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Introduction

HE laminar boundary layer on an airfoil grows from the

stagnation point with a favorable pressure gradient that
causes the flow to accelerate and is then subjected to an
adverse pressure gradient that can cause separation with sub-
sequent reattachment. The resulting bubbles are common on
thin airfoils where the adverse pressure gradient can be suffi-
ciently strong to cause the flow to separate even at small angles
of attack and are important because of their association with
the phenomenon of stall. The nature of the phenomenon is
known to depend on the Reynolds number based on the radius
of the leading edge and, as will be shown, the length of the
separation bubble can grow to influence the location of transi-
tion. On occasions, transition can occur within the bubble.
The angle of attack also is known to be important and can
cause the separated region to grow until, at some angle of
attack, the bubble bursts and stall sets in. This sequence of
events from the first appearance of separation on the upper
surface to stall is complex and requires clearer understanding
than is currently available.

The prediction of separation bubbles on airfoils has been
studied by a number of investigators. An important contribu-
tion was made by Briley and McDonald,! who used an interac-
tive boundary-layer approach and solutions of the Navier-
Stokes equations to examine the case of a comparatively thick
airfoil where the separation region occurred around midchord
and was approximately 10% chord in extent. Several au-
thors? have tackled essentially the same problem with inter-
active boundary-layer theory. In all cases, the location of
transition was either assumed to correspond to laminar sepa-
ration or was computed by an empirical formula. The work of
Cebeci and Schimke* also examined the influence of the loca-
tion of transition and showed that reattachment and transition
were related. Attempts to perform calculations with the exper-
imentally reported transition location, which occurred further
downstream than those considered above, revealed a tendency
for the reattachment location to move rapidly downstream
with the number of sweeps used in the interactive procedure.
This numerical feature and its implications are examined fur-
ther in this Note, together with its relationship to the location
of transition.

The present approach can be described in two parts. First,
we will make use of linear stability theory and the e” method
to predict transition based on calculated velocity profiles. The
validity of this procedure has been demonstrated by Cebeci
and Egan,® and calculations are presented to confirm that it is
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appropriate for the particular flows under investigation here.
Second, we follow the approach of Ref. 7 and examine the
leading-edge separation bubble on a thin airfoil as a function
of angle of attack and for a Reynolds number of 10°. This
systematic study has been arranged to allow us to examine
carefully the relationship between the growth of the separated
region and transition.

Calculation of Transition

In a recent study, Cebeci and Egan® performed calculations
of steady flows over and downstream of bumps identical to
those examined experimentally by Fage.® The calculation
method was based on that of Ref. 7 and solved the boundary-
layer equations in an inverse mode to compute the boundary-
layer characteristics including the velocity profiles and wall
shear stress parameter [ = (rw/p)/ué N (ugx /v) for the condi-
tions investigated by Fage. A sample of the results, in terms of
fw, are included in Fig. 1 for a Reynolds number of
4.375 x 10° per foot and for three bump heights. Here, the
Reynolds number per foot is defined in terms of the measured
freestream velocity u,. at the position of the centerline of the
bump, but for the undistorted surface. The figure shows that
the wall shear parameter decreases immediately prior to the
bump, rises rapidly with the favorable pressure gradient im-
posed by the upstream surface of the bump, reaches a maxi-
mum, and decays rapidly to a minimum value before stabiliz-
ing as the influence of the bump diminishes. The influence of
the bump height is to increase the magnitude of the maxima
and minima of the fj distribution with a corresponding in-
crease in its gradient.

Figure 1 also shows measured and calculated locations of
transition with the latter obtained from the e” method and the
calculated velocity profiles. This method stems from the work
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Fig.1 Variation of wall shear parameter f in the bump flows of
Fage for constant Reynolds number.
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Fig. 2 Variation of external velocity distribution for £ = 1.280 and
wall shear parameter /)7 and transition location ( - ) with £ for various
reduced angles of attack &g for R = 10°,
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Fig. 3 Variation of a) /% and transition location ( - ) with number of
sweeps for £ =1.296 and b) fjj with number of sweeps for
£0 = 1.298, R = 10°.

of Refs. 9 and 10 and is based on linear stability theory. It
assumes that transition starts when a small disturbance is
introduced at a critical Reynolds number and is amplified by
a factor of e”. For given velocity profiles, the Orr-Sommerfeld
equation is solved and stability properties are examined. The
amplification rates (—«;) are computed as a function of x for
a range of discrete values of the frequency w, and transition is
assumed to occur when e~ 9 reaches a value equal to e”,
where n is around 9. In the present case, the profiles were
available from the interactive boundary-layer calculations and
the same version of the box scheme was used to solve the
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stability equation with a continuation method to obtain the
eigenvalues in regions of rapidly changing f and in regions of
separated flow.

The agreement between measured and calculated transition
locations is shown in Fig. 1 to be within experimental uncer-
tainty; similar results were reported in Ref. 6 for the much
wider range of configurations and Reynolds numbers investi-
gated by Fage. It is clear that the location of transition moves
upstream wtih increasing bump height and that the length of
the separated region increases. These two characteristics also
are to be found in the fj distributions associated with the
leading-edge region of thin airfoils as discussed in the next
section.

