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integral value obtained with this method results very close to that
obtained with the potential/boundary-layersimulation. However, it
seems that the better prediction of the local behavior of the friction
drag is obtained with the Reynolds-stressclosure method. Note that
for the RANS simulations the values of c f obtained on both the
upper and lower airfoil surfaces are reported. Because symmetry is
not perfect, because of discretization errors, two slightly different
lines can be distinguished.

In Fig. 1b, the local frictiondrag coef� cient distributionsobtained
by the RANS and the boundary-layermethods are compared to the
theoretical results for the � at plate. In both cases, the friction drag
on the pro� le is higher than that on the � at plate in the leading-edge
zone, although it is lower near the trailing edge. This behavior is
consistent with the effects of the chordwise pressure gradient. Be-
cause the pressuredistributionsare practically the same in all of the
simulations, the Reynolds-stress closure method predicts a larger
variation of the local coef� cient c f with the pressure gradient than
the potential/boundary-layer simulation. However, it is expected
that RANS simulations give a better representation of the effects
of the pressure gradient than the boundary-layermethod; thus, it is
not clear which solution is the most accurate in the leading-edge
region.

The computations were carried out on a Pentium III 500-MHz
XION processor, with 512 MB RAM. The computing time for the
case with 34,000 total cells was about 70 min for the standard
k – e closure method, 110 min for the RNG k – e closure method,
and 150 min for the Reynolds-stress closure method (with a few
seconds for the potential/boundary-layer simulations). Therefore,
the Reynolds-stress closure method appears signi� cantly more
time consuming. In general, the RANS calculations seem to re-
quire computational resources, both memory and computing time,
which would become prohibitive in three-dimensional calcula-
tions.

Conclusions
The capabilitiesof a solver of the RANS equations in predicting

the frictiondrag over an airfoil havebeen investigatedthroughcom-
parisonwith the valuesgiven by a coupledpotential/boundary-layer
method, for different Reynolds numbers.

Preliminarily, the near-wall grid resolution required to obtain the
grid independenceof the frictiondrag in the RANS calculationshas
been assessed. It appears that, for all of the considered Reynolds
numbers, a large amount of computationalpoints is required,which
would lead to an unaffordablemesh size in three-dimensionalsim-
ulations.

Even on these highly re� ned grids, the value of the global CF

is overestimated by all of the turbulence models because they are
not able to predict the boundary-layer transition. If comparison is
made with the value given by the potential code coupled with a
fully turbulent boundary layer, satisfactory agreement is obtained
with the RNG k – e and the Reynolds-stress closure models. The
best global agreement is given by the RNG k – e model. However,
from the analysis of the chord distributionof the local c f , it appears
that this is due to compensation between an overestimate near the
leading edge and an underestimationat the trailing edge.

The best local agreement is obtained, as expected, with the
Reynolds-stress model; the only signi� cant discrepancy with the
BLOWS results is a less steep decrease of the c f near the leading
edge. Because the pressure distribution is almost identical, it ap-
pears that the RANS simulation with this closure models predicts
larger variations of the friction coef� cient with the pressure gradi-
ent. Because the boundary-layersolversare not well suited for � ows
with high-pressuregradients, it is not clear whether the value of c f

obtained by potential/boundary-layersimulation is indeed more ac-
curate in the region near the leading edge.

Finally, the RANS simulations require in general large compu-
tational time, and this increases signi� cantly with the accuracy of
the turbulence closure model. Thus, this analysis indicates that an
accurate prediction of the friction drag around complex aeronauti-
cal con� gurationsby RANS methods remains an extremelydif� cult
task with the present computer capabilities.
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Introduction

C ONSIDERABLE effort1 ¡ 10 has been made to investigate the
� ow structure around an airfoil with unsteady motions to ad-

vance the understanding of the unsteady � ows developed on aero-
dynamic objects in unsteady motion and to continue the develop-
ment and validation of predictive methods. An excellent review
on unsteady aerodynamics is given by McCroskey.11 Recently, the
spatial–temporal progression of the boundary-layer events (i.e.,
the locations of leading-edge stagnation, transition, separation,
and reattachment points) that occurred on a sinusoidally oscillated
NACA 0012 airfoil model was identi� ed nonintrusivelyby Lee and
Basu12 using multiple hot-� lm sensor arrays. However, due to the
limitations of their experimental setup, only low-frequency/small-
amplitudeoscillationswere investigated.In the present experiment,
the effects of large oscillation frequency 0.05 · j (= p f0C / U 1 ,
where f0 is the oscillation frequency, C is the chord length, and
U 1 is the freestream velocity) ·0.30 and amplitude (both within,
through, and well beyond the static-stall angle of attack a ss) on the
unsteadyboundary layer developedon an NACA 0012airfoilmodel
oscillated sinusoidallywere examined using multiple hot-� lm sen-
sor arrays. The hot-� lm measurements were then used to postulate
the mechanisms responsible for these boundary-layerevents.

