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Low-Reynolds-Number Separation on an Airfoil

J. C. Muti Lin* and Laura L. Pauley’
Pennsylvania State University, University Park, Pennsylvania 16802-1412

Unsteady boundary-layer separation from an Eppler 387 airfoil at low Reynolds number is studied numerically.
Through a series of computations, the effects of Reynolds number and angle of attack are investigated. For
all cases, vortex shedding is observed from the separated shear layer. From linear stability analysis, a Kelvin—
Helmbholtz instability is identified as causing shear layer unsteadiness. The low-turbulence wind-tunnel tests of the
Eppler 387 airfoil are used to compare with the time-averaged results of the present unsteady computations. The
favorable comparison between computational and experimental results strongly suggests that the unsteady large-
scale structure controls the low-Reynolds-number separation bubble reattachment with small-scale turbulence

playing a secondary role.

Nomenclature
C = chord length
Cp  =drag coefficient
C, = lift coefficient
Cp = pressure coefficient
! = shedding frequency
Re = chord Reynolds number
RP = reattachment point
SP = separation point
Sr = Strouhal number
U = velocity
% = momentum thickness
Subscripts
sep = conditions at separation
o0 = freestream conditions

I. Imtroduction

OW-REYNOLDS-NUMBER aerodynamics is important for
both military and civilian applications. These applications
include propellers, remotely piloted vehicles, sailplanes, ultra-
light man-carrying/man-powered aircrafts, leading-edge control
devices, high-altitude vehicles, and wind turbines. Since three-
dimensionality is typically important only near the foil tip, flow
about two-dimensional cross sections has been the focus of much
research in low-Reynolds-number aerodynamics.!=
The low-Reynolds-number separation bubble can extend across
15% of the airfoil surface.® Hence accurate prediction of its exis-
tence and extent is necessary in the design of efficient low-speed
airfoils. The conventional time-averaged model of the laminar sep-
aration bubble, sketched by Horton,” is shown in Fig. 1. Distin-
guishing characteristics of this laminar separation bubble are the
regions of nearly uniform static pressure downstream of the separa-
tion point and the abrupt rise in pressure near the reattachment point.
Flow visualization and hot-wire studies of Brende! and Mueller®
and LeBlanc et al.” demonstrate an essentially steady, stagnant flow
within the dead air region beyond the separation point. In this region,
the shear layer lifts slowly from the surface. Beyond the transition
point the strongly recirculating flow is unsteady and the shear layer
reattaches shortly downstream. The unsteady region of the sepa-
ration bubble is often described as being turbulent. Experimental
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and computational studies, however, have found that the velocity
fluctuations are primarily the result of a low-frequency oscillation
a characteristic of vortex shedding.

When the local Reynolds number based on boundary-layer quan-
tities is sufficiently high, the natural transition of an attached bound-
ary layer is caused by the amplification of Tollmien-Schlichting
(viscous-type) instabilities. However, in the low-Reynolds-number
regime (Re < 5 x 10°), this viscous-type transition would occur
only when boundary-layer tripping is applied. If the boundary layer
separates, Kelvin—-Helmholtz (inviscid-type) instabilities will de-
velop as a result of the separated inflectional velocity profile. Since
Kelvin-Helmholtz instabilities cause the shear layer to roll up, it
might be expected that the unsteadiness in the separation bubble
will be dominated by large-scale vortex shedding and not small-
scale turbulence.

Previous studies computationally investigated the character-
istics of a separation bubble generated on a flat plate with adverse
pressure gradient. Vortex shedding was observed as the primary flow
unsteadiness. The present study considers the separation from the
curved surface of an airfoil to determine the universality of the previ-
ous numerical findings concerning the unsteady large-scale structure
in low-Reynolds-number separation. The underlying dominant in-
stability mechanism causing vortex shedding is also identified. The
effects of Reynolds numbers and angle of attack on the evolution
of the unsteady separated flow are systematically investigated. Fi-
nally, the validity of the current unsteady approach is evaluated by
time averaging the computational results and comparing with inher-
ently time-averaged experimental measurements. The Eppler 387
airfoil was chosen because of the importance of an airfoil geometry
to most lifting devices and the availability of detailed experimental
measurements.'?
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Fig. 1 Phenomenological features of a laminar separation bubble.”
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II. Background

