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Hysteresis and Broad Flow Features
on a Swept Wing at High Lift

L. Venkatakrishnan,∗ S. Sundaram,† and P. R. Viswanath‡

National Aerospace Laboratories, Bangalore 560 017, India

Experiments have been performed at low speeds documenting certain broad aspects of hysteresis on a mildly
swept wing under high-lift conditions. Aerodynamic load measurements were carried out at two values of incidence,
10.5 and 15.5 deg, and flap deflections of 20 and 30 deg, essentially under quasi-steady conditions. Two-dimensional
particle image velocimetry (PIV) was utilized to measure the mean velocity vector field in the rear part of the wing
and flap. These velocity measurements have revealed the complex nature of separated flows on the wing and flap.
Also, in general, the slot flow angle determined by geometric considerations is very different from those actually
inferred from PIV measurements.

Nomenclature
Aw = wing area, 0.3 m2

CL = lift coefficient, [lift force/(freestream
dynamic head × wing area)]

CD = drag coefficient, [drag force/(freestream
dynamic head × wing area)]

q∞ = freestream dynamic head
U = local velocity, m/s
U∞ = freestream velocity, m/s
α = angle of incidence, deg
δ f = flap deflection, deg

Introduction

T HE last two decades have seen considerable research activ-
ity on the subject of high-lift flows relevant to transport air-

craft. The flowfield with multi-elements deployed can be quite
complex,1−4 involving three dimensionality, transition by differ-
ent flow mechanisms, confluent viscous layers, and boundary-layer
separation. The major difficulty in predicting these flows at high
lift is, of course, coupled with the inherent difficulty in accurately
modeling turbulence in such flow situations. It has been suggested2

that increased attention be paid to understanding and modeling of
the fundamental fluid mechanics related to high-lift flows in the
future.

Reliable experimental data at high lift involving both mean and
turbulence quantities are essential to improve flow modeling. Sev-
eral experimental studies5−9 on two-dimensional high-lift configu-
rations have been reported, and hot-wire anemometry has been uti-
lized to obtain mean and turbulence data. There have also been some
attempts10 to measure the flowfield using laser velocimetry. The use
of two-dimensional particle image velocimetry (PIV) is relatively
recent,11 but very attractive from the point of view of documenting
the velocity field in a given plane including flow reversal.

In the context of high-lift flows, unsteady effects have received
very little attention. Although hysteresis effects are well known12,13
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on low Reynolds number airfoils, it is only in the recent past that
some information on hysteresis effects on two-dimensional airfoils
with a flap at relatively high Reynolds numbers has been reported.
Biber and Zumwalt14 studied hysteresis effects on a 13% thick gen-
eral aviation wing or GAW-2 airfoil with 25% slotted flap at a chord
Reynolds number of 2.2 × 106. The boundary layer on the airfoil
was tripped on both the upper and lower surfaces. The test matrix in-
cluded flap nested as well as deflected cases of 30 and 40 deg with op-
timum and narrow gaps. The measurements made included the aero-
dynamics loads on the airfoil–flap system using a pyramidal-type
balance and static pressures along the midspan of the airfoil and flap.
The balance measurements were in a pitch and pause made over an
incidence α range of −8 to 22 deg; at each value of α, force/moment
data samples were taken 0.2 s. apart for a total period of 2 s. Essen-
tially, the load measurements were made in a quasi-steady sense.
They observed varying degrees of hysteresis as dependent on flap
deflection and the gap ratio: For example, hysteresis effects were
more severe for the flap deflection of 40 deg, and narrowing the gap
reduced the size of the hysteresis loop. They suggested14 that the
hysteresis loop was primarily a result of the change of flow pattern
about the flap rather than the main airfoil and, further, the slot flow
angle and gap width were relevant factors in determining the level of
hysteresis.

Recently Landman and Britcher15 reported results of lift hystere-
sis on a modern three-element airfoil under high-lift conditions. The
chord Reynolds number was 1 × 106 and lift characteristics were ob-
tained by integration of measured surface pressure data. Hysteresis
was observed as a function of flap position for fixed model incidence
and freestream conditions. It was suggested15 that the occurrence of
such a hysteresis phenomenon could present a serious challenge to
flap optimization studies.

