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Fig. 3 Hysteresis loops, VR-7.

Its computed maximum value is overestimated with all models. This
experimental value is extremely inferior to those found for the pre-
ceding case. The negative damping of the computed moment coef-
� cient found with all of the turbulence models does not exist in the
experimental data. None of the models give results that correspond
to experimental data. The minimum experimental moment coef� -
cient is ¡0.37 as for the Sikorsky SC-1095; this value is ¡0.49,
and for the NACA 0012 it is ¡0.45. Therefore, this is the weaker
minimum.

Instantaneous streamline pictures are used only for qualitative
comparison of different turbulence models. For all airfoil shapes
used, with the SST K– x model turbulence model, the leading edge
vortex spreads over the upper surface. With a NACA 0012 airfoil
or a VR-7 airfoil, a trailing-edge vortex exists and the leading-edge
vortex begins to shed. The BSL K– x model predicts a trailing-edge
eddy on the SC-1095 and VR-7 airfoils.

The � ow difference between both airfoil shapes is the leading-
edge vortex structure. On the SC-1095 airfoil, it is composed of a
double structure. A trailing-edge eddy is predicted with the B–B
turbulence model. On the SC-1095 airfoil, it is shed. The leading-
edge vortex is composed of the same structure on the NACA 0012
and VR-7 airfoils.

Conclusions
The unsteady two-dimensional � ow� eld of an oscillating airfoil

is calculated with the intention of evaluating the ability of one- and
two-equation turbulence models to predict the unsteady separated
� ows of dynamic stall. Several airfoil shapes are used. For all test
cases, the lift hysteresis, predicted by all turbulence models, is un-
derestimated during the upstroke. The B–B model performs poorly
in predicting pitching moment for all airfoil shapes. A difference
exists between results given by the BSL and SST K –x turbulence
models, but neither model can be quali� ed as better than the other.
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Introduction

T HERE exists for � ows past certain airfoils, near the onset of
stall, a naturally occurring unsteady � ow oscillation that is very

low in frequency, with the Strouhal number typically on the order
of 0.02. Here the Strouhal number is de� ned as Sr D f c sin a / U1,
where f is the oscillation frequency, c is the airfoil chord, a is the
angle of attack, and U1 is the freestream speed. This low-frequency
� ow oscillation was studied in detail at low Reynolds numbers for an
LRN(1)-1007 airfoil by Zaman et al.,1 who concluded that the � ow
oscillation involved quasiperiodic switching between stalled and
unstalled states. Evidence gathered from oil-� ow and laser-sheet-
� ow visualization led Bragg et al.2 to suggest that the unsteady
stall was related to the growth and bursting of a laminar separation
bubble. The oil-� ow visualization also showed that the � ow� eld
leading up to stall was two dimensional. 3
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Similar low-frequency unsteady stalling phenomena have been
observed on several airfoils over a large range of Reynolds
numbers.4¡6 Although much research has been carried out, the
details of the unsteady � ow� eld and the dynamics of the lami-
nar separation bubble remain unclear. In an effort to resolve these
questions, conditionally averaged laser Doppler velocimeter (LDV)
measurements were performed for the upper surface � ow� eld of
the LRN(1)-1007 airfoil. The results of the present measurements
quanti� ed the changing character of the � ow� eld as the cycle of
a leading-edge bubble formation, growth, merger with a growing
trailing-edge separation, and resulting airfoil stall, which completes
one period of the oscillation. The purpose of this Note is to present
these results.

Experimental Method
All of the measurements were performed in the low-speed, low-

turbulence wind tunnel at the University of Illinois. The tunnel is
an open-return type, and the nominal test section dimensions are
2.8 £ 4 £ 8 ft long. A 1-ft chord £ 2.8-ft span LRN(1)-1007 airfoil
model, oriented vertically in the test section and rigidly supported at
each end, was used in the experiment with a D 15 deg, U1 D 50 ft/s,
and Re D 3 £ 105. At these conditions the Strouhal number was
0.021, with the dimensional frequency equal to 4.13 Hz. The an-
gle of attack ( a D 15 deg) is approximately 2 deg below static stall,
and the low-frequency oscillation has been measured as much as
3.5 deg below static stall.3 Two components of velocity were mea-
sured at 687 locations in a single plane at the model midspan, above
the airfoil upper surface and extending into the wake, as shown in
Fig. 1. The measurement grid (Fig. 1) was � ne enough to resolve
the separation bubble approximately, yet large enough to resolve
the global � ow� eld above the airfoil surface. The measurement lo-
cation nearest the surface was at 0.005 in., or y/ c D 0.0004 above
the wall. The � ow was seeded with atomized olive oil, which had
a mean particle diameter of 0.6 l m (for a typical distribution, see
Ref. 7). A simple � rst-order analysis of a seed particle’s response
to a step change in velocity showed that the particles were capable
of adequately following the � uctuations in the unsteady, separated,
and reverse � ow.

The conditional-averaging method was performed with synchro-
nization information from a hot-� lm sensor positioned in the airfoil
wake (Fig. 1). The hot-� lm voltage signal shows the quasiperiodic
velocity defects, characteristic of the airfoil wake that periodically
engulfs the sensor. The time record of LDV data contained this infor-
mation supplied from a computer program in the form of a digital-
timing pulse input directly to the LDV processor master interface.
The actual conditional averaging was performed during postpro-
cessing, where several conditions were applied to each cycle as part
of a validation process. Each valid cycle was divided into 24 slots
in time, and the velocity data from each cycle were sorted into one
of these 24 slots using a technique similar to that of Lepicovsky.8

The result of this procedure approached a true phase-averaged rep-
resentation of the � ow if the oscillation was periodic. However,

Fig. 1 Model coordinate system, hot-� lm sensor, and LDV measure-
ment locations; inset: sample hot-� lm signal showing timing pulses.

because the oscillation occurred naturally and the period of each
cycle was not exact, there was some smearing in the conditionally
averaged result. References 9 and 10 provide more details of this
procedure.

