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This work concerns the experimental and numerical simulation of Dynamic Stall occuring
on an airfoil in 2D/3D unsteady flow configuration. The flow unsteadiness is simulated by
means of oscillating motions of the airfoil in translation, piich and combined translation/pitch,
which produce variations of velocity V and/or incidence o around the airfoil. The unsteadiness,
characterized by overall and local analysis from experiments conducted on a 2D QA209 airfoil
and a half-wing of the same airfoil, exhibits the influence of the finite span of the wing. The
present results show that the main influence of the firite span is to delay the stalling vortex
cccurence and to modify the vortex chordwise propagation velecity along the upper surface.
This involves a characteristic delay of the dynamic stall incidence and strongly affects the
instantaneous behavior of lift, drag and moment. The dynamic stall calculation in the 3D flow
configuration has been based on a semi-empirical approach (GBCN code), which consists to
apply the 2D version of the GBCN code at the successive spanwise airfoil sections z/h along
the half-wing. Comparisons between calculation and experiment concerning the normal
coefficient hysteresis loops Cn=Cn(ex) are also presented to evaluate the prediction efficiency of
this pseudo-3D numerical approach. The preseat paper also concerns an  experimental
nvestigation of the unsteady boundary-layer on a NACAQQ12 airfoil oscillating in a 2D flow
configuration, that aims to bring up some basic data for future Navier-Stokes approach of
Dynamic Stall. The study emphasizes on an Embedded Laser Doppler Velecimetry (ELDV)
measurement method, suited for unsteady houndary-tayer investigation on oscillating airfoils.
Using this ELDV methed, unsteady features on transition and separation/reatiachment of the

boundary-layer are investigated in both steady and unsteady flow configurations.

INTRODUCTION

The accurate prediction of unsteady aerodynamics
associated with airfoil dynamic stall is of major
interest in a wide range of acronawtical applications.
For example, the dynamic stall occuring on the
retreating blade of an helicopter rotor in forward flight
produces significant changes in the airloads and
moments spanwise distributions, and thus in the

overall rotor performance -6 A proper simulation of
the complex blade sections environment requires
considering the influence of several parameters,
including simultaneous variations in both angle-of-
attack o=o{wt) and local flow velocity V=V(wt),
compressibility, blade tip effects, airfoll geometry and
sweep angle influence, crossflow and separation
phenomena influences, ...

However, due to the complex nature of this 3D
unsteady stall phenomenon, previous works in this
domain have generally tackled the problem by means
of simplified flow configurations, which are
simulated to specifically dissociate the different

parameters, in order to analyze separately their
respective influence. Relevant of such experimental
and numerical works are the studies conducted on
airfoils oscillating in 2D unsteady flows, and
submitted to either pure incidence variations o=o(ot)
by means of pitching and plunging motions or to
pure velocity variations V=V (mt) by means of a fore-
and-aft transtation . To provide a better simulation of
the dynamic stall conditions, previous works from the

present group 7-10 have concemed the study of
dynamic stall generated by means of a combined
translation/pitch motion in 2D flows. However, few

studies 11-13 have been devoted to investigate the
dynamic stall process in 3D flow configurations.

Nowadays, the effort to improve the prediction of
drag and moment coefficients in dynamic stall regime
has to be focused on Navier-Stokes equations
resolution. Modelisation will need more and more
experimental  flow physics features concerning
boundary-layers and criteria on transition and
separation. Thus, in order to gain a better
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understanding of the boundary-layer response to flow
unsteadiness, present works from ASI/IRPHE group
are mainly focused on the development of an
Embedded Laser Doppler Velocimetry (ELDV)
method, suited for unsteady  boundary-layer
measurements on an  oscillating airfoilm'm. The
measurement principle has been based on an ELDV
optical fibres option using an optical head embedded
inside the oscillating model, so that the 2D velocity
field is directiy obtained in the reference frame linked
with the moving wall. Such an ELDV method is
moreover suited to characterize the unsteady
transition, separation and reattachment of the
boundary-layer occuring on moving curved walls of
oscillating airfoils.

The following sections give a detailed description
of the experimental approach and data results, as well
as some calculation/experiment comparisons, (o
exemplify the efficiency of a pseudo-3D numerical
approach derived from a semi-empirical 2D code to
model the 1ift hysteresis loops in 3D flow
configurations.

