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Abstract

An efficient and accurate calculation
method for the prediction of stall and post-stall
of two- and three-dimensional high lift
configurations is presented. The method is
based on the interactive solution of the inviscid
flow and boundary layer equations. The
efficiency and robustness of the method have
been improved by linearizing the turbulent
terms in the boundary layer equations. Also, a
model for surface roughness has been
incorporated. The method is applied to the
calculation of lift and drag coefficients about
two- and three-dimensional configurations up to
stall and post-stall conditions. Results show
that the method predicts correctly the effects of
Reynolds number and surface roughness on
airfoil stall. For three-dimensional flows, the
Reynolds number effects are also predicted. The
paper shows the importance of an accurate
calculation of wake flows for the prediction of
the stall of three-element wings. In both two-
and three-dimensional flows, the effects of
Mach number are captured, provided the flow
remains well below sonic conditions. In the
contrary, a compressible inviscid flow method
should be used in lieu of the panel method used
here with compressibility corrections.

1. Introduction

Computational fluid dynamics (CFD)
methods are now routinely used in the
performance prediction and design of new
aircraft, particularly at or near cruise
conditions. One application where CFD still
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lacks the required combination of accuracy and
robustness is for the prediction of stall and post-
stall of high lift configurations. The necessity of
obtaining multiple solutions in a fast paced design
environment further enhances the challenges
facing the CFD community. In fact, even when
the current growth rates in computer power are
extrapolated, the direct numerical simulation
(DNS) of three-dimensional high lift
configurations is several decades away. Therefore,
alternatives which meet both accuracy and
efficiency requirements must be developed for use
in aircraft high lift design.

For this purpose, the CFD community focuses
mainly on the development of methods which
solve the Reynolds-averaged Navier-Stokes
(RANS) equations. While these methods, in
particular the ones based on unstructured
adaptive grids, promise to reach the desired
objectives in some distant future, they still
currently fall short of being efficient and accurate.
Also, the transition calculation, critical for
accurate drag! and Reynolds number effect?
predictions, cannot be easily incorporated into the
method. In particular, in light of the lack of
significant progress in turbulence modeling over
the past several decades, one may argue that the
inaccuracy due to turbulence modeling will not
justify the cost associated with using such
methods for stall predictions if an affordable
alternative providing reasonable accuracy exists.

The paper presents such an alternative which
is based on interactive boundary layer (IBL)
theory. Though not as general as the Navier-
Stokes approach, it provides a good compromise
between the efficiency and accuracy required in a
design process.2 This approach involves the
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interactive solution of the inviscid, boundary-
layer, and stability equations. For low speed
flows, the inviscid flow is often computed by a
panel method (with or without compressibility
corrections) or by a full-potential flow method,
and the viscous flow is computed by a boundary-
layer method. The transition calculation is
easily incorporated into the method. The
method was previously presented and applied to
the prediction of lift and drag coefficients of
single and multi-element wings at high lift.4 The
present paper addresses issues pertaining to the
prediction of stall and focuses in particular on
the study of Reynolds number, surface
roughness, and compressibility effects on stall.

The calculation method is briefly described
in Sect. 2, focusing on recent improvements and
additions. Sample results for two- and three-
dimensional high lift flows are shown in Sects. 3
and 4, respectively. In both cases, Reynolds
number and compressibility effects are
investigated. The paper ends with a summary of
the more important conclusions.

2. Calculation method

The calculation method is similar for both
two- and three-dimensional flows. The method
for two-dimensional flows has been used
extensively for predicting the flow about single
and multi-element  airfoils.t  Its  three-
dimensional counterpart is presented in Ref. 4
where it is applied to the prediction of lift and
drag coefficients of single and multi-element
wings. Only a brief description is included here,
focusing on recent improvements incorporated
for the purpose of stall and post-stall
predictions.

