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Analysis of Transitional Separation Bubbles
on Infinite Swept Wings

R. L. Davis* and J. E. Carter}
United Technologies Research Center, East Hartford, Connecticut
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Case Western Reserve University, Cleveland, Ohio

A previously developed two-dimensional local inviscid-viscous interaction technique for the analysis of airfoil
transitional separation bubbles, ALESEP (airfoil leading-edge separation), has been extended for the calculation
of transitional separation bubbles over infinite swept wings. A part of this effort, Roberts’ empirical correlation,
which is interpreted as a separated flow empirical extension of Mack’s stability theory for attached flows, has been
incorporated into the ALESEP procedure for the prediction of the transition location within the separation
bubble. A series of two-dimensional calculations are presented as a verification of the prediction capability of the
interaction technique with Roberts’ transition model. Numerical tests have shown that this two-dimensional
natural transition correlation may also be applied to transitional separation bubbles over infinite swept wings.
Results of the interaction procedure are compared with Horton’s detailed experimental data for separated flow
over a swept plate, which demonstrates the accuracy of the present technique. The principal conclusion of this
work is that the prediction of transitional separation bubbles over two-dimensional or infinite swept geometries is
now possible using the present interacting boundary-layer approach.

Nomenclature
= airfoil chord
= pressure coefficient
= skin-friction coefficient

= perturbation stream function

= velocity ratio, u/u,

= total enthalpy ratio, H/H,

= total enthalpy ratio at wall

= density ratio integral

= total enthalpy

= total enthalpy at edge of boundary layer

= arclength from separation to transition

= reference length

= perturbation mass flow

= coordinate normal to reference displacement surface

= coordinate measured normal to reference displace-
ment surface from body surface

Pr = Prandtl number

Pr; = turbulent Prandtl number

Re, = transition Reynolds number

Re,, . = freestream Reynolds number based on airfoil chord

Re,, ; = freestream Reynolds number based on reference
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length
s, S = coordinates along reference displacement surface
Tu, = freestream turbulence level
Tu, =local turbulence level at edge of boundary layer
u = velocity component normal to leading edge along x
direction parallel to reference displacement surface
u, = local, x component of boundary-layer edge velocity
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=1local x component of boundary-layer edge velocity
at separation

= velocity component along y direction normal to
reference displacement surface

= transformed normal velocity in Prandtl transposition
theorem

= freestream velocity

= velocity component tangent to leading edge along
z direction

= local z component of boundary-layer edge velocity

= velocity ratio, w/w,

= coordinate direction normal to leading edge

= coordinate direction (absolute frame) parallel
to freestream direction

= coordinate direction normal to surface

= coordinate direction tangent to leading edge

= coordinate direction (absolute frame) perpendicular
to freestream direction in reference plane
of airfoil surface