EXPERIMENTAL SET-UP AND
MEASUREMENT METHODS

As sketched in Figure 1, the experiments are
conducted in the S2-Luminy subsonic wind-tunnel of
the ASI Laboratory (rectangular test section : 0.5x1

m2 ; length = 3 m), where the free stream velocity
Veocan be varied from 2.5 ms~! to 25 ms™! {natural

turbulence intensity less than 0.5 %), providing a
Reynolds number range based on the model chord

from 5.10% 10 4.10°.

The generation of independent or simultaneous
variations of velocity V and incidence o of the model
is realized by means of an original combined
ranslation/pitch motion (Figure 1). The motion in
the two degrees-of-freedom is produced by an
oscillating device designed to fit beneath the test
section floor. The model is supported in a vertical
position and attached to the oscillating device by a
support shaft located at the quarter chord axis of the
model. Different kinds of model motions can be
simulated’ fore-and-aft transiation, plunging,
pitching and translation coupled to pitching. Such a
device produces vanations of relative velocity and
incidence as follows :

V{wt) = Voo (1 + A cosmt)

5
o) =oo+ y Ao, cos (nwt + @ )

n=1

Ref.

Moreover the (V,ot) cycles are selected from 3D
aerodynamics rotor code results, which provide the
stalling conditions encountered by the retreating blade
sections located at different spanwise stations and for
different flight conditions (advancing parameter L,
collective pitch 8, longitudinal and lateral cyclic flap
values...). Figure 2 gives the simulation demain of
parameters (A =AW/ Ve, k = c/2V) that can be
covered by the capabilities of the present experimental
facilities. The (A.k) cases numbered from 1 to 6, have
been more specifically investigated in the present
study.

In a first experimental approach, the simulation is
conducted cna OA209 oscillating airfoil with values
of A and k parameters located at the lower and upper
limiis of the flight domain.

In the 2D flow configuration, the tested airfoil
consists in a rectangular wing of 0A2089 profile (chord
¢ = 0.2m; span h = 0.495 m) spanning the entire test
section, In the 3D flow configuration the model
consists in an half-wing of same 0AZ209 profile and
chord { ¢ = 0.2 m), with h = 0.40 m for span (see
Figure 3). The same oscillating motions are given 1o
either the complete wing (2D) or the half-wing (3D)

and the results already obtained in the 2D case 8-12
are used as a reference basis to investigate both the
finite span effect and the influence of unsteadiness on
the half-wing behavior.

On  hoth models (2D or 3D), overall
measurements of instantancous lift, drag and moment
coefficients are cammied out by means of a 3-
components balance statically and dynamically
calibrated, embedded with the oscillating device.
Local measurements of pressure distributions along
upper side and lower side of the model, are measured
by means of miniature unsteady pressure transducers
mounted flush with the airfoil surface. In the 2D
flow case, the model is instrumented along the
chordwise section with 18 transducers located at mid
span of the wing. The 3D half-wing was built by
stacking different elements as sketched in Figure 3.
One of these elements was equipped with 18 pressure
transducers. Local chordwise distributions can thus be
measured at different section along the half-wing span
by moving the instrumented section. Four spanwise
sections were considered : numbered 1, 2, 3, 4 in
Figure 3 and located at zh = 0.50 ; 0.62 ; 0.74 and
0.86 along the span. More details concerning the
measurement techniques and the data reduction
procedures can be found in references 8-12,
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The second experimental approach concerns more
specificaily unsteady boundary-layer measurements on
a NACAQO012 airfoil model which oscillates according
to the following motions :

- Pitching motion  (instantaneous incidence
variation around a mean incidence) @ o(t) = ¢ +
Accosmt,

- Translaticn motion {instantaneous velocity
variation) : Upe((t) = Uso + Acosat,

- Combined translatien/pitch metion: o.(t) = ag
+ Ac{cosit + §), Ura{t) = Use + Acost.

Steady and unsteady measurements of the (u,v)
velocity profiles have been performed at different
distances from the leading edge along the upper-side
of the airfoil, for 3 chordwise locations (s/C=0.3,
0.508, 0.67). The upstream Reynolds number is fixed

at Re=1¢".

The NACAQ012 airfoil is 30 cm in chord, 49.5
cm in span and 3.6 c¢m in thickness {(see Figure 4).
The optical head is mounted on a supporting turntable
which is attached to the oscillating frame as shown in
Figure 4, The optical head is equipped with a beam-
expander to increase the focal distance up to 400 mm,
50 that the laser beams are focusing at mid-span in
the boundary-layer through a 45° mirror. Due to the
fact that the supporting turntable is linked with the
oscillating frame, the u and v velocity components
are directly measured in the reference frame in relative
motion.

