
JOURNAL OF AIRCRAFT

Vol. 38, No. 4, July–August 2001

Experimental Investigation of Multielement
Airfoil Lift Hysteresis due to Flap Rigging

Drew Landman¤ and Colin P. Britcher†

Old Dominion University, Norfolk, VA 23529-0247

A study is reported on a particular type of lift hysteresis discovered while developing experimental geometry
optimization techniques for high-lift airfoils. A modern three-element airfoil model with a remotely actuated � ap
was designed, tested, and used in low-speed wind tunnel experiments to investigate optimum � ap positioningbased
on lift. Hysteresis in lift as a function of � ap position was discovered when tests were conducted using continuous
� ow conditions. It was shown that optimum or near-optimum lift coef� cients determined using continuous � ow
conditions exist over an extended range of � ap positions when compared to those determined using traditional
intermittent conditions.

Nomenclature
Cl = lift coef� cient, L=qc
C p = pressure coef� cient, .P ¡ P1/=q1
c = airfoil nested chord length
L = lift
P = local static pressure
P1 = freestream static pressure
q1 = freestream dynamic pressure
Rec = chord Reynolds number, ½Vc=¹
V = velocity
x = horizontal spatial coordinate
y = vertical spatial coordinate
® = angle of attack (referenced from nested airfoil maximum

length line)
±� ap = � ap de� ection angle
±slat = slat de� ection angle
¹ = viscosity
½ = density
%c = percent of nested chord length

Introduction

A N important practicalproblem in wind tunnel testing of multi-
element airfoils is the requirement to test a range of con� gura-

tions, to ensure that the optimum is chosen.1¡7 In a companion
publication, studies have described experimental geometry opti-
mization techniques using a remotely actuated � ap on a three-
element airfoil,where it was shown that the time requiredfor system
optimization can be greatly reduced.7 Flow conditionsduring these
studies have been described as intermittent, meaning that the � ow
was stopped after each evaluation of lift coef� cient and restarted
before the next. In an effort to further expedite in situ optimization
during the experimental program of Ref. 7, trials were conducted
without interrupting the � ow between successive lift evaluations.
These studies revealed lift hysteresis as a function of � ap position,
which presented a multivalued problem to a simple steepest ascent
optimizer, incapable of distinguishingpath. The main thrust of this
study is to explore the origin of this � ow phenomenon and its in-
� uence on lift measurement. Additionally, it is shown that it may
be possible to exploit this inherent lift hysteresis in the choice of
optimal multielement rigging.The work presented in this paper rep-
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resents a building block in the process of developing an automated
full three-dimensional modeling approach to multielement airfoil
experimental optimization at near-� ight conditions.

Flow Hysteresis
Hysteretic behavior is often observed in the CL – ® curve of two-

dimensional airfoils or three-dimensionalwings. Perhaps the most
common occurrence is hysteresis around classical stall, where the
lift loss at stall is not recovered until the angle of attack is signi� -
cantly reduced.8 Low Reynolds number, airfoils frequently exhibit
separationbubble inducedhysteresis,9 usually in the positive sense,
that is, similar to stall hysteresis,but occasionallyreversed.Changes
in model geometry can induce hysteretic behavior. For example,
slot lip spoilers deployed in conjuctionwith Fowler � aps have been
shown to exhibit signi� cant aerodynamic hysteresis in the CL – ®
curve for large � ap de� ections where none may occur for lower
� ap de� ection angles.10 Hysteretic behavior is also observed with
three-dimensional bluff bodies, typically including wake structure
changes with varying orientation.

In all of the casesmentioned,the underlyingphenomenonis inter-
actionbetween the inviscidouter � ow� eld and the viscousboundary
layer, speci� cally, the separationpoints thereof.The couplingmech-
anism is the separationregion itself,which can substantiallymodify
the outer � ow, hence the surface pressuredistribution.The majority
of reporteddata show CL or CD varyingas a functionof orientation.
Occasionally,hysteresis is observedas a functionof Reynolds num-
ber at a � xed orientation.No previouspublishedwork was identi� ed
that discussed aerodynamic hysteresis based on � ap position for a
given angle of attack and � xed � ow conditions.