Experimental Methods and Apparatus
The experiments were performed in a 60 cm £ 90 cm £ 1.8 m

low-speed wind tunnel. An NACA 0012 airfoil, fabricated from
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Fig. 1 Schematics of the NACA 0012 airfoil model and MHFS arrays.

solid aluminum, with C = 15 cm and a span of 37.5 cm, was used
in the investigation. A specially designed four-bar-linkage oscil-
lation mechanism capable of oscillating the airfoil sinusoidally at
large amplitude and frequency was used in the present experiment.
The instantaneous angle of attack a (t ) (= a m + D a sin x t , where
a m is the mean angle of attack, D a is the amplitude, x = 2 p f0 is
the circular frequency, and t is the time) of the airfoil was recorded
by using a potentiometer with an accuracy of §0.1 deg. Special
emphases were placed on the oscillation conditions with oscilla-
tion amplitudes both within ( a m = 0 deg and D a =5 deg), through
( a m = 0 deg and D a = 11.5 deg), and well beyond ( a m = 10 deg
and D a =15 deg) a ss ( ¼ 9 deg) for Rec(=U 1 C / m , where m is the
� uid kinematic viscosity) = 1.95 £ 105 .

A total of 140 microthin (0.2 l m in thickness) multiple hot-� lm
sensors (MHFS) with a sensor spacing S of 1.3 mm arranged in a
straight-line array were used to identify the boundary-layerevents.
Each sensor consists of a nickel � lm 0.1 mm wide with 10-l m
copper-coatednickel leads routed to provide wire attachment away
from the measurementlocation(Fig. 1). Sensors S1 –S121 (S123 –S140)
were on the upper (lower) surface of the airfoil with sensor S122 lo-
cated at the leading-edge stagnation point for a = 0 deg. Groups of
16 of the 140sensorswere systematicallyconnectedto 16 AA Labo-
ratory Model AN-1003 constant-temperatureanemometers (CTAs)
to obtain the time history of the heat transfer output at each sensor
position. The overheat ratio and dc offset voltage for each hot-� lm
sensor were carefully adjusted such that each sensor was at nearly
the same operating conditions. The CTA output signals were sam-
pled and digitized at 2 kHz on a 586 personal computer with a
12-bit A/D converter board. A four-channel spectral analyzer was
also used to provideonline time history traces and spectral contents
of the operating groups. The output signals from the potentiometer
were also sampled and served as referencesignals between each set
of CTA output signals.Details of the hot-� lm sensor arraysand their
operation are given by Lee and Basu.12

Results and Discussion
Figure 2 shows the composite plot of selected simultaneously

acquired multiple hot-� lm output signals (S124 –S2 ) from the upper
surface of the airfoil model oscillatedwith a m =0 deg, D a = 5 deg,
and j = 0.05. The sensor numbers shown on the right-side ordinate
axes in Fig. 2 indicate the distance, S / C , of the hot-� lm sensor from

Fig. 2 Composite plots of selected simultaneously acquired hot-� lm
outputs (S124 –S2 ) for ®(t) = 0 + 5 sin !t deg and · = 0.05;note that all of
the sensor outputs are self-scaled instead of normalized by a common
same voltage value.

