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An investigation is carried out for a half-model high-lift configuration inside the European Transonic Wind
Tunnel. The influence of the wind-tunnel walls and model installation is investigated and the numerical results are
compared with measured data and free-flight computational fluid dynamics results. The investigated model is a
three-element takeoff configuration with full-span slat and flap. A computational fluid dynamics solver for
unstructured grids is used for the calculations. The computed results in the wind tunnel are in good agreement with
uncorrected experimental data, with maximum lift predicted at the same angle of attack. Corrected experimental
and numerical tunnel data, however, deviate slightly from numerical results in free flight, for which approximately
10% higher drag is predicted. In addition, the free-flight maximum lift is predicted at a higher incidence. The lower
drag in the in-tunnel results is due to a lower pressure at the leading edges of the slat and main wing close to the
fuselage. This is a consequence of the current mounting of the wind-tunnel model in the tunnel, which causes a
redistribution of the velocity field due to crossflow velocity components in the plane of symmetry of the half-model.

I. Introduction

ALCULATING viscous fluid flows over high-lift configura-

tions is still a challenge in computational fluid dynamics (CFD).
The difficulties in simulating these flows come from the complexity
of both the geometry and flow physics. In particular, the multiple
elements with small gaps give rise to multiple wakes, flow
separation, laminar/turbulent transition, shock/boundary-layer
interaction, etc., in which many of these phenomena interact with
each other. Because the fluid dynamics is dominated by viscous
phenomena, only high-fidelity simulations based on the Navier—
Stokes equations can provide the required accuracy to obtain realistic
CFD solutions.

The numerical simulation of the flowfield around high-lift
configurations based on the Reynolds-averaged Navier—Stokes
(RANS) equations has made significant progress during the last
decade [1]. Until the beginning of the EUROLIFT project in early
2000, most of the European high-lift activities had been devoted to
two-dimensional computations [2]. The need for an extension to
three dimensions, as well as a state-of-the-art experimental database,
stimulated the launch of the EUROLIFT program that was funded by
the European Commission as part of the Fifth European Framework
program. A close coupling and harmonization between experimental
and numerical activities was attempted in the project. CFD was
brought into a more daily use in EUROLIFT and introduced in three
dimensions. Mainly through hybrid Navier—Stokes technology, it
has become possible to compute viscous flows about takeoff and
landing configurations within a reasonable time frame and with
sufficient reliability. The work carried out in the EUROLIFT project
has resulted in several publications; an overview is given in [3-6].

EUROLIFT 1I is a European High Lift Programme in the Sixth
European Framework (contract AST3-CT-2004-502896), following
the work initialized in EUROLIFT. The numerical and experimental
investigations in EUROLIFT left many important questions
unanswered, being pursued in EUROLIFT II. The investigation
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described here is concerned with the installation effects inside the
cryogenic European Transonic Wind Tunnel (ETW), in which
experiments at high Reynolds numbers are conducted. In particular,
the influence of the wind-tunnel walls and model installation is
investigated by conducting CFD calculations inside the wind tunnel
in comparison with measurements and with computational results
from free-flight calculations. Numerous CFD calculations in free
flight were carried out with comparisons with experimental results
from the ETW, in which reasonable agreement is reached in lift
between numerical results and experiments. The maximum lift,
however, is often predicted too late at a higher angle and, in
particular, the drag is almost always overpredicted. This
investigation was conducted to establish if this discrepancy is due
to the influence from the tunnel effects and, if so, the gap between
experimental and numerical results can be explained.

The considered configuration in the investigation is a simplified-
takeoff wing—fuselage configuration with a full-span slat and flap.
The configuration was experimentally investigated [7] during 2002
at several Reynolds numbers and loads. The same model was tested
in the low-speed wind tunnel (LSWT) in Bremen at a low Reynolds
number and in the cryogenic ETW in Cologne at several Reynolds
numbers. The present study deals with the Reynolds number of
Re = 15 x 10°, being the highest in the test campaign in the ETW.
All measurements in all wind tunnels in the EUROLIFT programs
were conducted with closed slots: that is, solid walls are considered
in the wind tunnel.

