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COMPUTATIOL STUDY OF DYNAMIC STALL OVER PITCHING
AIRFOILS

SUMMARY

Improved design of unmanned and/or micro air vechicles (UAV, MAYV), requires
increased understanding of low Reynolds number behaviour of aerodynamic surfaces.
It is even more so for unsteady phenomena such as oscillating or flapping wings of
small scales. Below chord Reynolds number of approximately 50,000, there is no
transition to turbulence flow of laminar separation as opposed to higher Reynolds
number flows where transition to turbulence results in reattachment of the flow and
improve aerodynamic characteristics of the airfoil. Therefore it is important to
understand low Reynolds number unsteady behaviour of airfoils in order to optimise
airfoils for these flow regimes as well as high reynolds number turbulent airfoil flows.
The present work consist of two main parts, laminar and turbulent flow conditions.
Flowfield around a pitching airfoil is simulated by solving viscous Navier- Stokes
equations in a Finite Volume discretization scheme with MUSCL approach. As the
dynamic stall behaviour is of primary interest, the study in laminar flow conditions
includes analyses to reveal effects of the reduced frequency, mean incidence and
Reynolds number. The reduced frequency of oscillation was found to have major
effect on the flow field and on the normal force coefficient of the NACA 0012 airfoil.
In all turbulent flow calculations, & —& turbulence model with wall function is used
to predict fully turbulent flow conditions over a pitching NACA 0015 airfoil. Three
pitching airfoil cases are selected to simulate no stall, stall onset, and deep stall
regimes at Re = 2x10°and M = 0.3.
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YUNUSLAMA YAPAN KANAT KESITINDE GORULEN DINAMIK
TUTUNMA KAYBININ HESAPLAMALI YONTEMLE iNCELENMEST

OZET

Insansiz hava araglarnin daha gelismis tasarimi icin diisiik Reynolds sayili akiglarin
daha iyi anlagilmasi gerekmektedir. Yiiksek Reynolds sayili akiglarda, akigin
tiirbillansa gecisinden dolay1 kopan akim tekrar ylizeye yapismaktadir ve bu kanat
kesitinin aerodinamik karakteristigini artirmaktadir. Diger taraftan laminer
ayrilmadan dolayr meydana gelen bu tiirbiilansli akiga ge¢is yaklagik olarak
Reynolds sayisimin 50,000°in altinda oldugu akislarda ise goriilmemektedir. Bu
yiizden yiiksek Reynolds sayisindaki kanat kesiti etrafindaki akigin yamistra diisiik
Reynolds sayili akiglarda da kanat kesitinin daimi olmayan davraniginin anlagilarak,
bu akim kosullarina uygun optimum kanat kesitlerinin tasarimi ¢ok Snemlidir. Bu
caligmada laminer ve tiirbiilansl akim kogullarinda yunuslama yapan kanat kesitinde
goriilen dinamik tutunma kaybinin hesaplamal yontemle incelenerek, kanat kesitinin
daimi olmayan davramiginin anlagilmast hedeflenmigtir. Laminer akim kosullarinda
indirgenmis frekans, Reynolds sayisi ve ortalama hiicum agisinin yunuslama yapan
NACA 0012 kanat kesitinde goriilen dinamik tutunma kaybina etkisi incelenmisgtir.
Dinamik tutunma kaybina indirgenmis frekansin etkisinin en fazla oldugu ve
Reynolds sayisinm etkisinin ise en az oldugu gériilmiistiir. Ayrica tiirbiilansh akim
kosullarinda yunuslama yapan NACA 0015 kanat kesitinde goériilen dinamik tutunma
kaybi geligimi ise ii¢ farkli tutunma kaybi rejimi igin ayr1 ayr incelenmisgtir.

xiii



1. INTRODUCTION

Stall of an airfoil in a steady case is described by a rapid drop in the lift force
component, following an increase in the angle of attack that causes the flow to
separate from the airfoil. The angle of attack at which this phenomenon occurs is
called static stall angle. Dynamic stall, on the other hand, is a term applied in the case
of a pitching airfoil, for example. In this unsteady phenomenon, the airfoil pitches
through the static stall angle, while the lift continues to increase beyond its maximum
steady-state value at angles well in excess of the static stall angle. This phenomenon
is often associated with the formation of a leading-edge vortex, called the dynamic
stall vortex, which travels along the airfoil surface as it grows, and finally separates
from the airfoil at higher angles of attack.