McGhee et al.'? conducted tests in the Langley Low-Turbulence
Pressure Tunnel to determine the performance characteristics of the
Eppler 387 airfoil at Reynolds numbers from 6 x 10* t0 4.6 x 10°.
Pressure measurements were used to obtain lift and pitch moment,
whereas wake surveys were used to determine airfoil drag. Oil-
flow visualization identified the locations of laminar separation
and reattachment. They concluded that the performance of this air-
foil is dominated by the presence of a laminar separation bubble
at Reynolds number below 2 x 105, An energetic low-frequency
oscillation was measurable and caused the reattachment point to
move back and forth for Reynolds number of 6 x 10*. The pri-
mary focus of McGhee et al. was the time-averaged structure of
the separation bubble. However, the measured low-frequency os-
cillation at Re=6 x 10* clearly suggests a large-scale unsteady
phenomena.

Other experimental investigations also found a low-frequency os-
cillation of the laminar separation bubble near the reattachment
point. LeBlanc et al.” made unsteady velocity measurements for
a Liebeck LA2573A airfoil at Reynolds numbers from 2.35 x 10°
to 5 x 10°. Their results showed that the peak frequency of the ve-
locity spectra measured in the separated region agreed with the most
amplified frequency predicted by a linear stability analysis of the
inflectional velocity profiles across the separated shear layer.

Zaman et al.'? conducted an experimental and numerical study of
an LRN(1)-1007 airfoil near stalled conditions at chord Reynolds
number of 7.5 x 10*. Fluctuation velocity spectra clearly showed
the existence and the significance of the dominant instability wave.
Vortex shedding from the main separation was demonstrated by
smoke-wire flow visualization. The complementary numerical study
demonstrated that the measured low-frequency oscillation was a
result of vortex shedding from the laminar separation bubble. The
unsteady separation was observed to be nearly two dimensional
along most of the wing span except near the wing tips.

Large-scale unsteadiness within the laminar separation bubble has
also been observed in numerical simulations. The steady computa-
tions of Briley'* found that a steady solution was not possible for
strong adverse pressure gradient cases. He attributed the unsteadi-
ness to a physical phenomenon and not to numerical instabilities.
The triple-deck analysis used by Stewartson et al.'> and Elliott and
Smith'? also could not obtain a steady separation solution for suffi-
ciently strong adverse pressure gradient. Gruber et al.'” and Bestek
et al." showed that the separation bubble becomes unsteady if a
strong external pressure gradient is applied. Vortex shedding from
the laminar separation bubble on an airfoil was computationally ob-
served by Sugavanam and Wu'” and Rumsey.?” Ghia and Ghia?' and
Stremel?? found a similar vortex-shedding process under conditions
of airfoil stall. In some numerical studies, investigators found that
the results were dependent on the turbulence model used. A de-
tailed comparison of turbulence models applied to separated flows
was considered by Rumsey and Vatsa.?

Pauley etal.'” and Ripley and Pauley'' performed numerical stud-
ies of the two-dimensional separation of a laminar flat plate bound-
ary layer under the influence of an adverse pressure gradient. For
a relatively weak adverse pressure gradient they observed a sepa-
rated region that contained a steady closed separation bubble. When
a stronger adverse pressure gradient was applied, a limit-cycle os-
cillation formed in which periodic vortex shedding occurred. The
Strouhal number based on boundary-layer momentum thickness at
separation was found to be independent of Reynolds number. The
Strouhal number, however, was found to vary with the pressure co-
efficient distribution. The shedding frequency was determined by
an inviscid linear stability analysis to be the most amplified insta-
bility wave of the shear layer. The computed time-averaged surface
pressure distribution showed a region of nearly constant pressure
followed by an abrupt decrease in surface pressure just before reat-
tachment. The study of Ripley and Pauley applied the flow con-
ditions of Gaster.?* The time-averaged pressure distribution from
the computational results compared closely with the experimental
measurements of Gaster. In the absence of a third dimension and
turbulence modeling, this investigation strongly confirms that two-
dimensional vortex shedding is responsible for the formation of the
low-Reynolds-number separation.

