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Dynamic Reattachment on a Downward Pitching Finite Wing
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A finite wing was pitched downward at a constant rate from a fully stalled condition to zero angle of
attack. Dynamic reattachment on the downward pitching wing was characterized in detail using unsteady
surface pressure measurements. Results showed that dynamic reattachment initiation and progression
velocity varied in response to alterations in nondimensional pitch rate and span location. In addition,
these alterations to reattachment initiation and progression were prominently reflected in normal force
data. An empirical model for dynamically separating flowfields was successfully adapted to account for
these observed trends. Comparisons between dynamically reattaching and dynamically separating flows
were also informative. Characterization and comprehension of three-dimensional dynamic reattachment
are crucial prerequisites for control of unsteady separated flowfields generated by rapidly maneuvering
aircraft, helicopter rotor blades, and wind energy machines.

Nomenclature
Cn = normal force coefficient
c = wing chord length, cm
cp = pressure coefficient
da/dt = pitch rate, rad/s
Rec = chord Reynolds number
s = wingspan length, cm
t = time, s
rnd = nondimensional time, tUJc
£/oo = test section velocity, m/s
a = angle of attack, deg
a+ = nondimensional pitch rate, c(da/dt)/U<»

Introduction

THE pervasive occurrence of three-dimensional, unsteady
separated flowfields continues to prompt intense study.

Rapidly maneuvering aircraft, helicopter rotor blades, and
wind energy machines all elicit unsteady separated flowfields.
Frequently, unsteady separated flows exercise a pronounced
adverse influence upon the effectiveness of these and other
systems. If thoroughly understood and properly controlled,
three-dimensional unsteady separated flows could be sup-
pressed or even harnessed, thereby dramatically enhancing
performance for a broad spectrum of fluid dynamic systems.

Several experiments have examined the three-dimensional,
vortex-dominated flowfields generated when wings undergo
dynamic separation during pitch up.1'6 Energetic large-scale
vortices are generated and transiently reside on the upper sur-
face of wings dynamically pitched up through the static stall
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angle of attack. These vortices radically alter the upper surface
pressure distributions on a wing and produce greatly amplified
aerodynamic forces and moments. Mutual interactions between
vortices and accumulations of vorticity deform the vortex, dis-
rupting vortex spanwise uniformity. This yields unsteady sur-
face pressure distributions and spanwise aerodynamic loads
that are highly three dimensional.

Previous research concerning dynamic separation during
wing pitch up has yielded physical comprehension8 as well as
real-time prediction and control9'11 of three-dimensional, dy-
namically separated flowfields. However, complete control of
systems that mitigate or exploit unsteady aerodynamic effects
will also demand understanding of three-dimensional dynamic
reattachment. Niven et al.12 and Niven and Galbraith13 have
examined dynamic reattachment on two-dimensional airfoils
pitching down at a constant rate from fully stalled conditions.
In these experiments unsteady surface pressure distribution de-
velopment and aerodynamic force histories varied consistently
with changes in dynamic parameters.

In an experiment involving an oscillating airfoil, Ahmed and
Chandrasekhara14 found that dynamic reattachment initiated
near the airfoil leading edge, progressed aft over the chord,
and completed with the disappearance of a separation bubble.
Freymuth15 has visualized convective removal of a vortex sys-
tem from the surface of a wing dynamically pitched up and
then immediately down. Ericsson16 has highlighted the impor-
tance of understanding unsteady reattachment for controlling
rapidly maneuvering aircraft and has analyzed existing ex-
perimental results using an empirical model.

To date, dynamic reattachment has not been quantitatively
examined for three-dimensional wings. The current investiga-
tion employs unsteady surface pressure measurements to quan-
tify unsteady surface pressure distribution and aerodynamic
force histories for three-dimensional wings. Data were ac-
quired for seven nondimensional pitch rates at three span lo-
cations. This information allowed quantification of three-di-
mensional dynamic reattachment and enabled the roles of
surface pressure gradient and freestream influence to be ascer-
tained.