Moregver, the optical head is also installed op an
automatized 2D-displacement device mounted itself on
the circular turntable. This teledriven system allows
the adequate positioning of the measurement volume
at any point of the airfoil surface (30 cm in chordwise
displacement). An angular sector (from 0° to 360° by

step of 0.1°) provides 0 he selection of the
surveying normal  direction, and the laser
measurement volume can then be displaced along the
local normal to the surface from y = 0.2 mm to y =
145 mm with a displacement accuracy of 0.1 mm.

Figure 5 presents the acquisition chain of the
bidimensional ELV system operating in the back
scatter mode. Data acquisition is made on a micro-
computer from two Burst Spectrum Analysers
delivering for each velocity component {u, v) the
Doppler frequencies and the arrivat validation time for
each frequency measurement. The  sofiware
(COMBSA) used for acquisition and data reduction

has been developed at ASI Laboratory 18-20 under

Apple-LabVIEW system. The unsteady data reduction

technique is made using an ensemble average
pracedure suited for periedic flows investigation.

Due to the periodicity of the flow, each period is
considered as a specific sample of the same
phenomenon, so that each velocity component, u{t)
or v(t), can be obtained at each phase angle wt as the
averaged value of the velocity samples recorded at the
same given phase angle and over a large number
(higher than 130} of cycles of oscillation. The
simultaneousness of the 2D measurement is then
obtaired from a synchronisation procedure of the
acquisition chain, providing the phase sveraged value
of the mean velocity cq}mponents and their associated

turbulent guantities S-'O. Concerning the seeding of
the flow, rates of data validation of about 500 Hz ar
obtained using a mixture of alcohol and glycerine
producing particles of about 2 pm in diameter. The
freestream flow 1s seeded by means of a streamlined
whe located in the suction chamber of the wind-
tunnel (see Figure 1).

NUMERICAL APPROACH

When the model oscillates in the 2D {low
configuration, the dynamic stall calculation method of
semi-empirical nature  is  derived from  the
phenomenological medel initially developped in Ref,
21 for an airfoil oscillating in pitch through stall, To
take 1nto account the simultaneous (V, o) variations
generated by the combined translation/pitch motion of
the model, the differential equations system has been
expressed in terms of circulation and derivatives on

time 2-12. The calculation code obtained (so-called
GBCN) also accounts for the quasi-steady lift
behavior of the 0A209 airfoil in steady flows
conditions.  Additionally, the derivation of a
mathematical optimisation methed for determining
the set of constants to be introduced in the differential
equations systern has been also included in the GBCN

code 1112, The present GBCN code is shown to
provide an excellent description of the instantanecus
lift hysteresis loops generated by the translation/pitch
motion for stalling conditions in 2D flows.

When the model oscillates in  combined
translation/pitch motion in the 3D flow case, the
present numerical approach consists to apply the 2D
GBCN calculation model at the successive spanwise
sections zh = constant of the half-wing. All the
quasi-steady lft behaviors of the 4 sections into
consideration are then deduced from the experimental
data base, and the optimization procedure for
determining the set of constants is applied at each
section z/h along the half-wing span.
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RESULTS AND DISCUSSION

0AZ209 AIREOIL IN TRANSLATION/PITCH
COMBINED MOTION

To exemplify the experimental results obtained on
the airfoil oscillating in the 3D f{low case, the
fotlowing data will concern the cycle variations (V,)
shown in Figure 2. For instance, Figure 6 gives the
(V,a) variations of case 1, for @ mean value ap =

14.16° and guite low values of A and k. Consequently
the unsteady effects generated on the model at such
values of the osciliating parameiers remain moderate
but are shown to be much accentvated when
increasing the values of Aan, A and k.

The maodel response to the (V, o} variations of
case | for 4 different values of the mean incidence ap
=6°; 9% 12°; 14.16°, is given in Figure 7. The
plots represent the evolution as a function of wt of
the instantanecus overall coefficients (C|, C4, Cp)
obtained in the 2D/3D flow configuration. At each
given incidence ®g = constant, the results indicate
that the dynamic stall incidence value opp is higher
in the 3D flow case than in the 2D flow case.
Additionally the phase ot of stall occurence in the 3D
flow case, 1s delayed when compared to the 2D flow
case. For instance at ag = 9°, the stalling incidence is

apD= 14° and occurs at @t = 45° in 2D flow, while
in the 3D flow (Figure 7), DD = 15° and occurs at
ol = 60°.

