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UNSTEADY FLOW PAST A NACA 0012 AIRFOIL
PITCHING AT CONSTANT RATES

ABSTRACT

The dynamic stall process of a NACA 0012 airfoil undergoing a constant-rate pitching up
motion is studied experimentally in a water towing tank facility. This study focuses on the detailed
measurement of the unsteady separated flow in the vicinity of the leading and trailing edges of the
airfoil. The measurements are carried out using the Particle Image Velocimetry (PIV) technique.
This technique provides the two-dimensicnal velocity and associated vorticity fields, at various
instants in time, in the mid-span of the airfoil. Near the leading edge, large vortical structures
emerge as a consequence of Van Dommelen and Shen type separation and a local vorticity
accumulation. The interaction of these vortices with the reversing boundary layer vorticity initiates
a secondary flow separation and the formation of a secondary vortex. The mutual induction of this
counter-rotating vortex pair eventually leads to the ejection process of the dynamic stall vortex from
the leading edge region.

1. INTRODUCTION

Modern combat aircraft frequently operate at high angles-of-attack with rapid maneuvering
motions beyond the limit of the conventional flight envelope. Under these conditions, the character
of the unsteady flow over a wing can be significantly different from that of a wing under a quasi-
steady state motion. The departure is mainly due to the initiation of a local, unsteady boundary
layer separation and its subsequent interaction with the external flow. This strong inviscid/viscous
interaction eventually leads to the massive boundary layer separation and the formation of large
scale vortical structures. These structures dominate the unsteady flow behavior over the wing.
Since these vortices induce large suction forces on the upper surface of the wing, they are critical to
the aerodynamic performance of the wing [1,2,3]. A careful management of these energetic
structures can result in an effective control scheme to improve the flight envelope [4].

Having recognized these features of unsteady separation, several investigations have
studied various aspects of these flows, including Visbal [5], Acharya and Metwally [6], and
Lorber and Carta [7]. However, due to the lack of effective experimental and computational tools
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for the study of this unsteady separated flow field, a fundamental understanding of the problem is
still not available. To date, except in a few instances {8,9], most of the unsteady separated flow
field measurements have employed traditional techniques, such as hot-wire, LDA, and surface
pressure techniques. These single-point measurement techniques have difficulty in capturing with
the required detail the overall field that evolves both in space and time, and show the interaction
between the large scale vortices and the local boundary layer. In view of this, a new velocity
measurement technique, the particle Image Velocimetry (PIV), has been developed in our
laboratory. This whole-field technique can provide instantaneously the two-dimensional velocity
and the associated vorticity fields in a selected plane of the flowfield. This technique has been
successfully used in describing the dynamic stall process over a pitching-up airfoil (Shih et al.
[10]). A detailed description of the PIV technique can bc found in Lourenco et al [11} and Adrian
[12].

A detailed description of the unsteady flow behavior at the leading and trailing edges of an
NACA 0012 airfoil undergoing a pitching-up motion is given in this paper. The instantaneous
flow field was studied using the PIV technique. Experiments are conducted at different
dimensionless pitch rates, at, normalized with the airfoil's chord and the free-stream velocity,
ranging from 0.04 to 0.131. Two different Reynolds numbers, based on the chord of the airfoil,
of 5,000 and 25,000 are investigated.

1.1 Unsteady Separation -- The Yan Dommelen/Shen Structure

It is well known that the dynamic stall process is initiated by the unsteady boundary layer
separation near the airfoil's leading edge. During rapid pitching up motion, vorticity production is
greatly enhanced by the favorable pressure gradient at the leading edge. Local vorticity
accumulation is accelerated by the slowdown of downstream convection process because of the
local boundary layer flow reversal. This accumulation process is eventually interrupted by the
sudden emergence of unsteady flow separation, which immediately releases the accumulated
vorticity into the outer flow. This eruption of boundary layer vorticity triggers a sequence of
spontaneous events such as the local viscous/inviscid boundary layer interaction, the formation and
convection of large energetic vortices and, finally, the "stall". Therefore, in order to understand
the dynamic stall process, a better physical understanding of the unsteady boundary layer
separation is necessary.

A significant advance in the understanding of the unsteady separation process was made by
Van Dommelen & Shen [13] who used an innovative Lagrangian approach (it will be referred to as
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VDS model hereafter) to study the boundary layer separation over an impulsively started cylinder.
They found no evidence of the emergence of singular behavior near the separation point as usually
encountered by the traditional boundary layer analysis. This allowed them to examine in detail the
evolution of the unsteady separation structure. They concluded that the strong adverse pressure
gradient is the initial trigger of the onset of flow reversal along the surface. However, as the fluid
particles approach the separation point, the convective terms become dominant compared to the
viscous and pressure gradient terms. As a result, along the zero vorticity line, Burgers’ equation
dominates immediately before separation. Burgers’ equation is well known because it provides a
simple model of singularity formation through “wave steepening” in non-linear equation.
Physically, the fastest reversing fluid particles quickly approach the slower-moving particles and
create a local particle collision. Due to the restraint of the solid surface, the particles will be
propelled away from the wall as a consequence of the rapid compression along the wall and
“separation” occurs. Under inviscid assumption, the particles conserve vorticity., and the
separation of the particles away from the wall signifies the outward distortion of the zero vorticity
line. Based on the experimental results to be discussed below, we speculate that this distortion
provides a deterministic perturbation to de-stablize the local vorticity distribution. This
distortion leads to the emergence of very large vortical structures in the shear layer and a local
secondary separation induced oy the growing vortices. Strong inviscid/viscous interaction quickly
evolves into the formation and ejection of a primary vortex from the airfoil's leading edge, and the
the dynamic stall process begins.

1.2 Reynolds Number Effect

Like most boundary layer formulation, the VDS model implicitly assumes infinitely high
Reynolds number for their theoretical formulation. However, the present water towing tank
experiments were performed at relatively low Reynolds numbers of 5,000 and 25,000. Therefore,
it is necessary to consider the effect of Reynolds number on the evolution of unsteady separation.
According to VDS model, the unsteady separation is initiated by local adverse pressure gradient
and later governed by the inertial effect as modelled by the Burger's equation. In other words, the
onset of the unsteady separation structure is virtually inviscid and independent of the Reynolds
number. As a matter of fact, it has been speculated that the generic characteristics of an unsteady
separated flow are fairly universal, and independent of the Reynolds number and external flow
conditions. Therefore, the results from a low Reynolds number experiment can be applied to
higher Reynolds number flow conditions with confidence. On the other hand, because the effect
of the Reynolds number, appreciable differences on the time and length scales of the separation
structure are expected. For example, the separation structure of a low Reynolds number flow
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evolves faster as compared to a high Reynolds number case (Peridier et.al [14]). Moreover, the
stronger viscous diffusion of a low Reynolds number flow will thicken the boundary layer,
thereby, attenuate the explosive nature of the unsteady separation. However, none of these effects
are expected to alter the intrinsic behavior of the unsteady separation structure as described by Van
Dommelen and Shen [13]. It is therefore concluded that it is possible to make a logical
extrapolation of the present results to the much higher Reynolds number cases.