Experimental Details
A unique model with internal actuators was specially designed

using airfoil geometry representativeof a modern civil transport.7;11

Nomenclature for multielement airfoils is reviewed in Fig. 1. Slat
de� ection was � xed at 30 deg for the entire test; slat gap and over-
hang were varied by installing shims under brackets. Two slat set-
tings were used: setting A had a 3.03%c gap and a ¡2.46%c over-
hang and setting B used a 2.17%c gap and a ¡1.46%c overhang.
The � ap was designed for a positional gap range of 1.38%c–4.4%c
(based on the nested chord of the entire model) and an overhang
range of ¡1.38%c–3.63%c. The � ap is positioned using four ser-
vomotors located in the main element, arranged in two-degree-of-
freedom stages, two motors to a stage, as shown in Fig. 2. Linear
motion is provided in the horizontal direction x and vertical direc-
tion y, and � ap de� ection angle is � xed at 30 deg.

The Old Dominion University, Department of Aerospace Engi-
neering, 4 £ 3 ft low-speed wind tunnel was used to obtain all of
the results presented.This wind tunnel is a closed return, fan driven,
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Fig. 1 Multielement airfoil nomenclature.

Fig. 2 Three-element airfoil wind-tunnel model.

atmosphericpressuretunnelusinga 125 hp electricmotor to provide
speeds in excessof 120 mph. The test section is 4 £ 3 ft in cross sec-
tion and 8 ft long. The freestreamturbulenceintensity in this facility
does not exceed 0.2%. Further details of the model, installation,and
instrumentationare provided in Refs. 7 and 11.

A test Reynolds number of 1 £ 106 was chosen based on the
maximum normal force sustainable by the automated model. Ini-
tial tests in this study were conducted with free boundary-layer
transition, meaning there were no added tripping devices or sur-
face roughness elements on the airfoil. Later, roughness elements
were added in an effort to force transition on the upper surface of
all the elements. It was felt that the forced transition would elimi-
nate the possibilityof laminar separation bubble induced hysteretic
effects.9;12 Forcing transition is one method for simulating higher
Reynolds number � ows, which has the bene� t of allowing compar-
isons to higher Reynolds number data.13;14 A number 30 grit abra-
sive particle(diameterof approximately0.028 in.) was chosenas the
minimum size roughness element necessary to assure transition.15

The particles were distributed with a 40% coverage over approxi-
mately a 0.2-in.-wide strip, whose leading edge was located at the
5% element chord location on the top surface of each element.13;16

No differences were found in the distribution of lift vs � ap posi-
tion between the free and forced transition measurements;however,
results are annotated to indicate which method was used.

All resultsare presentedwithoutcorrectionsfor boundaryeffects.
Sample element pressure and lift distributioncomparisons to refer-
ence data as well as uncertainty level analyses for lift have been
presented in Ref. 7. The focus of this study was the comparative
evaluationof Cl vs � ap position (not to obtain Cl for this con� gura-

tion with absolute accuracy). The estimated 95% con� dence level
of precision in Cl including the collective effect of instrumentation
and positioningwas found to be less than 0.5% of the measured Cl .

Lift Hysteresis Based on Flap Position:
Experimental Evidence

The remotelyactuated� ap was used to vary � ap gap and overhang
both with the tunnel � ow on continuouslyand with the � ow restarted
between successive data points (hereafter called intermittently). In
both cases, for � xed slat riggings, excessive � ap gap settings led
to separation on the � ap progressing from the trailing edge and
moving forward as the gap was increased. This separation trend
was identi� ed by the constant pressure region at the trailing-edge
� ap and was veri� ed using tufts.8;17

The nature of the progression of � ap stall was found to be both
path dependent and dependent on whether the tunnel was operated
continuouslyor intermittently.Four pathswere chosen to study stall
progression and are presented in Fig. 3. Each path represents mo-
tion in one degree of freedomwhile the second degree of freedom is
� xed, that is for example, changingvertical positionwith � xed over-
hang. The arrows show the direction in which the � ap was moved.
The underlyingcontoursshow the baselinedistributionof airfoil lift
coef� cient, derived from the integratedpressuredata, taken with in-
termittent� owconditions.Pressuredistributionsfor thepointsof the
intermittent � ow paths in Fig. 3 are shown in Figs. 4–7; Fig. 7 repre-
sents a path that extended outside of the region where baseline data
was available. The progression toward � ap stall under intermittent

Fig. 3 Paths of the stall progression study.