Several issues related to the occurrence of hysteresis under
high-lift conditions are of significant engineering interest: What are
the conditions leading to hysteresis and what is the flow topology
associated with it on two-dimensional airfoil–flap configurations?
Will hysteresis occur at higher Reynolds numbers typical of flight
conditions? What are the features of hysteresis on swept wings (of
relevance to transport aircraft), if it occurs? Significant experimen-
tal effort is needed in the future to be able to answer some of these
questions.

In this paper, we report results associated with hysteresis observed
on a mildly swept wing with a slotted flap under high-lift conditions.
In addition to measurements of aerodynamic loads employing a floor
(or half-model) balance, the separated flow in the rear part of the
wing section and flap was documented using two-dimensional PIV
for certain selected test cases. The balance measurements were made
in a quasi-steady sense, as in Ref. 14. The velocity field obtained
using PIV for the different cases reveal complex flow features asso-
ciated with hysteresis.
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Experiments
Wing Model

The experiments were carried out on a half-wing model to study
the effects of gap, overlap, and flap deflection angle on hysteresis
under high-lift conditions. The geometric details of the mildly swept
wing model are presented in Fig. 1. The wing chosen was based on
the current interest at the National Aerospace Laboratories (NAL)
on small transport aircraft, and besides, it was thought that hysteresis
effects on a mildly swept wing would be broadly similar to those on
two-dimensional airfoil–flap configurations.

The cross section of the wing section was a 13.6% thick GAW-2
airfoil and carried a 25% chord slotted flap in the inboard part of
the wing (Fig. 2).

Fig. 1 Geometric details of wing model (all dimensions in millimeters).

Fig. 2 Wing geometry at different flap settings.

The flap was attached to the main wing through end linkages,
which allowed flap setting at any desired overlap and gap. The flap
could be fixed at any desired location (of any desired gap and over-
lap) using flap brackets. The gap and overlap chosen were those de-
termined as optimum for this configuration during an earlier study
on the same wing. The wing boundary layers on the upper and
lower surfaces were tripped at a distance of 10% chord from the
leading edge using 50 grade sand paper of 10 mm width. This wing
model was tested in two low-speed wind-tunnel facilities which are
described next.

Wind-Tunnel Facilities
The wing aerodynamic load measurements were carried out in

the 4.25 × 2.75 m open-circuit wind tunnel at the Indian Institute
of Science, Bangalore, India. The maximum speed attainable was
50 m/s, and the freestream turbulence was 0.13% at this speed. The
wing model was mounted vertically in the tunnel on top of the floor
half-model balance, and a reflection plate was used at the wing root
section to minimize interference from the tunnel wall boundary layer
(Fig. 1). The wing incidence could be varied remotely in a pitch–
pause mode from −6 to +20 deg. Limited tuft flow visualization
studies were carried to get a broad idea of flow separation on the
wing.

The 1.5 × 1.5 m low-speed wind tunnel (at NAL, Bangalore,
India) was utilized for two-dimensional PIV measurements. This
wind tunnel, being of moderate size, could be well exploited for
PIV measurements, which were considered very important in this
study. The freestream velocity in this tunnel can be varied in the
range of 10–55, m/s and freestream turbulence level is within 0.12%
in that speed range. A reflection plate at the wing root section, very
similar to that utilized for balance loads, was employed for the PIV
measurements in this tunnel as well.

The solid model blockage for the load measurements (in the
4.25 × 2.75 m wind tunnel) and the PIV measurements in the two
tunnels were 1% and 4.5%, respectively, for the maximum incidence
and flap conditions chosen here; we expect wall interference effects
even for PIV measurements to be small.

Instrumentation and Measurements Made
The half-model loads were measured using an accurate six-

component floor balance having the following load capacities: nor-
mal force = 700 kgs, axial force = 25 kgs, side force = 250 kgs,
pitching moment = 50 kg · m, rolling moment = 200 kg · m and yaw-
ing moment = 70 kg · m. With the tunnel speed set at 40 m/s, the
model incidence was varied in the range from −6 to +20 deg (at
2-deg intervals) in the pitch and pause mode. On reaching αmax of
20 deg, the model incidence was lowered in the pitch–pause mode
back to −6 deg. At each α, the balance data were acquired at a rate
of 3000 samples per second simultaneously for all balance elements
for a period of 1.8 s preceded by a dwell time of 0.2 s. Essentially
data were acquired with the model having a fixed incidence for 2 s in
a manner very similar to the procedure used by Biber and Zumwalt14

in their two-dimensional airfoil–flap hysteresis study. This proce-
dure was adopted essentially to document hysteresis effects under
quasi-steady conditions and to be able to observe similarities (or
otherwise) in the broad features of hysteresis in relation to those
seen on a two-dimensional airfoil–flap configuration.14 The digital
data acquired was processed to yield forces and moments using a
Pentium-based personal computer.

