moves downstream and the reat-
taching location moves upstream with the increase in 7 when
T <0.45%, as shown in Figs. 6 and 7, the chord-wise length of the
bubbledecreasesdrasticallywith theincreasein 7 when 7' < 0.45%,
as shown in Fig. 8. The reduction of the bubble length with the in-
creasein T atlarge Reynolds numberis less obviousthan that at low
Reynolds number. Owing to the negligible variations of the separa-
tion and reattachinglocations when 7' > 0.45%, as shown in Figs. 6
and 7, the effect of turbulence intensity on the bubble length is not
apparent when 7' > 0.45%, as shown in Fig. 8.

Aerodynamic Performance

Figure 9 shows the lift coefficient C;, drag coefficient Cp, and
lift/drag ratio C; /Cp, at T =0.20%. The values of C;, Cp, and
C./Cp present distinct slope change in different characteristic
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regimes of surface flows, which are completely different from the
conventional result®® of single-slope value for a Reynolds number
larger than 10°.

As shown in Fig. 9a, the value of lift coefficient increases al-
most linearly with the angle of attack in the separation regime at
Re.=5.084 x 10*. The increaserate AC; /A« is about 2.08 7 /rad.
In the bubbleregime the slope of the lift curvereducesto 1.22 wr/rad,
which is noticeably smaller than that in the separationregime. The
bubble has an apparent negative effect on the lift of wing. The
theoretical value obtained from the analytical analysis of a two-
dimensional, thin, symmetric flat plate in an inviscid flow is 2 /rad
(Ref. 26). Abbott and von Doenhoff?® indicated that for wing sec-
tions approximately 12% thick, the lift-curve slope is about 9%
greater than its limiting value for thin sections. Hence, the theoreti-
cal slope of the lift curve of a 12% thick wing sectionin an inviscid
flow should be about 2.18 mr/rad. The slope of the lift curve in the
separation regime is a little less than the theoretical value of the
wing section. However, the increase rate in the bubble regime is
much less than the theoretical one. The slope of the lift curve in the
bubble regime at Re. = 1.3828 x 10°, as shown in Fig. 9b, is about
1.36 m/rad, which is larger than that at Re. =5.084 x 10*. In the
leading-edgebubbleregime the slopes of lift curves further decrease
to 0.70 and 0.86 r/rad for Re. =5.084 x 10* and 1.3828 x 10°, re-
spectively, as shown in Figs. 9a and 9b. The maximum value of C
is about 0.661 at o = 8.35 deg for Re. =5.084 x 10* and 0.735 at
a = 10.04 deg for Re.=1.3828 x 10°. In the regime of turbulent
separation,the lift coefficient decreasesabruptly to a local minimum
within about 1~2 deg angle of attack, as shown in Figs. 9a and 9b.
In the three-dimensional flow regime the lift coefficient slightly in-
creases with the increase in angle of attack.

The variations of drag coefficient C, are shown in Figs. 9c and
9d. The drag increases with the increasein root angle of attack in the
regimes of separation, bubble, and leading-edge bubble. The slope
of the drag curve increases much at stall when the surface flow is
in the regime of turbulent separation. The reattached and separated
turbulent boundary layers create a large skin friction on the suction
surface,”® and, accordingly, a large increase in the drag coefficient
is observed. The drag coefficient increases almost linearly with the
increase in angle of attack in the regime of three-dimensional flow.

The value of C;/Cp increases from 0.8 to 2.4 almost linearly
with the increase in angle of attack in the region of separation,
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Fig. 10 Influence of freestream turbulence on lift coefficient, Re. =
9 X 104
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Fig. 11 Influence of freestream turbulence on drag coefficient,
Re. =9 x10%

as shown in Fig. 9e for Re.=5.084 x 10*. The value of C./Cp
attains to about 3.6 as turbulent separation starts. The existence of a
bubble on the suction surface apparently retards the increase rate of
C;/Cp. In the regime of leading-edgebubble, C; /C ), drops from
3.6 to 3.4 with the increasein angle of attack because the increasein
lift shown in Fig. 9a does not catch up with the rise of drag shown in
Fig. 9c. At stall, C;,/Cp decreases fast from 3.4 to 1.8 within only
a 2-deg increase in « caused by the abrupt loss of lift. The value of
C. /Cp then decreases slowly with the increase in angle of attack
in the three-dimensionalflow regime because C; increases slightly
and C) enlarges rapidly in this regime. The value of C; /C) at
Re,=1.3828 x 103 performs better than that at Re, = 5.084 x 10*
by comparing Fig. 9f with Fig. 9e.

The variations of C; with freestream turbulence intensity 7" at
Re, =9 x 10* are shown in Fig. 10. In the bubble region the lift co-
efficient C; increases a little as T increases from 0.2 to 0.45% and
then decreases appreciably with the increasein 7 when T > 0.45%.
In the regime of leading-edgebubble, C; increasesto higher values
than that in the bubble regime. The lift coefficient increases appar-
ently with the increase in 7 when T < 0.45%. When T > 0.45%,
C; decreases with the increase in 7. The decrease rate is not as
large as that in the bubble regime. For o > 10 deg, where the wing
starts to stall, the lift coefficients drop to low values. In the regime
of three-dimensional flow, the lift coefficient increases a little as
T increases from 0.2 to 0.45%, which is similar to the behaviorin
other regimes. However, C;, increases drastically with the increase
inT when T > 0.45%.