= airfoil angle of attack, deg

= pressure gradient parameter

= boundary-layer thickness

* = displacement thickness

= reference displacement surface thickness

= eddy viscosity coefficient

= transformed normal coordinate

= sweep angle

= molecular viscosity coefficient

= kinematic viscosity coefficient

= transformed tangential coordinate

= density
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Introduction
HERE has been renewed interest in recent years in the
development of natural laminar fiow (NLF) airfoils, which
result in reduced drag from that incurred with turbulent flow
airfoils. The performance of these laminar flow airfoils is
critically dependent on the location of transition, which as
pointed out in a recent study by Obara and Holmes,' often
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occurs due to the separated shear layer of a closed transitional
separation bubble. Although this separation bubble is gener-
ally of short streamwise extent, it is nonetheless a local site of
strongly interacting viscous and inviscid flow, which cannot be
analyzed by conventional boundary-layer analyses as was
discussed by Obara and Holmes. Experimental studies?~’
have shown that for high Reynolds number flows, the viscous
effects induced by a closed transitional separation bubble are
contained within a relatively thin layer near the surface. This
type of separated flow is well suited to analysis with inter-
acting boundary-layer techniques that model the flowfield as
separate inviscid and viscous regions coupled together through
displacement thickness interaction. Significant developments
in theoretical techniques,®~'° based on inviscid-viscous inter-
action theory, have been made for the calculation of two-di-
mensional transitional separation bubbles. For example, Vatsa
and Carter'® developed the ALESEP (airfoil leading-edge
separation) interaction analysis for the calculation of transi-
tional separation bubbles on airfoils. This technique consists
of a finite-difference boundary-layer scheme coupled to a
Cauchy integral perturbation analysis for the inviscid flow
using the semi-inverse coupling strategy. The focus of the
current investigation has been the further development of this
technique for the prediction of transitional separation bub-
bles. In particular, the ALESEP analysis has been extended to
the flow over infinite swept wings, with some very encouraging
comparisons presented with Horton’s* benchmark data to
demonstrate this capability. This extension from two-dimen-
sional airfoils to infinite swept wings represents an important
first step in the eventual development of a fully three-dimen-
sional analysis. In addition, the present approach has been
significantly enhanced by the incorporation of Roberts’™! em
pirical transition criteria for laminar separation bubbles. A
brief discussion is presented that links Roberts’ correlation for
separated flow to Mack’s'? stability theory for attached flows.
Computations are presented for two-dimensional airfoils and
infinite swept wing flows that demonstrate the applicability of
this correlation, provided the freestream turbulence level is
known.

Inviscid-Viscous Interaction Analysis

In the present inviscid-viscous interaction analysis, the com-
pressible three-dimensional boundary-layer equations for in-
finite swept wings are solved in inverse form iteratively with
an incompressible Cauchy integral perturbation analysis for
the inviscid flow. Iteration between the inviscid and viscous
flow solutions is accommodated through the use of an update
formula'® that modifies the specified displacement thickness
distribution along the x direction, normal to the leading edge
of the swept configuration, as shown in Fig. 1, based on the
differences between the predicted inviscid and viscous veloci-
ties at the edge of the boundary layer in that direction. For
infinite swept wings, the two-dimensional Cauchy integral
analysis, described in Ref. 10, remains unchanged along a line
perpendicular to the wing leading edge since the spanwise
component of the boundary-layer edge velocity is constant
and, therefore, is unaffected by the viscous displacement
thickness. As shown by Moore!* for flows over infinite swept
wings, the general three-dimensional displacement thickness
reduces to the two-dimensional displacement definition that is
based on the u-velocity component in the x direction.

Viscous Analysis

The viscous solution technique used for the investigation of
swept transitional separation bubbles is an extension of the
inverse procedure presented by Carter'® for two-dimensional
flows. The nondimensional boundary-layer equations for an
infinite swept body are written as follows in terms of the
reference displacement surface coordinate system along a line
perpendicular to the leading edge similar to that described in
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Fig. 1 Infinite swept wing coordinate system.

Ref. 10:
%+%‘;—U=O ¢))
pugs +pvgz =p.u e‘ff; a—i[ug—,‘;—m] (2
pu%+pvg—:=ai[ug:—pwv] (3)

oH |, oH
PUZs TPV,

_d | p 0H _— a(u? +w)
“an|Pran P vH + (1—Pr) 4

The v component of velocity and the n coordinate are scaled
by y/Re,, ; . The boundary conditions imposed on the govern-
ing equations at n= —8% and as n — oo are, respectively,

u=v=w=40{

Hor %H specified (52)

u-u,

w—w,=sinA
H-H, (5b)

Equations (1-4) are transformed into the §,7n coordinate
system through the use of the Levy-Lees type of variables
described in Ref. 10. In order to simplify the boundary
conditions, the velocity components and stagnation enthalpy
are normalized by their corresponding edge values:

u w H
qu_e, W-_—w_e, G—Fe (6)