Experimental Methods
Unsteady surface pressure measurements were performed in

the Frank J. Seiler 0.91 X 0.91 m low-speed wind tunnel lo-
279
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Fig. 1 Schematic of wing-splitter plate configuration showing
pressure port locations.

cated at the U.S. Air Force Academy. A rectangular planform
wing with 15.24 cm chord length was fabricated from hollow
aluminum NACA 0015 airfoil stock. Fifteen miniature pressure
transducers were installed inside the hollow wing model.
These transducers were close coupled to the wing surface
through pressure ports located along the chord line, 3.05 cm
inboard of the wing end. Previous tests confirmed the level
frequency response to 1 kHz for this installation

Pressure transducer signals were low-pass filtered to prevent
aliasing and were amplified by a gain of 1000. These signals
were then sampled and digitized with 12-bit resolution by the
data acquisition system. The surface pressure measurement
system was calibrated before and after acquiring the data pre-
sented herein. These calibrations showed that sensitivity drifts
did not exceed 0.7% on any of the 15 channels. During data
acquisition, zero drifts did not exceed 0.1% of maximum de-
flection on any channel. Typical drifts in sensitivities and ze-
roes were substantially less than these maximum values.

A circular aluminum splitter plate, 30.48 cm in diameter and
0.64 cm thick, was machined to a sharp edge around the plate
perimeter. The splitter plate had a NACA 0015 cutout centered
in it, which allowed it to slide onto the wing and be positioned
at arbitrary span locations. To effectively move the pressure
ports along the wingspan, the splitter plate was first positioned
at the desired distance from the pressure ports. Then, a tip
extension of the correct length was added to the wing, bringing
the span length to 30.48 cm and maintaining the aspect ratio
constant at 2.0. All three tip extensions used in these experi-
ments terminated in a square tip. The chordwise row of pres-
sure ports was successively moved to three span locations,
effectively distributing pressure ports over the wing surface as
shown in Fig. 1.

Model pitching was driven by a 3.5-hp stepper motor. The
wing-splitter plate combination was mounted on a steel shaft
2.86 cm in diameter that was connected to the stepper motor
through a gear linkage having a 4:1 reduction ratio. The in-
dependent variables explored in the surface pressure experi-
ments included nondimensional pitch rates 0.01, 0.02, 0.05,
0.075, 0.10, 0.15, and 0.20, as well as spanwise pressure port
locations 0.0, 0.375, and 0.80 span outboard of the splitter
plate. Wing pitch axis was located at 0.25 chord throughout
the experiment. For each parameter combination, 20 consec-
utive wing pitch motions were sampled and ensemble aver-
aged. Test section velocity was held constant at 9.14 m/s,
yielding a chord Reynolds number of 6.9 X 104.

Results
Pitching Motions

Angle-of-attack histories for the seven measured nondimen-
sional pitch rates are shown in Fig. 2. All seven histories begin
at 60.0 deg and end at 0.0 deg. The beginning of each history
coincides with the initiation of surface pressure data acquisi-
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Fig. 2 Angle-of-attack histories for experimental range of non-
dimensional pitch rate.
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Fig. 3 Representative chordwise surface pressure distributions
during reattachment for a+ = 0.05, at 0.00 span.

tion. Thus, the plots in Fig. 2 can be used in conjunction with
subsequent plots to determine an instantaneous wing angle of
attack. The wing was pitched at a constant rate from 60.0 to
0.0 deg to collect upper surface data and from —60.0 to 0.0
degrees to acquire lower surface data. It should be noted that
none of the angle-of-attack histories exhibits prominent non-
linearity or suffers from appreciable acceleration or decelera-
tion transients.