2. EXPERIMENTAL FACILITY AND INSTRUMENTATION

The experiments are performed in a water towing tank facility with dimensions of 3.4 m in
length and 0.6 x 0.5 m in cross section. A computer-interfaced Anorail linear motor system is
used to drive the towing carriage. This system allows for fine control of the towing velocity. In
the present investigation, the Reynolds number, based upon the airfoil's chord, is vanied from
5,000 to 25,000. The airfoil's pitching motion is controlled by a programmable "Klinger”
stepping motor control unit. Three moving platforms, one for model-mounting, one for the
rotating mirror system used to create the pulsed laser illumination, and the other for image
recording, are synchronized using a gear/belt system (figure 1). All motions are controiled by a
desktop IBM PS/2 model 70 computer. The pulsed laser sheet is created by means of a 24-faceted
rotating mirror system. This mirror sweeps a 5 Watt Argon laser beam into a laser sheet which is
projected along the mid-span of the airfoil, providing multiple particle image illumination required
for the PIV image recording.

The PIV technique can be regarded as a quantitative flow visualization method that is
capable of providing a two-dimensional, instantaneous velocity and vorticity fields with accuracy.
Please refer to Lourenco et al [11] for a detailed description. To resolve the directional ambiguity
of the velocity vector, a “velocity bias technique” is used. A uniform reference motion is added to
the flow, thus superposing a velocity shift to the real flow field. A properly chosen shift can
insure that all image displacements occur in the same direction, thereby eliminating the ambiguity.
The true flow field can be recovered later by removing this artificial shift from the raw velocity
data. In this work, a rotating mirror is used to produce the image shift. Optical and digital image
processing techniques are used to convert the acquired PIV photographic records into local velocity
data. This process uses a focused laser beam to interrogate a small area of the multiple exposed
photographic film. The diffraction pattern produced by the coherent illumination of the correlated
multiple images on the film generates Young's fringes. These fringes have an orientation that is
perpendicular to the direction of the local displacement and a spacing inversely proportional to the
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displacement. A fully automated PIV image processing bench, controlled by the Fluid Flow
Diagnostics Mark II program is used to digitize and process the fringe images.

Metallic coated particles (TSI model 10087), with an average diameter of 11 pm, are used
as the flow tracers. A phase-triggered 35 mm SLR camera (Nikon F-3) is used to record the image
at a controllable rate, ranging from 1 frame/sec to a maximum rate of 6 frames/sec.
Synchronization between components is accomplished using a Tektronix modular electronics
system. This system also provides the phase-reference between the motion of the airfoil and the
PIV photographic timing sequence (figure 2).

3. EXPERIMENTAL RESULTS AND DISCUSSION

Shih et al [10] described the overall flow field of an airfoil pitching at a constant rate.
However, that study is based primarily on a single set of experiments with a Reynolds number of
5,000 and ot of 0.131. The present study is carried out in an improved new facility and for a
larger range of testing parameters: the pitching rate is varied from 0.04 to 0.131, and at two
different Reynolds numbers of 5,000 and 25,000. The general description of the global flow at
different pitch rates is given in the following sections. The data reported corresponds to a
Reynolds number of 5,000 unless otherwise specified.

3.1 High Pitch Rate, at=0.131, Global Flow Description

This case has been reported in reference 4 and no significant differences are found between
the two sets of measurements, in spite of the fact that both the time and spatial resolutions are
improved in the present experiments. A general description of the formation and evolution of the
leading and trailing edge vortical structures and a detailed analysis of interactions of these
structures with local boundary layers is given in this section. Flow development will be
characterized by a sequence of PIV velocity and associated iso-vorticity fields as shown in figures

3(a)-(k).

As the airfoil pitches beyond the static stall angle angle (approximately 12 deg.), two
distinct regions can be identified according to their local flow development: a trailing edge region
which extends from the airfoil's midchord to the trailing edge, and a leading edge region which
spans approximately the first 40% of the chord length measured from the nose. It is interesting to




note that there seems to be little interaction between the dynamic development of these two regions.
Near the trailing edge, a layer of reversed flow begins to propagate upstream as the result of an
increasing adverse pressure gradient imposed by the pitching-up motion. This part of the flow
movement resembles that of a steady state trailing edge stall. The local boundary layer separates
and forms a free vortex layer near the trailing edge. Near the midchord region, accumulation of
boundary layer vorticity leads to the formation of a discrete vortex (figure 3(a)). This accumulation
may be attributed to the slowdown of the downsiream vorticity convection as a result of the
emergence of flow reversal from the trailing edge. This vortex collects all local vorticity and
convects downstream toward the airfoil's trailing edge. During the progression, as can be seen
from figures 3(a) - (d), it merges with the vorticity layer near the trailing edge and coalesces into
one large vortical structure (figure 3(e)). This vortex eventually pairs with the counter-rotating
vortex shed from the lower surface to form a trailing edge vortex pair structure. A more detailed
analysis of this trailing edge vortex system will be discussed later.

At the leading edge, clockwise vorticity is continuously generated at a rapidly increasing
rate because of the imposing pressure gradient created by the pitching-up mot.on. Concomitantly,
the downstream vorticity transport is impeded by a slowdown of the flow near the midchord as
shown in figures 3(a) and 3(b). A local accumulation of the vorticity near the leading edge leads to
the emergence of a leading edge vortex (figures 3(a) - (d)). The exact mechanism that leads to the
formation of the vortex has not be determined yet. It is proposed that the upper part of the leading
edge boundary layer forms a "free" shear layer due to the local adverse pressure gradient. This
shear layer rolls up into individualized vortices as it is being perturbed by the initiation of the local
unsteady boundary separation. A flow model based on the Van Dommelen/Shen unsteady
separation concept is proposed in later section after the leading edge separation process is closely
examined.

Initially, the leading edge vortex remains close to the surface where the downstream
vorticity convection slows down due to the building up of the vortex. During this process, all the
vorticity produced near the leading edge accumulates locally and there is ¢ apparent downstream
vorticity convection. The combined effect of this leading edge vorticity accumulation and the
downstream convection of the midchord vortex results in the emergence of a region free from
vorticity in the midchord region (figures 3(b) - (d)). The existence of this region isolates the
leading edge region from the rest of the airfoil. Under the accumulated leading edge vortex, a
strong flow reversal is induced due to the local adverse pressure gradient. The vortex quickly
interacts with the local reversed boundary-layer fluid which leads to an upstream accumulation and
eruption of reversed boundary-layer vorticity (figures 3(c) and 3(d)). This interaction initiates the
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apparent ejection of the vortex from the nose region and signifies the beginning of the dynamic stall
process, (figures 3(d) - (j)). This vortex interaction process will be discussed in detail later.