Because high-lift configurations generate larger lift than cruise
configurations at much higher angles of attack, the wall-interference
corrections for wind-tunnel experimental data applied to high-lift
configurations can be large. It is well known that the wind-tunnel
walls may have an important effect on the fluid flow [8—10], and the
current investigation aims at quantifying this influence in terms of
forces, pressure distributions, and lift breakdown. Another purpose is
to see how accurate the experimental wind-tunnel corrections are for
high-lift flows (i.e., how well experimental results can be corrected
and translated to free-flight conditions). CFD calculations inside the
ETW have been carried out to investigate the slot flow in the ETW
[11]. A CFD investigation [12] on wing-tip devices has shown that
there are effects from the wind-tunnel walls and the mounting of a
half-model for high-speed flows in the transonic regime. In the
present investigation at low speed, the flow is analyzed in detail to
understand the differences between the computed flowfields inside
the wind tunnel and in free flight.

The numerical investigation is carried out by making
computations for three angles of attack inside the ETW wind tunnel,
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in which separate hybrid unstructured grids are generated for
each angle of attack. These results are compared with uncorrected
wind-tunnel data. The numerical results are then corrected to free-
flight conditions and compared with free-flight numerical results at
several angles of attacks and to corrected wind-tunnel data.

In the following sections, details about the geometry and the ETW
wind tunnel are presented. After this follow presentations of the CFD
approach, the computational grids, and the computational approach
for the in-tunnel calculations. The computed results in the wind
tunnel are then presented, followed by a comparison between
corrected data and numerical free-flight results.

II. ETW Wind Tunnel and Model

The ETW facility is a high-Reynolds-number transonic wind
tunnel using nitrogen as the test gas. High Reynolds numbers are
achieved under the combined effect of low temperature and high
pressure. ETW has a closed aerodynamic circuit with a Mach number
range from M = 0.15 to 1.3. The test section is 2.0 m high, 2.4 m
wide, and 8.73 m long. Downstream of 6.1 m, the test section starts
increasing in cross-sectional area to reduce the flow speed. The test
section is equipped with removable inserts that can be selected to
yield slotted walls or solid walls, depending on the application. For
half-model testing, the top wall is always closed by design and itis on
this wall that the model is mounted. The slots on the floor are
normally closed for half-model testing. The slots on the two side
walls can be opened to reduce blockage, but were closed in the test
series presented here. It was agreed within all wind-tunnel tests in
EUROLIFT, for the sake of interfacility comparison, to select a test
section with four solid walls, hence allowing application of an
identical methodology for wall-interference corrections.

The wind-tunnel model, denoted KH3Y, is a half-model designed
and manufactured by DLR, German Aerospace Research Center for
use over a range of Reynolds and Mach numbers. The model is
equipped with adjustable slats and flaps to enable representation of
different high-lift configurations. It consists of a fuselage and a wing
with full-span slat and flap. The slat and flap are positioned to
correspond to a takeoff configuration. The model is mounted on the
top wall (ceiling) of the ETW at a distance (peniche) to avoid the
influence from the boundary layer of the wind-tunnel top wall.
Figure 1 displays the KH3Y half-model high-lift configuration
(shown here with a nacelle) mounted in the wind tunnel. The model
has a wing span of 1.4 m and is approximately 3 m long. The peniche
has the shape of the fuselage on which it is attached and keeps the

a)
Fig. 1 ETW test section: a) the KH3Y half-model high-lift configuration mounted in the ceiling and b) view from behind without a model mounted.

same shape to the wall. Its height is 86 mm. In Fig. 1, parts of the
centerbody behind the model can be seen as well. The centerbody is
the downstream extension of the sector. It divides the rectangular
duct in two halves and allows forming a sonic throat for Mach
numbers between 0.6 and 0.95. This is achieved by setting the hinged
side-wall elements and deploying the trim flaps housed in the
centerbody. The setting capability can also be used as drag generator
in classical tunnel operation mode to improve the stability of the
tunnel set point. There, the drag rise associated with a continuous
pitch-up of a model can be compensated by a simultaneous reduction
of the artificially generated drag of this system. The centerbody is
included in the computational domain, as subsequently described.

The model was tested in the ETW at several flow conditions. The
current investigation is carried out at a Mach number of
approximately 0.176 and Reynolds number of Re = 15 x 10° based
on the mean aerodynamic chord. This was the highest Reynolds
number generated during the test campaign, due to stress limitations
on model components, although higher Reynolds numbers can be
achieved by increasing the pressure simultaneously to the
temperature reduction. The temperature during this test is only
114 K. Measured quantities in the wind tunnel are the forces, pitching
moment, and surface pressure at 10 spanwise sections on all three
elements and inflow variables. In addition, wall surface pressure is
measured at several stations along the test section. The surface
pressure is used to determine the static pressure at the exit in the
calculations, which will be subsequently explained.