The variations of Cp with freestream turbulence intensity 7" at
Re.=9 x 10* are shown in Fig. 11. Drag coefficient increases with
both the increases in freestream turbulence intensity in all charac-
teristic surface-flow regimes and the angle of attack. The increase
rate ACp /AT when T > 0.45% is noticeablylarger than that when
T < 0.45%.From a conventional point of view, the bubbleis largely
responsible for the high drag atlow Reynolds numbers. Because the
large freestream turbulence reduces the bubble size, as has been
shown in Fig. 8, one might speculate that reducing the bubble with
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Fig. 12 Influence of freestream turbulence on lift/drag ratio, Re, =
9 X 10,
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Fig. 13 Variationof maximumlift coefficient with a) Reynolds number
and b) freestream turbulence intensity.

higher turbulence would lead to less drag. But this is not seen in
Fig. 11. Three-dimensional effect might have some contribution to
the drag. Although both the lift and drag coefficients increase with
increasingfreestreamturbulence,the value of C; /C stilldecreases
with increasingfreestreamturbulenceintensity, as shownin Fig. 12.
In the regimes of bubble, leading-edge bubble, and turbulent sepa-
ration, the value of C; /Cp decreases appreciably with the increase
in T. The decrease rate is high at large turbulence intensities. In
the regime of three-dimensional flow, the influence of turbulence
intensity is not particularly obvious.

Maximum Lift

The variation of maximum C; with Reynolds number is shown
in Fig. 13a. Laitone’s experimental results?’ at 7 =0.02%, max-
imum C; =0.46 at Re, =2.07 x 10* and maximum C, =0.56
at Re, =4.21 x 10*, are also shown in the plot for comparison.
Laitone’s results were obtained from tests of a cantilever wing with
an aspectratio 6. The maximum C, at T =0.2% increases quickly
with the increase in Reynolds number for Re. < 1.4 x 10°. It attains
to about a constant 0.75 for Re. > 1.4 x 10°. According to Abbott
and von Doenhoff,? for an airfoil at Reynolds numbers larger than
10° the maximum value of lift coefficient of a NACA 0012 wing
section saturates to about a constant 1.60, and the slope of the C -«
curveis Reynolds-number-indeperdent. The lift of the NACA 0012
wing at low Reynolds numbers performs apparently poorer than
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Fig. 14 Variation of angle of attack at stall with a) Reynolds number
and b) freestream turbulence intensity.

its counterpart at high Reynolds numbers and even poorer than a
thin plate.?” The maximum C; at 0.45 and 0.50% freestream turbu-
lence intensities are larger than that at T = 0.2%, which increases
with the increase in Reynolds number. The increase rate at each
T value retards for Re, > 7 x 10* and approaches, in general, to
almost a constant for Re. > 1.5 x 10°. At high freestream turbu-
lence intensity, the critical Reynolds number needed to attain con-
stant lift coefficient is lower than that at low freestream turbulence
intensity.

The variations of maximum C; with freestreamturbulenceinten-
sity at Reynolds numbers Re. = 1.5 x 10° and 0.5 x 10° are shown
in Fig. 13b. The maximum lift coefficientincreases with the increase
in T when T <0.45%. When T > 0.45%, the increase rate great-
ens appreciably. The effect of freestream turbulence intensity on
the maximum lift coefficient is positive and becomes more obvious
when T > 0.45%.

Angle of Attack at Stall

The variation of angle of attack at stall is shown in Fig. 14a. The
stallangleofattack at(0.2% freestreamturbulenceintensityincreases
from 8.35 deg at Re, =5.084 x 10* to 10 deg at Re, = 1.4 x 10°,
then slowly increases to 10.65 deg at Re. = 1.95 x 10°. The stall
angles of attack at the freestream turbulence intensities of 0.45 and
0.5% are apparently retarded compared with those at 7 =0.2%.

The variations of angle of attack at stall o, with freestream
turbulence intensity T at Reynolds numbers Re, = 1.5 x 10° and
0.5 x 10° are shown in Fig. 14b. The angle of attack at stall increases
with the increase in 7 when T <0.45%. When T > 0.45%, the
increase rate retards appreciably and approaches almost constant,
e.g., 11.5deg at Re, = 1.5 x 10° and 10.2 deg at Re, =0.5 x 10°.
The high freestream turbulence intensity can effectively delay the
stall when T < 0.45%. When T > 0.45%, the influence is insignif-
1cant.

Conclusions

The influences of freestream turbulence intensity on the surface-
flow regimes and aerodynamicperformanceare profound. The char-
acteristic regimes of surface flow shift appreciably at different
freestream turbulence intensities. With the increase in turbulence
intensity, the chordwise location of separation is advanced in the
regime of separationand deferred downstreamin the bubbleregime.
The bubble length s significantly shortened with the increase in tur-
bulence intensity. The bubble formed is long (about 15-48%) when
T < 0.45%, whereas it is short (about 1-5%) when T > 0.45%.

The aerodynamic loads are strongly correlated with the surface-
flow characteristics. The lift and drag coefficients increase almost
linearly with angle of attack in the separationregime. The increase
rate is much reduced in the regimes of bubble and leading-edge
bubble. The stall occurs as turbulent separation appears. The lift co-
efficient increases with the increase in turbulence intensity when
T <0.45%. However, it decreases with increasing 7' except in
the three-dimensional flow regime. The drag coefficient increases
and lift/drag ratio decreases with the increase in freestream tur-
bulence intensity. The effect of freestream turbulence intensity on
the maximum lift coefficient is positive and becomes significant
when T > 0.45%. The angle of attack at stall increases with the in-
crease in T when T < 0.45%. When T > 0.45%, the increase rate
reduces appreciably and approaches almost zero. Large freestream
turbulenceintensity can effectively delay the stall when T < 0.45%.
When T > 0.45%, the influence is not apparent.
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