III. Numerical Scheme

The INS2D code, developed by Rogers and Kwak,? is adopted
and then modified to conduct the present numerical experiments.
The INS2D code solves the unsteady incompressible Navier-Stokes
equations using the method of artificial compressibility as described
by Rogers and Kwak.?® Modifications to the INS2D code for the
present study include the use of a generalized normal momentum
equation for the pressure boundary and the use of an overlap proce-
dure to update the calculated variables on the wake cut line.

A C-type mesh, produced by a hyperbolic grid generator based on
Kinsey and Barth,?® is employed in the present airfoil computation.
The grid contains 425 points wrapped over the airfoil and 101 points
normal to the airfoil. The computational domain extends to 15 chord
lengths in all directions.

Extensive numerical experiments for the Eppler 387 airfoil at
Reynolds number of 1 x 10* and 4-deg angle of attack were per-
formed and documented in Lin.?” Several observations, which are
critical to the following computations, were obtained from the nu-
merical experiments. It was found that the low-frequency oscillation
as a result of the reflection of numerical noise from a smaller com-
putational domain was eliminated by extending the computational
domain to 15 chord lengths away from the airfoil surface. Grid reso-
lution studies showed that the high-velocity-gradient regions about
the leading edge and primary separation required increased grid
clustering. A grid-independent smooth solution was obtained when
at least 40 grid points were used in the normal direction across the
primary separation region and no less than 60 uniform grid points
were applied from the separation point to the reattachment point.
By halving the time step in a series of computations, it was found
that 150 time step intervals in one vortex-shedding cycle adequately
resolved the cyclic behavior. The magnitude of the compressibility
factor was found to have profound influence on the unsteady incom-
pressible solution and played a critical role in the computational
efficiency. A compressibility factor of 1000 at a Reynolds number
of 1 x 10° produced a solution independent of the compressibil-
ity factor within a reasonable computation time. Furthermore, the
optimum magnitude of the compressibility factor was analytically
determined to be inversely proportional to the Reynolds number.

IV. Limit-Cycle Shedding

All computations were started from freestream conditions and
without any perturbation. The computations were continued un-
til the initial transients had decayed and limit-cycle shedding was
asymptotically reached. The resulting limit-cycle vortex shedding
is examined using instantaneous streamlines and vorticity contours.
Streamwise velocity histories are recorded at several locations where
vortex shedding and propagation occur.

A. Base Case at Reynolds Number = 1 X 10° and
Angle of Attack =4 deg

Resulis for the base case at 1 x 10° chord Reynolds number
and 4-deg angle of attack are presented in detail to demonstrate
flow characteristics common to all cases studied. For all Reynolds
numbers considered, the limit-cycle streamwise velocity histories
upstream of vortex shedding, downstream of vortex shedding, and
downstream of vortex pairing clearly demonstrate that only one
dominant frequency and its first and second subharmonic compo-
nents are present.

The instantaneous streamlines of the limit-cycle shedding at
1 x 10° chord Reynolds number are shown in Fig. 2 for 10 equally
spaced intervals. Two cycles of the periodic shedding as a result of
the presence of vortex pairing are shown. A counter-rotating vor-
tex within the leading primary separation grows to a critical size
and eventually divides the primary separation into two distinct cells
with the shed vortex moving downstream and the remaining primary
separation regrowing. Vortex pairing, one of the major mechanisms
responsible for the shear layer growth, was also observed. A simi-
lar shedding structure was found in Pauley et al.'” and Ripley and
Pauley.'!

It can be seen from the streamline contours that the flow near
the separation point is virtually steady. A slight fluctuation in the
streamline contours above the counter-rotating region indicates the
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Fig.2 Streamlines for limit-cycle shedding at Re = 1 x 105 and 4-deg angle of attack (P = period).

entrainment of higher-momentum fluid. The most significant en-
trainment occurs as the vortex is being shed. This entrainment facil-
itates the continuation of the vortex shedding and can be regarded as
a reattachment mechanism that serves a role similar to the familiar
turbulent mixing.