A correction [13] is applied to the test data to translate the data to
free-flight conditions. The main correction is applied to the angle of
attack. For a solid wall test section configuration, the angle of attack
inside the wind tunnel is smaller than the angle of attack in free flight.
The following formula is applied to modify the angle of attack:

Aa =8(1—2¢) x F/Fg x C 1)

where A« is the correction to the angle of attack; § and ¢ are two
model dependent constants; F and Fy are the model reference area
and tunnel virtual cross section area, respectively; and C; is the
uncorrected lift coefficient. The uncorrected and corrected forces are
plotted in Fig. 2. The correction to the angle of attack is between 1—
1.4 deg. The change in the angle of attack due to the correction has a
direct influence on the forces because, when translating the
uncorrected in-tunnel forces to free-flight forces, the in-tunnel forces
have to be projected with the corrected angle to obtain the
corresponding free-flight forces. In Fig. 2, the three computed angles
of attack inside the ETW tunnel are displayed as well. One angle is in
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Fig. 2 Uncorrected/corrected experimental forces from the ETW: a) C; vs & and b) C; vs Cp; the three computed angles of attack inside the ETW are
marked as o in the linear range, o, at maximum lift, and «; beyond maximum lift.

the linear range o/, and the two other angles are selected in the
maximum-lift region (o, at maximum lift and o3 beyond maximum
lift). It was agreed within the EUROLIFT consortium to not show
absolute values of forces, angles, and pressure; hence, only changes
of these values are given.

In addition to the correction of the angle of attack, there are minor
corrections to most variables such as the forces, moment, velocity,
static and dynamic pressure, and temperature. These corrections are
small (in general, less than 1%). The tunnel total states (i.e., total
temperature and pressure) remain unchanged.

III. Computational Setup
A. Computational Domain Inside the ETW

To make calculations inside the ETW wind tunnel, it is necessary
to make simplifications of a few details of the geometry. The
simplification involves, in particular, the wind-tunnel floor and other
parts of the tunnel downstream of the test section. All changes were
proposed by the ETW with the intention of simplifying the grid
generation with constraints, not to change the blockage of the wind
tunnel. Figure 3 displays a sketch of the computational domain inside
the ETW, as well as the applied coordinate system.

The incoming flow is parallel to the x axis; the angle of attack is
adjusted by rotating the model around an axis parallel to the z axis.
The model is mounted on the peniche attached to the top wall ceiling,
which is a horizontal plane at constant z. The test section area
increases slightly downstream, because the bottom wall (floor) has a
small diverging angle. The computational domain includes the test
section with the wind-tunnel model, and the centerbody behind the
test section is also included. The motivation for this extension is
hoped to have a rather uniform flow at the exit of the computational
domain to prescribe a constant static pressure as a boundary
condition in the computations. In addition to this extension, the
upstream part is extended slightly to allow the boundary layer to

develop along the tunnel walls. The complete computational domain
is 13.5 m long.

B. Grid Generation

The in-house grid generator TRITET is used for the generation of
all unstructured grids [14,15]. Prismatic cells are generated in the
boundary layer, in which a varying number of cells are used and
generated by an advancing-front technique. Outside the boundary
layer, tetrahedral cells are generated by another advancing-front
technique. There are usually a few elements of pyramid type to have a
transition between the prismatic and tetrahedral regions.

All grids were generated for the specified model without the flap-
track fairings (FTFs), because these calculations were performed
early in the project to study the influence of different components. To
have a direct comparison between in-tunnel and free-flight results,
the FTFs were also left out in the model inside the tunnel. The
influence from these devices on the total forces is limited, though.
They contribute with a small fraction to the drag.

Three grids are generated in the wind tunnel for the three angles of
attack o, —a3, because each angle requires a different setting of the
model and a different grid. Note that all wind-tunnel walls are treated
as viscous: that is, no-slip boundary conditions are applied and the
boundary layers are resolved with y™ ~ 1. One grid is generated for
the half-model in free flight. Similar resolution is used for all four
grids. The total number of nodes for the in-tunnel grids is 11-12
million nodes; for the free-flight grid, it is slightly less than eight
million. Data about the grids are summarized in Table 1.