The normal component of velocity is replaced by the in-
troduction of a perturbation stream function f, also described
in Ref. 10. Use of this perturbation stream function is the key
step in.this formulation for the imposition of the prescribed
displacement thickness. With the continuity equation replaced
with the stream function equation and after use of the Prandtl
transposition theorem as discussed in Ref. 10, the governing
equations are written in transformed coordinates as

of

m dF
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In these equations, the Reynolds stresses have been related in
the usual manner to the mean velocity and temperature gradi-
ents through the use of an eddy viscosity coefficient. The
turbulence model used in this investigation will be discussed
in the next section. Equations (7-10) are solved for F, W, G,
f, and B for a prescribed streamwise distribution of m,
subject to the following boundary conditions at 7 =0 and as
1 — oo, respectively:

F=W=f=0

G=G,or 3—2 specified (12a)
F=W=G-1

F—0 (12b)

These equations can also be solved in the direct mode with
prescribed and the outer boundary condition f= 0 eliminated.
The numerical solution of these equations for the direct and
inverse modes is obtained through the use of an implicit
finite-difference technique similar to that used by Carter,'
which is first-order accurate in the £ direction and second-
order accurate in the 7 direction.

A windward differencing scheme similar to that described in
Ref. 16 is used in the reversed flow regions for the streamwise
convection terms in Egs. (8-10). This windward differencing
scheme has been found to have an insignificant effect on the
predicted results as compared to similar calculations using the
FLARE (Reyhner and Flugge-Lotz!'7) approximation with the
only exception being the spanwise (z direction) velocity pro-
files.
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Turbulence Model

In the previous two-dimensional interaction calculations
presented in Refs. 10 and 16, the Cebeci-Smith'® turbulence
model was used to determine the eddy viscosity coefficient e.
With the extension of the interaction approach to include flow
over infinite swept wings, a three-dimensional version of this
model'® has been used to calculate the eddy viscosity coeffi-
cients in the x and z directions. In the current investigation,
the turbulence field has been assumed to be isotropic.

In contrast to previous two-dimensional work on transi-
tional separation bubbles,'*'¢ it was found necessary in the
present calculations for the Horton swept plate experiment to
modify the Clauser constant in the outer layer of the turbu-
lence model in order to obtain flow reattachment. Without
this increase in the Clauser constant, reattachment of the flow
downstream of transition did not occur, leading to stalled flow
and subsequent divergence of the numerical calculation. Since
the Cebeci-Smith model was originally developed for attached
flows, it is expected that some changes in this model are
needed for the analysis of separated flows. Kim et al?°
deduced from experimental data for the reattaching flow
downstream of a backward-facing step that the Clauser con-
stant increases from the value of 0.0168 in attached flows to
levels as great as 0.085 both upstream and downstream of
reattachment. In the present computations corresponding to
Horton’s* swept plate experiment, a Clauser constant of 0.084
was found to produce the best agreement with the experimen-
tal pressure distribution and velocity profiles. This value of
the Clauser constant was held fixed in the entire turbulent
portion of the flowfield. A similar modification to the Clauser
constant was described by Cebeci et al.?! for some recent
interaction analyses of turbulent separated flow.

Transition Prediction

The computation of airfoil transitional separation bubbles
requires the use of some transitional criterion that establishes
the length of the laminar separated shear layer as a function
of the turbulence level of the external flow. The variation of
transition Reynolds number with freestream turbulence level
has been estimated by Mack!? for the Falkner-Skan family of
laminar boundary layers. Using typical wind-tunnel turbu-
lence spectra as input to a growth calculation based on linear
stability theory, Mack found that transition due to freestream
turbulence for a flat plate boundary layer could be correlated
with an amplitude ratio from linear stability theory of e”,
where

n=—8.43 - 2.46:(Tu,) (13)

Using this transition criterion, Mack obtained results for the
Falkner-Skan family that are shown in Fig. 2. The experimen-
tal data shown in Fig, 2 are those taken by Dryden* for flow
over a flat plate. The curves are remarkably similar in shape
but show significant decrease in transition Reynolds number
as the pressure gradient 8 becomes more adverse.