1.1. Motivation

The problem of dynamic stall has been a topic of great interest to aerodynamicists
and scientists. First, this problem presents a unique combination of unsteady effects,
flow non-linearity and strong viscous-inviscid interaction, so it is an important
theoretical problem. Second, it is of practical importance in various aerodynamic
applications, including aircraft manoeuvrability, helicopter rotors, wind turbines,

turbomachinery blades and even insect and unmanned air vehicle (UAV) wings.

The dynamic stall occurrence was first recognized on helicopter rotor blades. The
significance of unsteady aerodynamics was considered by Harris and Pyrun [1],
when helicopter design engineers were unable to predict the performance of high-
speed helicopters using conventional aerodynamics. As a consequence of further
analysis, it was observed that the additional lift on the helicopter rotor could be
explained if lift on the blade was greater than that predicted by steady flow during
the time when the blade was moving opposite to the direction of flight.



Simultaneously, Ham and Garelick [2] observed that this additional lift was
associated with a vortex formed on the airfoil during the unsteady motion.

The performance of a helicopter is seriously restricted by the occurrence of dynamic
stall on its retreating blade; it is critical to avoid the consequent accompanying strong
pitching moment variations that are damaging to the vehicle. The retreating blade
operates in a strongly compressible environment at a high Reynolds number and its
stall is a clear case of forced, large amplitude, unsteady, flow separation. In forward
flight of a helicopter, as the lifting rotor of the helicopter moves forward, the
advancing blades encounter progressively higher velocities. Thus, in order to
maintain its lift, the retreating blade must operate at progressively higher angles of
attack as forward speed is increased. It follows that at some ratio of forward speed to
rotational speed the angles of attack on the retreating blade will reach the stall [3].

1.2. Literature Survey

The challenging and difficult features of dynamic stall have stimulated its study in

experimental, numerical, analytical areas.

1.2.1. Experimental investigations

While the basic features associated with the flow separation over airfoils undergoing
rapid variations in angle of attack were first in the early 1930’s, very little research
was conducted to investigate this phenomenon until the late 1960’s. Among the first
to provide a theoretical description of the dynamic stall process was Ham [4]. He
observed that the unsteady separation over retreating helicopter blades caused
oscillatory loads on the blades that reduced the fatigue life of the rotor components.
These loads were result of a sudden loss in lift due to the shedding of a large amount
of vorticity at angles of attack higher than the static stall angle, a process termed
dynamic stall. The conceptual description of this process offered by Ham was that
dynamic stall resulted from bursting of a laminar separation bubble in the leading
edge region of the airfoil. Liiva [5] conducted experiments over airfoil sections
oscillating in pitch. Normal force and pitching moment calculations were made from
pressure data. These results revealed that dynamic stall caused an increase in the
maximum lift force and delayed stall to a higher angle of attack.

2



Extensive experimental tests were performed in the mid-1970’s by McCroskey,
McAlister and Carr [6-7]. In these studies of dynamic stall over oscillating airfoils,
flow visualization and pressure measurements led the authors conclude that dynamic
stall does not always result from bursting of a laminar separation bubble. The authors
suggest that in some cases, it results from the forward progression of reverse-flowing
fluid originating at the trailing edge, and in other cases, it results from an abrupt
breakdown of the turbulent boundary layer over the forward portion of the airfoil.
McAlister and Carr [8] performed detailed water tunnel flow visualizations and
showed that the onset of dynamic stall begins with a rapid movement of flow
reversal toward the leading edge. They state that this flow reversal originates from
the trailing edge. The progression of this flow reversal creates a free shear layer
between the reverse flowing fluid along the surface and inviscid free stream. This
shear layer eventually becomes unstable, resulting in the development of many

discrete vortices that become a single dominant stall vortex.