Some pictures of the grid at the lowest angle of attack « [1] can be
seen in Fig. 4. The grids are clustered at the leading edges, on which
stretched surface triangles are used with stretching ratios up to a
factor of 6. Gradual grid adaptation and grid refinement were carried
out to ensure that the grids are sufficiently refined and that the grid
influence is small. All grids were generated in a similar manner with
very similar node distribution.

Centerbody

Wind-tunnel walls

Fig. 3 Sketch of the computational domain inside the ETW: a view from above (top) and a view from the side (bottom).
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Table 1 Data of the four generated grids

Wind-tunnel grids Free-flight grid

Total no. nodes 11.0-11.9 x 10° 7.7 x 10°
Prisms 20.3-21.9 x 10° 14.1 x 10°
Tetra 4.1-5.3 x 10° 2.9 x 10°
Pyramids 180-194 x 10° 84 x 10°
Prism layers <31 <40

Boundary nodes 230 x 103 194 x 10°
Boundary model nodes 200 x 10° 194 x 10

C. Flow Solver

A flow solver for unstructured grids, the Edge code [16,17], isused
for all CFD calculations. It is based on a finite volume approach with
median dual grids. The solver adopts an edge-based formulation for
arbitrary elements and uses a node-based finite volume technique to
solve the governing equations. The governing equations are
integrated explicitly toward steady state with Runge—Kutta time
integration. The convergence is accelerated with agglomeration
multigrid and implicit residual smoothing. A central spatial
discretization is used for the convection of the mean flow and a
second-order upwind scheme is used for the turbulence, in which the
second order is enforced by a total-variation-diminishing limiter. A
compact discretization of the normal derivatives of the viscous terms
is used [18].

All calculations were carried out assuming fully turbulent flow due
to the high Reynolds number. The turbulence model used is an
explicit Reynolds stress model [19], which contains a scale-
determining equation based on w [20]. All calculations are done with
a three-level Runge—Kutta scheme and four-level full-multigrid
cycles, with approximately 5000 iterations to reach steady state. The
boundary conditions used for the calculations in the wind tunnel are
1) no-slip wall boundary conditions at all solid walls, 2) total
temperature and pressure specified at the inflow (supplied from
experiments), and 3) constant static pressure at the outflow.

The calculations in free flight use no-slip wall boundary
conditions, zero normal velocity in the plane of symmetry, and
characteristic boundary conditions in the far field.

D. Computational Strategy in the Wind Tunnel

The computational domain in the wind tunnel was extended far
downstream with the intention to have uniform outflow so that a
constant static pressure can be prescribed. This pressure, however, is
not known and needs to be determined. The downstream pressure
completely determines the upstream Mach number and hence needs
to be specified correctly. The approach taken is an iterative procedure
in which the downstream pressure is varied to have a good match
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Fig. 5 Location of the four stations A-D for which wall surface
pressure is available and monitored.

with available experimental tunnel wall pressure distributions. This
procedure is iterated for all three computed angles of attack until a
good match is obtained.

Four stations are chosen for which comparison between numerical
and experimental wall surface pressure is carried out. Two stations
(A, and B) are located at the ceiling on both the suction (A) and
pressure (B) sides of the model. In addition, one station (C) on one of
the side walls and one station (D) on the floor are selected. The
stations are selected for which the pressure variation and influence of
the model are large. All stations extend in the streamwise x direction
only. The location of the stations can be seen in Fig. 5 displaying a
cross section (constant x) of a cut of the grid.

In Fig. 6, wall surface pressure is plotted for two numerical
solutions against experimental wall pressure. The two numerical
solutions have a difference in downstream pressure of 100 Pa to show
the sensitivity to the imposed downstream pressure. Note that the
experimental surface pressure is only available in the test section and
that the numerical results are plotted along most of the computational
domain, including the test section, the rear part, and downstream
extension of the wind tunnel. In the comparisons with global forces
and pressure distributions, the solution with the higher backpressure
is selected because it enables an excellent agreement with
experimental data, as shown in Fig. 6.