The laminar portion of a separation bubble is not repre-
sented within the traditional Falkner-Skan flows. Rather, it is
better represented by the family of reversed flow solutions to
the Falkner-Skan-Hartree equation that were calculated by
Stewartson?’ and by Christian and Hankey.”* The stability
characteristics of these reversed flow profiles were calculated
recently by Gleyzes, Cousteix, and Bonnet.® In principle then,
the curves presented by Mack could be extended to cover the
Stewartson profiles using the results of Ref. 8.

The pressure gradient history of a laminar separation bub-
ble from the point of separation to the transition point is not
representable as any single similarity profile of the Stewartson
family. Tt is felt, however, that it is a reproducible composite
of them. Thus, it can be expected that the transition Reynolds
numbers as a function of external turbulence level should be
represented by a curve resembling those presented by Mack
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for the Falkner-Skan family but at a lower level than those for
the attached flows. For the present use, this curve will be
obtained from experimental results reported in the literature.

Roberts!™ put together such a correlation in terms of a
turbulence factor based on both turbulence level and scale
rather than on turbulence level alone. This representation is
very appropriate as it is an approximate way of representing
the effects of disturbance spectrum on transition. In any given
facility, however, there is usually a one-to-one relation be-
tween turbulence level and turbulence factor. Wind tunnels of
comparable design would have comparable relationships be-
tween turbulence level and turbulence factor. Since the scale
of turbulence is not uniformly available for all the experi-
ments considered in developing and applying the correlation,
the correlation will be presented in terms of turbulence level
alone.

For the calculations presented herein, the transition length
has been estimated according to the following form of
Roberts’ relation:
ueslt

14

Rey = = 25,000 log,o[coth(17.32Tu,)]  (14)

This relation is shown in Fig. 3, together with the data
points from the investigations on which it is based.?~>26-2
Because of uncertainties in evaluating some of the points, and
because of some scatter in the plot, the above relation must be
regarded as provisional, pending further detailed study of the
data included in Fig. 3, as well as any other relevant data that
may become available. More particularly, transition in many
low-turbulence wind tunnels is limited by acoustic dis-
turbances rather than by freestream turbulence, so a correla-
tion based on turbulence alone may overestimate the length to
transition. Similar considerations apply to flight application of
this approach.

Further, it is felt that the above criterion may also be
applied to the separation bubble on a swept wing. This is
justified by the following argument. Transition in three-
dimensional boundary layers tends to be determined by the
component profile that displays the largest growth rate. On a
swept wing where the spanwise profile is an attached profile, it
is expected that the chordwise separated, reversed flow is less
stable than even the cross flow, and so it is recommended that
the above criterion be used in estimating the chordwise length
to transition.

In the implementation of the Roberts transition correlation
into the present viscous analysis, the transition location was
allowed to change only during the first 20 global interaction
iterations. After the twentieth iteration, the transition location
was frozen for the remainder of the interaction calculation. It
was found from numerical tests that without freezing the
transition location at some point during the iterative process,
convergence could not be obtained since a limit cycle occurred
due to oscillations in the predicted transition location. This
approximate treatment should have only a minor impact since
the changes in the edge velocity after 20 interaction iterations
were small.

Results and Discussion

With the implementation of the Roberts natural transition
correlation into the ALESEP inviscid-viscous interaction pro-
cedure, a series of two-dimensional cases were calculated and
compared to previously published results in Refs. 10 and 16,
where transition was prescribed near the “break point” in the
experimental pressure distribution. Calculations corre-
sponding to the Gaster® Series I, No. IV experiment and the
Gault? modified NACA-0010 airfoil and NACA 66,-018 airfoil
experiments were made to evaluate the accuracy of the natural
transition model. Upon verification of the Roberts correlation,
the extended ALESEP interaction procedure for infinite swept
wings was tested against the experimental data of Horton for
the separated flow over a swept flat plate. The Roberts corre-
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Fig. 2 Effect of freestream turbulence on the transition Reynolds
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Fig. 3 Roberts-type correlation of experimental data,

lation was also used in this calculation to determine the
transition location. Windward differencing of the convection
terms in the boundary-layer equations has been used for all
the calculations presented herein except where noted. As
stated before, similar calculations have been performed with
the FLARE approximation and have. given essentially identi-
cal results in terms of the surface pressure and skin-friction
distributions.