One of the first studies of airfoils undergoing large amplitude and constant rate pitch-
up motions was performed by Walker et al. [9]. Flow visualization and near-surface
hot-wire measurements were made and the results showed a strong dependence on
the pitch rate. From the late 1980’s through the 1990°s, a great deal of research was
conducted further investigating dynamic stall over both pitching and oscillating
airfoils in conjunction with important advances in experimental methods and
measuring capabilities of these flows. Lorber and Carta [10] were first to investigate
dynamic stall over pitching airfoils at high Reynolds number. The effects of motions
amplitude on dynamic stall were investigated by Chandrasekhara and Brydges [11].
Shih et al. [12] studied the unsteady flow past a pitching airfoil at constant rate by
using the particle image displacement velocimetry (PIDV) technique. Shereck et al.
[13] studied the effects of pitch rate and Reynolds number on transition during the

unsteady separation process.

Chandrasekhara, Carr, and others conducted a few experiments to understand the
effects of compressibility on dynamic stall. In these studies, Schlieren technique and
PDI were used to visualize the flow field and obtain pressure distributions over the
airfoil surface. They also investigated the effects of transition and turbulence using
boundary layer tripping techniques. It was found that for free-stream Mach numbers

as low as 0.2; a region of local supersonic flow can exist in the leading edge of the

3



airfoil suction surface. In some cases, shock formation in this critical region can
trigger dynamic stall [14-15]. Also, Carr et al. [16] gives an extended review of
experimental and computational studies about compressibility effects on dynamic
stall. Moreover, it documents the major effect that compressibility can have on
dynamic stall events, and the complete change of physics of the stall process that can

occur as free-stream Mach number is increased.

Raffel et al. [17] and Wernert et al. [18] investigated the unsteady velocity field over
NACA 0012 airfoil pitching at deep dynamic stall conditions in a low speed wind
tunnel by means of PIV. In their study, the PIV velocity fields showed that the
existence of a certain amount of non-reproducibility of vortex structure geometry
during downstroke motion from cycle to cycle. They concluded that the extent of
non-reproducibility appears to depend on the size of the separated region above the

airfoil and to vary strongly with the reduced frequency.

A comprehensive experiment to investigate the dynamic stall over a pitching airfoil
for a range of angles of attack including stall was conducted by Piziali [19] in the 7-
by 10-Foot Subsonic Wind Tunnel at the NASA Ames Research Center. A length of
60 in. (152.4 cm) rectangular semispan wing with a 12 in. chord (30.48 cm), a
NACA 0015 airfoil section, and zero twist was used to obtain both static and
dynamic pressure distributions, surface flow visualizations, and supporting blockage
and wall static pressure distribution. The test generated a very complete, detailed,
and accurate body of data. Test data also include two-dimensional (2-D) data as well
as three-dimensional (3-D) data. The dynamic data were taken for a reduced
frequency range from 0.04 to 0.20 for several amplitudes of pitch oscillation about
the quarter chord and over the full mean angle of attack range including both the
incipient and deep stall conditions. The wing was tested with and without a leading
edge upper surface boundary layer trip (BL-trip). The BL-trip consisted of a
spanwise row of triangular shaped pieces of tape, 0.003 in. thickness. This trip was
experimentally determined by surface oil flow studies to be the minimum disturbance
required to assure consistent laminar to turbulent transition of boundary layer and
elimination of the laminar leading edge bubble over the angle of attack range of the
test. 100 pressure transducers are located at nine spanwise locations selected to
measure the spanwise load distribution, the pressure distribution about the highly 3-
D tip region, and pressure distribution of the relatively 2-D inboard region of the 3-D

4



wing. The 2-D data are useful in developing aerodynamic computational methods for
validation and also required to calibrate some of the semiemprical models. In the
turbulent flow part of our study, these 2-D dynamic stall data will be used to validate

our results.