IV. Results
A. Numerical Results Versus Uncorrected Data

The preceding computational procedure is repeated for the two
higher angles of attack in the maximum-lift region. The calculations
converge well for the two lower angles, with an approximately
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Fig. 4 Grid pictures of the in-tunnel grid «;: a) model mounted in the wind-tunnel ceiling with centerbody behind and b) surface grid of the wing

fuselage junction.
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= Experiment

CFD
--- CFD, -100 Pa

a)

the solid-line solution.

x [m]

b)
Fig. 6 Computed and measured wall surface pressure at four stations. Lowest angle of attack o, in linear range: a) stations A and D on the suction side of
the model and b) stations B and C on the pressure side of the model. The dashed line represents a solution with 100-Pa lower backpressure compared with

Static pressure

Static pressure

x[ m]

a)

b)

12
X [m]

Fig. 7 Computed and experimental wall surface pressure at four stations; comparisons at the two highest angles of attack, o, and o 3: a) stations A and D
on the suction side of the model and b) stations B and C on the pressure side of the model.

five-orders-of-magnitude reduction in the density residuals with
well-converged forces. At the highest angle of attack, there are small
oscillations in the forces, and a solution with average forces is used to
display the following results.

The wind-tunnel wall surface pressure distributions, correspond-
ing to Fig. 6, for the two higher angles of attack are displayed in
Fig. 7. Note that the pressure curves were separated for different
angles and locations A-D. This difference does not reflect a
difference in pressure. As areference, the inflow pressure is about the
same at the inflow x = 0. The agreement between numerical and
experimental data is good, but not as good as for the lowest angle in
Fig. 6. The deviation between data is highest at the side wall on the
pressure side (stations B and C), on which the numerical simulations
predict higher pressure than measured. The agreement at the two
stations on the suction side (stations A and D) is very good for all
computed angles.

Figure 8 displays the Mach number at the entrance divided with
the specified Mach number from experiments, which is
approximately 0.175 at the lowest angle of attack. Very small
deviations can be seen; the deviation is similar for the two higher
angles. An integration of the Mach number over the inflow cross
section gives an average Mach number that only deviates by
approximately 0.2% from the tunnel-specified value. A slightly
lower Mach number than specified is predicted at the right side-wall
upper part, corresponding to the pressure side of the model. A
slightly higher Mach number is predicted in the opposite lower left
corner. Although the deviations are small, one should keep in mind
that parts of the upstream variation may be due to the specification of
a constant-outflow static pressure.

Fig. 8 Variation of Mach number at inflow; lowest angle of attack «,,
normalized with uncorrected inflow Mach number.

A comparison between the computed and experimental
uncorrected forces can be seen in Fig. 9. A very good agreement is
obtained. An almost-perfect match is obtained at the lowest angle of
attack in the linear range. The small underprediction in drag may be
due to the absence of the FTFs in the calculations. The maximum lift
is predicted at the second computed angle, «,, which also coincides
with the experimental location. The level of the lift is again well-
predicted for this angle; the drag is slightly underpredicted. At the
highest angle of attack, the flow is about to stall, starting at the outer
part of the wing. At this angle of attack, the computations show an
unsteady behavior and do not converge completely to a steady state.
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— Exp ETW, uncorrected — Exp. ETW, uncorrected
= CFD = CFD
Act=2 degrees AC,=0.05
Angle of attack (O
a) b)

Fig. 9 Comparison between in-tunnel CFD and uncorrected experimental forces from the ETW: a) C; vs « and b) C; vs Cp.

«  Exp. ETW, uncorrected attack is clearly visible in the plot. It starts at the wing tip and
— CFD, intunnel | propagates inboard toward the fuselage. In this case, the
AC =2 | experimental lift breakdown reaches further inboard than predicted

numerically. A separation can be observed experimentally as far
inboard as at the 28% span section, but the numerical results show
separation only at the most outboard station. The different extensions
of separation explain the difference in the integrated forces in Fig. 9.
Again, it should be emphasized that it is not expected to correctly
capture the flowfield beyond maximum lift with a steady RANS
calculation.

The lift breakdown is also visible in Fig. 11, in which the
streamwise x component of the skin friction is plotted for the two
highest angles. The plot shows that the flow is attached at the
maximum lift and that the flow has started to separate on the outer
part of the slat at the highest angle.