the leading edge of the airfoil. The lowermost curve represents the
variation in the potentiometervoltage.The y axes representthe self-
scaled voltage output level of each sensor. Figure 2 reveals that, for
an airfoil oscillated within a ss, a portion of the boundary layer on
the fully instrumented top surface (S104 –S14 ) was initially laminar
at the end of pitchdown ( a min = ¡ 5 deg) and was always turbulent
at the end of pitchup ( a max = +5 deg) for each oscillation cycle
and that the location of transition point (as indicated by a rapid in-
crease in the sensor voltage level) moved forward along the airfoil
during the pitchup. The subscript u indicates pitchup when a is
increasing, and subscript d indicates pitchdown when a is decreas-
ing. For clarity, the sensor output at S58 (S / C =0.554) was selected
to illustrate the state of the unsteady boundary layer. The onset of
laminar-to-turbulent transition occurred at point 1 during pitchup.
The turbulent boundary layer remained attached (between points 2
and 3) and relaminarizedat point 4 during pitchdown. Figure 2 also
shows that the turbulent boundary layer remains attached at least
up to S4 (S / C = 1.023), attributed to the favorable effects of un-
steady motion, comparedto S / C = 0.953 for a static airfoil12 at a =
4.5 deg. The self-scaled sensor outputs S116 –S106 (between points
5 and 6, which are associated with a rise and a drop in the heat
transfer levels) and S104 –S102 (between points 7 and 8) suggest the
existence of the laminar separation bubble and its bursting, respec-
tively, during each oscillation cycle. The variations of the locations
of the transition and relaminarizationpoints with j as a function of
s (= x t ) are summarized in Fig. 3.



358 J. AIRCRAFT, VOL. 37, NO. 2: ENGINEERING NOTES

Fig. 3 Variation of the onset of boundary-layer transition and relam-
inarization with · for ®(t) = 0 + 5 sin !t deg; transition: s , · = 0.05;
D , · = 0.15; e , · = 0.20; u , · = 0.30 and relaminarization:² , · = 0.05;
m , · = 0.15; r , · = 0.20; j , · = 0.30.

Figure 3 reveals that the onsetof transition(relaminarization) was
delayed (promoted) with increasing (decreasing) j during pitchup
(pitchdown) motion, that is, the transition point moved toward the
leading edge with increasing a u and decreasing j , and that the de-
gree of asymmetry (or hysteresis) in the laminar–relaminarization
cycle decreased slightly with increasing j . The hysteresis is much
stronger near the trailing edge (which could be attributed to the
trailing-edge � ow separation) than it is closer to the leading edge.
Also, the variation in the length of the attached turbulent bound-
ary layer is insensitive to j . In summary, the primary in� uences
of j are to delay the forward motion of the transition point and
to allow the turbulent boundary layer to withstand the imposed re-
tardation, without suffering � ow reversal, at substantially higher
a than would be possible under static conditions. These stabiliz-
ing effects are attributed to the boundary-layer improvement ef-
fects (i.e., the accelerated-�ow and moving-walleffects) in unsteady
motions.8,9

Figure 4 shows the typical composite plot of the selected hot-
� lm sensor (S123 –S2 ) outputs for an airfoil model oscillated through
a ss with a m =0 deg, D a = 11.5 deg, and j =0.05. By oscillating
the airfoil through a ss the surface � ow conditions became more
complicated compared to Fig. 2. Depending on the phase angle s ,
the unsteady � ow can be separating and reattaching over a small
or large portion of the top surface of the airfoil. For example, the
outputs of S104(S / C =0.156) suggest that there is a separation or
breakdown of the attached turbulent boundary layer (indicated by a
drop in the sensor output voltage level) at point 1 (a u ¼ 10.5 deg)
during pitchup followed by a reattachment at 2 (a d ¼ 11.2 deg) and
the subsequent relaminarization at point 3 ( a d =10.8 deg) during
pitchdown. Unlike the deep-stall case shown subsequently, the tur-
bulent breakdown as indicated by points 4–12 in the outputs of
S99 –S8 (S / C =0.199–0.988) indicates a trailing-edge � ow sepa-
ration. Similar to the steady trailing-edge stall, the reversed � ow
region expands upstream toward the leading edge. However, unlike
for steady � ow, for the unsteady case, � ow reversal does not neces-
sarily imply a signi� cant departure of the boundary layer from the
wall.13 The effects of j on the unsteady boundary-layer events for
this light-stall oscillation case11 are summarized in Fig. 5.

Figure 5 indicates that, for an airfoil oscillated through a ss with
j =0.05–0.30, 1) the trailing-edge turbulent separation is delayed
to higher a u with increasing j , 2) an asymmetry (hysteresis) is also
presentfor transition–relaminarizationandseparation–reattachment
points, and 3) at a given chordwise position relaminarization gen-
erally occurred at a lower a than transition. In summary, also
for relatively large-amplitude oscillation (i.e., light-stall case), the

Fig. 4 Composite plot of selected simultaneously recorded hot-� lm
signals (S124 –S2 ) for ®(t) = 0 + 11.5 sin !t deg and · = 0.05.