Fig. 4 Stall progression with intermittent � ow conditions, overhang
(OH) = 0.578%c.

Fig. 5 Stall progression with intermittent � ow conditions, Y =
2.234%c.
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Fig. 6 Stall progression with continuous � ow conditions, OH =
0.856%c.

Fig. 7 Stall progression with continuous� ow conditions, Y = 2.234%c.

� ow conditions is seen in Fig. 4, where the � ow is completely at-
tached for y D 1:456%c and y D 1:678%c but completely separates
somewhere between y D 1:678%c and y D 2:234%c as the � ap is
moved downward. The full separation is evidenced by the nearly
constant pressure over the entire upper surface of the � ap. A similar
trend is observed in Fig. 5, which shows the stall progression as
the � ap is moved aft under intermittent conditions. The interaction
of the three elements can be seen in the deleterious effect the � ap
has on the two upstream elements as the � ap approaches stall. The
decreased circulation on the � ap results in a reduced upper surface
suction pressure at the trailing edge of the main element, hence, a
reducedcirculationon the main element.The reducedcirculationon
the main element similarly in� uences the slat, Smith’s circulation
effect.18 The effect of increasinggap on � ap stall is shown in Fig. 5.
When the � ap leading edge is under the trailing edge of the main
element, resultingin a relativelyconstantgap, pressuredistributions
remain nearly identical. As the � ap leading edge moves toward the
main element trailing edge, the airfoil lift coef� cient rises with the
increasing gap until a local maximum is reached, and then the � ap
quickly stalls with any further increase in gap.

The results presented in Figs. 4 and 5 were obtainedusing natural
boundary-layer transition. To address the possibility of obtaining
ambiguous results due to low Reynolds numbers effects, such as
laminar separation bubbles, the continuous � ow studies were con-
ducted using forced transitionas describedearlier.When comparing
forced vs free transition,a small decrease in overall lift on the order
of the experimental uncertainty was the only difference observed;
the onset of stall was found to exist at identical � ap positions.7

Figures 6 and 7 present the results of the continuous � ow stall pro-
gression study. When comparing the intermittent and continuous
stall progression results, it is evident that the stall is delayed for
both the vertical and horizontal sweeps. In other words, the size of
the gap for which stall occurs is comparatively larger in the contin-
uous � ow case vs the intermittent case. However, the mechanism
for stall appears to remain the same. Pressure distributions again
indicate that separation begins at the trailing edge of the � ap and
progresses forward until the � ow is fully separated over the upper
surface of the � ap. This can be seen in Fig. 7 as the � ap pressure
distribution progressively � attens near the trailing edge as the � ap
moves from an overhangfrom ¡0.255%c to ¡1.088%c. In compar-
ing this sequence to Fig. 5, note that the increments in overhang are
reduced,yieldinggreater detail such as capturing the separated� ow
over approximately 60% of the � ap at an overhang of ¡0.533%c.

From the stall progressionstudy, it was noted that the � ap stalled
at a more aft overhang setting and with a larger gap when the � ow
was left on during � ap movement (compare Figs. 5 and 7, for ex-
ample). This � nding led to an interest in identifying the shape and
extent of the region of delayed stall. Initially, overhang and verti-
cal sweeps were conducted for a 14-deg angle-of-attack case with
both slat riggings,using free transition.The results of these tests are
shown in Figs. 8 and 9 with the detailed swept paths from the slat
A case together with the baseline values shown in Figs. 10–12. A
� apmovementfroma conditionof maximum overhangor minimum
vertical distance to a condition of minimum overhang or maximum
vertical distance is de� ned as an outgoing path, and the same path
reversed in direction is de� ned as the return path. All sweeps were

Fig. 8 Hysteresis sweep, free transition, slat A.