The total pressure loss distributions at five streamwise cross
sections in the tunnel can be seen in Fig. 12. The first cross section
intersects with the fuselage upstream of the wing. The cross sections

C

H}j:t‘:’
Fig. 10 Comparison the pressure distributions, uncorrected exper-

imental values and numerical results inside the tunnel; increasing angle
of attack from left to right and increasing spanwise position from top to
bottom.
Average values of the forces are displayed. To improve the o
prediction at this angle, the correct geometry [including FTFs in
combination with an unsteady RANS or hybrid RANS/LES (large-
eddy-simulation) approach] should be employed.

In the pressure plots in Fig. 10, there is an excellent agreement

between experimental and numerical pressure distributions at the

two lower angles of attack. The lift breakdown at the highest angle of m I I

Flg. 11 SKkin friction distribution (x component) inside the tunnel at the Fig. 12 Total pressure loss at five streamwise sections; the last section
two highest angles: a) &, and b) o5. intersects with the centerbody.
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are positioned subsequently with a constant distance of 1 m. The
second cross section intersects with the wing, and the most
downstream cross section intersects with the centerbody. In the plot,
the tip vortex can clearly be seen traveling downstream and being
amplified at higher angles of attack. The streamwise growth of the
boundary-layer thickness along the tunnel walls can be seen as well.
Itis worth noting that the flow is attached along all wind-tunnel walls
at all computed angles of attack, and hence there is no secondary flow
in these regions. There is a region of higher pressure loss close to the
ceiling on the pressure side of the model for all three angles. This loss
is not present on the suction side. Although hard to see, there is a
small separation on the leading edge of the centerbody: in particular,
on the suction side close to the floor, but also on the pressure side at
the ceiling. The streamwise extension of the separation is small,
though, and the flow attaches shortly behind the centerbody’s leading
edge.

To summarize, the agreement between computed and measured
data is very good up to maximum lift when comparing uncorrected
experiments with in-tunnel numerical results. The next step is to
compare corrected data with free-flight numerical data.

B. Numerical Results Versus Corrected Data

As already explained, the experimental data are corrected to
correspond to free-flight conditions. This is achieved by correcting
the freestream temperature, static pressure, and Mach number, due to
blockage effects in the tunnel. The changes are small (in general, less
than 1%). The corrected temperature and static pressure decrease,
whereas the corrected Mach number increases. As a comparison, the
freestream Mach number is corrected from 0.175 to 0.176 in free
flight at the lowest computed angle. The main change comes from the
correction of the angle of attack, which is corrected to a larger angle
in the range 1-1.4 deg, as displayed in Fig. 2, and hence the lift and
drag force has to be projected according to the new corrected angle of
attack.

To compare the numerical results inside the wind tunnel with free-
flight results, the same correction is applied to the numerical tunnel
data. The velocity is scaled with the corrected Mach number and
rotated with the difference between the tunnel and free-flight angle
A« according to Eq. (1). The forces are projected according to the
shift in angle of attack and made nondimensional with the corrected
dynamic pressure.

A comparison between computed forces from CFD and
experiments is displayed in Fig. 13. A few additional angles of
attack were computed in free flight.

As for the uncorrected forces in Fig. 9, there is good agreement
between corrected in-tunnel CFD results and experimental values.
This is a consequence of applying the same type of correction to both
numerical and experimental results. The calculations in free flight,
however, deviate to some extent from the data in the wind tunnel.
There is a very small underprediction of lift in the linear range. The
maximum lift is predicted 1 deg later in free flight, and hence the lift

=  Exp. ETW, corrected

—— CFD, in tunnel

- CFD, free flight [, ACP=ZI
E": 15% Span

o
? H},::&
M
J )

Fig. 14 Comparison of pressure distributions, corrected tunnel values
and free-flight numerical results; increasing angle of attack from left to
right and increasing spanwise position from top to bottom.

breakdown occurs later. The maximum-lift region is more flat and the
lift breakdown occurs 1 deg later than in experiments and in-tunnel
calculations. The largest deviation can be seen in the drag force.
There is a shift to higher values when computing at free-flight
conditions; the drag is predicted at a level approximately 10% higher
than obtained when computing in the wind tunnel.

A comparison of the computed pressure distributions at the four
spanwise sections for the same angles of attack as in Fig. 10 corrected
to free flight can be seen in Fig. 14. The pressure coefficients in
Fig. 14 were made nondimensional with the corrected dynamic
pressure. The agreement between numerical results and experimental
values is again very good. At first glance, the difference between the
numerical results in the wind tunnel and free flight is very small. The
most evident difference is that the lift breakdown at the highest angle
of attack is visible in the computed pressure distribution in the tunnel
at the spanwise station closest to the tip, at which the free-flight
numerical results indicate attached flow. The lift breakdown results
in a higher pressure on the slat and main-wing suction sides with a
small streamwise variation, indicating separated flow. The pressure
on the flap suction side decreases.