Fig. 5 Variation of the locations of transition and relaminarization,
and separation and reattachment points with · for ®(t) = 0 + 11.5 sin !t
deg; transition: , · = 0.05; u , · = 0.15; s , · = 0.30; relaminarization:

, · = 0.05; e , · = 0.15; ² , · = 0.30; separation: ¤ , · = 0.05; D , · =
0.15; +, · = 0.30; and reattachment: £ , · = 0.05; , · = 0.15; r , · =
0.30 (note that only the clearly identi� able separation and reattachment
points were plotted).
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Fig. 6 Composite plot of selected hot-� lm signals (S119 –S2 ) for ®(t) =
10 + 15 sin !t deg and · = 0.20.

accelerated-�ow and moving-walleffectsdelay theonset of trailing-
edge separationand its rate of forwardmovement toward the leading
edge.

Figure 6 shows the multiple hot-� lm sensor outputs for an air-
foil oscillated well beyond a ss with a m = 10 deg, D a =15 deg,
and j =0.20. The breakdown of the turbulent boundary layer in
the leading-edge region, leading to the deep-stall phenomena as
described by McCroskey11 can be clearly identi� ed. Starting at
S104(S / C =0.156), the boundary layer has undergone transition at
point1 (a u =10.5 deg)and remainedattached(regionA).The turbu-
lent boundary layer separated at point 2 or a u ¼ 21.2 deg (indicated
by a sudden breakdown or a drop in the heat transfer output level),
which indicates the release of the leading-edge stall vortex (LEV).
The detachedboundarylayer relaminarizedat point4 througha brief
reattachment length (points 3 to 4) during pitchdown. The release
and propagation of the LEV can be illustrated, for example, by the
sensor outputs at S46(S / C = 0.506). The laminar boundary layer
(up to point 5, a u = 14.6 deg) became turbulent (region C) and then
broke down abruptly at point 6 ( a u ¼ 20.2 deg). The higher level
of heat transfer of region D compared to that of region B indicates
the high velocities inducedby the LEV. The boundary layer became
reattached (point 7, a d ¼ 6.9 deg) and relaminarized (point 8, a d ¼
2.5 deg) at around the end of the pitchdown motion. Furthermore,
near the trailing edge (S14 –S1), the intermittent trailing-edge turbu-
lent separation10 (indicated by a minimum in the sensor output, for
example, at point 9 or a u ¼ 20.8 deg in the output of S6) dominated.

Fig. 7 Variation of boundary-layer events with · for ®(t) = 10 + 15
sin !t deg; transition: s , · = 0.10; D , · = 0.30; relaminarization: j ,
· = 0.10; r , · = 0.30; separation: u , · = 0.10; +, · = 0.20; e , · = 0.30;
and reattachment: ² , · = 0.10; £ , · = 0.20; m , · = 0.30 (note that
only the clearly identi� able separation and reattachment points were
plotted).

The increased heat transfer level suggests a lower trailing-edge-
vortex convectionspeed compared to that of an LEV. The S119 –S109

outputs shows the existenceof the laminar separationbubble and its
bursting, which is consistent with the observations of Carr et al.10

that the bubble bursting is the cause of the deep dynamic stall. The
effectsof j on the spatial–temporalmovementof theboundary-layer
events for deep-stall oscillationsare summarized in Fig. 7. Figure 7
shows that the rear-to-front progression and the delay (promotion)
of the boundary-layertransition(relaminarization) with a are quali-
tativelysimilar to the resultsof Figs. 3 and 5 and that in thedeep-stall
region the vortexsheddingfrom the airfoil is very similar, regardless
of whether or not the � ow separation at lower angles of attack was
of the leading-edgeor trailing-edge type.

Conclusions
The instantaneouslocationsof the unsteadyboundary-layertran-

sition, separation,and reattachmenton an NACA 0012 airfoil oscil-
lated sinusoidallyat Rec = 1.95 £ 105 were measuredusingMHFS.
The boundary-layertransition and separation (relaminarizationand
reattachment) points were found to be delayed (promoted) with
increasing (decreasing) reduced frequency during pitchup (pitch-
down). Also, the deep dynamic stall process was originated with
the turbulent leading-edgeseparation.These surface � ow measure-
ments contribute to the general understanding and control of un-
steady � ow separation over aerodynamic objects.
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