Surface Pressure Analysis
Figure 3 contains three upper surface chordwise pressure

distributions for a nondimensional pitch rate 0.05 at 0.00 span.
These plots document instantaneous surface pressure distri-
bution at three nondimensional times during dynamic reattach-
ment. Surface pressures at 0.00 chord have been omitted to
obtain improved plot clarity in the chord region of interest. At
nondimensional time 18.96, surface pressure gradient was vis-
ibly diminished between 0.28-0.90 chord, consistent with flow
separation in this chord region. At nondimensional time 20.76,
the forward boundary of this separated region had moved
downstream as reattachment had progressed aft over the chord.
At nondimensional time 21.72, the separated region forward
boundary had nearly reached the rearmost pressure port loca-
tion at 0.90 chord.

Note that the vertical axis is inverted in Fig. 3 and that the
peaks in the plots denote pressure minima. As such, pressure
gradients between 0.0-0.1 chord are predominantly favorable,
while adverse pressure gradients prevail between 0.1-0.6
chord. In contrast to upper surface processes, lower surface
chordwise pressure distributions exhibited negligible temporal
evolution, and will not be shown graphically herein.

Figure 4 shows upper surface unsteady pressure records for
a nondimensional pitch rate 0.05 at 0.00 span. This graph con-
tains 15 surface pressure histories measured at the 15 pressure
port locations. Trace 1, at the bottom of the figure, shows
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Fig. 4 Representative set of 15 unsteady upper surface pressure
histories for a+ = 0.05, at 0.00 span.
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Fig. 5 Representative graph of reattachment chord location vs
nondimensional time for a+ = 0.05, at 0.00 span.

surface pressure variation with time at the leading-edge pres-
sure port. Traces 2—15, successively higher on the figure, cor-
respond to pressure port locations progressively farther aft on
the wing chord. Nondimensional time 0.0 corresponds to the
inception of both wing pitch down and data acquisition. In
contrast to Fig. 3, the Fig. 4 vertical axis is not inverted. Thus,
the peaks in the Fig. 4 pressure traces correspond to pressure
maxima.

Figure 4 shows that surface pressures initially increased at
all 15 pressure ports as the wing pitched down. At ports 4-
15, the pressure rise rate was uniform and culminated in prom-
inent pressure maxima. At these ports, maximum pressure lev-
els were not exceeded thereafter and can be termed absolute.
At ports 4-7, absolute pressure maxima apparently occurred
simultaneously, subject to limits imposed by the temporal dis-
cretization. Aft of port 7, absolute pressure maxima occurred
at later nondimensional times for port locations farther aft on
the wing chord, consistent with aftward progressing reattach-
ment. Pressure maxima corresponding to the arrival of reat-
tachment are indicated on traces 7-15 in Fig. 4 by circular
symbols. Finally, pressure maxima were followed by falling
pressures, with the pressure decrease rate varying substantially
over the chord and generally attaining maximum rates near
midchord.

Histories documenting the aftward progression of reattach-
ment were extracted from graphs like that shown in Fig. 4.
Representative reattachment progression histories are pre-

sented in Fig. 5 as plots of reattachment chord location vs
nondimensional time, for five nondimensional pitch rates. In
accordance with the criteria stated previously, reattachment
histories consistently began at 0.28 chord and progressed
steadily aftward. Instantaneous aftward progression speed var-
ied with time as evidenced by slope variations in the plots.

Reattachment Initiation
Figure 6 relates angle of attack at which reattachment first

occurred on the wing to nondimensional pitch rate for three
span locations. At 0.38 and 0.80 span, nondimensional pitch
rate 0.10 delayed reattachment to the lowest angles of attack.
At these span locations, nondimensional pitch rates both higher
and lower than 0.10 yielded reattachment inception at higher
angles. A similar trend was seen at the splitter plate, at 0.00
span. Here, nondimensional pitch rate 0.15 delayed reattach-
ment to the lowest angle of attack. Lower as well as higher
nondimensional pitch rates again caused reattachment to ini-
tiate at higher angles of attack. Across the experimental range
of nondimensional pitch rate, reattachment generally was de-
layed to the lowest angles of attack at 0.00 span, while reat-
tachment occurred at highest angles at 0.80 span.