Natural Transition Model Computations

Gaster Experiment

The experiment performed by Gaster®-consisted of a sep-
aration bubble on a flat plate induced by the pressure field
generated by the placement of an inverted airfoil near- the
plate. Vatsa and Carter' originally calculated the flowfield
corresponding to this experiment using the ALESEP analysis
with a prescribed transition model. They found that the best
match between the numerical results and the experimental
data was obtained when instantaneous transition was pre-
scribed at s/L =1.0125. The ALESEP analysis has now been
used to predict the flowfield for this experiment using the
same computational grid and reference conditions used by
Vatsa and Carter but with instantaneous transition predicted
using the Roberts model. The freestream turbulence level for
this experiment as used in Eq. (14) for the Roberts correlation
is 0.0025. Figure 4 shows a comparison of the predicted
numerical results and the experimental data for this calcula-



MARCH 1987

tion. Excellent agreement is obtained between the present
prediction and the data for this case, as should be expected,
since the Gaster experimental data were part of the data base
used by Roberts to formulate his model. With the use of the
Roberts transition model, transition was predicted to occur at
s/ L =1.025. This location is quite close to the assumed posi-
tion of transition and therefore explains the good agreement
obtained between the two theoretical results in Fig. 4.

Gault NACA-0010 Airfoil

The NACA-0010 modified airfoil tested experimentally by
Gault? at an 8-deg angle of attack and a chord Reynolds
number of 2.0 X 10® was calculated originally by Vatsa and
Carter'® and later in Ref. 16. In both instances, transition was
initiated at s/c=0.0283, with a transition length of 0.0161.
The Dhawan and Narasimha®® intermittency distribution was
used to vary the flow smoothly from laminar to turbulent
motion over the transition length. The intermittency factor
reached a value of 0.5 at a location of s/c=10.0350. The
predicted separation and reattachment locations for these
calculations were s/c=0.0156 and s/c = 0.0439, respectively.
This case has been repeated using the Roberts instantaneous
natural transition model with the same computational grid
and reference conditions. The freestream turbulence level in
this experiment was 0.002. Figure 5 shows the comparison
between the present and previous interaction results and the
experimental data. Transition was predicted to occur at
s/c=0.0375 with the Roberts model, which is somewhat
downstream of that used earlier in the forced transition model.
Although this difference corresponds to only about a 0.25%
change in transition location in terms of the airfoil chord, it
has a rather pronounced effect on the local pressure distribu-
tion in comparison to the experimental data. This result is not
surprising, because it was demonstrated in Refs. 30 and 31
that the detailed flow. properties near the transitional sep-
aration bubble are extremely sensitive to the transition loca-
tion. In this case, a slight delay in transition has resulted in a
larger separation bubble than that found previously and,
hence, a reduction in the peak suction pressure level. Nonethe-
less, it is encouraging that this natural transition model can be
used in conjunction with the present interacting boundary-
layer theory to provide an approximate prediction of the
complex flowfield near a transitional separation bubble.

Gault NACA 66;-018 Airfoil

A final two-dimensional case that has been analyzed is the
NACA 66,-018 midchord separation bubble tested experimen-
tally by Gault? at a chord Reynolds number of 2.0 X 10°. The
freestream turbulence was 0.002 for this experiment. This case
was originally calculated in Ref. 16 using the ALESEP analy-
sis with the McDonald-Fish-Kreskovsky®??? turbulence