Two-component PIV measurements were carried out in the NAL
1.5 × 1.5 m wind tunnel, and the experimental arrangement is shown
in Fig. 3. The flowfield with seed particles was illuminated by a
double-pulsed, frequency-doubled dual Nd: YAG, PIV 400 laser.
The optimum performance of the laser is at 15 Hz. It was, therefore,
possible to obtain 15 pairs of images per second using this laser. The
laser was mounted on a platform at the height of the tunnel floor and
not in physical contact with the tunnel (to avoid possible vibrations
to the system). The beam steering was achieved by a pair of Nd-
YAG mirrors mounted on the base and carrier of the vertical axis of a
two-dimensional traverse. With this arrangement, the beam could be
positioned at any point in a two-dimensional plane perpendicular to
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Fig. 3 Schematic of experimental setup.

the flow. The beam then passed through the beam-forming optics and
was spread as a thin (0.8-mm) sheet of light with nearly flat intensity
profile in the measurement plane using a combination of negative
and positive spherical lenses and a cylindrical lens. The sheet entered
the tunnel 0.5 m downstream of the test section through a window
in the tunnel wall. This ensured that the sheet did not vibrate during
tunnel runs and yield spurious turbulence data.

The flow was imaged using a Kodak ES 1.4 progressive scan
digital charge-coupled device (CCD) camera having a sensor res-
olution of 1008 (horizontal) × 1018 (vertical) pixels. The camera
was mounted on an overhanging arm from a vertical post, which
was firmly fixed on the laboratory floor. A Nikon 50-mm normal
lens was used as the imaging optics for the CCD. This provided a
near flat focus of the viewing area of 140 mm square at a distance
of 1 m. The CCD camera operated in synchronization with the laser
pulsing. The synchronization of the laser pulsing with camera and
the grabbing of the images are carried out using an IDT-1000 con-
troller from IDT Systems.

The cross-correlation CCD is capable of recording two successive
images separated in time as low as 1 μs and stores them in the local
buffers, which are then transferred to the personal computer memory
using a NI-IMAQ image grabbing card. The main memory of the
personal computer restricts the number of pairs of images that can
be acquired per batch. Each pair of images requires 2-MB space,
and in the present setup with the personal computer RAM of 1 GB,
it is possible to acquire 500 pairs per batch.

The PIV image acquisition and processing was carried out by
IDT ProVISION® software. This software also allows usage of an
unconstrained mesh for processing, which was used to configure a
mesh for each case that would allow the best possible resolution.

Application of PIV in a relatively large open-circuit tunnel such
as the present 1.5-m low-speed wind tunnel posed many problems.
Preliminary studies were carried out to address the problems of
uniformly seeding such a complex separated flow and obtaining
the mean flowfield on a finite wing. The uniformity and quantity
of seeding was seen to have a direct relation to the quality of the
data. Two fogging machines (Antari Z- Series fog machine, 1500 W
and 40,000 ft3/min or 18 cubic meter/second using Antari standard
fog fluid gallon) were used in this experiment to introduce seed-
ing into the flow, especially at the plane of interest. Earlier phase
Doppler particle analyzer measurements on a fogger of identical de-
sign showed the particle size distribution to be Gaussian with a mean
size of 5 μm (Ref. 16). The maximum particle size encountered was
10 μm. The size range is satisfactory for following the flow without
lag for the present test conditions. Uniformity in seeding is crucial
for capturing good pictures of a flow. Too much seeding causes light

Fig. 4 Flow mapping geometry.

saturation on the CCD and should be avoided. Several trials proved
that the seeding could not be concentrated only to the plane of inter-
est, but had to be made uniform over the entire tunnel cross section.

The velocity field was measured in a two-dimensional plane par-
allel to the freestream (Fig. 3). Because the wing was mildly swept,
the dominant flow was expected to be generally along the freestream
with some small three-dimensional effects. The velocity field in a
plane parallel to the freestream direction must therefore provide an
excellent representation of the mildly three-dimensional flow around
the wing.