2.1.Summary of the method

The ingredients of the method are shown in

Fig. 1.
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Fig. 1. Interactive Boundary Layer method

In the present study, the inviscid flow is
computed by the higher-order Hess panel
method,> which is applicable to a complete
airplane configuration. Alternatively and
without loss of generality, an Euler or full
potential method could be substituted to the
panel method.
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Once the wvelocity components have been
determined with the inviscid method, they are
transformed into a non-orthogonal body-fitted
coordinate system generated on the wing surface.
The boundary layer equations for the non-
orthogonal coordinate system are solved in
inverse mode to allow for the computation of
separated flow.6

If necessary, at this point, the laminar
velocity and temperature profiles are used to
solve the three-dimensional compressible linear
stability equations using the Saddle Point method
of Cebeci and Stewartson to determine the
transition location.6

Then, the boundary layer calculations are
continued from the calculated transition location
up to the trailing edge and into the far wake.
Turbulent flow calculations are performed using a
modified Cebeci-Smith eddy-viscosity
formulation? extended to three-dimensional flows.

Once the boundary layer equations have been
solved, the displacement surface and blowing
velocity distributions on the wing and in the wake
are computed. The blowing velocity is used as
boundary condition on the panels and the Kutta
condition is satisfied at the displacement surface.
The procedure is repeated until convergence is
reached.

2.2. New features

Three main features have been recently added
to the method. The first one deals with the
extension of improvements in the turbulence
model to three-dimensional flows. The second one
deals with the addition of an existing model to
treat rough surfaces, and the last one corresponds
to improvements in convergence and robustness
through turbulence term linearization.

Turbulence model for three-dimensional
separated flows

The method employs a modified Cebeci-Smith
turbulence model” which has been recently
extended and validated for three-dimensional
flows in a strong adverse pressure gradient
leading to flow separation4 and which gave results
in close agreement with experimental data and
Reynolds stress models. Also, another test case
showed that the stall of a single wing could be
accurately predicted with the modified model,
when it could not with the original one.4

Turbulence model for rough surfaces

The flow properties, in particular near stall
conditions, greatly depend on surface conditions.
These also play a key role in accurate drag
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predictions at lower angles of attack, and
therefore, must be modeled in the calculation
method.

For given roughness height (k) and
roughness density (I ), an equivalent sand grain
roughness parameter, ks, can be determined.8®
For rough surfaces, the length scale in the eddy
viscosity formulation can be modified as a
function of the equivalent sand grain roughness
parameter, such that

(=0.4(y +Dy)(L- exp(-(y + Dy)/ A))

where Dy in terms of dimensionless quantities
k; and Dy* is given by10
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where k* is the roughness Reynolds number
given by

and other variables are the classical ones used
in boundary layer theory.

Turbulence term linearization

One of the key improvements in speed and
robustness stems from the introduction of
partial linearization of the turbulence terms in
the solution of the boundary layer equations.

At any given location on the wing or in the
wake, the solution of the boundary layer
equations requires several steps:

- Transform the equations, their boundary
conditions, and the Hilbert integral
equation using a variation of the Falkner-
Skan transformation suitable for inverse
mode (the velocity at the edge of the
boundary layer is unknown),

- Simplify the equations using the quasi
three-dimensional approximation,

- Transform the equations into a system of
first order partial differential equations,

- Discretize the equations using central
differences in the direction normal to the
wall and 2-pt backward differences in the
streamwise direction for second order
accuracy,

- Linearize the
method,
Invert the system, and solve for the next
iteration until convergence is reached.

While for laminar flows it is customary to
fully linearize the boundary layer equations

system with Newton’s

3

with Newton’s method so that the convergence
rate is quadratic, it is not customary to linearize
the turbulence terms, thus reducing the
convergence rate and possibly leading to
oscillations which may prevent convergence. A
partial linearization of the turbulence terms was
introduced!! leading to a significant increase in
convergence rates, particularly in the case of
separated flow, and to a higher robustness of the
method, both of which are essential
characteristics for the calculation of stall and post-
stall conditions.