For each combination of nondimensional pitch rate and span
location, a linear least-squares fit was applied to the instanta-
neous chordwise surface pressure distribution corresponding to
the time when reattachment initiated. This yielded the chord-
wise surface pressure gradient at reattachment initiation. Re-
sults are summarized in Fig. 7 as a plot of reattachment chord-
wise surface pressure gradient vs nondimensional pitch rate.
The surface pressure gradient at reattachment initiation became
less adverse with increasing nondimensional pitch rate at all
span locations. While surface pressure gradients corresponding
to most conditions were adverse, those for nondimensional
pitch rates 0.15 and 0.20 were predominantly favorable.
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Fig. 6 Reattachment initiation angle of attack for experimental
range of nondimensional pitch rate and span location.
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Reattachment Progression
Linear least-squares fits were applied to reattachment pro-

gression histories like those shown in Fig. 5. This yielded a
consistent determination of reattachment progression velocity,
averaged over the duration of reattachment. These reattach-
ment progression velocities are summarized in Fig. 8 as a
graph of reattachment progression velocity vs nondimensional
pitch rate, for three span locations. For span locations 0.38 and
0.80, maximum reattachment progression velocity occurred at
nondimensional pitch rate 0.10. Lower and higher nondimen-
sional pitch rates both resulted in lower reattachment progres-
sion velocities. For span location 0.00, at the splitter plate,
highest reattachment progression velocity occurred at nondi-
mensional pitch rate 0.05 and decreased for lower and higher
nondimensional pitch rates. For the experimental range of non-
dimensional pitch rates, reattachment progression velocities
were highest near the splitter plate and lowest near the wingtip.

Similarly, for each parameter combination, a linear least-
squares fit was applied to the set of chordwise surface pressure
distributions corresponding to the time interval during dynamic
reattachment. This yielded the average chordwise surface pres-
sure gradient during reattachment. These results are summa-
rized in Fig. 9 as a plot of average chordwise surface pressure
gradient vs nondimensional pitch rate. In Fig. 9, average
chordwise surface pressure gradient grew less adverse with
increasing nondimensional pitch rate at all span locations. For
a given nondimensional pitch rate, span location 0.00 generally
exhibited pressure gradients of least magnitude, while span
locations farther outboard showed gradients of progressively
greater magnitude. Note that all average chordwise surface
pressure gradients in Fig. 9 were positive in value, signifying
adverse pressure gradients.

Average reattachment progression velocities, from Fig. 8,
were correlated with an average chordwise surface pressure
gradient, presented in Fig. 9, for the experimental range of
nondimensional pitch rate and span location. The resulting cor-
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Fig. 8 Average reattachment progression velocity for experi-
mental range of nondimensional pitch rate and span location.
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Fig. 9 Average chordwise surface pressure gradient for experi-
mental range of nondimensional pitch rate and span location.

relation is presented in Fig. 10. First-order least-squares fits
were applied to the set of points corresponding to each span
location. For all three span locations, adverse pressure gradi-
ents of lower magnitude (closer to zero) were associated with
faster reattachment progression velocities. For any given pres-
sure gradient, span locations nearer the splitter plate correlated
with higher reattachment progression velocities. However, the
slope of the first-order curve fit was steeper for span locations
nearer the wingtip.

Reattachment progression velocities, from Fig. 8, were cor-
related with reattachment initiation angles of attack, shown in
Fig. 6, for the experimental range of nondimensional pitch rate
and span location. The resulting correlation is presented in Fig.
11. A second-order least-squares fit was applied to the set of
points representing each span location.