1.2.2. Computational investigations

In addition to the wide range of experimental research, numerous computational
studies have been conducted in the past. Dynamic stall prediction methods used by
helicopter, turbomachinery, aircraft and wind turbine industries are largely based on
empirical or semi-empirical approaches. Due to the extremely complicated nature of
the dynamic stall phenomenon, the helicopter industry was forced to resort the
development of empirical or semi-empirical methods for the prediction of dynamic
stall loads. These methods are based on force and pitching moment data obtained
from various wind tunnel tests. They are used as the main design parameter in the
industry. These methods are being derived from on force and pitching moment data
achieved from various wind tunnel tests.

Fortunately, in recent twenty years considerable progress has been made in
computation of complex, unsteady, attached and separated flows using potential,
boundary layer, and viscous-inviscid interaction methods and, more recently, the
Euler and full unsteady Navier-Stokes equations. This development has been made
possible by advances in computational methods, computing power and improved
capability in modeling turbulent and transitional flows. The advantage of turbulence
modeling methods is to clarify many physical flow aspects which remain
unattainable by semi-empirical methods. For example, inviscid methods allow the
computation of pressure lag effects in unsteady attached flows and thereby provide
an explanation of observed delay in dynamic stall onset. Boundary-layer methods
provide an efficient way to study the boundary-layer build up in attached flows.
Viscous-inviscid interaction methods extend the efficiency of the direct boundary
layer methods to cases where small regions of separated flow exist. Finally, full
Reynolds-averaged Navier-Stokes equations provide a method, although a
computationally expensive and time consuming one, to investigate massively

separated unsteady flows.



1.2.2.1. Analytical studies

Examples of early analytical studies of different parameters describing the unsteady
airfoil can be found in [20]. Ericsson and Reding [21] analyzed the dynamic stall of a
helicopter blade section using a quasi-steady theory. Static experimental data was
used in the theory as input to predict the dynamic stall characteristics of the airfoil.
The applicability of the theory was limited by the availability of the required static
experimental data. They found that the technique to be successful as long as the

reduced frequency, k =wc/2U_ was not high (k < 0.5), where® ,c,U_ are the

angular frequency of motion, airfoil chord length and free-stream velocity,
respectively. Later, they improved this quasi-steady analytical method to include the
transient effect of the leading-edge vortex, and thus, provided analytical means for
prediction of dynamic stall characteristics at high frequency and large amplitudes
[22]. Then, Ericsson and Reding [23-24] included the effects of compressibility and
full scale Reynolds number in their analytical method for dynamic stall unsteady
aerodynamics prediction.

1.2.2.2. Studies in laminar flow conditions

In 1977, the flow field around a NACA 0012 airfoil oscillating in pitch was analyzed
by Mehta [25]. The Navier-Stokes equations in terms of the vorticity and stream
function for incompressible laminar flow was solved to determine the flow field. The
computations were done for two cases: Re = 5,000 and Re = 10,000. In that work, the
process of dynamic stall was clearly identified. However, because these
computations were very costly in computer time, only the case of high reduced
frequency was analyzed. Sankar and Tassa [26] worked that dynamic stall of an
NACA 0012 airfoil for laminar flow conditions by solving the compressible Navier-
Stokes equations in a body-fitted coordinate system. Compressibility effects on
dynamic stall were studied by computing the flow properties at Mach numbers 0.2
and 0.4 while freezing the chord Reynolds number and the reduced frequency at
5,000 and 0.5, respectively. The numerical results showed that compressibility has an
inhibiting effect on the formation and growth of the leading-edge vortex. In 1989, a
numerical study was conducted by Visbal and Shang [27] for laminar flow around a
NACA 0015 airfoil that pitches at a constant rate to very high angle of attack. The



