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Summary

This investigation shows that the properties of the two-dimensional flow around a
high-lift multi-element airfoil obtained by solving the Reynolds-averaged Navier-
Stokes equations can be used for the prediction of attachment-line transition (ALT)
by the criterion of Pfenninger. Flow calculations are performed for three spanwise
sections of a three-dimensional swept and tapered high-lift wing for which the oc-
currence of ALT is assumed at higher Reynolds numbers. It is shown that the onset
of ALT is predicted reliably for changes of the angle of attack. The method is also
applicable to indicate the spanwise location where ALT occurs first.

1 Introduction

The aerodynamic performance of a high-lift wing in terms of lift coefficient is cou-
pled to the development of the boundary layer on the slat as it influences the effective
curvature through viscous displacement. Hereby the occurrence of ALT on the slat
of a high-lift wing can be responsible for a limit of the aerodynamic performance
with increasing Reynolds number.

Without ALT the boundary layer starting from the attachment line downstream
to the suction peak is laminar due to the acceleration of the flow and transition oc-
curs slightly behind the suction peak at the earliest. In this case, with increasing
Reynolds number, the boundary layer thickness decreases resulting in a higher ef-
fective curvature and therefore more suction and an increasing lift coefficient. In
contrast the occurrence of ALT results in an overall turbulent boundary layer with
increased thickness and therefore reduced effective curvature. This leads to reduced
suction at the leading edge of the slat and a reduced high-lift performance in terms
of lift coefficient is observed.

The existence of the phenomenon of ALT was first discovered by Gray [5].
Pfenninger conducted further investigations with the emphasis on avoiding ALT
[9, 10, 11].These experiments led to a criterion, described below, that was assumed
to characterize the occurrence of ALT. Experimental investigations by Poll [12, 13]
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and Amal and Juillen [1, 2} validated this criterion for the assumption of infinite
swept wings. Newer experiments of Seraudie et. al. [14] also verified the criterion
for swept finite high-lift wings at high angles of attack. In addition to the wind tunnel
experiments mentioned above flight tests also show the relevance of the criterion
[9, 4].

Starting point of this investigation are measurements of the ProHMS high-lift
wing-body half-model of a transport aircraft in the cryogenic wind tunnel Cologne
DNW-KKK for a Reynolds number range of Reo, = 1.4 x 10%...6.2 x 108
[15]. With increasing Reynolds number the maximum lift coefficient of the high-
lift configuration decreased after having reached a maximum at a medium Reynolds
number of Reo, = 3.0 x 10°. This led to the assumption that ALT occurs above
Reo, = 3.0 x 10°. Since transition measurements were not performed, the attempt
is made to predict the occurrence of ALT by numerical methods.

Instead of computing the whole three dimensional flow field, here the attempt
1s made to use only two-dimensional flow calculations of selected wing sections.
There are at least two reasons for this approach: a) the two-dimensional flow calcu-
lations are cheaper in terms of computational resources and easier to set up; b) due
to the fact that high-lift design is still mainly performed based on two-dimensional
computations a validated prediction method based on this data can be easﬂy imple-
mented into the design process, giving hints to avoid ALT.

2 Attachment-Line Transition Prediction

The prediction criterion for the onset of ALT of Pfenninger [9] used within this
work distinguishes between the flow normal to the leading edge and the crossflow. It
correlates the crossflow velocity outside the boundary layer « with the acceleration
of the flow out of the stagnation line ‘9"c . Pfenninger formulates an attachment line
boundary layer Reynolds number

Req,, = 0.405

1
o 1
with the kinematic viscosity v, the local arc length s in the coordinate system normal
to the leading edge and the velocity component at the edge of the boundary layer
normal to the leading edge ..