For all three span locations, lower reattachment initiation
angles generally resulted in higher reattachment progression
velocities. However, the slopes of all three curves decrease
dramatically near the upper ends. This indicates that, at low
reattachment initiation angles, reattachment initiation angle ex-
ercised an attenuated influence on reattachment velocity. In
addition, curve-fit slope is generally steeper for span locations
nearer the splitter plate. This indicates that reattachment ve-
locity was most sensitive to initiation angle near the splitter
plate. Finally, for any given reattachment initiation angle, span
locations nearer the splitter plate generally exhibited faster
reattachment velocities. However, for reattachment initiation
angles above 12.4 deg, the curve fits showed that reattachment
progressed at highest velocity at span locations nearer the
wingtip. Note that reattachment initiated above 12.4 deg only
for nondimensional pitch rates 0.01 and 0.02.
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Fig. 10 Correlation of average reattachment progression velocity
and average chordwise surface pressure gradient for experimental
range of nondimensional pitch rate and span location.
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Normal Force Coefficients
Figure 12 contains a representative graph of normal force

coefficient vs nondimensional time for nondimensional pitch
rates 0.02-0.20, at 0.375 span. Downward pitching and data
acquisition both began at nondimensional time 0.0. Normal
force was initially 1.37 for all nondimensional pitch rates and
span locations and decreased linearly in response to downward
wing pitching. Depending upon nondimensional pitch rate, lin-
ear normal force decrease underwent one of three interruption
modes. For nondimensional pitch rates 0.01 (not shown) and
0.02, the linear decline ceased at some positive value of normal
force, briefly rose, and finally decreased to zero normal force.
For nondimensional pitch rate 0.05, normal force decreased to
a slightly negative value, briefly rose to a small positive value,
and soon decreased to zero. For nondimensional pitch rates
0.075-0.20, the linear decline was interrupted at negative nor-
mal force and then rose to zero.

Figure 13 is a summary plot showing the angle of attack at
which linear normal force decrease was interrupted, yielding
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Fig. 12 Unsteady normal force coefficient histories at 0.80 span.
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Fig. 14 Minimum normal force coefficient for experimental
range of nondimensional pitch rate and span location.

an absolute or local minimum, for the experimental range of
span location and nondimensional pitch rate. Data points are
absent for nondimensional pitch rates 0.01 and 0.02 at 0.80
span. At these two conditions, normal force attained no local
minimum prior to reaching and stabilizing at zero. Minimum
normal force angle of attack exhibited a minimum, for all span
locations, at nondimensional pitch rate 0.075. Minimum nor-
mal force angles of attack were higher for both higher and
lower nondimensional pitch rates. Span location 0.80 generally
showed the lowest minimum normal force angle of attack over
the nondimensional pitch rate range.

Figure 14 is a summary plot showing minimum normal
force coefficients corresponding to the angles of attack iden-
tified in Fig. 13. As in Fig. 13, data points are absent for
nondimensional pitch rates 0.01 and 0.02 at 0.80 span. Mini-
mum normal force decreased monotonically with nondimen-
sional pitch rate, being positive for nondimensional pitch rates
0.01 and 0.02, and negative for the remaining nondimensional
pitch rates. Throughout the nondimensional pitch rate range,
normal force minima were lowest at 0.00 span and decreased
for 0.38 and 0.80 span.

Discussion
Pitching Motions

Temporal and spatial fluctuations of considerable magnitude
were observed in upper surface pressure and normal force his-
tories. In contrast, Fig. 2 showed that the rigid wing-splitter
plate combination pitched at constant rate in an uninterrupted
fashion. Thus, kinematic or geometric anomalies did not con-
tribute to these prominent temporal and spatial variations.
Surface Pressure Analysis

Surface pressure data unambiguously confirmed the convec-
tive nature of dynamic reattachment on the downward pitching
wing. Figure 3 showed three instantaneous upper surface pres-
sure distributions during dynamic reattachment. In this data
format, dynamic reattachment was indicated by the restoration
of the chordwise surface pressure gradient that progressed to-
wards the wing trailing edge. The same unsteady upper surface
pressure data were presented as surface pressure histories in
Fig. 4. As dynamic reattachment successively passed each
pressure port, it appeared as a surface pressure maximum prior
to pressure reduction prompted by flow reattachment. Figure
5 showed that dynamic reattachment progressed steadily aft-
ward towards the trailing edge, beginning at 0.28 chord. As
dynamic reattachment progressed aftward, it exhibited varia-
tions in instantaneous velocity during convection.
Reattachment Initiation