Fig. 9 Hysteresis sweep, free transition, slat B.

Fig. 10 Hysteresis sweep of Fig. 8 with baseline, Y = 1.956%c.

Fig. 11 Hysteresis sweep of Fig. 8 with baseline, OH = 2.473%c.
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Fig. 12 Hysteresis sweep of Fig. 8 with baseline, OH = 0.251%c.

Fig. 13 Hysteresis sweep, forced transition, slat A.

Fig. 14 Hysteresis sweep, forced transition, slat A continued.

conductedby moving the � ap to the � rst point of the outgoing path,
startingthe tunnel,establishingthedesired� ow conditions,and then
traversingthe � ap from point to point on the outgoingpath stopping
at each point to sample pressures.Then, without turningoff the � ow,
the � ap was traversed along the return path back to the start point,
stopping at the same points to sample pressures. For the six runs of
Figs. 8 and 9, it was found that all of the measuredbaseline lift coef-
� cients (� ow off between runs) coincidedwith the returnpaths.This
trend was identi� ed in all of the subsequent runs whether forced or
free transition was invoked. Perhaps the most interesting and sig-
ni� cant result of this whole study was � rst discovered in the data of
Figs. 10–12: Following an outgoing path on either a � xed overhang
or vertical path, it appears that Cl actually increases to a value be-
yond the maximum found by traditionalmethods using intermittent
� ow conditions. The increase is on the order of the experimental
uncertainty7; however, this trend is repeated in the results discussed
subsequently.No signi� cant differencesdue to the slat riggings, that
is, A vs B, were noted in the shape or extent of the hysteresis loops.

These initial results sparked an interest in a detailed study with
a dense spacing of hysteresis sweeps. Forced transition was used
for this study, and results are shown in Figs. 13 and 14. Figure 15
shows the available lift increment due to hysteresis. Figures 16–20

Fig. 15 Lift increment due to hysteresis.

Fig. 16 Hysteresis sweep of Fig. 14, Y = 1.678%c.

Fig. 17 Hysteresis sweep of Fig. 14, Y = 1.956%c.

Fig. 18 Hysteresis sweep of Fig. 14, Y = 2.233%c.

Fig. 19 Hysteresis sweep of Fig. 13, OH = 3.306%c.
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Fig. 20 Hysteresis sweep of Fig. 13, OH = 1.639%c.

contain details of some of the sweeps conducted in Figs. 13 and 14.
Again, an outgoing sweep showed an increase in Cl beyond the
value found by using intermittent methods in all of the cases where
a sweep was performed starting in a region of attached � ow on the
� ap. The vertical sweeps, which started in the region where the � ap
was fully stalled, did not exhibit hysteresis. A limited study was
performed using an 8-deg angle of attack and the A slat rigging
with free transition.The previous trend, which showed a continued
increase in Cl above the intermittentbaselinevalue, was not evident
in these runs,suggestingthat thisphenomenonis dependenton angle
of attack.

Discussion
Flow Physics of Lift Hysteresis

Multielementairfoil lift hysteresisas a functionof angle of attack
has been previously reported.8 In that study, it was found that an
airfoil and � ap con� gured for high lift exhibiteda hysteresis loop in
the lift curve when the two-dimensionalmodel was cycled in angle
of attack from zero lift to complete stall (both elements). Several
con� gurations,includingoptimal,large,and small gaps,were tested,
and in each case the � ap stalled � rst. The mechanism for stall was
described in the same way as that of the element stall study of this
work, namely, trailing-edge stall of the � ap.