A sample of results is presented here for a
wing with 30° sweep with an Eppler 387 airfoil
cross-section at Rc = 200,000 and a = 4° so that a
large separation bubble (about a quarter chord) is
present on the wing upper surface. Two x-
locations at h, = 0.26 are selected, x/c = 0.65 and
0.98, identified by NX = 50 and 75, respectively.
For NX = 50, the flow is turbulent and separated
and for NX = 65, the flow is turbulent and
attached. Fig. 2 shows the maximum residual
across the boundary layer with quasi-Newton
iterations. Here V denotes the derivative of U
with respect to the coordinate normal to the wall
in the computational domain. Drastic
improvements in convergence rates are observed,
in particular for the case of separated flow.

10 1 — — - nolinearization
\ ~ - partia inner layer linearization
10° f '\_*“-~\_
max |aV | —— NX =50
0E£jJE£J . (%parated)
10"
NX =75
~ ~ _ (attached)
10°
10-12 I I ! J
0.0 5.0 10.0 15.0 200
iteration
Fig. 2. Partial linearization of turbulent terms and

convergence acceleration.

3. Stall predictions for two-dimensional high
lift flows

A sample of results is presented here to
illustrate the capabilities of the method for
predicting airfoil stall. For incompressible flows,
the effects of Reynolds number and roughness on
stall are investigated and compared with
experimental data in Sect. 3.1. Results for
compressible flows are presented in Sect. 3.2.
Finally, sample results for multi-element airfoils
are shown in Sect. 3.3.
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3.1. Single element airfoils in incompressible
flows

Effect of Reynolds number

Fig. 3 presents a comparison between
measured’213 and calculated maximum lift
coefficients, ¢|,max, for a variety of single element
airfoils as a function of Reynolds number.
Results show good agreement between
calculations and experimental data, except for
the FX 74-CL5-140 and FX 72-MS-150B airfoils
at Rc = 108 where transition location may have
been at the source of the discrepancy.

G—0 FX 72 MS150A
=—a FX 72 MS150B
o—o FX 740L5 140

&—2A NACA 0012
<+—1 NACA23012

25 25
o 20 e—e 2.0 aﬂ
| max </4/4
15 A 15
10° 10’ 10° 10
Fig. 3. C|max for several airfoils at various Reynolds

numbers, (a) measured and (b) calculated.

In all cases above, the flow velocity was
sufficiently low (M, <0.15), S0 that
incompressible flow could be assumed. Results
show that, overall, the method is able to predict
the effect of Reynolds number on maximum lift
coefficient for single airfoils.

Effect of roughness

Fig. 4 shows the effect of leading edge
roughness on the aerodynamic performance of
the NACA 0012 airfoil when roughness
elements of k/c = 0.00025 are distributed on the
first 8% chord of the upper and lower surfaces.
Results agree well with experimental data up to
stall and post-stall conditions for both lift and
drag coefficients. Several other airfoils (e.g.
NACA 4412, NACA 23012, etc.) were tested and
a similar agreement between data and
calculations was observed.

3.2.Single element airfoils in compressible flows

The case of single airfoils in compressible
flows (M, >0.2) is addressed here by considering
the flow about a NASA supercritical airfoil
tested at several Mach numbers.
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Fig. 4. Effect of roughness on NACA 0012 airfoil

aerodynamic performance at Rc =6~ 106, (a) lift and (b)
drag coefficients.

Fig. 5 shows a comparison between
measurements,’4  compressible  Navier-Stokes
calculations using the same version of the CS
turbulence model,” and results obtained with the
present IBL method for two free stream Mach
numbers, M,= 0201 and 0.284. The
corresponding chord Reynolds numbers are Rc =
4.02" 10%and 2.83 " 106.