The ejected vortex encounters a faster convection velocity and moves more rapidly
downstream as shown in figure 3(e). The boundary layer vorticity with the opposite sign has been
ejected into the outer flow as shown by the presence of dotted vorticity contour lines away from the
airfoil (figure 3(e)). During this convection process the vortex continues to interact with the
vortical structures that are shedding off continuously from the separated leading edge shear layer.
The vortex merging process involves multiple structures and is identified from the iso-vorticity
field, (figures 3(f) to 3(h)). Itis important to note thar the dynamic stall vortex at this stage 1s not
one coherent structure, but rather, it is a collection of several discrete vortices. The diffusive
nature of the vortex implies that it is not easy, if at all possible, to control the dynamic stall vortex
after it breaks away from the leading edge (figures 3(i) and 3(j)). The stall event is completed
when the agglomerated vortex detaches from the trailing edge.

3.2 Unsteady Separation and the Formation of the Leading Edge Vortex,
at=0.131:

In this section, a detailed investigation of the unsteady flow behavior at the leading edge of
the airfoil is made. In order to accurately capture the fine structures near the surface of the airfoil,
the PIV data is processed with a very high spatial resolution (a physical spacing of 0.5 mm, or
0.5% chord length, in both directions). The emergence of unsteady separation up to the formation
and ejection of the dynamic stall vortex, is shown with great detail in figures 4(a)-(i). The pictures
cover approximately the region from the leading edge 10 60% chord downstream.

As the airfoil pitches beyond its static stall angle, a strong leading edge suction pressure
peak is induced by the rapidly accelerating fluid stream flowing over the nose. Downstream of the
nose region up until the airfoil's trailing edge, flow reversal develops near the surface where an
increasingly adverse pressure gradient dominates. However, unlike steady flow, e external flow
stream continues to follow the airfoil's contour and there is no apparent “breakaway’ of the
boundary layer flow from its surface (figure 4(a)).

It is necessary to point out that, although there is a reversing flow layer extending from the
trailing edge over the entire airfoil, the flow reversal near the leading edge and the eventual
initiation of unsteady separation are essentially local flow phenomena. In other words. all




reversing fluid particles in the leading edge separation region originate locally near the leading edge
region. (note: leading edge region is loosely defined as the region extending from the airfoil's nose
to about 30% cherd) This is in contradiction with the suggestion made by some earlier
observations t!. the dynamic stall process is triggered by the arrival of reversing flow which
originates .. the trailing edge. This controversy can be resolved using a simple time/space
development calculation as follows: First, assurne the flow reversal starts at the instant when the
airfoil approaches its static stall angle, a=10 deg., or at t7=1.33 for this set of data. For a fluid
particle that moves at an averaged reversing speed of approximately 20% of the free-stream
velocity, it would have travelled for merely 27% of the chord until the time 17=2.69 when the
separation process is already initiated (figure 4(c)). Therefore, there is simply not enough time for
the trailing edge flow to reach the nose region. Consequently, the trailing edge flow does not have
a direct impact on the separation process. This has an important implication because it suggests
that the influence from the trailing edge is an indirect one, and only through the increase of global
circulation of the airfoil by shedding counter-rotating vorticity into the wake. Therefore. a local
flow control such as blowing or suction in the leading edge region will be sufficient to manipulate
the behavior of the tlow at this stage. Any modification near the trailing edge should have no
significant influence on the early development of the leading edge flow separation.

Due to the reversing flow, the upper part of the boundary layer near the trailing edge area is
moved away from the surface, forming a local "free” shear layer. This shear layer is subjected to
inflectional point instabilities and immediately rolls up into several large scale vortices; one of such
structures can be seen near the midchord region in figure 4(b). This structure quickly convects
downstream and detaches itself from the midchord region (figure 4(c)). The consequence of this
departure 1s that it forces the leading edge shear layer to reattach and, at the same time, slows down
the downstream vorticity convection from the leading edge (figures 4(b) and (c)). Basically, the
leading edge region has been temporarily isolated from the direct influence of the rest of the flow
field and the subsequent evolution is predominantly controlled by the emergence of local boundary
layer separation and the resulting vorticity dynamics.

3.3 Initiation of the Unsteady Separation

The leading edge boundary layer is propelled away from the airfoil's surface by the
reversing fluid layer near the surface which is driven by the adverse pressure gradient. Unlike
steady separation, the suter flow remains unaffected by the flow reversal and continues to follow
the airfoil's contour. Consequently, a local "free" shear layer emerges between the displaced
leading edge boundary layer and the reversing fluid layer. This shear layer can then be subjected to
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inflectional instability and leads to the generation and growth of individualized vortical structures
(figures 4(a) and (b)). Before the cnset of unsteady separation, these structures are small with a
scale comparable to the local shear layer thickness. However, under the influence of the increasing
adverse pressure gradient, the local reversing flow begins to accelerate rapidly inside the leading
edge region. This leads to the emergence of a VDS interaction such that the fastest reversing
particles quickly approaches and, eventually, collides with the slower-moving particles ahead of
them. This collision takes place along the zero vorticity line as indicated by the interfaze between
solid(clockwise) and dotted(counterclockwise) iso-vorticity lines. This collision results in a local
movement of the particles away from the wall and as a consequence the local zero vornticity
interface is displaced away from the wall. This vorticity line distortion initiates the separation
process (figures 4(b) - (e)), and appears to agree well with van Dommelen and Shen’s model.

Unlike the traditional shear layer instability mechanism which selectively amplifies random
perturbations in the initial region to develop into organized vortical structures, the deformation
triggered by the VDS interaction provides a deterministic perturbation to the local vorticity
distribution (see figure 5 for a conceptual description of this process). The upward displacement
of counter-clockwise vorticity into the outer shear layer, where clockwise vorticity dominates,
makes the local vorticity arrangement highly unstable. Under their mutual induction, the interfaces
between regions of concentrated vorticity of opposite sign quickly undergo further self-induced
deformation. The downstream interface stretches into a peak while the upstream interface develops
into a valley as shown in figure 5. Eventually, this spontaneous deformation evolves into a spike-
like eruption which propels more counter-rotating vorticity into the external flow stream. This
narrow-band eruption is consistent with the terminal bound: ry layer structure as predicted by the
VDS interaction {15]. It is noted that, although the onset of VDS interaction is fairly deterministic,
but a simple definition for its timing, location and physical scale is not possible. They are usually
determined by many parameters, such as the Reynolds number, dimensionless pitch rate, airfoil's
nose shape, Mach number, etc. However, for a given set of flow conditions, this distortion is well
defined and predictable. For a detailed discussion of the unsteady separation process please refer
to Van Dommelen [15]. Since the emergence of this perturbation is deterministic, therefore, it .3
possible to control the separation process by proper management of this local interaction.