Results
The result of the conditional-averaging method was a quantita-

tive representation of the � ow� eld above the airfoil upper surface
resolved over one cycle of the unsteady oscillation. The 24 time
slots within a cycle resolved the oscillation into 15-deg intervals.
The beginning of the cycle ( v D 0 deg) was arbitrarily chosen to co-
incide with the timing pulses shown in Fig. 1. The velocity contours
for each of the 24 time slots were plotted and analyzed to determine
the behavior of the � ow� eld. Sample velocity contours are shown
in Fig. 2. The v D 30 deg contour shows the � ow� eld in a separated
state. The boundary layer separated at x / c ¼ 0.20, and there was
a large region of reverse � ow above the airfoil’s upper surface to
the trailing edge and extending out into the wake. The remaining
contours in Fig. 2 show a much different picture. A leading-edge
separation bubble developed with a trailing-edge separation farther
downstream. The locations of separation and reattachment are high-
lighted by the white contour line representing zero chordwise ve-
locity. Unfortunately, the gray-scale representation of the contours
does not reveal these details clearly. The color version of these plots
(see Ref. 10) shows the sequence of events much more clearly.

The v D 195, 225, and 255 deg contours in Fig. 2 illustrate the
growth of the leading-edge separation bubble, which is a key feature
of the unsteady � ow� eld. The bubble initially forms at v D 165 deg
(contour not shown)and is still small at v D 195 deg, and the trailing-
edge separation is at x/ c ¼ 0.85. In the v D 225 deg contour, the
bubble has grown in size, whereas the trailing-edge separation is lo-
cated at its farthest downstream extent (x / c ¼ 0.90). At this point in
the oscillation, the trailing-edge separation begins to move forward,
and the bubble continues to grow. The impending coalescence of
the separation bubble reattachment and the trailing-edge separation
is illustrated in the v D 255 deg contour of Fig. 2. These data show

Fig. 2 Conditionally averaged chordwise velocity contours for Á = 30,
195, 225, and 255 deg; the white line represents the zero velocity con-
tour, thus delineating forward and reverse � ow (hh uii /U 1 §§ 5% and
x/c; y/c §§ 0:0002).
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Fig. 3 Variation in the upper surface � ow� eld as a function of phase
over the conditionally averaged cycle (x/c §§ 0:02).

that a separation bubble does indeed play a role in the stalling and
unstalling process as previously suggested from � ow visualization
results.1,2

Further analyses of the data show that the oscillation can be di-
vided into three distinct regimes based on the speci� c features that
dominate the � ow� eld. These are illustrated in the time-dependent
surface � ow� eld map shown in Fig. 3. The mapping shows the
boundary-layer state over the conditionally averaged oscillation pe-
riod. The separation and reattachment locations were obtained from
the velocity pro� les by extrapolating them to the wall, which pro-
vides an adequate estimate of the actual locations. In the reattach-
ment regime, the boundary layer reattaches following the massive
separation that occurred before v D 15 deg. As shown in Fig. 3,
at v D 15 deg, the boundary-layer separation location is close to
the leading edge and progresses downstream to about x/ c D 0.80
at v D 165 deg. The second regime is called the separation bubble
regime because the growth of the leading-edge bubble dominates the
� ow� eld over this portion of the cycle. Figure 3 shows how the bub-
ble grows in size during this regime. That is, the bubble separation
point moves slightly forward on the airfoil as the reattachment point
moves downstream with phase. As stated earlier, the boundary-layer
separation point continues to move downstream until v D 225 deg
and then reverses direction, moving upstream and ultimately merg-
ing with the separation bubble reattachment. Whence this occurs, the
entire upper surface boundary layer is separated aft of x / c ¼ 0.05.
The coalescence of the separation bubble reattachment and the
trailing-edge separation produces a large region of separated � ow on
the upper surface from v D 255 to 360 deg. In this separation regime,
the boundary-layer separation point remains � xed at x / c ¼ 0.05. As
the boundary-layer separation point begins to move downstream, the
oscillation begins again.

Conclusions
The conditionally averaged LDV data clearly show that the peri-

odic stalling and unstalling behavior involves a leading-edge separa-
tion bubble. The data show how the bubble interacts with the trailing-
edge separation in perpetuating the low-frequency oscillation.
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I. Introduction

I T is established that every linear dynamic system that can be
modeled using a � nite number of degrees of freedom can be

cast in state-space form. The so-called modern control literature has
adopted this form almost globally and to good effect. Systems of
second-order differential equations are transformed into � rst-order
(state-space ) form at the instant that the characteristic roots are re-
quired or when any active control is envisaged. Occasionally, how-
ever, the reverse transformation is useful. In modal testing, system
realization methods such as the eigensystem realization algorithm1

produce an input–output representation of the measured data, which
is essentially a state-space model. Other applications include the re-
duction of highly damped structural models and the electromagnetic
dynamics of large electrical machines.

It would appear that little attention has been given in the litera-
ture to this transformation. Alvin and Park2 and Alvin et al.3 con-
sidered the transformation from state-space to second-order form.
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