Unfortunately, the Reynolds number is not
constant, making it difficult to determine the
exact source of the discrepancies between data
and predictions. It is interesting to note, however,
that at M, = 0.201 stall is slightly under-
predicted with the IBL method and correctly
predicted with the compressible Navier-Stokes
method when the opposite holds for M, = 0.284.
The reduction in ¢ max due to the increase in
Mach number is less drastic with the IBL method
than with the Navier-Stokes method or the one
measured in wind tunnel. These results suggest
that, even though stall predictions are
satisfactory with the IBL method, some effects
due to compressibility may not be correctly taken
into account. In fact, this comes to no surprise
since critical (sonic) flow occurs near stall and,
therefore, the compressibility corrections in the
panel method are no longer valid.

American Institute of Aeronautics and Astronautics



20

15
Cl 10 © Experiment
— Navier-Stokes
........... |BL
05
00 1 1 1 ]
0.0 5.0 10.0 15.0 20.0
(€Y a
15 - —
\
1o} )
cl
O experiment
0.5 —— Navier-Stokes
00 1 1 ]
0.0 5.0 10.0 15.0
(b) a

Fig. 5. Lift coefficient for a NASA supercritical
airfoil, (a) M =0.201 and Rc =2.83 " 106, and (b) M =
0.284 and Rc =4.02 " 106¢.

Despite this remark and considering the
efficiency of the method when compared with
its compressible Navier-Stokes counterpart, the
stall predictions with the IBL method can be
considered satisfactory. Also, this problem could
be alleviated by using a full-potential flow
solver in lieu of the panel method used here.

3.3. Multi-element airfoils

The calculation method has been extensively
used for the prediction of flows about multi-
element airfoilst.6.15 and only a sample of results
is presented here.

Wind tunnel measurements were performed
on several three-element airfoil configurations
at the NASA Langley Low Turbulence Pressure
Tunnel (LTPT) at various Reynolds and Mach
numbers.16-18 The test case considered here has
the slat and the flap deflected at 30° with
gap/overlap riggings of 0.0295c¢/-0.025¢ and
0.0127¢/0.0025¢, respectively, where c is the
airfoil chord with slat and flap retracted. The
configuration is shown in Fig. 6. The test
Reynolds number was 9 ~ 106 and the free
stream Mach number was 0.2. Lift, drag and
moment coefficients are presented in Fig. 7 and
compared with experimental data. Several
experimental data sets were available!® and are

5

represented. It is important to note that the
present results were obtained without using the
experimental transition location, because, in
general, the designer does not have that
information. Instead, the transition predicted by
the calculation method was used.

Fig. 6. Three-element airfoil configuration

The lift coefficients are slightly over-predicted,
possibly due to modeling approximations used in
the IBL method, such as in coves, and/or due to
experimental setup, such as wall effects. Fig. 8
shows a comparison between measured and
calculated pressures near stall conditions and
shows that agreement is also quite satisfactory.
Also, the calculation method was applied to the
prediction of changes in force coefficients when
the flap positioning is modified and when the
Reynolds number is reduced to 5~ 106. Results
showed a satisfactory comparison between
measurements and calculations, including near or
at stall conditions.15
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Fig. 7. Comparison of measured and calculated lift

coefficients for the three-element airfoil
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Fig. 8.
for the baseline configuration at a = 21.34°
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4. Stall predictions for three-dimensional
high lift flows

4.1.Wing-body configuration

In a previous paper,* the method was
applied to the prediction of lift and drag
coefficients of a wing with various high lift
systems. The method was able to predict the
stall of the wing with slat and flap retracted.
The present paper extends the study reported
therein by investigating the effects of Reynolds
and free stream Mach numbers on stall
predictions.  However, unlike for two-
dimensional flows, where a large set of
experimental data is available, very little
measurements have been reported in the
literature for three-dimensional flows near stall.
Therefore, no experimental data measuring
these effects was available.

In order to be able to qualitatively analyze
the predictions of the current method, results at
various Reynolds and Mach numbers are
compared with those obtained using a validated
semi-empirical method, the “pressure difference

20

The wing-body configuration considered here
was tested in wind tunnel at transonic
conditions at what was Douglas Aircraft
Company?! and is known as the LB-488 wing-
body. It is used here for low speed tests because
it is representative of a typical transport aircraft
(twisted tapered wing with several kinks). A
paneling of the wing-body configuration is
shown in Fig. 9.