The plane visualized was in the midflap region, 383 mm from the
wing root (Fig. 3). The image area and interrogation cell size were
chosen after a preliminary study examining the accuracy of PIV
velocity data with a hot wire in the near wake of this wing for the
nested configuration. After this exercise, the following parameters
were chosen. The area imaged was 140 × 140 mm, that is, each
pixel was 0.14 mm in physical space. The images were separated
by a time delay of 12 μs. The interrogation cell size was chosen as
20 × 20 pixels, and this resulted in a physical resolution of 2.8 mm.

The laser sheet was incident from the wing upper side; the flow
over the bottom of the wing could not be visualized (Fig. 4). The flow
mapped by PIV was restricted to covering the rear part of the wing
and the flap section, in a region 140 × 140 mm extending 10 mm
downstream of the flap trailing edge, which is also schematically
shown in Fig. 4. The trailing edge of the flap was fixed as origin
for presenting the results. All of the PIV mean velocity data were
computed from 2000 pairs of images, and as a result the data are
considered virtually free of statistical errors.
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Flow Visualization
Tuft flow visualization was undertaken to provide qualitative in-

formation on the nature of the flow on the wing and flap with in-
creasing and decreasing angle of attack. Photographs were taken
under quasi-steady conditions at selected values of α.

Test Matrix
All of the tests were made at a freestream velocity of 40 m/s, and

the Reynolds number based on root chord was 1.2 × 106. The bal-
ance data were acquired in the incidence range from −6 to +20 deg
(at 2-deg intervals) for flap deflections δ f of 10, 20, 30, and 40 deg.
In this paper, however, we present data only at δ f = 20 and 30 deg
essentially to bring out certain interesting features of the hystere-
sis phenomena observed. The two-dimensional PIV measurements
were, therefore, restricted to the flap angles of 20 and 30 deg; in
addition acquiring good PIV data turned out to be quite time con-
suming. At each of the two flap angles, two values of model in-
cidence of 10.5 and 15.5 deg were covered. These α values were
selected based on the lift hysteresis curve (to be discussed in the
next section). Also note that the PIV measurements were made un-
der steady conditions at the selected valves of δ f and α (unlike
balance data described earlier) because conditionally sampled PIV
measurements, more appropriate with hysteresis effects, would be
an extremely difficult task. It was recognized that knowledge of the
velocity field, even under steady conditions, would be meaningful
for a first cut understanding of the flow topology associated with
hysteresis.

Measurement Uncertainties
The floor balance used for the wing loads was calibrated before

the test series, and the accuracy of the balance system was found
to be better than 0.5% of the rating of the balance elements. When
repeat runs are taken into account, the estimates of uncertainties in
CL and CD are

�CL < ±0.02CL(20−1), �CD < ±0.02CD(20−1)

For the fog fluid utilized and kind of atomizer used, the average
particle diameter is expected in the range of 5–10 μm (Ref. 16),
which is generally considered adequate for low-speed PIV mea-
surements.To quantify any effects due to nonuniform seeding and
particle-size effects, comparisons of mean velocity from PIV were
carried out against hot-wire measurements in the near wake for the
flap nested condition. With 2000 pairs of images utilized for the
determination of the mean velocity field, we expect the statistical
errors due to averaging to be very small. In essence, the uncertainty
in the velocity vector U is expected to be generally less than 1 m/s.
Despite the surface having a smooth finish, due to the reflection of
the laser light toward the camera, it was not possible to obtain good
PIV data closer than 2 mm from the surface.

Results and Discussion
The force/moment measurements using the balance were made

for several flap deflections δ f , but we present here results only
at δ f = 20 and 30 deg to bring out certain essential features of
hysteresis. The force data, normalized by the freestream dynamic
pressure and wing area (flap in nested condition), are presented
here.

Lift and Drag Characteristics
The lift and drag characteristics for δ f = 20 and 30 deg are pre-

sented in Figs. 5 and 6, respectively, where data corresponding to
increasing and decreasing α are indicated by arrows. Also shown
are the incidence angles of 10.5 and 15.5 deg chosen for PIV in-
vestigations. At δ f = 20 deg, the hysteresis loop is relatively small
with a loss in lift �CL of about 0.30 (Fig. 5). The onset of hystere-
sis occurs around α = 14 deg and reattachment around the same α.
(In hysteresis literature, the terminology reattachment is sometimes
used to indicate the end or close of hysteresis loop while α is de-

Fig. 5 Lift and drag characteristics for flap deflection δf = 20 deg.

creased.) At the higher flap deflection angle of 30 deg, the lift and
drag characteristics reveal a complex double loop over a consider-
able α range, with the final reattachment occurring at α = −4 deg
(Fig. 6). It is obvious that the separated flow features on the wing–
flap combination are indeed significantly different for increasing and
decreasing α at this flap deflection. The force/moment data, mea-
sured during repeat tunnel runs, were in very good agreement, sug-
gesting that the flow phenomena associated with hysteresis at each
α are relatively steady as far as time-averaged or mean properties are
concerned.