Immediately after the distortion of the zero vorticity line, discrete vortical structures evolve
very quickly. During the short period of time spanning from the appearance of the first
individualized structure in the shear layer(figure 4(a)) to the emergence of the dynamic stall vortex
(figure 4(h)), the size of the shear layer vortex increases dramatically. For an example, as shown
in figure 4(b), four of the leading edge shear vortices appear to undergo a collective merging
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process and coalesce into a much large structure as shown in figure 4(c). This extraordinarily
rapid growth can not be explained by the typical Kelvin-Helmoholtz type instability mechanism.
Two possible models are suggested: (1) The zero vorticity line distortion triggered by the VDS
interaction provides a strong perturbation with a wavelength much longer than the local shear layer
thickness. This distortion displaces the shear layer into an unstable arrangement so that many
shear layer vortices can undergo merging through mutual induction and eventually form a large
vortical structure. Similar nonlinear instability mechanism has been referred to as "collective
interaction” by Ho & Nosseir [16] in their study of an impinging jet in self-sustained oscillation.
They found that the collective interaction always ieads to higher spreading rate of the shear layer
and the formation of a large coherent structure. (2) During separation, the instantaneous, reversing
boundary layer flow (Ur) can be as high as 50% of the outer shear layer velocity (Us). The local
shear laycr velocity ratio, defined as (Us-Ur)/(Us+Ur), can be more than 3. This value well
exceeds the critical ratio of 1.315 for the theoretical transition of shear layer instability from
convective to absolute mode (Huerre and Monkewitz [17]). Therefore, the local shear layer can
become self-excited at a discrete frequency with higher amplification. In the present case, the VDS
interaction provides the initial perturbation and the shear layer undergoes self-excited oscillations.
Consequently, the shear layer vorticity quickly coalesces into large structure and leads to the
formation of the dynamic stall vortex.

Both models appear to be able to explain the relatively high growth rate of the separated
leading edge shear layer and the formation of the dynamic stall vortex. It is also possible that these
two mechanisms are complementary to each other. More detailed study is necessary to confirm the
validity of these suggestions.

3.4 Secondary Separation and Vortex Interaction

During separation process, clockwise vorticity is continuously being generated at the
airfoil's nose and being fed into the separating shear layer, resulting in further accumulation of
vorticity and the strengthening of the primary vortex. This agglomeration process slows down the
vorticity convection and induces flow attachment downstream of the leading edge region, (figures
4(b) - (d)). Near the airfoil's midchord, a vortex convects towards the trailing edge region which
will eventually couple with a trailing edge vortex shed from the lower surtace to form the trailing
edge vortex pair. This interaction will be described in a later section.

At the next instant, figure 4(d), under the influence of the primary vortex, the reversing
flow also separates from the surface and develops into another "free” shear layer, carrying vorticity
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of counterclockwise sense. This shear layer quickly rolls into a secondary vortical structure,
(figures 4(d) - (g)). In the meantime, the primary vortex continues to grow in size and strength,
and a counter-rotating vortex pair is formed (figure 4(g)). The secondary vortex is smaller with a
circulation that is 35% of the primary vortex at this instant. However, the secondary vortex is
much more compact in size and actually, has a relatively higher vorticity concentration. [herefore,
the secondary vortex is able to move the primary vortex upward away from the surface where it
encounters a faster convection velocity and moves rapidly downstream, initiating the dynamic stall
process. On the other hand, the primary vortex also imposes strong interaction on the secondary
structure which eventually leads to the eruption of the reversed boundary layer into a spike-like
structure. This eruption of counterclockwise vorticity cuts off the supgly of vorticity from the
leading edge shear layer into the primary vortex (figures 4(g) - (i)). Consequently, the dynamic
stall vortex is formed and begins to move away from the leading edge area. This type of strong
inviscid/viscous interaction is a generic characteristic of unsteady separated flow as suggested by
Shih et. al.[10], Ho and Didden {18}, and Smith and Walker [19].

3.5 Vortex Dynamics

In order to examine the dynamics of the leading edge separated vortex, the identity of each
individual vortical structure has to be clearly defined. This is not easy since the vortical structure is
not completely separated from the leading edge shear layer until very late during the vortex
formation stage (figure 4). Therefore, a subjective identification is inevitable. From the vorticity
contour plots, it is always possible to visually identify a vortex as the region where highly-
concentrated vorticity is enclosed by closed iso-vorticity contour lines. Use figure 4(f) as an
example, where the vortex can be identified as the region enclosed by the box. If one accepts the
concentrated vorticity region as a vortex, then the strength of this vortex is determined by its

circulation, I' = ImdA, where the integration is taken inside the enclosed area and w is the
vorticity. This is a measure of the instantaneous strength of the vortex. A low threshold vorticity
integration limit of 5% of the local maximum vorticity level is chosen to eliminate the influence
from the background and the reversed vorticity region. The convecting motion of the vortex can be

characterized by examining its velocity of convection. The convection velocity of the vortex is
defined as the averaged velocity of the integrated vorticity carried by the vortex, that is,

uc =fl_‘ jumdA, and v¢ =% jva)dA,
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where uc and v¢ are calculated in a reference frame moving with the airfoil. u; measures the
downstream convection velocity of the vortex, v¢ measures the normal velocity of the vortex
relative to the airfoil's surface. The evolution and interaction of the leading edge vortex system can
be studied by following the development of the strength and convection speed of the primary
vortical structure by integrating the vorticity data from figures 4(b) to (1).

Figure 6(a) shows the variation of the circulation of the leading edge vortex. While there
is no distinguishable primary vortical structure in figure 4(b) when t7=12.52, the integration of the
circulation of the four small structures inside the shear layer is included for comparison. The
collective circulation of these four vortices is calculated to be approximately equal to the circulation
of the primary vortex at the next instant, = 2.69, when it first emerges. This confirms our
previous observation that the formation of the vortex results from the collective merging of the
vortices inside the shear layer. From the development of the circulation data, the growth of the
primary vortex can be separated into two stages. During the first stage, the strength of the primary
vortex increases immediately after the initiation of the unsteady separation structure (figures 4(b)-
(e), t* = 2.52 - 3.03). It is believed that the strong nonlinear instability development of the
separated shear layer is responsible for the growth of the primary vortex during this stage. As a
consequence of the intrusion of the reversed boundary layer vorticity into the outer shear layer,
another large scale vortex develops upstream of the separation structure. During this period, the
separated shear layer continues to feed vorticity into these two structures. However, there is no
significant interaction between these vortices during this stage. The second stage starts when these
two structures begin to interact. Under their mutual induction, these two vortices roll around each
other and eventual merge into one single vortex (figures 4(e)-(h), t* = 3.03 - 3.54). It can be seen
that, at the same time, this strong interaction forces the eruption of the reversed boundary layer into
a strong counter-rotating secondary structure (figure 4(g)). This secondary structure has a
circulation that is 35% of the primary vortex at this time. However, due to its compactness, the
local vorticity concentration is actually higher than that of the primary vortex. Consequently, under
its induction, the primary vortex is displaced away from the surface and starts to convect
downstream. During the second stage, the circulation of the primary vortex increases with a high
rate as a result of this large scale merging process.