Vortex pairing begins at a phase of 0.40P, as shown in Fig. 2c.
Between X/C = 55 and 60%, neighboring pairs of vortices are
seen to roll around each other. Viscous diffusion smears out the
identities of individual vortices to leave a single, larger vortex where
originally there were two. The coalesced vortices then significantly
increase the boundary-layer thickness downstream of the vortex
pairing. The significant increase of the boundary-layer thickness as
a result of vortex pairing found in the present study is consistent
with the observations of the wake study of Winant and Browand.?
In their study, vortex pairing was responsible for the rapid growth of
the free shear layer. The vortex pairing is believed to be induced by
the adverse pressure gradient, which decelerates the leading vortex;
the trailing vortex reaches the leading vortex and the two vortices
merge. The vortex propagation velocity is found to be about 60% of
the local freestream velocity. In the flat plate studies of Pauley et al. !
and Ripley and Pauley,'' convection velocities of the shed vortices
were also found to be at about 60% of the local freestream velocities.

To better understand the shedding process and the subsequent
vortex motions, the negative vorticity in Fig. 3b (cotresponding to
0.6 P in Fig. 2) can be examined. Near the separation point the shear
layer lifts away from the surface. As unstable waves grow, the shear
layer rolls up into discrete vortical structures. As a vortex travels
downstream, the vorticity strength is attenuated under the action
of viscous diffusion. As first pointed out by Pauley et al.,'’ the
observed vortex formation and propagation strikingly resemble the
more familiar free shear flows of Winant and Browand?® and Scott.?

B. Reynolds Number Effect

For a fixed 4-deg angle of attack, computations are conducted at
chord Reynolds numbers of 6 x 10%, 1 x 10°, and 2 x 10°. Although
the vortex-shedding mechanism occurs at all Reynolds numbers
examined, a decrease in Reynolds number causes the viscous effect
to become stronger, resulting in a greater boundary-layer thickness
asseen in Fig. 3. Atlower Reynolds number, a larger main separation
region forms, and the subsequent shed vortices are larger.

For the case of Re=6 x 10*, vortex pairing takes place at
two locations downstream of vortex shedding. The beginning of
the first pairing occurs at X/C =58%. The two individual vor-
tices roll around each other and move downstream. While these
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Fig.3 Vorticity contours and vortex trajectory for angle of attack of 4 deg and Re =2) 6 X 10*,b) 1 x 10, and ¢) 2 X 10°.

coalesced vortices continue to travel downstream, two more vor-
tices are shed at X/C = 51% and pair at X/C = 58%. The newly
formed composite vortex will eventually catch up with the earlier
formed composite vortex. The onset of this second pairing is at
X/ C = 86%. Because there are two pairings, when the vortex struc-
ture reaches the airfoil trailing edge, it consists of four originally
individual vortices that have coalesced. The multiple vortex pair-
ings cause the boundary-layer thickness at the trailing edge to be
greater for the low-Reynolds-number case. Similar to the base case
at Re = 1 x 10°, only one vortex pairing occurs when Re = 2 x 10°.
For this higher Reynolds number, the vortex shedding takes place at
X/C = 45%, and the only vortex pairing occurs at X/C = 76%.
In Fig. 3, vortex trajectories for the three Reynolds numbers are
charted by following the vortex center of a typical vortex. The vortex
center is defined as the vorticity center of a shed vortex. The marked
solid line in each figure is the journey of a typical shed vortex. After
shedding from the primary separation, the vortices are lifted away
from the surface and initially travel along the straight line described
by the separation angle. When vortex pairing occurs, the trajectory
curves back to a line that is nearly parallel to the surface. Since the
airfoil turns away from the boundary layer, the shed vortex moves
away from the airfoil surface near the trailing edge. The vortex
center, which describes the associated vortex trajectory, is located
approximately at the lower edge of the free shear layer. At lower
Reynolds numbers, the vortex trajectory follows a higher course,
and the free shear layer is displaced farther from the airfoil surface.

C. Angle-of-Attack Effect
For a fixed chord Reynolds number of 1 x 10°, the angle-of-attack
effect on the limit-cycle shedding is investigated by cases at 0-, 4-,

and 7-deg angle of attack. Shear layer lifting near the separation
point, vortex roll-up, and vortex pairing can be realized by negative
vorticity contours, as shown in Figs. 3b and 4.