Fig. 9.

Partial paneling of the wing-body
configuration

Fig. 10 shows the calculated lift and drag
coefficients at M, = 0.2 and Rc = 6 ~ 109, 10 ~
106 and 16 ~ 106. Also shown are the
corresponding maximum  lift  coefficients
calculated using the PDR. It is seen that the
IBL method over-estimates the maximum lift

6

coefficient at the lower Reynolds numbers with
respect to the PDR and that the discrepancy
between the two methods diminishes as the
Reynolds number is increased. Not surprisingly,
both methods predict an increase in maximum lift
coefficient with an increase in Reynolds number.

20
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a
@
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03[
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L |
0.0
0.0 2.0
(b)

Fig. 10. Force coefficient variation with Reynolds
number at M y = 0.2 for the LB-488 wing-body, (a) lift and
(b) drag

Fig. 11 shows a similar comparison at a fixed
Reynolds number of Rc = 6 °~ 108 when the Mach
number varies from 0.15 to 0.25. In this case,
however, the PDR predicts a decrease in
maximum lift coefficient — which is to be expected
— while the maximum lift coefficient is barely
affected in IBL method predictions. Agreement
between the two methods is excellent for M, =
0.15 (CLmax = 1.58 with the IBL method and 1.59
with the PDR) and deteriorates already at M, =
0.2 (1.59 vs. 1.48), suggesting that the IBL method
does not correctly predict the compressibility
effects even at this fairly low free stream Mach
number. The calculated local Mach number along
the wing chord is shown in Fig. 12 at the critical
spanwise station (section where the local Mach
number is maximum) at the stall angle. Since for
M, = 0.2 the local Mach number peaks at about
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0.8 for a very short distance, it is hard to
conclude whether the discrepancy comes from
an inaccurate  inviscid  calculation  or
inaccuracies in the PDR. The latter would not
be surprising since the PDR is based on two-
dimensional data while the present wing is
significantly swept. For M,= 0.25, the
difference between the PDR and IBL methods
further increases. In this case, however, in light
of the results shown in Fig. 12, one should not
expect to obtain reliable results with the IBL
method near stall.
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a
Fig. 11. Lift coefficientat Rc=6" 106 for the LB-488
wing-body
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Fig. 12. Calculated local Mach number distribution at
the critical spanwise location at Rc=6" 106

These results clearly demonstrate that, even
for low free stream Mach numbers (in particular
around 0.25 or higher), a truly compressible
flow solver should be used for accurate stall
predictions and that the grid should be refined
near the leading edge to capture non-linear
effects or possible weak shocks. Work is in
progress to further investigate these
compressibility effects on wing stall and to

7

determine “how far” a panel method could be used
for such configurations without loss of accuracy.
In particular, results will be compared with those
obtained with a compressible flow solver.22 The
case of inviscid flow is being investigated first to
avoid any differences arising due to turbulence
modeling.

4.2. Wing with slat and flap deployed

In Ref. 4, the method was also applied to the
prediction of both lift and drag coefficients of a
wing with high lift systems deployed. Results
showed good agreement between calculations and
experimental data reported by Lovell23 for a wing
which has an aspect ratio of 8.35, a quarter chord
sweep angle of 28¢, and a taper ratio of 0.35. Fig.
13 shows the paneling distribution of the wing
with both slat and flap deflected at 25c. In this
case, however, stall was not captured by the
prediction method.4

Fig. 13. Multi-element wing paneling with slat and flap
deployed at 25° - wakes omitted.

Previous results for two-dimensional flows
showed the importance of accurate calculations in
the wake regions, in particular when a slat is
deployed.! With the present three-dimensional
panel method, however, the wake location — used
in the inviscid method to shed vorticity and in the
boundary layer method to model the viscous
effects in the wake region - is fixed. To
investigate the importance of the wake location,
calculations were repeated with several wake
shapes.