This two-stage evolution can also be identified from the measurement of the vortex
convection velocity as presented in figures 6(b) and (c). During the first stage, the primary vortex
convects downstream at an almost constant velocity, uc, of 36% of the free-stream velocity.

During the same period, the vortex seems to move gradually toward the surface as indicated by the
negative value of the normal convection velocity, vc. The second stage starts with a sudden
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decrease of the downstream convection velocity. As discussed before, two large scale vortices are
undergoing a merging process. As they roll around with respec: to each other, their collective
convection velocity decreases significantly. As a matter of fact, the merging vortex system
becomes virtually standing still at one instant, t¥=3.36. The merging of these two structures
increases considerably the strength of the primary vortex and, correspondingly, prompts the
accumulation of the secondary vortex. Moments later, t7=3.53, the newly-formed vortex is
ejected away from the airfoil surface because of the induction from the secondary vortex. This
upward movement can be characterized by the sudden increase of the normal convection velocity of
the primary vortex (figure 6(c)). As a result of this outward motion, the vortex is moved further
into the free-stream where it experiences the faster downstream convection. The instantaneous
convection velocity of the vortex is suddenly increased to as high as 50% of the free-stream
velocity. At the same time, the ejection of the secondary vortex into a spike-like structure cuts off
the primary vortex from the leading edge shear layer and completes the formation of the dynamic
stall vortex.

3.6 Implication of Flow Control

It is certainly more difficult to devise an effective scheme to manipulate this energetic
structure after it moves away from the leading edge than at its early stage of development.
Therefore it is reasonable to assume that the stage most accessible to manipulation would be the
vortex formation process as described in the previous section. Among all, the existence of a
deterministic VDS interaction suggests the possibility of controlling the separation process in a
well-defined fashion. It is suggested that if one can delay or remove the particle collision process
at the onset of the separation, then the formation of the large scale separated structures and their
subsequent evolution can be delayed or, eliminated. On the other hand, the strong interaction
between the primary vortex and the secondary separated vortex seems to be another promising
candidate from the viewpoint of effective flow control. The numerical simulation, based upon the
point vortex method, has been developed to examine the possibility of controlling the leading edge
separated flow [20]. The preliminary results show that the ejection of the leading edge vortex can
be delayed significantly by applying flow suction at the leading edge region. It is believed that,
through suction, the reversing flow under the vortex is kept close to the surface, which either
delays or eliminates the eruption of the VDS type separation. Without this perturbation, the
nonlinear instability mechanism that leads to the formation of the primary vortex can not be
initiated. At the same time, this modification also prevents the emergence of the secondary
separation and the highly unstable counter-rotating vortex pair arrangement. Consequently, the
st1ll process can be delayed.
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3.7 Trailing Edge Flow, a*=0.131

The role that the trailing edge plays during the initial vortex formation has been shown in
the previous section to be not important, especially for cases corresponding to high pitch rates.
However, through continuously shedding of counter-rotating vorticity into the wake, the trailing
edge has an indirect but considerable influence on the the global flow dynamics, that is, it can
increase the overall circulation around the airfoil. This circulation increase results in more vorticity
accumulation near the leading edge which eventually leads to the formation of stronger vortices.
On the other hand, at later stages of the dynamic stall, the influence of the trailing edge flow may
be significant on the dynamics of the primary vortex.

The onset of the trailing edge separation can be seen as the upper boundary luyer flow
separates and accumulates into discrete vortices (figures 7(a) and (b)). Two of these structures can
be observed to undergo a merging process into one single vortex (figures 7(c) and (d)). This local
accumulation increases the shedding of counter-clockwise trailing edge vorticity from the lower
surface, which gradually coalesces into a vortex rotating in opposite sense. The upper surface
shear layer vortex interacts with the reversed trailing edge vortex to form a counter-rotating vortex
pair as shown in figure 7(d). These two counter-rotating vortices have comparable strength (their
difference is less than 10 %). Consequently, the mutual downward induction from these two
vortices can stabilize the vortex pair and slow down its breakaway from the trailing edge (figures
7(c)-(e)). On the other hand, because of their individual strength (approximately 30% of the
primary vortex) it is possible that the trailing edge vortex system can play an important role in
influencing the dynamic stall process.

At later stage during the stall process, as the primary vortex is approaching the trailing edge
of the airfoil, strong flow reversal prevails along the upper surface (figures 8(a) and (b)). When
the dynamic stall reaches the trailing edge, it induces a local suction pressure which drives the
lower surface separating layer across the wake into the upper surface. This lower surface shear
layer vorticity quickly rolls into an intense counterclockwise vortex (figures 8(c) and (d)). This
emergence of this vortex signifies the completion of the dynamic stall process and the subsequent
sudden loss of vortex lift as the dynamic stall vortex is departing from the trailing edge. From the
integrated flow control point of view, the shedding of a strong -ortex can be detected through
surface probe at the trailing edge and be utilized as a warning signature for the flow management
system.
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3.8 Lower Pitch Rate, a+=0.08, Global flow description

At a lower pitch rate, at=0.08, the global flow behaves significantly different from the
higher pitch rate case. The first leading edge voitex appears at a much lower angle of attack,
(figure 9(a)) at 14.8 deg. For identification purposes, this vortex is labeled as leading edge vortex
number one, LE1. At the same time, two discrete vortices, one at the midchord and the other
located at the trailing edge region, emerge and will be denoted as TE1 and TE2, respectively.
These two structures form as a result of accumulation of local boundary layer vorticity via the
Kelvin-Helmoholtz instability. They will eventually convect downstream and detach from the
trailing edge. At this time, the outer flow appears to follow closely the airfoil's contour with no
apparent breakaway.

Unlike the higher pitch rate case, the LE1 vortex immediately breaks away from the leading
edge which triggers the reattachment of the leading edge separated shear layer and the formation of
another leading edge vortex, LE2, (figure 9(b)). The second leading edge vortex convects quickly
away from the leading edge as shown from figures 9(b), (c) & (d). This breakaway/reattachment
process continues for several cycles, (figures 9(c) to 9(g)), releasing three additional vortices,
denoted as LE3, LE4 and LES, from the leading edge region. As a result, there is an array of
vortices traveling along the airfoil's surface. During this progression, strong interaction between
vortices can be seen; for example, two vortices, LE1 and LE2, merge into one structure as shown
from figures 9(e) to 9(g). These structures remain close to the surface, and have relatively little
influence on the outer flow behavior until a = 20.5 deg. Each time the breakaway vortex appears
to be stronger than the previously forward vortex. For o > 20.5 deg., vortex LE3 breaks away
from the leading edge and merge with vortices LE4 and LES (figures 9(h) and 9(i)). This
integrated structure appears to behave like the dynamic-stall vortex as discussed in the higher pitch
rate case. This vortex eventually convects downstream and complete the stall process. The
continuous release of vortices from the leading edge region tends to weaken the dynamic-stall
vortex and reduce its later influence on the global flow dynamics.