Vortex trajectories for the three angles of attack are charted in
the figures by following the vortex center. For all cases, the vor-
tices are lifted away from the surface initially and follow along
the straight line described by the separation angle. The location of
the separation point, however, moves upstream when the angle of
attack is increased. Higher-momentum fluid is entrained to facili-
tate the continuation of the vortex shedding, which takes place at
X/C = 57 and 38% for 0- and 7-deg angle of attack, respectively.
When vortex pairing occurs, the trajectory curves back to a line that
is nearly parallel to the surface. Changes in the locations of separa-
tion and vortex shedding as a result of angle of attack produce differ-
ences in the upstream portions of the three vortex trajectories. The
downstream portions of the vortex trajectories, however, are nearly
identical.

V. Shedding Frequency and Shear Layer Instability

In the absence of the high-frequency harmonics, the dominant
shedding frequency can easily be found from the velocity histories.
A Strouhal number based on the global quantities is defined as

Src = fC/Us (H

Following Pauley et al.'"’ and Ripley and Pauley,'! a Strouhal
number based on the local quantities at the separation point is defined
as

Srg = ——

@
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Fig.4 Vorticity contours and vortex trajectory for R = 1 X 10° and angle of attack: a) 0 and b) 7 deg.

Table 1 Vortex-shedding frequency

Reynolds  Angle of attack,

no. deg Usep/Use Osep/C Sre Srg

6 x 104 4 1.010 0.00131 430 0.00558
1x10° 4 0.932 0.00121  5.11  0.00663
2 x 109 4 0.925 0.00118 4.80 0.00612
1 x 10° 0 0.874 0.00149  4.67 0.00796
1 x 10° 7 1.012 0.00107 5.46  0.00577

The global separation characteristics for the five cases investi-
gated are listed in Table 1.

The present computations do not show a clear collapse of Sr¢
or Sry. This differs from the findings of Pauley et al." and Ripley
and Pauley.!' In each of those previous studies, Sry was found to
collapse for all Reynolds numbers and pressure gradient strengths
investigated. The characteristic value of Sry, however, was different
in the two studies. Each of those previous studies considered laminar
boundary-layer separation on a flat plate as a result of an externally
applied pressure gradient. The adverse pressure gradient was lo-
cally applied and each study considered one general shape for Cp.
According to Ripley and Pauley, differences in the applied pressure
gradient distribution of the two studies resulted in a different char-
acteristic Sry. This reasoning also explains why there is no collapse
in Strouhal number for the present study. When the boundary-layer
development occurs on an airfoil, both angle of attack and Reynolds
number cause variations in the Cp distribution.

Linear stability theory has been extremely successful in predict-
ing many essential features of the initial development of a variety of
flow instabilities. The instability mechanism that causes the vortex
shedding is investigated here using linear stability theory. It has been
known that the velocity profile possesses an inflection point down-
stream of separation. According to linear stability theory, an inviscid
type of instability wave (Kelvin—Helmholtz instability wave) might
arise as aresult of the inflectional profile. If this inflectional velocity
profile occurs in free shear layers, e.g., wakes, mixing layers, and
jets, the oscillations as a result of the inviscid instability amplify
rapidly out of the linear range and often to lead to turbulence.™
However, because of the stabilizing viscous effect of the neighbor-
ing wall and the low Reynolds number, the separated boundary layer
may remain laminar and the instability result in vortex shedding

without transition.>® The oscillatory motion would then show one
single dominant component that produces the vortex shedding. This
limit-cycle oscillation resulting from vortex shedding has been con-
vincingly demonstrated by the periodic variation in the local stream-
wise velocities and the global aerodynamic coefficients C; and Cp.