Tuft Flow Visualization
To bring out certain broad features of separated flows on the

wing–flap combination, tuft-flow photographs were taken at se-
lected α (with α increasing) under quasi-steady conditions (in a
manner similar to those of balance measurements). Photographs at
α = 6, 12, and 18 deg for δ f = 20 and 30 deg are shown in Figs. 7
and 8, respectively. For flap angle of 20 deg, the flow is attached
everywhere at α = 6 deg, and a progressive increase in the separated
flow on the flap and wing may be observed at α = 12 and 18 deg.
At δ f = 30 deg, the wing flow is attached, whereas the flap flow
is separated even at α = 6 deg; a larger degree of separated flow is
seen α = 12 and 18 deg (compared to δ f = 20 deg) consistent with
increased adverse pressure gradients expected with higher flap de-
flection. These flow visualization studies indicate (in a gross sense)
existence of separated flows on the wing, as well as on the flap at
higher α (>12 deg).
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Fig. 6 Lift and drag characteristics for flap deflection δf = 30 deg.

a) α= 6 deg b) α= 12 deg c) α= 18 deg

Fig. 7 Wing flow patterns using tufts at δf = 20 deg.

Mean Velocity Field Measured by PIV
Here we present the PIV mean velocity field obtained in the rear

part of the wing and on the flap for two values of incidence of 10.5
and 15.5 deg and flap deflection of 20 and 30 deg. The velocity
field is presented in physical units (meter per second) essentially to
observe the relative magnitudes of the velocities including reverse
flow in the different regions.

Mean Velocity Field for δf = 20 Degrees
The mean velocity vector maps at α = 10.5 deg and α = 15.5 deg

for flap deflection of δ f = 20 are shown in Figs. 9 and 10, respec-
tively. The reference vector scale is chosen as the freestream ve-
locity (40 m/s). The vectors are two-color coded to the sign of the
velocity along the freestream direction, thus enabling easy recog-
nition of separated zones. As may be observed, there are insuffi-
cient data close to the surface, due to the reasons discussed ear-
lier; in particular, in the reversed flow ahead of the main wing
trailing edge (Fig. 10), the correlation resulted in unreliable data
up to y = 2 mm from the surface and they have been deleted in
Fig. 10.

With reference to Figs. 9 and 10, it is clear that with increase in
incidence, there is a deceleration of velocity field on the wing and the
flap as a result of increased streamwise adverse pressure gradient.
In particular, at α = 15.5 deg, there is a weak separation just ahead
of the trailing edge of the main wing, and flap flow, beyond about
50% flap chord, is separated as well.

These observations are broadly consistent with the flow visual-
izations shown in Fig. 7. The wakelike structure of the shear flow
downstream of the trailing edge of the main wing may be clearly
seen at both values of α. At both of the angles of incidence, the slot
flow may be observed to be nearly parallel to the local flap surface;
the local velocity in the flap leading edge zone is relatively lower at
α = 15.5 deg because of higher streamwise pressure gradient. The
flap flow is largely influenced by the slot flow and behaves like a
wing at an angle of 20 deg to the freestream.

Mean Velocity Field for δf = 30 Degrees
The mean velocity field for δ f = 30 deg, presented in Figs. 11 and

12, respectively, show dramatically different features compared to
those in Figs. 9 and 10.

At α = 10.5 deg, the flow ahead of the main wing trailing
edge shows significant deceleration compared to the results at
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a) α= 6 deg b) α= 12 deg c) α= 18 deg

Fig. 8 Wing flow patterns using tufts at δf = 30 deg.

Fig. 9 Mean velocity field at α= 10.5 deg for flap deflection of 20 deg.

Fig. 10 Mean velocity field at α= 15.5 deg for flap deflection of 20 deg.

Fig. 11 Mean velocity field at = 10.5 deg for flap deflection of 30 deg.