The wake shapes are generated at a fixed
angle of attack using a two-dimensional panel
method (with viscous effects), and the same shape
is scaled and used all along the wing span (the
present wing cross-section does not change). Fig.
14 shows the calculated wake shapes for azp = 5,
13, and 21° which correspond to two-dimensional
lift coefficients of 2.5, 3.5, and 4.2, respectively.
Fig. 15 shows a comparison between the pressure
distribution at the critical spanwise station
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(h»0.8) at asp = 19° and those calculated for two-
dimensional flows. This pressure distribution
shows that the local airflow incidence at this
spanwise station is close to 13°. The three-
dimensional pressure coefficient on the flap,
however, agrees better with the results of azp =
210, which suggests that the wakes above the
flap are probably farther away from the flap in
the normal direction than calculated at 13e.
Here, the three-dimensional results correspond
to those obtained with the wake shape at 13e.
The differences between the results obtained for
three-dimensional flows with the three wake
shapes were small compared with the
differences between the various angles of attack
for two-dimensional flows.

— —— az =21°

Fig. 14. Calculated wake shapes in two-dimensional
flows
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Fig. 15. Comparison between pressure distribution at
azp =5, 13, and 21° and asp = 190 (h»0.8)
Therefore, one should expect better

predictions near stall (asp = 19°) when the wake
shape of azp = 13 is used than for the others.
Fig. 16, which shows a comparison between
measured and calculated lift and drag
coefficients using all three wake shapes,
supports this intuitive reasoning, even if the lift
coefficient at stall is slightly over-predicted.
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Fig. 16. Wing with slat and flap deployed at 25¢: (a) lift
and (b) drag coefficients.

Figs. 17 and 18 further demonstrate the
importance of capturing the flow behavior in the
main element wake for three-element airfoils and
wings. When a slat is deployed, the pressure
gradient on the main element upper surface is
greatly reduced and stall may not be initiated by
flow separation on the body of the main element.
Instead, the boundary layer at the main element
trailing edge is thick, but attached, and still has to
negotiate the pressure gradient created by the
deployed flap. In this case, stall may be initiated
by off-body re-circulation above the flap. This
phenomenon is clearly observed in Fig. 17 for the
wake shape of azo = 13° which depicts the
minimum velocity variation in the wake at the
critical spanwise station. The corresponding
drastic increase in wake displacement thickness
in shown in Fig. 18.
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Fig. 18. Displacement thickness distribution on the
main element body and wake at the critical spanwise
station for a = 20°.

Overall, these results show that an accurate
calculation of the wake flow is important for
precise stall predictions. They also show that
the present method could be used successfully to
predict the stall of multi-element wing
configurations, provided an iterative wake
shape calculation procedure was incorporated in
the method.

5. Concluding remarks

A method based on an interactive-boundary-
layer approach for predicting the single and
multi-element airfoils and wings is described.
Recent improvements to the method include the
addition of a model for rough surfaces,
improvements to the turbulence model, and the
introduction of partial linearization of the
turbulence terms to increase convergence rates

and robustness, in particular for separated flows.
The calculation method is applied to the
prediction of airfoil and wing stall at high lift.
Results show that the method predicts correctly
the effects of Reynolds number and surface
roughness on airfoil stall. For three-dimensional
flows, the Reynolds number effects are also
predicted. The paper shows the importance of an
accurate calculation of wake flows for the
prediction of the stall of three-element wings. In
both two- and three-dimensional flows, the effects
of Mach number are captured, provided the flow
remains well below sonic conditions. If the flow
reaches speeds close to supersonic, a compressible
inviscid flow method should be used in lieu of the
panel method used here with compressibility
corrections.

The paper emphasizes the need for developing
a comprehensive experimental database for three-
dimensional low speed separated flows at high
lift. For the few test cases available, the method is
shown to be reliable provided the conditions
described above (wake shape and truly
compressible flow solver) are met. Work is
currently in progress to incorporate these
features so that the method may become an even
more useful tool for routine three-dimensional
high lift system design.
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