3.9 Quasi-Periodic Leading Edge Separation/Reattachment,
at=0.08:

In this section, the quasi-periodic leading edge separation/reattachment process for the low
pitch rate case will be examined more closely. As the boundary layer first separates from the nose
region, as shown in figure 10(2), several large scale structures evolve as a consequence of shear
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layer instability as discussed in the previous section. The reversed boundary layer vorticity starts
to accumulate under the influence of the vortices. Similar to the higher pitch rate case, the reversed
boundary layer separates from the surface, forming a secondary separating shear layer which
quickly rolls into a counter-rotating vortex, (figure 10(b)). Due to mutual induction of the two
vortices of opposite sense, the reversed vorticity layer erupts out of the surface, forcing the release
of a vortex from the upper shear layer. However, unlike the higher pitch rate case, the shear layer
does not detach completely from the surface. Instead, it reattaches to the surface as shown in
figure 10(c). At the next instant, the first detached vortex begins to move away from the region
and another vortex emerges at the end of the reattached shear layer as shown in figure 10(d). As
the second vortex grows in strength, a similar vortex/reversed boundary layer interaction develops
and the cycle repeats itself, (figure 10(e)). This separation/reattachment process is important since
it releases excessive vorticity from the leading edge region without triggering a complete
breakdown of the flow field. As a result, the dynamic stall vortex is weaker with a less
devastating effect on the flow dynamics as it convects along the airfoil's surface.

3.10 Higher Reynolds Number, Re=25,000, Global Flow Description

To examine the effect of Reynolds number, a set of experiments with a higher Reynolds
number of 25,000, while keeping all other parameters unchanged, was performed. In general, the
features observed appear to be quite similar. For comparison, a typical case with a dimensionless
pitch rate of 0.131 is presented. As the angle of attack increased well beyond static stall angle, a
leading edge dynamic stall vortex first emerges near the airfoil nose region. Due to the higher
Reynolds number, this structure stays much closer to the surface as compared to the previous case.
As expected, it undergoes a similar viscous/inviscid interaction process as discussed in the earlier
section. Also, the location where the vortex first emerges is much closer to the airfoil's nose as
compared to its low Reynolds number counterpart. This vortex moves away and convects out of
the leading edge area as shown in figure 11(a). This vortex continues to grow in size through
viscous diffusion and vortex merging mechanism, see the sequence from figures 11(b) to 11(d).
No significant differences can be found concerning the formation, convection of the leading edge
dynamic stall vortex. This observation is consistent with the common presumption that the vortex
dynamics of an unsteady airfoil is insensitive to the variation of the Reynolds number. However,
the trailing edge flow is different since the counter-rotating vortex pair in the trailing edge region
does not exist for the higher Reynolds number case.
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4. SUMMARY:

The flow past an airfoil pitching at a constant rate is studied in a water towing tank facility.
Instantaneous velocity and associated out-of-plane vorticity fields were measured using the whole-
field PIV technique. Special emphasis has been placed on the study of flow structure near the
airfoil's leading and trailing edge regions. At a dimensionless pitch rate of 0.131, leading edge
vortex develops as the airfoil pitches well beyond the static stall angle. Strong inviscid/viscous
interaction between the vortex and the reversed boundary layer leads to a secondary separation and
the formation of a reversed vortex. The mutval induction of the counter-rotating vortex pair
triggers the breakaway of the vortex from the leading edge, at the same time, initiating the dynamic
stall process. The evolution of the vortex dominate the later flow behavior. For a lower pitch rate
of 0.08, the leading edge separating shear layer undergoes a quasi-steady separation/reattachment
process, which generates an array of discrete vortices along the airfoil's surface. Finally, no
significant difference of the formation, convection of the leading edge vortex can be found when
comparing two cases with Reynolds numbers of 5,000 and 25,000, respectively.
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Appendix I: Figures
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Figure 8 Time sequence of the instantaneous
velocity and vorticity fields,trailing edge region
Re=5,000, o'=0.131
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(b)
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(e) t'=4.02, «=18.3°

(f) t'=4.28, o«o=19.4°
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(g)

t'=4.53,

a=20.5°

LE2+LE1l

(h)

t'=4.78,
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(i) t'=5.04, «a=22.8°

(j) t'=5.29, «a=24.0°

Figure 9 Time sequence of the instantaneous
vorticity field. Global flow field,

Re=5,000, «*=0.08
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Instantaneous Vorticity
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Instantaneous Vorticity
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(a) t'=3.51, «=26.3°

(b) t'=3.93, «=29.5°
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(e) t'=4.99, «=30.0°

(f) t'=5.31, «a=30.0°

Figure 11 Time sequence of ths instantaneous
vorticity field. Global flow field.

Re=25,000, o*=0.131

67




Appendix II. Computational Results

First Year

Random-walk vortex simulations of the full Navier-Stokes equations were performed for
comparison. In the computations, the flow field was represented by discrete vortex blobs.
The diffusion processes were simulated by adding a random component of magnitude
V2vAt to the vortex motion. In this form, the method approaches the solution of the
two-dimensional Navier-Stokes equations in the limit of many vortices, although the rate
of convergence is sizably slower than for conventional mesh-based methods.

However, unlike mesh-based methods, no accuracy is lost in describing the strong convec-
tion processes typical of unsteady separated flows. Additionally, the computational domain
is truly infinite; there are no artificial boundary conditions. But most importantly, since
computational elements are only used in the limited regions containing appreciable vor-
ticity, the resolution, (the smallest processes the computation can distinguish), is much
higher than possible in finite difference procedures or also vortex methods which include
a mesh, such as the conventional cloud-in-cell technique.

The fast solution-adaptive Laurent series technique [1] was used to allow a large number
of vortex blobs to be included without using a mesh-based fast solver to find the velocity.

The normal wall boundary condition was satisfied by mirror vortices, after a mapping of
the airfoil onto a circle. The mapping used was a generalized Von Mises transform;

dZ_ K Ck Yk
'az-CE(l"c')

The constants C', (x and vk are determined from least square mimimization. This mapping
procedure is computationally much more efficient than other methods ‘or vortex tracing
and exactly produces an airfoil with a slightly blunted trailing edge which is indistinguish-
able from a NACA 0012.