Fig. 12 Mean velocity field at α = 15.5 deg for flap deflection of 30 deg.
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α = 10.5 deg, δ f = 20 deg, but the flow is significantly separated
over a good part of the flap due to higher adverse pressure gradient.
The slot flow locally is nearly parallel to the freestream direction
and has relatively low magnitude. At α = 15.5 deg, on the other
hand, the slot flow is energetic and has a jetlike character, virtually
bifurcating the flow on either side of it. A large-scale separation on
the main wing ahead of the trailing edge and a massively separated
flow over the flap may be observed. The maximum velocity in the
slot flow jet was about 20 m/s that is, 50% of U∞, and the maxi-
mum reversed flow velocities on the flap were about 3 and 5 m/s for
α = 10.5 and 15.5 deg, respectively. Thus, the PIV measurements
have captured the complex flow topology including flow reversals
quite well. It may also be inferred that the closure of the separated
flow on the flap at α = 10.5 and 15.5 deg will occur well downstream
of the flap (which is not documented in this study).

The preceding results of the mean velocity field at the two flap
deflections show certain major features of separated flow on the wing
and flap and local features of flow through the slot. It is clear that
the slot flow, its magnitude and direction, is strongly dependant on
the wing incidence, flap position, and its deflection. The presence of
separated flow, although varying in degree in the earlier documented
cases, possibly results in the hysteresis in the aerodynamic loads.
It is believed that the energetic jetlike slot flow at α = 15.5 deg
and δ f = 30 deg is responsible for the observation of double-loop
hysteresis; with such massive separation ahead of trailing edge and
on the flap, it is perhaps conceivable that the flow topology for the
increasing and decreasing values of incidence, are not necessarily
be the same (unlike attached flow on the wing and the flap), resulting
in strong hysteresis.

It is clear that the flap position in relation to the main wing trail-
ing edge will have significant influence on the slot flow. It has been
suggested by Biber and Zumwalt14 that the slot flow angle (Fig. 13)
is an important parameter determining the level of hysteresis. (The
slot flow angle β was defined as the angle between the slot flow
vector and wing chord line; the slot flow vector was defined as
the normal to the minimum radius line from the wing trailing edge
to the flap leading edge.) This may be seen as a geometric defi-
nition of the slot flow vector. We have compared the values of β
obtained using the preceding geometric definition with those in-
ferred from the PIV mean velocity data (Figs. 9–12) in Table 1;
the value of β from PIV may be seen to be some kind of a local
average in the slot zone and, therefore, prone to larger errors of
2–3 deg.

Table 1 Comparison of slot flow vector angles

Slot flow angle Slot flow angle
δ f , deg α, deg β (geometry), deg β(PIV), deg

10.5 45 −3
20

15.5 46 15
10.5 51 24

30
15.5 52 50

Fig. 13 Comparison of slot flow vector angles.

The actual slot flow angle is, in general, very different from the slot
flow angle determined using the airfoil flap slot geometry except at
α = 15.5 deg and δ f = 30 deg, where the close agreement observed
is a coincidence. These results strongly suggest that the slot flow
angle is not determined by local geometry but by the overall flow
on the wing and flap.

Conclusions
Experiments have been performed at low speeds documenting

certain broad aspects of hysteresis on a mildly swept wing under
high-lift conditions. Aerodynamic load measurements were car-
ried out at two values of incidence of 10.5 and 15.5 deg and flap
deflections of 20 and 30 deg, essentially under quasi-steady condi-
tions (very similar to those on a GAW-2 airfoil14). Two-dimensional
PIV was utilized to measure the mean velocity vector field in the
rear part of the wing and flap.

Mild and massive double-loop hysteresis loops were observed
for the flap deflections of 20 and 30 deg, respectively. The mean
velocity field obtained by two-dimensional PIV for the four cases
revealed certain complex features including significant zones of re-
versed flow. The occurrence of hysteresis is obviously a consequence
of separated flows on the airfoil–flap combination at the higher inci-
dence. It is suggested that the energetic jet-like slot flow observed at
α = 15.5 deg and δ f = 30 deg is a major feature associated with the
massive double-loop hysteresis observed in the aerodynamic loads.

The slot flow angle determined from the PIV measurements is in
general very different from those estimated using the airfoil–flap–
slot geometry, suggesting that the slot flow angle is not determined
by local geometry, but by the overall flow on the wing and flap. This
could have certain strong implications in modeling high-lift flows
by engineering methods, for example, viscous–inviscid interactive
calculations.
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