Moreover when compared to the 2D case, the
results obtained on 3D stall also exhibit a strong
attenuation of the amplitudes variations of the Ci

coefficient. On the other hand the Cg amplitudes

variations are quite similar in both configurations.
The nose-down effect on the Cm coefficient is also
less intense in the 3D case,

The  boundary-layer  reattachment which
corresponds to the occurence of positive value of Cm
coefficient {nose-up) is shown to be generated at a
phase ®t = 225° quite similar in both flow
configurations. Consequently the half-wing is shown
to stall along a part of the period which is shortened
compared to the 2D case. Figure 8 illustrates the
aerodynamic  airloads  variations  with  the
instantaneous incidence ¢, obtained in 2D and 3D
flow configurations. As previously mentioned, the
3D effects are shown to significantly increase when
the oscillating parameter values (A, k, Acn) increase
{case 5 in Figure 8).

Concerning the stalling vortex propagation along
the upper surface of the OA20%9 model for case 1, a
comparison of results obtained in the 2D/3D flow
configurations is shown 1n Figure 9. In this Figure
the pressure waveforms Cp=Cp(wt) are plotted either
i the 2D flow case or at 3 different sections z/h =
062 : 0.74 ; 0.86 in the 3D flow case. The
phenomenology of the stall process is quite similar in
both coafigurations (e.g. the occurrence and
propagation of a strong upper side vortex along the
chord of the model). Moreover the plots in Figure 9
reveal the imprints of the vortex by the successive
pressure peaks on the Cp-waveforms. The vortex
emission generated 1n the 3D case is thus shown to
be shifted between phases wt = 15° and @t = 33°
when the spanwise position increases towards the
haif-wing tip.

Figure 10 illustrates the unsteady mean Cp-
distributions (averaged over a period) obtained in the
3D flow case as a function of the spanwise position
z/h of the airfoil section, The 3D effects are shown to
be more accentued when z'h increases and to produce a
decrease of the unsteady mean Cp-distributions both
on the upper side and the lower side of the airfoil
section, confirming the ioss of unsteady mean lift as
deduced from the overall measurements in Figure §.

Figure 11 gives an example of comparisons
between calculation and experiment concerning the
normal force coefficient Cn at different sections of the
span varying from z/n = 0.50 to #/h = 0.86. The Cn
hysteresis loops calculated by the GBCN code
previously discussed, are shown to be in good
agreement with the experimental Cn {deduced by
integration  of  instantanecus  Cp-distributions
measured at each z'h = constant). The main divergence
between calculation and experiment is shown to occur
in the wing tip region (z’h = 0.86) where the tip
vortex path has a strong influence on the local
loading distribution. For this wing span region, the
results clearly show the limitations of the present
pseudo-3D approach and indicate that the combined
influences of the wing finite span, the tip vortex
formation, and the flow unsteadiness have to be taken
into account for an adequate modelling of the Cn-
hysteresis loop behavior near the wing tip.

UNSTEADRY BOUNDARY-LAYER CRITERIA

This section of the paper, focused on an
experimental investigation of the unsteady boundary-
layer on a NACAQ012 airfoil oscillating in a 2D flow
configuration, aims to point out useful data for future
Navier-Stokes dynamic stall calculations. Unsteady
flow features on transition and
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separation/reattachment of the boundary-layer are
investigated in both steady and unsteady flow
configuraticns.

Steadv flow configuration

Considering first the steady NACAQ012 airfoil,
Figure 12 presents the evolution of the boundary-
layer velocity components (u,v) measured as a
function of vy {(normal distance to the model wall) at
the reduced abscissa along the chord s/c=0.67 and for
different values of the mean incidence o,

0°20=18°, The upstream Reynolds number is fixed

at Re=10" and corresponds to a freestream velocity
Uee=3 m/s. Figure 12 shows an attached boundary-
layer behavior for 0°<op<12°, where the tangential
and normal velocities (u,v) remain both positive.
From «p=15° to 18°, the velocity profiles reveal a
separation of the boundary-layer (negative values of

{(u,v)) which strongly increases the values of the
boundary-layer thickness 6.

The development of the steady boundary-layer
along the upper-surface of the airfoil is also presented
in the Figure 13 for a fixed fncidence op=12° at

Re=10". For 3 values of sfe (s/c=0.3 ; 0.508 ; 0.67),
Figure 13 presents the evolution of the (u,v) velocity
profiles as a function of y and shows thar for a fixed
value of y, the tangential and normal veiocities (u,v)
increase as sfc decreases,

Unsteadv flow confieuration

The translation motion effect on the boundary-
layer evolution is illustrated through the oscillating
conditions which involves instantaneous velocity

variation with otg=6°, Re=10", A=0.251, k=0.188.
The evolutions of u=u(y} and v=v(y) along the period,

are plotted in Figure 14 for & phase values ot
{07<m<360°), and 3 s/c (s/c=0.3 ; 0.508 ; 0.67).