Figure 6 showed that initiation angle of attack varied with
both nondimensional pitch rate and span location. As nondi-
mensional pitch rate increased, reattachment initiation was de-
layed to progressively lower angles of attack. However, at non-
dimensional pitch rate 0.15, this trend reversed, with higher
nondimensional pitch rates prompting reattachment initiation
sooner, at higher angles of attack. Figure 7 demonstrated that
the pressure gradient was predominantly favorable at these
nondimensional pitch rates, and exercised a net accelerating
influence on reattachment initiation.

Reattachment Progression
Reattachment progression velocity varied prominently and

consistently with nondimensional pitch rate and span location,
as shown in Fig. 8. For nondimensional pitch rates from 0.01
to 0.10 at span location 0.38, reattachment progression veloc-
ities showed close agreement with previous results for two-
dimensional airfoils.12'13 Correlations presented in Figs. 10 and
11 suggested physical mechanisms to account for observed
trends in reattachment progression velocity.

Figure 10 demonstrated that, for all span locations, reat-
tachment progressed faster in the presence of more attenuated
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adverse chordwise pressure gradients. Span locations nearer
the splitter plate exhibited higher reattachment progression ve-
locities for a given pressure gradient. However, span locations
nearer the wingtip were more responsive to changes in chord-
wise surface pressure gradient, as shown by the steeper curve
fit slope.

Figure 11 showed that, for all span locations, reattachment
progressed faster when it initiated at lower angles of attack.
This observation is consistent with an empirical model con-
structed by Luttges and Kennedy.17 At positive angles of at-
tack, the region above the wing upper surface was shielded
from the direct influence of the oncoming freestream. The
depth of this shielded volume corresponded to the distance
between the wing upper surface and a plane parallel to the
freestream passing through the wing leading edge. This region
grew shallower as downward pitching progressed. As this re-
gion grew shallower, reattachment structures and processes on
the wing upper surface experienced increasing exposure to the
freestream flow. Stronger freestream influence, in turn, drove
reattachment downstream at a faster velocity.

Figure 11 also showed that, for reattachment initiation an-
gles below 12.4 deg (corresponding to nondimensional pitch
rates 0.05-0.20), reattachment velocity was higher for span
locations closer to the splitter plate. In contrast, for reattach-
ment initiation angles above 12.4 deg (corresponding to non-
dimensional pitch rates 0.01 and 0.02), reattachment velocity
was higher for span locations nearer the wingtip. Overall, span
locations nearer the splitter plate also exhibited a greater re-
sponsiveness to increments in initiation angles of attack, con-
sistent with steeper curve fit slopes. These trends imply that
three dimensionality in the reattaching flowfield amplified the
freestream influence near the splitter plate.

One mechanism capable of introducing pronounced three
dimensionality in unsteady flowfields is the effective angle-of-
attack distribution induced by streamwise vorticity concen-
trated near the wingtip.18 Figures 12 and 14 show that dynamic
reattachment occurred while normal forces were positive for
nondimensional pitch rates 0.01 and 0.02. This would generate
downwash and attenuate wing shielding most strongly near the
wingtip. This, in turn, would accelerate reattachment progres-
sion most vigorously near the wingtip, consistent with Fig. 11.
In contrast, at nondimensional pitch rates 0.05-0.20, dynamic
reattachment generally occurred while normal forces were neg-
ative. Upwash would result, amplifying shielding near the
wingtip. This, in turn, would slow reattachment progression
most near the wingtip, also consistent with Fig. 11.
Normal Force Coefficients

Figure 12 contained representative normal force histories
that recorded negative normal force levels at positive angles
of attack. This result is consistent with previous two-dimen-
sional experiments where negative normal forces at positive
angles of attack were attributed to temporary dominance of
lower surface attached flow and effective angle-of-attack
influences.13

Figure 13 showed that minimum normal force exhibited
considerable three-dimensionality, and that minimum normal
force angle of attack exhibited a trend with nondimensional
pitch rate similar to that shown in Fig. 6 for reattachment ini-
tiation angle of attack. Comparison of Figs. 6 and 13 reveals
that reattachment initiation preceded minimum normal force
attainment, indicating that normal force continued to decline
even though reattachment had begun.