A closer inspection of the pressure distribution at the most inboard
spanwise station in Fig. 15 reveals that the computed in-tunnel results
predict a higher suction on the slat and the main wing than predicted
in free flight. At the rear of the main wing (and, in particular, on the
flap), a higher pressure is predicted in free flight. These differences
are only visible at the most inboard station; at the next station at 28%
chord, these differences have become very small.

In Fig. 16, the streamwise x component of the skin friction is
displayed for the highest angle of attack, «3, and at an angle of attack

— Exp ETW, corrected
= CFD, in-tunnel
+ CFD, free flight

Aoi=2 degrees

Angle of attack

a)

ACL=0.2
C.
— Exp ETW, corrected
=« CFD, in-tunnel
v CFD, free flight
AC=0.05
G
b)

Fig. 13 Comparison of forces from free-flight CFD computations, in-tunnel CFD computations corrected to free flight, and corrected experimental

forces from the ETW: a) C; vs & and b) C; vs Cp.
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= Exp. ETW, corrected
— CFD, in tunnel
---- CFD, free flight

Fig. 15 Pressure distributions of tunnel results corrected to free flight;
angle at maximum lift o, 5 15% span.

dd

Fig. 16 Skin friction distribution (x component) in free flight: a) a; and
b) a; + 1deg.

of 1 deg later: a3 + 1deg. The lift breakdown is caused by a
separation on the slat, as obtained in the wind tunnel in Fig. 11.
Hence, the lift breakdown is not affected by the model installation in
the tunnel, but shifted to a higher angle in free flight.

Because the slat leading-edge pressure is lower in the in-tunnel
calculations, it is likely that this is due to a higher velocity in this
region. Figure 17 displays the contour of the velocity at four sections
in the two calculations. A small but noticeable difference can be seen
at the suction peaks, at which the velocity reaches its maximum. It is
most evident at the forward section that cuts the slat only. Although
hard to see, the velocity is slightly lower at the rear main wing and
flap.

Another difference between the velocity contours is that there is an
area with velocity gradients on the pressure side close to the wind-
tunnel wall but outside the boundary layer. This region can also be
traced in Fig. 12, in which a total pressure loss is detected in the same
region.

Fig. 17 Contours of the computed absolute velocity at four stations (at
streamwise x); lowest angle «: a) in-tunnel results and b) free-flight
results.

e e ——
/
a) b)
—
[ ——————
L —————
c) d)

Fig. 18 Contours of velocity in plane of symmetry; lowest angle «,:
a) in-tunnel results at streamwise x component, b) free-flight results at
streamwise x component, ¢) in-tunnel results at crossflow z component,
and d) free-flight results at crossflow z component.

The question is then why the inboard velocity distribution is
different when computing in the wind tunnel than at free-flight
conditions. An answer to this question is given in Fig. 18, in which
the streamwise x component of the velocity and the z component of
the velocity are displayed in the plane of symmetry. In the
calculations in free flight, this plane is simply a plane at constant z, in
which the computational domain ends and a symmetry boundary
condition is applied, and in which the z component of the velocity is
removed in the flux calculation. Although this is a weak boundary
condition, the z component of the velocity is indeed negligible in the
computed results, as can be seen.

In the wind tunnel, however, the half-model is mounted on the wall
at a distance (a peniche). This distance has the same shape as the
model, in that it meets the peniche and keeps the same shape to the
wall. The intention with the peniche is to keep the model away from
the boundary layer and to create a flowfield without crossflow
velocity components in the plane in which the model and peniche
meet to mimic the flow of a whole model. However, as can be seen
from the velocity contours in Fig. 18, there are large crossflow z
components of the velocity at this plane. In the vicinity of the
stagnation point on the fuselage, there is a large positive z component
of the velocity that reaches up to approximately 50% of the
freestream velocity. On top of the fuselage, on the other hand, there is
a rather large negative velocity component. In fact, there are
significant crossflow velocity components away from the model.