As noted by Pauley et al.,'® the vorticity distribution in the sep-
arated boundary layer is similar to that of a mixing layer. There-
fore the stability characteristics of the present unsteady separation
can be determined using the stability analysis of a mixing layer by
Michalke.?'-32 The shear layer is described by the vorticity layer &,
and the velocity ratio VR, which are defined as

AU

o = 3

(814/8Y)max @

g = Y 4)
Wy

where AU = U, — U, and Uy, = §(U| + U,). The terms U, and
U, are the freestream velocities across the mixing layer. Michalke
found the most amplified frequency to correspond to

¥ = (Bu/MRr [/ Usy) 2 0.21 (5)

A recent study by Huerre and Monkewitz®® determined that
Michalke’s spatial stability analysis is only valid when the velocity
ratio VR is less than 1.315.

For the present study, the time-averaged velocity profiles within
each separation bubble are used to determine f*. The leading part
of the bubble contains virtually stagnant fluid, corresponding to
VR = 1.0. Therefore Eq. (5) can be used in the present situation.
Upstream of the time-averaged vortex center, the frequency param-
eter for the five cases studied was found to be f* = 0.208£1.01%.
The favorable comparison with Eq. (5) indicates that the vortex
shedding is a result of the inviscid instability of the inflectional ve-
locity profile downstream of the separation point. In the downstream
region of the time-averaged vortex center, however, f* varies since
the presence of vortex shedding has modified the time-averaged
velocity profile.

VI. Time-Averaged View of the Separation

The inherently time-averaged results from the Eppler 387 airfoil
tests by McGhee et al.'> were compared with the present results.
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Fig. 5 Time-averaged separation bubble for Re = 6 X 10% and angle
of attack of 4 deg: a) pressure coefficient and b) streamlines.
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Fig. 6 Time-averaged separation bubble for Re = 1 X 10° and angle
of attack of 4 deg: a) pressure coefficient and b) streamlines.

To facilitate comparison, the present computed unsteady results are
time averaged over an even number of shedding cycles. An even
number of shedding periods is used because of the presence of vortex
pairing and the subsequent period doubling.

A. Aerodynamic Coefficients

Similar to the streamwise velocity histories, the computed time-
dependent lift coefficient C, and drag coefficient Cp show cyclic
behavior reflecting periodic shedding. The average relative ampli-
tude of C;, and Cp oscillations for the five cases studied is found to
be 25 and 45%, respectively. In Table 2, the computed time-averaged
C; and Cp, are compared with the experimental results of McGhee
et al.'2 No more than 2.0% relative error of C; and 8.0% relative
error of Cp, are found.

B. Time-Averaged Bubbles

Time-averaged Cp distribution and streamline contours are
shown in Figs. 5-9 for the five cases studied. Inall time-averaged Cp
distribution plots, experimental data of McGhee et al.' in chord co-
ordinates are also included to enable close comparison. For the five
cases investigated, the time-averaged Cp distribution of McGhee
et al. is well predicted by the present computed time-averaged re-
sults.

The time-averaged separation bubble displays characteristics sim-
ilar to the conventional steady transitional separation bubble. Near
the separation point, slow moving fluid is present in the separated
region and the surface pressure is neatly uniform. However, in the
trailing region of the bubble, a strong recirculation is present and

Table 2 Time-averaged aerodynamic coefficients for present
computations and McGee et al.2 (noted as MWM)

Angle of
Reynolds attack, CL,crmr» CD,crmrv
no. deg  Cravye Comvwm % Cpag Comwm %

6 x 104 4 0.656  0.643 2.0 0.0463 0.0431 7.4

1 x 10% 4 0.793 0.778 1.9 0.0248 0.0230 7.8
2 x 10° 4 0.800 0.785 1.9 0.0142 00133 6.8
1 x 10° 0 0.388 0.390 0.5 0.0182 0.0173 52
1 x 10° 7 1.052 1.072 1.9 0.0228 0.0211 8.0
1.00
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Fig. 7 Time-averaged separation bubble for Re = 2 x 10° and angle
of attack of 4 deg: a) pressure coefficient and b) streamlines.
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Fig. 8 Time-averaged separation bubble for Re = 1 x 10° and angle
of attack of 0 deg: a) pressure coefficient and b) streamlines.