Figure 14 showed a variation of minimum normal force with
nondimensional pitch rate and span location. Normal force
minima were higher for lower nondimensional pitch rates,
where shorter delays in reattachment initiation precluded lower
surface dominance of normal force. In contrast, negative nor-
mal force minima occurred at elevated nondimensional pitch
rates when substantial reattachment initiation delays allowed
the lower surface to dictate normal force production.

In Fig. 14, the largest difference in minimum normal force
across the wingspan was 0.14 for nondimensional pitch rates
0.05-0.20. For dynamic separation, the maximum difference
in stall normal force, for an identical wing-splitter plate con-
figuration in the same nondimensional pitch rate range and
span region, was approximately 1.2.7 Thus, dynamic reattach-
ment is significantly more two dimensional than dynamic
separation.

In addition, for an identical wing-splitter plate subjected to
the same nondimensional pitch rate range, normal force and
surface pressure magnitudes were significantly smaller during
dynamic reattachment than during dynamic separation.4'7
Lower normal force and surface pressure magnitudes indicate
that less vorticity is accumulated over the wing during dy-
namic reattachment than during dynamic separation.17'19

That dynamic reattachment is characterized by greater two
dimensionality and reduced vorticity accumulations, compared
to dynamic separation, is consistent with previous research by
Schreck and Helin.7 This work concluded that the mutual in-
fluence between vortices and accumulations of vorticity am-
plifies three dimensionality in dynamically separating flows.

Conclusions
A three-dimensional wing-splitter plate configuration was

pitched downward at a constant rate from full stall at elevated
angle of attack to zero angle. The resulting three-dimensional,
dynamically reattaching flowfield was quantitatively charac-
terized using unsteady surface pressures and normal force his-
tories. Data revealed orderly alterations in reattachment
initiation and progression in response to varying nondimen-
sional pitch rate and span location. Three-dimensional normal
force loading also exhibited systematic variations across the
parameter range investigated. Fluid dynamic mechanisms were
postulated to account for some prominent aspects of dynamic
reattachment.

Dynamic reattachment initiation is strongly governed by
chordwise surface pressure gradients. At elevated nondimen-
sional pitch rate, favorable pressure gradients intervene and
accelerate dynamic reattachment, prompting occurrence at
higher angles of attack.

Dynamic reattachment is driven aftward on the wing prin-
cipally by freestream influence, and progresses aftward at a
faster rate in response to greater exposure to the freestream.
Dynamic reattachment progression is impeded by adverse
chordwise surface pressure gradient.

Dynamic reattachment progression varies along the wing-
span. One contributor to this three dimensionality is upwash
or downwash generated by streamwise vorticity near the wing-
tip. Differing susceptibilities to influences operating both near
the wing surface and above it also point to three dimensionality
in the reattaching flowfield structure.

Dynamic reattachment accumulates less total vorticity over
the wing than dynamic separation. Lower total vorticity ac-
cumulation attenuates mutual interactions between concentra-
tions of vorticity and renders dynamic reattachment more two
dimensional than dynamic separation.

This experiment has provided characterization and compre-
hension of some aspects of three-dimensional dynamic reat-
tachment. Further investigation of this phenomenon for more
practical configurations and under conditions more represen-
tative of the full-scale flight regime are essential. This under-
standing, combined with existing knowledge of dynamic sep-
aration, will facilitate control and exploitation of unsteady
separated flows.
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