Re oo, L = 2 56 X 10°

—— PRESENT THEORY (PREDICTED TRANSITION) L=03048 m
--- PRESENT THEORY (PRESCRIBED TRANSITION) Ug =122 misec
O EXP. DATA (GASTER) Tu g =0.0025
-1.20
PREDICTED
TRANSITION (ROBERTS)
-080}F
%
—04}
0 L 1 i —1
04 06 08 1.0 12 14 16

s/L

Fig. 4 Comparison of predicted pressure distribution with Gaster
experimental data.
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model. This case has been recalculated in the present study
using the Cebeci-Smith turbulence model,'® using the same
computational grid and reference conditions as reported in
Ref. 16. In this case, the best match between the numerical
results and the experimental data was obtained when transi-
tion was specified to occur instantaneously at x/c=0.725.
Figure 6 shows the predicted pressure distributions obtained
with the Roberts model and the forced transition model in
comparison with the experimental data of Gault. In contrast
to the NACA-0010 case, Roberts’ criterion predicts transition
ahead of the “break” in the pressure distribution and, hence,
a smaller separation bubble is deduced than that with the
forced model. Specifically, transition was predicted at
x/c = 0.690, which corresponds to a change in the transition
location from the prescribed location of 4% in terms of the
airfoil chord. However, in terms of the predicted separation
bubble length of the prescribed transition calculation in which
separation is at x/c = 0.647 and reattachment at x/c = 0.734,
this difference corresponds to about a 40% change. Roberts!!
found similar results for this case using his global interaction
model.

The results of these two-dimensional separation bubble
calculations have shown that in terms of a global airfoil
prediction scheme, the Roberts correlation may be a good
method to predict the approximate location of transition when
a closed separation bubble is formed. However, if details of
the flowfield in the immediate vicinity of the separation bub-
ble are required, modifications to this correlation are needed
to improve the accuracy and generality.

Infinite Swept Wing

Horton Experiment

The extended ALESEP inviscid-viscous interaction proce-
dure for infinite swept wings has been assessed with the
experimental data of Horton.* In Horton’s experiment, a
swept circular cylinder was placed above a 26.5-deg swept flat
plate to induce a favorable pressure gradient followed by an
adverse pressure gradient similar to that at the leading edge of
a wing. Horton carefully controlled the experimental parame-
ters to establish a closed transitional separation bubble on the
flat plate in the adverse pressure gradient region of the flow.
The spanwise repeatability of measured pressure distributions
showed that despite the presence of separation, the experi-
ment satisfied the infinite swept wing conditions. The particu-
lar case chosen from this experiment for the present compari-
son was that for a freestream velocity of 15.82 m/s (51.9
ft/s). The Reynolds number of the flow was 2.77 X 10“ based
on a reference length of 0.0254 m (1 in.), and the freestream
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TRANSITION (ROBERTS)

1 1 i 1

0 0.02 0.04 0.06 0.08
xlc

Fig. 5 Comparison of predicted pressure distribution with Gault ex-
perimental data for NACA-0010 (modified) airfoil.
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Fig. 6 Comparison of predicted pressure distribution with Gault ex-
perimental data for NACA 66,-018 airfoil.
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Fig. 7 Comparison of predicted pressure distribution with Horton
swept plate experimental data.

turbulence level was 0.0025. The inviscid solution calculated
by Woodward** for Horton’s configuration was used as the
inviscid reference solution. The corresponding reference dis-
placement thickness distribution that also appears explicitly in
the Cauchy integral analysis!® was obtained from a direct
(attached flow) fully turbulent boundary-layer calculation in
which the inviscid reference solution was used for the pre-
scribed boundary-layer edge velocity component. The up-
stream velocity profile for the interaction calculation was
obtained from a direct laminar boundary-layer calculation
from the leading edge of the swept plate to a downstream
position, x/L = 7.0, which is upstream of the strong interac-
tion region. The interaction calculation was computed with 91
computational points spaced uniformly in the x direction,
normal to the leading edge, between x/L = 7.0 and
x/L=16.0, and 100 points in the vertical direction with the
minimum spacing placed at the wall. An underrelaxation
parameter of 0.5 associated with the update formula of the
interaction scheme was used in both the windward and FLARE
-calculations, which were performed for this case.