The no-slip boundary condition was satisfied by the addition of vortices at the wall during
each time-step. First all vortices within a distance of 1.27v/2vAt were removed. Then a
ring of new vortices was added at a distance 0.675v2vAt to correct the wall slip to zero.
(The distance for adding vortices equals the diffusion distance of the vorticity generated
by the wall during the time-step for the true Navier-Stokes equations; the removal distance
was chosen based on a statistical study requiring that the scheme handles locally uniform
vorticity distributions accurately, not unlike discretization techniques in finite difference
procedures). The vortex diameter was rather arbitrarily chosen to be 0.675v/2vAt: testing
showed that results depended little on the actual value used.

In order to allow piching motion, the equations of vortex motion were developed in an
inertial reference frame and subsequently converted to an airfoil based system. This is

68




required since Kelvin’s theorem cannot be used in a rotating coordinate system. In terms

of the conformally mapped complex airfoil coordinate ¢, the inviscid vortex motion is then
given by

1
CQ

.rT . az Tc C?. 2'T '731
g (-9) e (-9) )

(77 - Tiv) + (€ — €v)
+};g"(€—§u)2 + (=) +

L2 /.42
"gde/ dC

where Z is the complex physical airfoil coordinate, V; indicates the velocity of the origin of
the airfoil coordinate system and 4 its rate of angular rotation, while the star indicates the
complex conjugate. In the sum in the second line, the coefficients ¢; depend on the airfoil
shape and are found from a fast Fourier transform; the final two terms in the second line
capture the singular behaviour at the kinks in the contour at the blunted trailing edge.
These terms are needed to obtain a computationally efficient convergence of the Fourier
series. The sum in the third line represents the interaction between vortex blobs: the sum
includes the mirror vortices. It is this sum which is performed using fast summation. The
final term represents the self-induced motion of the vortices due to the physical airfoil
shape.

i 75—-: —CVy 4 C*Vo—

%‘N

The force on the airfoil is found from
~=2n ( LBCI> (Vo —i3Ve — 32, — zBZc)

and the moment from y
7 = 27r( -\ ))

+2(I.+AZ.Z5) B
+ AS (ZCVO" + z‘ﬂ'zcvo*)
Here

C . . P c , 1
G = MO GE AT+ T ven) + Y (7 )

S = Z 19.2,2;

while A is the airfoil area, Z, the center of area, I. the polar moment of area and E the

coefficient of the 1/( term in the asymptotic expansion of Z for large (. The sums do not
include the mirror vortices.
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The actual vortex computations were performed on various supercomputers (ETA 10. Cray
YMP), and results were post-processed on the College of Engineering Vax Cluster. In post-
processing, fast Fourier transform techniques were used to determine the streamlines. The
vorticity was represented in bit-mapped graphics as half tones.

Second Year

Vortex simulations of the Navier-Stokes equations were performed to study unsteady stall
from a NACA 0012 airfoil at large angles of attack. In particular the evolution from an
initially attached condition to a stalled state was studied [2,3]. The numerical simulations
determined the behaviour of lift and drag and vorticity motion, following the development
of the Van Dommelen and Shen process. Computations focussing on the formation of the
leading edge vortex at the nose were also performed [4]. They were used to assess the
effects of suction and wall motion on the separation process.

In the theoretical area, the mechanism of the initial break-up of the boundary layer in
general two- and three-dimensional flows was determined using Lagrangian analysis. The
results apply to both the incompressible and compressible cases [5,6,7,8]. As a result, a
good understanding of the process with which the boundary layer breaks up has been
achieved. Such an understanding is important, since it proves that manipulation of the
separation process must be performed early in order to be effective.

The question of the next, interactive, stage in the evolution was also addressed [9,10], by
the development of an appropriate model which can be analyzed relatively easily, while
it still provides a theoretically rigorous description. One apparent result of Navier-Stokes
computations which has already been verified is that interaction will enhance, rather than
delay the break-up of the boundary layer. This behavior is the opposite of the case of
steady stall. However, that profound differences between steady and unsteady stall exist
has been long known.

In the area of algorithm development, a first step was token toward the extension of the
vortex method to more general flows. A ‘redistribution method’ was formulated [11,12],
and its convergence shown. Like the random-walk procedure, the redistribution is mesh-
free, but it is more accurate and more general.

Third Year

The numerical results for stalling wings {13,14,15] showed that at high angles of attack, the
first significant flow development is the occurrence of unsteady boundary laver separation.
The separation is located near the leading edge and takes the form of a local thickening of
the boundary layer according to a Van Dommelen and Shen process. By detailed studies
of the flow near the leading edge, it was shown that this separation is distinct from the
separation which develops near the trailing edge and which moves upstream from that
location.
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Previous authors have reported trailing edge separations which would move sufficiently
far upstream to reach the leading edge region. However, their definition of ‘separation’
was based on the streamline picture. It is known that in unsteady flow the streamline
picture, including the formation of a ‘recirculating wake’ or a streamline leaving the wall
does not imply a significant departure of most of the boundary layer fluid away from the
wall. This was first pointed out independently by Moore {16}, Rott {17], and Sears [18) and
generalized by Sears and Telionis [19]. The reason is that the particle paths rather than
the instantaneous streamlines describe where the boundary layer vorticity ends up.

Sychev [20] and Van Dommelen and Shen [21] were the first authors to derive the flow
structures for the unsteady case under different circumstances. The structure derived
by Van Dommelen and Shen is the relevant one here. Both analytical structures show
that unsteady separation is indeed completely different from the steady case described
previously by Sychev and by Smith. Other authors verified and extended the unsteady

results, eg, Elliott, Cowley and Smith {22]; other references may be found there and in
(5,9].

In particular for the circular cylinder, the numerical evidence is further overwhelming [23-
29]. These developments are slow in reaching certain parts of the CFD and experimental
communities, which often still use concepts such as unsteady streamlines or zero wall shear
in describing ‘separation’. The difficulty is that the steady separation is characterized by
intuitively ‘evident’, easily verified criteria (zero wall shear, detachment of the wall stream-
line, reversed flow), and some practitioners have great difficulty accepting the fact that
the unsteady separation criteria become quantititative, and difficult to verify. This leads
to the numerous attempts to relate the simple steady criteria to the unsteady boundary
layer separation processes, futile since those criteria have already been proven not to have
a direct correlation to unsteady separation.

Due to the Van Dommelen and Shen separation process, an extensive dynamic stall vortex
develops above the wing. By numerically tracking the vorticity, it was shown conclusively
that while this vortex moves downstream out of the leading edge region. the vorticity that
it contains does originate from the leading edge. Despite the presence of the dynamic
stall vortex, initially the lift does not change significantly from its attached unsteady flow
value, and is much higher than the value for attached steady flow. The reason why it is
possible to have a quite sizable vortex above the wing without a significant loss of lift is
the influence of the vortex on the wing surface below. In fact as long as the vortex stays
near the wing surface, 1t can be shown that the lift is maintained, by using the control
volume form of the momentum equations following Wu {30].