As for the steady flow case, Figure 14 shows that
the mean local external velocity Ue is more important

at the reduced abscissa located near the leading edge of
the airfoil {s/c=0.3) when compared with the Ug value
relative to s/c=0.508 and 0.67. It can also be noted
that all along the period, the decrease in Up is linked

with the increase of the boundary-layer thickness 8.
This phenomenon is due to the decrease of the
pressure  gradient associated to the local airfoil
curvature along the chord. Moreover, considering the
entire oscillation cycle, it appears clearly that the
velocity components (u, v) reach their minimal

valugs at nearly the same phase of oscillation
(tot=1809).

For the same conditions of the fore-and-aft
motion, Figure 15 presents the evoluticn of the
w/Ue=u/Ue(n) profiles along the oscillation period at
=6 and s/C=0.67. The velocity measurements
obtained in this case, are well matched by theoretical
velocity profiles comresponding to transitional or
turbulent boundary-layer (1/N laws).

The characteristic evolution of the u=u(y,wt)
velocity profile during a cyclic
separation/reattachment process, is clearly exhibited
in Figure 16 for the following parameiric conditions

of the pitching motion : 0y=12°, Aa=6°, Re=10’,
k=0.188. At the 3 s/c into consideration, the phases
wt corresponding to  an  attached beoundary-layer

regime, range over more than the half of the period
(135°<mt<360°).

As shown by the plot corresponding o mt=313°
and t=0° (Figure 16), the separaticn process is
initiated prior to the maximum incidence value
{cep=18%) and is shown to propagate from the leading
edge of the NACAQ0!2 airfoil. At wi=0° the
intensity of the separated flow velocity region is more
impartant at s/c=0.3 and 0.508 when compared 1o the
reduced abscissa s/c=0.67.

During the incidence downstroke of the pitching
motion (see also Figure 16), the separation of the
boundary-layer concemns the whole upper-side region
of the airfoil (wi=45°, ®1=90°%). The dynamic
reattachment of the boundary-fayer is then initiated
from the leading edge and propagates all along the
upper-side of the airfoil (t=135°).

22

The Sandborn & Kline separation criterion ™,
previously checked to characterize the separation
process occurring on the NACAO012 airfoil either in
steady flow or in pitching motion 7'9, has been also
applied in Figure 17 to the present pitching
oscillation conditions. This criterion, based on the
instantaneous shape factor H which is expressed as a
function of 31/3, is able to differentiate intermittent
from fully developed separation regimes.

From the results of Figure 17, it is shown that
the Sandborn & Kline criterion appears to be well
suited to delimit the attached boundary-layer regime
{black symbols) and the separated flow regimes (white
symbols) in the case of pitching motion. However,
within the separated zone, the criterion appears to be
less efficient in differensiating the intermittent
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separation from the attached boundary-layer regime.
The plots in Figure 17 indeed show that the phase
wt=135°, which corresponds to an agtached boundary-
layer, is identified by the criterion as an intermitient
separation.

Concerning the influence of the superposition of
incidence and wvelocity variations. the unsteady
boundary-layer behavior is analyzed on Figures 18 and
19. Figure i8 presents the evolutions of u=u(y) for 8
successive phases wt aleng the oscillation period. at
the 3 reduced abscissa s/c=0.3, 0.508, 0.67. The
parametric conditions of the combined motion
correspond to a velocity/incidence coupling in phase

(=0°) at tg=6°, A=6°, Re=10", 1=0.251, k=0.188.

As for the pitching case, the plots corresponding
to o=315°, 0° 45°, show an increase of the
houndary-layer thickness & when s/c is increasing on
the upperside of the airfoil towards the trailing edge
direction. It can also be noted, that this growth of & is
linked with the decrease of the mean local external
velocity Ue.

The validation of the unsteady transition criterion

established in previous 16-18 \works on flat plate
model and on a NACAQO012 airfoil oscillating in
pitching motion, has been extended here to the
translation/pitch combined motion. This criterion is
based on the integral energy thickness parameter &1,
and 1s formulated as shown in Figure 19.