Figures 7 and 8 show good agreement between the pre-
dicted results and the experimental data for the pressure
coefficient and displacement thickness distributions, respec-
tively. These results are in part due to the excellent agreement
between the transition location predicted by the Roberts
correlation and the observed experimental transition location.
The predicted separation, transition, and reattachment loca-
tions are indicated with arrows in Figs. 7 and 8. Separation
was predicted to occur at x/L = 9.55. Transition from laminar
to turbulent flow was predicted by the Roberts correlation to
occur at x/L =11.1. The onset of transition causes a sudden
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Fig. 8 Comparison of predicted displacement thickness distribution
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Fig. 9 Predicted skin-friction components for Horton swept plate
experimental data.
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Fig. 10 Predicted limiting streamlines corresponding to Horton swept
plate experiment.

0

increase in the pressure coefficient and a corresponding de-
crease in the displacement thickness, with subsequent reat-
tachment occurring a short distance downstream at
x/L =11.43. The onset of transition also corresponds to the
sharp rise in the x component of skin friction shown in Fig. 9.
Excellent agreement is observed in Fig. 9 between the predic-
ted and experimental separation and reattachment locations.
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Fig. 11 Comparison of predicted results with Horton swept plate
experimental data.

For infinite swept wings, separation and reattachment corre-
spond to lines parallel to the leading edge where C; = 0. The
z component of skin friction, also shown in Fig. 9, remains
positive through the separated flow region. This outward
spanwise migration of flow in the separation bubble is graphi-
cally shown in the predicted limiting streamline pattern of
Fig. 10. In this figure, the limiting streamlines are plotted in
the absolute X, Z coordinate system shown in Fig. 1. The X
direction in this figure has been translated such that the start
of the interaction calculation, which is located at x/L=7.0
(X/L=17.82) was at 0.0. The streamline pattern shown in
Fig. 10 supports the trapped vortex pattern that Horton
deduced from his experimental data. In this trapped vortex,
the flow inside the separation bubble consists of a swirling
helical motion in the positive spanwise direction brought
about by the superposition of the closed chordwise separation
bubble with the outward flow in the spanwise direction.

Figure 11 shows a comparison of the predicted u/u, and
w/w, velocity profiles corresponding to the x and z direc-
tions, respectively, with the experimental data at eight dif-
ferent locations normal to the leading edge. The predicted
velocity profiles for the calculation in which the FLARE
approximation was used are also shown in this figure for
comparison. The u/u, velocity profiles obtained with the
windward and FLARE schemes, as shown in Fig, 11a, are in
close agreement with each other, as well as with the experi-
mental data. The largest differences between the predictions
and the experimental data are in the region just downstream
of where transition occurs (x/L = 11.1). The predicted w/w,
velocity profiles shown in Fig. 11b also show reasonably good
agreement with the experimental data, except in the region
near transition. However, in contrast with the u/u, profiles,
the windward and FLARE results differ substantially in the
separation bubble region. These differences indicate that
windward differencing is important in quasi-three-dimensional
flow and, hence, should be important in three-dimensional
calculations.
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Concluding Remarks

In this paper, the development of an inviscid-viscous inter-
action analysis for the prediction of airfoil transitional sep-
aration bubbles has been continued with the incorporation of
the Roberts correlation for the prediction of the transition
location within the bubble and the extension of the analysis to
flows over infinite swept wings. Results from several two-
dimensional cases indicate that the Roberts transition calcula-
tion is an accurate method for the prediction of the transition
location within the separation bubble if detailed results in the
vicinity of the separation bubble are not required. Modifica-
tions to this correlation should be made from carefully con-
ducted experiments, however, to make it more accurate and
general. Results have been shown which demonstrate that
interacting boundary-layer theory is capable of predicting
transitional separation bubbles over infinite swept wings. These
results provide valuable insight, which will guide the future
development of procedures for the fully three-dimensional
flowfield that exists in swept separation bubbles.
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