A number of experiments on swept wings and cylinders (e.g. of Pfenninger [11]
and Poll [13]) verified a lower limit of Reg_ = 100 below which no ALT oc-
curs. Experiments of Arnal [1] with a swept wing at incidence showed, that due to
the limited extent of the wing an upper critical value of Reg, Lprge, — 133 exists.
Between both values existing turbulence is only propagated, above the value of Ar-
nal the turbulence is amplified. All investigations showed that the main mechanism
for ALT in real applications is the propagation of turbulence from upstream along
the attachment line, the so called bypass transition or leading edge contamination.
Transition due to instabilities, which may occur at higher values of Reg,, as has
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been shown experimentally by Poll [13] and has also been computed by Joslin [6, 7]
using direct numerical simulation, has never been observed for real aircraft.

As can be seen from (1) the only term that takes into account three-dimensional
flow 1s the crossflow velocity w outside the viscous flow, which for an infinite swept
and untapered wing is constant

w = Uy sing )

with the onflow velocity U, and the sweep angle ¢. All other terms of eq. 1 cor-
respond to the flow components normal to the leading edge. By assuming that the
effects of tapering and the limited span of the wing only play a minor role for the
most part of a high aspect ratio wing, this criterion for ALT can be based on the
evaluation of calculations of the flow normal to the leading edge.

3 Flow Calculation

For the calculation of the flow the structured DLR RANS-solver FLOWer [8] is
used. It solves the unsteady compressible Reynolds-averaged Navier-Stokes equa-
tions in applying an explicit 5-stage Runge-Kutta time-stepping method. Turbulence
modeling is done using the Spalart-Allmaras model with Edwards-modification. The
turbulence equations are solved using a fully implicit scheme that allows for high
CFL numbers.

In order to minimize grid dependencies of the flow solution, separate grids are
generated using the DLR grid generator MegaCads [3] for each wing section at
each Reynolds number. In particular the boundary layer resolution is adjusted in
order to have approximately the same resolution in terms of the number of cells in
the boundary layer and to obtain a value of the dimensionless wall distance y * on
the order of 1.

For this investigation three spanwise sections of the wing of the ProHMS high-
lift model are used, denoted inboard, midboard and outboard, corresponding to the
pressure tab rows of the model. They are each located in the middle of the slat
elements, far enough from any model tracks, so that 2D flow assumptions are most
likely to apply.

In order to perform 2D calculations comparable with the 3D flow the assumption
of an infinite swept wing is used. This leads to a scaling of the wing section into a
coordinate system normal to the leading edge

Yop = z3p/cos .. (3)
Now only the onflow components normal to the leading edge are of interest
Mooy = Mooy, c08¢, Reoy, = Reooy 052,

tanosp . (4)

agp = atan | == s

! in 3D usually the z-coordinate points in the vertical direction while in 2D the y-coordinate
isused and z2p = 0.
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To compare coefficients of 2D calculation and 3D experiment an additional scaling
applies due to the scaled onflow

Cpap = Cpp€05° &, CLyp = Clypcos®e. &)

It is a priori unknown if the flow around the slat leading edge is turbulent or
laminar. Only for conditions where ALT has already occured at a lower Reynolds
number fully turbulent flow can be assumed. For all other conditions two calcula-
tions are performed, the first fully turbulent, the second with a prescribed laminar
region on the slat lower side fixing transition at the slat leading edge. All other wing
elements are calculated fully turbulent in all cases.

4 Correlation method

The main issue when comparing two-dimensional data of a wing section with data
from the three-dimensional wing is that a priori the local angle of attack for the wing
section is unknown as long as no spanwise lift distributions are available. To be able
to compare the data it i1s necessary to find the right 2D data for the corresponding
3D data. Throughout this work a comparison is done based on the measured and
computed pressure distributions. Calculations are performed for distinct angles of
attacks, and afterwards the experimental data is screened to find a corresponding
angle of attack of the 3D high-lift wing where the pressure distributions match.
Since this is not exact for the whole wing, primarily the pressure distributions on
the slat are considered for comparison.