These components can also be seen in Fig. 19, in which all velocity
components are plotted along a line at constant y in the plane of
symmetry at the approximate position at which the slat is attached to
the fuselage. The maximum crossflow velocity component occurs on

1 =
05F
0 -
05
— CFD, in tunnel
--- CFD, free flight
1 :I 1 L 1 15 l N —— 1 1
0 10 20 30 40 0 10 20 30 40
U(y) U@
a) b) c)

Fig. 19 Velocity along y in the plane of symmetry at x=1m
downstream the fuselage nose; lowest angle «: a) streamwise x
component, b) y component, and c) z component (normal to the plane) of
velocity.
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the upper suction of the fuselage, corresponding to approximately
20% of the freestream velocity.

The induced crossflow velocity component hence redistributes the
velocity on the inboard wing such that a higher velocity is obtained at
the slat and a lower velocity is obtained at the flap. This consequently
causes a lower pressure at the slat and a higher pressure on the flap.
Hence, the total force vector is changed, but the size of the vector is
about the same in free flight and in the tunnel. The higher inboard
leading-edge velocity corresponds to a change in the local angle of
attack to a higher angle in the tunnel calculations in this region. If the
total force vector of the tunnel calculations is projected with an angle
of approximately 0.6 deg higher than specified, a good match with
the freestream lift and force is obtained.

The crossflow velocity is a result of the mounting of the model that
apparently does not supply a velocity field sufficiently parallel to the
plane of symmetry. It is clear that the mounting of the half-model has
a potential to be improved. The size and shape of the peniche will be
in focus in future studies. Itis also possible that opening the side-wall
slots will reduce some of the crossflow velocity.

V. Conclusions

An investigation of the influence of the wind-tunnel walls on a
half-model high-lift configuration is conducted and described. The
wind tunnel is the cryogenic ETW. The model investigated is the
KH3Y takeoff three-element configuration with full-span slat and
flap. The model is mounted in the ceiling of the wind tunnel on a so-
called peniche on the wind-tunnel wall. The investigation is first
carried out by conducting CFD calculations inside the wind tunnel,
and numerical results are compared with uncorrected wind-tunnel
experimental data. In a second step, both experimental and numerical
data are corrected to correspond to free-flight conditions and further
comparisons are made with CFD calculations carried out at free
flight.

The Edge code for unstructured grids is used for the investigation.
Three hybrid unstructured grids are generated with an in-house tool
inside the wind tunnel: one grid for each computed angle of attack. In
the calculations, all walls are modeled as viscous walls, for which the
viscous sublayer is fully resolved with prismatic elements. The
calculations in the wind tunnel are carried out by specifying a
constant static pressure at the outflow of the extended computational
domain, and the backpressure is adjusted to have a good match with
measured pressure distribution on the tunnel walls. For the
calculations in free flight, a single grid is generated with a far field
and symmetry boundary for the half-model. These calculations are
carried out with corrected experimental freestream data as input.

The CFD results in the wind tunnel agree very well with
experimental data. There is a good match between pressure
distributions and integrated forces. There is a small underprediction
of the drag that is most likely due to the absence of the flap-track
fairings in the numerical calculations. The maximum lift is predicted
at the same angle of attack experimentally and numerically.

In the next step, the numerical results are corrected to free flight
using the same wind-tunnel corrections as for the experimental data.
These results, however, deviate slightly from computed numerical
results in free flight. The maximum lift in free flight is predicted 1 deg
later and the lift breakdown is less abrupt. The in-tunnel results
predict a different velocity field in the inboard section close to the
fuselage. This leads to a slightly lower pressure at the leading edge of
the slat and main wing and a higher pressure at the rear main wing and
flap. This corresponds to a small local change in the angle of attack
and causes an overestimation of the drag force with approximately
10% in the free-flight calculations, compared with experimental and
numerical in-tunnel results.

The additional velocity causing the difference in pressure is due to
crossflow components in the plane of symmetry observed in the in-
tunnel computed results (i.e., in the plane in which the fuselage and
peniche are attached). These velocity components cause a
redistribution of the inboard velocity field, pressure distribution,
and forces. The fact that the flow is not parallel to this plane suggests
that the mounting of the model can be improved. Opening the tunnel

side-wall slots may also remove some of these crossflow
components. Apart from the crossflow, there is good agreement
between the in-tunnel and free-flight results. The pressure
distributions agree very well from approximately 25% span out to
the tip. This shows that the wind-tunnel corrections work correctly as
intended.
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