Separation Bubbles on Thin Airfoils
Following the approach of Ref. 7, we consider a thin ellipse
with a thickness ratio of ¢ at a reduced angle of attack £, in a
uniform stream of velocity u.,. In this case, the external veloc-
ity distribution is given by

_ U _E+$0

e = uanll +1) i+

Here, the parameter ¢ is a dimensionless distance from the
nose related to the x and y coordinates of the ellipse by
x+a="Y at’? and y = at*¢ and is related to the surface
distance s by

M

¢
s = atzjo(l + 9% dg

The investigation of Ref. 7 made use of Eq. (1) and showed
that the laminar boundary layer near the leading edge was well
behaved and unseparated if £y< & = 1.16, although there was
significant adverse pressure gradient. At higher values of &,
however, separation occurred and required the use of an inter-
active theory to link the viscous and inviscid flows. With this
theory, solutions were obtained for separation bubbles at
R(=2uqa/v) =2 x 10° and for ¢ = 0.1, but reattachment oc-
curred in a very limited range of the reduced angle of attack.
For £,>1.218, calculations broke down shortly after the flow
reversal in the boundary layer and the subsequent studies of
Ref. 11 led them to suggest that a dramatic switch to another
separated form of motion can occur.

Figure 2 shows the f)} distributions for several values of
reduced angle of attack &, with the insert corresponding to the
external velocity distribution for £, = 1.280. The result is sim-
ilar to previous distributions reported in Ref. 6 but is pre-
sented here for a Reynolds number of 10°, which ensures that
transition occurs downstream of the separation bubble. The
form of the fj curves resembles that of Fig. 1, particularly
downstream of the beginning of the favorable pressure gradi-
ent. The wall shear stress distributions of Figs. 2 and 3 show
that the region of separated flow increases in extent with &, as
in Ref. 7, and expands slowly with each iteration at £, = 1.296
(Fig. 3a) and more rapidly at £o = 1.298 (Fig. 3b). This numer-
ical instability is similar to that encountered with the bump
flows of the previous section and implies that laminar flow
will undergo transition before reattachment for larger bumps.
This implication can be tested with the help of the stability
theory described in the previous section.

The application of the e” method to the leading-edge flows
of Figs. 2 and 3 led to transition locations identified in both
figures. Those in Fig. 2 exhibit the same trend noted in con-
nection with Fig. 1 in that transition moves forward with
increasing reduced angle £, which is analogous to bump
height #. It is of particular note that, as &, tends to the value
of 1.296 for which instability has been observed, the transition
location moves toward inside the separation bubble at £, =
1.292. With further increase in the reduced angle of attack, the
transition location moves further inside the separation bubble.
At £, =1.296 (see Fig. 3a), the transition location moves
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upstream with each sweep. These results imply that the real
flow is turbulent and has a shorter recirculation region, which
is consistent with experiments. It also suggests that there is
little merit in expending effort to calculate the large laminar
separation bubbles that would be obtained with larger reduced
angles. This observation is likely to be independent of the use
of interactive boundary layer or Navier-Stokes procedures.
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Analysis of Multi-Element Airfoils
by a Vortex Panel Method
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Nomenclature

= influence coefficient matrix

= right-hand side of Eq. (2) (function of o)

= pressure coefficients

= multi-element airfoil contour

function entering the Cauchy-type integral, Eq. (1)
= jump of F across airfoil contour

(/) = number of points on /th component

= number of points defining multi-element system

= number of components

= tangential component of velocity

LS

’QQ Pr}‘

z2z3I>T0

b
o

Received July 30, 1987. Copyright © 1988 American Institute of
Aeronautics and Astronautics, Inc. All rights reserved.
*Scientist, Aerodynamics Division.

VOL. 27, NO. 5

<

= normal component of velocity
(x,y) = coordinate of airfoil

VA = complex position vector
a = angle of attack
v = vortex strength
4 = source strength
ol = angle between exterior normal to C and real axis
9 = trailing-edge angle
Subscripts
Lj = panel indices
L = lower surface
U = upper surface
Introduction

EVERAL methods exist for the analysis of single or

multi-element airfoils in potential flows.!-7 Most of these
methods have one or more of the following drawbacks: use
of multiple singularities either to alleviate the problem of
pressure oscillations near trailing edges of thin airfoils, or to
represent the thickness and lifting effects for finite-thickness
lifting airfoils;'* use of panel method in a mapped plane when
trailing edge is cusped;’ need to represent airfoil by large
number of points to get acceptable results.® Also, most of the
methods output the pressure coefficients at panel midpoints,
which in fact are not the points on the given contour.

In the present Note, we describe a ‘‘vortex alone’’ formula-
tion for the analysis of multi-element airfoils, which does not
suffer from any of the problems listed above. Versatility of
this formulation is demonstrated by analyzing thin or cusped
airfoils and airfoils with two, three, or four elements for
which exact results are available.

Method of Analysis
Let Z = x + iy be the complex position vector in the airfoil
plane (Fig. 1). Identifying F(Z) with the complex disturbance
velocity in the Cauchy-type of integral

_1V\J@) .,
F(Z)‘zm'gz'—zdz M

where f(Z’) is jump of function F across the contour C, by
writing

@Y= —[6(Z") +iUZ )]e ~#2)

it can be shown that the normal and tangential components
are given by

v(Z)=Re [[e "+ F~(Z)]e?@} = o(Z)
u(Z)= —1Im {[e ™+ F~(Z)]e"®} = —y(Z)
respectively, where « is freestream incidence. Here, nonzero
values of ¢ can be used to simulate the displacement effects of
the boundary layer. Zero value of ¢ implies tangential inviscid

flow and leads to a vortex alone formulation for the potential
flow over multi-element airfoils. The trailing-edge Kutta con-
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Fig. 1 Complex Z-plane.