Fig. 1 shows such a correlation for each of the three sections, where the calcu-
lated 2D pressure distribution is plotted against the pressure distribution of the 3D
experiment for Reoo,, = 6.0 x 10, It can be seen that the pressure distributions
match the experiment especially on the slat. The biggest deviations can be seen for
the midboard section for the rear part of the main element and the flap. The pressure
distributions of the experiment indicate attached flap flow, while the flap flow is sep-
arated in the calculations. This might be a result of the fully turbulent calculation
of the main element and the flap, since the transition locations are not known and
the effort of transition prediction is not undertaken. The increased boundary layer
thickness around the flap tends to slightly close the effective gap, which leads to-
gether with the increased friction losses to a separation of the flap. Another reason
for the differences may be that the local sweep angle in the rear part of the high-lift
wing is different from the angle assumed for the normalization due to the taper of
the wing. This is observed especially on the flap in the different levels of stagnation
pressures. Nevertheless the slat pressure distribution is matched very well, and since
the slat flow is the primary interest in this investigation, all cases in the following
are treated using the described method.

S Results

A first point of interest is if the predicted occurrence of ALT correlates with the
dependency of the lift coefficient on the onflow Reynolds number. Since it is in all
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likelihood the occurrence of ALT on the slat influencing the lift coefficient behavior,
in the following only the slat is regarded. Fig. 2 shows the lift coefficient of the 3D
measurements over the Reynolds number for a fixed angle of attack of a.3p = 15°
together with the corresponding calculated values of Ry, , for the three sections.
It is observed that with increasing Reynolds number the lift coefficient decreases.
There are two major changes in the slope of Cr,,, vs. Req,,, that correspond to
Reg, , to the first and last wing section exceeding the upper limit of Reo, ,, .. =
133. Thus it can be seen that the predicted occurrence of ALT is in accordance
with the measured effect on the lift coefficient. Summarizing it is proposed that the
prediction of ALT by using 2D calculations can be applied.

The ALT criterion for the slat is expected to be highly sensitive to the angle of
attack due to the variation of the attachment line position. For low incidences the
attachment line is known to be at the leading edge while at high angles of attack
the attachment line moves upstream towards the lower trailing edge of the slat. On
the other hand the region of maximum suction is located at the leading edge where
the curvature of the slat is the highest. So the distance between attachment line
and suction peak varies as does the suction itself. The development of Reg,, with
respect to the local 2D angle of attack is shown for the inboard section in fig. 3,
for the midboard section in fig. 4 and for the outboard section in fig. 5. The general
trend is an increasing value of Reg_ , with increasing angle of attack. The only case
where Reg_, is decreasing is for high azp for the inboard and midboard section,
where the flow indicates being beyond C'y,, ...

For the evaluation of ALT occurrence it is worthwhile to investigate at which
spanwise section ALT begins. Fig. 6 shows the values of Reg,, over the relative
wing span 73 = y/b for a specific angle of attack aizp = 15° at different onflow
Reynolds numbers. Fig. 7 shows the same for a specific Reynolds number Re o, , =
3 x 10° at different angles of attack. It is observed that ALT starts at the outboard
section propagating towards the inboard region with increasing Reynolds number
and angle of attack.

6 Conclusion

The present investigation is an attempt to predict the 3D flow phenomenon of at-
tachment line transition on the slat of a transport aircraft in high-lift configuration
through two-dimensional flow calculations of distinct wing sections. This was ex-
pected to be possible as the unknown values of the used ALT criterion of Pfenninger
correspond to the flow normal to the leading edge. It has been shown that the pre-
dicted occurrence of ALT correlates to the measured behavior of the lift coefficient
for the ProHMS 3D half model. The method reliably predicts the onset of ALT when
changing the angle of attack and gives an indication of the spanwise section at which
ALT occurs first.
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Figure3 Variation of the attachment
line Reynolds number with the local an-
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Figure5 Variation of the attachment
line Reynolds number with the local an-
gle of attack for the outboard section
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