A hypothesishasbeendevelopedto describethe lift hysteresisdue
to � ap motion. Consider an overhang sweep (vertical position con-
stant) where the starting point is well forward (positive overhang).
As the � ap progressesaft, the gap is initiallyconstant,andas a result,
the pressure distribution remains relatively unchanged,as shown in
Fig. 5. As the � ap continues to move aft, the � ap gap begins to
widen, and the size and in� uence of the potential jet � ow region in-
creases,providinga more favorablepressuregradientover the upper
surface of the � ap, which promotes a thin, laminar boundary layer.
The slot � ow centerline tends to follow the � ap curvature under the
in� uence of the strong pressure gradients of the wing wake.8;19¡21

This bene� cial interaction continues until the gap reaches a critical
width, at which time the point of separation on the � ap begins to
move forward from the trailing edge.22 This is understood to be a
result of the now reduced jet � ow velocity with its accompanying
increasingly adverse pressure gradient. The separation point on the
� ap upper surface travels forwardwith increasinggap until the main
element wake and � ap boundary layer begin mixing.8 As the � ap
is moved further aft, more turbulent mixing occurs until eventually
the � ap is fully stalled.8 As the � ap now begins to traverse the return
path, the turbulent mixing is well established.The high momentum
carried in the main element wake (including the slat wake) mixes
with the lower momentum of the � ap boundary layer maintaining
separated � ow over the � ap (seen in the constant pressure distribu-
tions on the � ap upper surface) until the slot � ow is well established
again and mixing begins to subside.

That the � ap stalls at a further aft position under continuous � ow
conditions than under intermittent conditions can be attributed to
the establishment of a favorable slot � ow and � ap boundary layer.
When continuous conditions are used for testing, the slot � ow and
� ap boundary layer are well established while the � ap gap is small.
The � ap can then be moved to a position where, under intermittent

testing conditions, the gap will produce a stalled � ap. The intermit-
tent conditionsforce the boundary layer on the � ap to developunder
conditions establishedby low Reynolds numbers, which are known
to be susceptible to separation. If the � ap boundary layer initially
separatesand begins to mix with the wake of the main elementwhile
the � ow accelerates, the effects may be irreversible.

Optimization with Hysteresis Present

If wind-tunnel productivity for high-lift testing is to be maxi-
mized, optimization methods using automated models tested with
continuous� ow conditionsrepresent the ultimate goal. Irreversibil-
ity in the form of lift hysteresis presents a signi� cant challenge
to optimization algorithms. Experimental evidence has shown that
while traversing the � ap of a three-element airfoil to achieve max-
imum lift, an ideal con� guration often occurs just before massive
� ow separation on the upper surface of the � ap. If the direction of
the search is reversed just after the � ap has stalled, the irreversible
nature of the � ow prevents reattachment, and the value for the lift
coef� cient found during the approach to the maximum is now much
lower at the same point in the design space. Hence, the objective
function is multivalued and path dependent.

Consideran optimizernegotiatingthe pathsof Figs. 16–18. Mov-
ingalonganyof the threeoutgoingpathsother than theY D 1:956%c
path with a small enough step size so as not to greatly overshoot
the optimum should result in convergence. On the other hand, ap-
proaching the optimum of the Y D 1:956%c path (Fig. 17) is more
dif� cult due to the sudden stall. As an alternative, intelligent algo-
rithms could be employed, possibly using knowledge gained from
an initial coarse baseline data set, which use unidirectional search
patterns that retain a path history.Algorithm sensitivity to separated
� ow couldbe incorporatedby monitoring top surface� ap pressures,
allowing identi� cation of impending stall.

Conclusions
This study revealed an irreversible � ow phenomenon that com-

plicates in situ automated high-lift wind-tunnel model geometry
optimization techniques.Whereas in situ geometry optimizationof
automated multielement airfoils has been shown to be practical us-
ing intermittent � ow conditions, more work is required to extend
this technology to include continuous � ow applications. Through
the development of these techniques, large wind-tunnel productiv-
ity gains are realizable. The natural extension is to now develop a
three-dimensionaltestingpilot studyat near-� ightconditions,where
the greatest challenge may be the mechanical design of a three-
dimensional wing model capable of withstanding the high loading
associated with these � ow conditions. Perhaps lift hysteresis is in-
� uenced by Reynolds number, or three-dimensionaleffects; further
study will tell.
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