An example of such an extension which confirms
the validity of the above criterion for the conditions
of unsteadiness generated by the combined motion is
shown in Figure 19, corresponding to the oscillating
conditions previously mentioned. The boundary-layer
survey is performed in this case at s/c = 0.67.

In Figure 19, the instantaneous values of R& 3 are
plotted as a function of Reg at different phases of the
period. The R&’3 evelution is shown to be like an
hysteresis loop in the Reg-Red’q diagram which is
typical of the instantaneous transitional response of
the boundary-layer as a function of the unsteadiness
parameters (k,A) generated by the forced airfoil
motion. The results clearly indicate the capability of
the transition criterion in delimiting accurately the
laminar regime (white symbels) from the
transitional/turbulent regime (black symbols), as a
function of phase wt.

CONCLUSIONS

The present paper has presented an experimental
and numerical investigation of the airfoil dynamic
stall in a 2D/3D unsteady flow configuration. The
aeredynamic response of a half-wing (0OA209 airfoil)
submitted to stall genmerated by simultaneous
variations of velocity V and incidence ¢, has been
characterized from local and overall instantaneous
measurements.  From the overall measurements
performed on the half-wing, an increase in the
dynamic stall incidence value ap is obtained when

compared to the 2D stalling conditions. The local
pressure  measurements  Cp=Cplit,x/c,zm)  have
shown that the stalling vortex occurence is delayed
along the period when the spaswise sectional position
z/h increases towards the wing tip.

A numerical approach of the normal coefficient
loops Con=Cn{0) generated through stail in the 3D
flow, has been derived in the present study using the
GBCN model at different spanwise sections z/h of the
half-wing. A good agreement between the GBCN code
results and the measured Cn-loops has been obtained
all along the wing span excepted for the regions very
close to the tip. An improvement in modelling the
combined influences of the tip vortex formation and
development, the finite spar of the wing. and the
flow unsteadiness are required for this region of the
span.

In @& second part, the Embedded Laser Doppler
Velocimetry (ELDV) method has been successfully
applied to 2D velocity measurements (u, v} both in
steady flow case and around a moving airfoil
oscillating in pitch, transiation, and translation/pitch
combined motions. Using this ELDV method, the
boundary-layer dynamic behavior and the specific
local unsteady flow features relative to separation and
transition, have been investigated over a large range
of non-steady parametric conditions. The experimental
results, so obtained, will constitute an useful data
base for future Navier-Stokes dynamic stall
calculations.

NOMENCLATURE

A oscitlation amplitude of the model, (m).
c, C chord of the model, (m).

cd drag coefficient, (CA=T/0,5pSV?2).

Cl lift coefficient, (CI=T/0,5pSV2).

Cm pitch moment coefficient,(Cm=M/0,5pSV2),
n normal force coefficient, (Ca=Fn/0,5pSV2).

C

Cp pressure coefficient, (Cp=p-p==/0,5pV2).

f frequency of oscillation, (Hz).

H integral shape factor (H=51/87).

k reduced frequency of oscillation, (co¥2Uco).
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k reduced frequency of oscillation, (ct/2Ug).
Re Reynolds number, (Ussc/v).
Reg local Reynalds number, (Ug(s,Us/v).

s curvilinear distance along the wall from the
airfoil leading edge, (m).

t time, (sec).

u instantaneous tangent velocity (parallel to
the wall), (ms™1).

U mean velocity tangent to the wall, (ms‘l).

Ue mean local external velocity, (ms™1).

Ueo freestream velocity, (ms‘l).

Urel()  flow velocity due to the fore-and-aft motion,
(ms'l).

v instantaneous velocity normal to the wall,
(ms'l).

v mean velocity normal to the wall, (ms'l).

¥y normal distance to the model wall, (m).

o instantaneous incidence of the model, (deg).

o mean incidence of the model, (deg).

app  dynamic stalt incidence of the model, (deg).

aps  static stall incidence of the model, (deg).

) boundary-layer thickness, {m}.

81 integral displacement thickness, (m).

Y] integral momentum thickness, (m).

83 first integral energy thickness, (m).

&' second integral energy thickness, (m).

Ao angular amplitude relative to the pitching
motion, (deg).

& phase shift between velocity and incidence
oscillations, {deg).

1 reduced Blasius normal distance, (¥ ¥ Res/s)

A reduced amplitude relative to the fore-and-aft
motion, (A Uee).

v kinematic viscosity, (m25-1)_

w angular frequency, {(2nf), (rads‘l).

wt phase of the period, (deg).
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