corresponds to the region of strong pressure gradient. By compari-
son of Figs. Sb, 6b, and 7b, it is seen that the time-averaged bubble
length and height decrease with increasing Reynolds number. In-
creasing angle of attack causes boundary-layer separation to occur
further upstream and produce a shorter time-averaged separation
bubble, as shown in Figs. 8b, 6b, and 9b. In the absence of tur-
bulence, the shorter bubble length associated with higher angle of
attack can be attributed to the increased separation angle of the re-
sulting free shear layer. Since the free shear layer at higher angle of
attack is less confined by the neighboring airfoil surface, the bound-
ary layer is more unstable and vortex shedding takes place earlier
and more vigorously, resulting in a shorter time-averaged separation
bubble. The Reynolds-number effect and angle-of-attack effect on
the time-averaged separation bubble are similar to their respective
effects on the corresponding unsteady separated flowfields, which
have been described in Sec. IV.
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Table 3 Separation point (SP), reattachment point (RP), and bubble
length (BL) for present computations and McGhee et al 12
(noted as MWM); NR = not reported

Angle of
Reynolds  attack,
no. deg SP RP BL SPMWM RPMWM BLMWM
6 x 10* 4 0.345 0.957 0.612 NR NR NR
I x 10° 4 0.355 0.762 0407 035 0.73 0.38
2 x 10° 4 0407 0.662 0.255 040 0.62 0.22
1 x10° 0 0452 0.885 0433 045 0.87 0.42
1% 10° 7 0.288 0.635 0.347 032 0.56 0.24
1.50
{ —— time-averaged
0.75 m experimental (MWM, 1988)
-Cp
0.00
a) -0.7s
0.100
Y/C 0.025
- 0.050
b) X/C

Fig. 9 Time-averaged separation bubble for Re = 1 x 10° and angle
of attack of 7 deg: a) pressure coefficient and b) streamlines.

The laminar separation point, reattachment point, and bubble
length measured as a fraction of the chord length are summarized in
Table 3 for the current time-averaged results and the experimental
measurements of McGhee et al.'? In all but the highest angle-of-
attack case, the experimental separation point, reattachment point,
and bubble length are faithfully reproduced by the present compu-
tations. It is not understood why the computed time-averaged bub-
ble length for the case of 7-deg angle of attack is longer than that
observed experimentally. Noting that the experimental separation
location occurred further downstream than the computed separa-
tion location, the present authors hypothesize that the experimental
freestream turbulence levels, ranging from 0.06 to 0.16%, influenced
the bubble development. Freestream turbulence has been known to
delay separation and at the same time accelerate transition of the
separated shear layer. The net effect of high freestream turbulence
is a delayed separation and an early reattachment, therefore a shorter
bubble. In addition, note that the separation point and bubble length
measured by McGhee et al.’? are very sensitive to small changes
in angle of attack when the Eppler 387 airfoil is at high angle of
attack. This sensitivity at high angle of attack could also explain the
discrepancies between the present computed results and the wind-
tunnel results at 7-deg angle of attack.

VII. Conclusions

The unsteady large-scale boundary-layer separation characteris-
tics were studied for an Eppler 387 airfoil at several angles of attack
and Reynolds numbers. For all cases studied, laminar boundary-
layer separation on the airfoil surface resulted in periodic vortex
shedding and subsequent pairing downstream. The vortex shedding
was caused by the dominant inviscid instability wave induced by
the inflection velocity profile downstream of the separation point.
Time averaging the computed unsteady structure resulted in a sepa-
ration bubble that was strikingly similar to the conventional laminar
separation bubble. The time-averaged results of the computations
showed a region of nearly uniform surface pressure followed by an
abrupt increase in surface pressure just before reattachment. The
favorable comparison between the computed time-averaged results

and previous experimentally measured results suggests that two-
dimensional large-scale structures, in the form of vortex shedding,
control the laminar separation bubble and the omnipresent small-
scale turbulence plays only a secondary role. The universality of
the unsteady large-scale structure previously found on a flat plate is
confirmed through the present low-Reynolds-number airfoil com-
putations. Increasing Reynolds number reduced the unsteady main
separation region, moved the separation point downstream, reduced
the separation angle, and shortened the time-averaged separation
bubble. Increasing angle of attack moved the separation point up-
stream and shortened the time-averaged separation bubble.
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