The next significant stage occurs when the vortex is convected past the trailing edge;
around that time the lift force produced by the wing drops off rapidly. The reduced
circulation around the wing cross section allows the flow near the nose to reattach. the hLift
builds up again, a new Van Dommelen and Shen process develops near the nose. and the
cycle repeats itself.




While the lift only collapses when the main vortex leaves the vicinity of the wing surface,
experience shows that it is difficult to prevent this loss of wing effectiveness once the
vortex has been shed from the leading edge. For that reason. recent work has focussed on
eliminating the the vortex altogether. To do that. the Van Dommelen and Shen process
mnust be prevented. Since this process occurs in the mddle of the boundary layer, rather
than at the wall, it is hard to modif* in its final stages. Early recognitio. and corrective
action is therefor essential.

The structure of the Van Dommelen and Shen process provides insight in what procedures
can be effective. It is known that the process requires a layer of boundary layer fluid near
the wall with vorticity of opposite sense compared to the remaining boundary layer above
it. This reversed vorticity is ordinarily associated with reversed flow in the boundary
layer. However, it is possible for the process to occur even after the reversed flow has been
eliminated by a favorable pressure gradient.

It is also known that the actual boundary layer thickening in the Van Dommelen and
Shen process occurs near the line where the lower reversed vorticity layer meets the other
boundary layer fluid above. For that reason, a possible procedure to prevent the Van
Dommelen and Shen process is to inhibit formation of reversed vorticity. This can be
achieved by giving the wing surface near the leading edge a motion in the direction of the
flow of the air, so that the surface does not retard the fluid motion in the boundary layer
sufficiently to cause separation. In actual applications, a rotating cylinder can be installed
at the leading edge [31].

Numerical experiments show that this procedure performs as expected. \Vithout correc-
tion, the leading edge vorticity rolls up into a discretized vortex which eventually leads
either to the loss of lift for wings with a small leading edge sweep angle or to the lead
ing edge vortices for delta wings. With sufficient motion of the wing surface, the vortex
formation can be suppressed.

The amount of wall motion is still too high for practical purposes, since a very small cylinder
would have to be installed in the leading edge and rotate with an excessive rpm. However,
this is in part due to the assumption that the nose shape is unchanged in our computations.
leading to an excessively small nose radius and correspondingly small cylinder. It is more
appropriate to replace the entire wing leading edge shape by a cylinder of a diameter
comparable to the wing thickness. The most important conclusion which can be drawn
from our preliminary computations is that wall motion does work, while its practicality
still needs further study.

A second procedure is to allow the wing surface to retard the boundary layer fluid. but
remove any reversed vorticity which is created by means of suction through the wing
surface. This renders the Van Dommelen and Shen process impossible. It is well known
that suction is effective for steady separation, which forms the limiting case of unsteady
separation, yet there it has never found widespread popularity. The application to rapidly
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maneuvering aircraft changes the balance however, since suction nceds only be provided
for high angles of attack, rather than continuously, and low drag is less important. As a
result, the effectiveness of suction must be reevaluated for this application. For example.
the suction could be provided by lowering a venturi duct into the flow during the transient
maneuver, accepting the resulting drag penalty. Clogging of suction holes is less critical
since stall at high altitudes is recoverable.

Figure 1 shows that for a NACA 0012 airfoil without suction, large scale separation occurs.
For this particular case, the airfoil was started impulsively at 30 degrees angle of attack:
however, other computations show similar separations for travelling wings which pitch up
more gradually to high angles of attack. Applying light suction leads to the much smaller
separation in figure 2, and stronger suction maintains the attached flow shown in figure
3. The computed lift history demonstrates that with suction the lift is indeed maintained.
The suction coefficient describes how much boundary layer fluid is being removed. and
should be as small as possible. Figure 2 corresponds to a suction coefficient cgv/Re = 1.9
and figure 3 to 3.8. These values are about the same as values for the steady case at
Reynolds numbers in the range of 10° [32].

Experimentation showed that the smallest suction coefficients are obtained when continu-
ous suction is applied in the range from the leading edge until 20% of the cord downstream,
in agreement with steady flow observations. This good agreement with steady data may
in part be due to the fact that continuous suction was applied. It has been suggested that
suction should be applied further downstream, to prevent the formation of the secondary
vortices induced by the dynamic stall vortex. However, computations shows that this de-
lays, rather than prevents the collapse of the lift for the same amount of suction. In order
to maintain lift for longer times, the primary Van Dommelen and Shen process needs to
be prevented, rather than its secondary effects.

For transient maneuvers, i. is possibly to further reduce the suction volume by applying
suction only as needed, less in the initial stages when there is no reversed vorticity yet.
and less in the final stages when the angle of attack returns to normal. Preliminary tests
have proved to be very encouraging, and are continuing.

Other possibilities to prevent the Van Dommelen and Shen process exist. An example is
injection of a jet to energize the boundary layer. Blowing can also applied at the trailing
edge; in that case its effects are most likely due to modification of the interaction of
the dynamic stall vortex with the trailing edge, rather ian to prevent the formation of
this vortex. As a result, intermittent blowing might be effective here. Near the trailing
edge, the correct strategy is to induce the trailing edge to shed new starting vorticity
when the dynamic stall vortex passes it. For manipulation of the flow by blowing, the
additional construction weight requires consideration. Another method. which does not
require additional weight, is to pitch the plane down and up again when the dynamic stxll
vortex passes the trailing edge. We have conducted preliminary numerical experiments,
but the results are still inconclusive. More study is needed in this area. An approximate
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model for the trailing edge flow would be helpful in deciding the optimal airfoil motion.

Further the nose shape may also be altered in order to delay the separation, or allow it to
occur at a more favorable location further downstream. However, since the possible gains
seem limited, investigations in this area have received low priority. Finally a slat may be
used during the transient maneuver. Additional construction weight and the possibility of
mechanical failure are considerations here.

Most of the methods above are based on preventing the layer of reversed boundary layer
vorticity in the Van Dommelen and Shen process. A different approach now being studied
makes use of another property of the Van Dommelen and Shen structure: its instability.
The velocity profiles of the process are highly unstable, since the upper part of the boundary
layer behaves as a free vortex layer. At high Reynolds numbers, such velocity profiles can
only occur in transient flow, in which free streaiu disturbances have only a limited time to
grow. The idea now is to augment the disturbances by selectively forcing the most unstable
frequencies. The large perturbations increase the mixing and energize the flow near the
surface, to prevent separation. The effect is similar to the reduction in drag coefficient of
blunt bodies when the separation turns turbulent. Advantages of this procedure is that
the perturbations can be provided by a variety of methods. and rapid response times are
possible.

A significant amount of promise still exists for further developments in this area, but
current emphasis has shifted towards three-dimensional and compressible flows. Yet one
graduate student is still pursuing these areas further even without outside funding.
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