flow field simulation was obtained by solving the full two-dimensional compressible
Navier-Stokes equations on a moving grid employing an implicit approximate-
factorization algorithm. The highly unsteady flow structure was found to be
characterized by upstream propagation of separation from trailing edge, shedding of
counterclockwise vortices into the wake, formation of a leading-edge vortex and a
shear layer vortex on the leeward side, and the complex interaction of these vortices
as they are being shed. The basic flow field structure for high pitch rates was shown
to be in qualitative agreement with experimental data, in spite of the assumption of
laminar flow. Also, they investigated that the dependence of the flow field on the
pitch rate and the axis location. The flow structure around a pitching NACA 0012
airfoil around the quarter chord was numerically investigated by solving the two-
dimensional compressible Navier-Stokes equations using a special matrix-splitting
scheme [28]. The compressibility influence on dynamic stall was studied in detail
and the influence of the Reynolds number on dynamic stall was briefly discussed.
The reduced frequency was identified as a key parameter in determining the vortex
wake pattern of oscillating airfoil. Reynolds number effects were found to be small
compared to other parameters. The unsteady, incompressible, viscous laminar flow
over a pitching NACA 0012 airfoil was simulated by Akbari et al. [29]. The dynamic
stall characteristics of a pitching NACA 0012 airfoil at Reynolds numbers of 3,000
and 10* was studied by using a vortex method to solve two-dimensional Navier-
Stokes equations in the form of vorticity and stream function, and the effects of the
reduced frequency, mean angle of attack, and the location of the pitch axis were
investigated. It was observed that the reduced frequency has the strongest influence
on the flow field.

1.2.2.3. Studies in turbulent flow conditions

Although the investigation of dynamic stall in laminar flow still continues, the effect
of turbulence on the dynamic stall was the subject of numerous numerical studies.
Helicopter rotors and propeller blades as well as most turbomachinery bladings
operate at Reynolds numbers above 10° to several millions, therefore the flow is
mostly turbulent. However, there will always be a small laminar/transional region
near the leading edge unless the flow is tripped close to the leading edge stagnation

point. Therefore, purely laminar flow calculations are of limited practical interest.



Tuncer et al. [30] investigated the unsteady flow fields around large amplitude
oscillating airfoil in incompressible turbulent flow conditions by using vorticity-
velocity formulation. A viscous flow analysis and simplified vortical flow analysis,
both based on an integro-differential formulation of the Navier-Stokes equations
were developed and calibrated. Simulated flow fields and computed acrodynamic
loads were found to be in good agreement with available experimental data. Dynamic
stall of a SSC-A09 Sikorsky airfoil executing rapidly pitching and oscillatory
motions was investigated numerically by Ekaterinaris [31] for turbulent Re = 2x10°
flow. Turbulent flow was computed with the Baldwin-Lomax algebraic model. The
lift and pitching moment hysteresis loops were predicted reasonably well from the
numerical solution. In the same study the effects of compressibility and pitch rate
were also investigated. It was found that dynamic stall develops at lower angles of
incidence as the Mach number increases. Numerical investigations of dynamic stall
in turbulent flow were also conducted by Fung and Carr [32], who concluded that an
increase of the reduced frequency delays the boundary layer separation and allows
the airfoil to attain higher lift values at higher angles of attack. However, at high
incidences the flow becomes locally supersonic and the local supersonic region may
be terminated by a shock close to the leading edge where the radius of curvature is
small. They therefore suggested that the shock-generated vorticity may be
responsible for dynamic stall and that compressibility effects may become important
for free- stream Mach number as low as 0.2. In a later investigation, Currier and
Fung [33] concluded in addition that the dependency on reduced frequency can be
vastly different for airfoils with different leading-edge shape. Rizzetta and Visbal
[34] examined the adequacy of Baldwin-Lomax algebraic model and k—& two
equation model. An evaluation of the ability of one- and two-equation turbulence
models in predicting hysteresis effects of unsteady fully turbulent flow over
oscillating airfoils in the light- and deep-stall regimes was conducted by Ekaterinaris
and Menter [35]. It appeared that turbulence models that tend to suppress separation
perform poorly. Even though none of the models considered in the investigation was
found to be capable of accurately predicting the deep-stall case, the Baldwin-Barth
(B-B), the Spalart-Allmaras (S-A) and the shear stress transport (SST) & —® models
showed a significant improvement over the standard two-equation models. For light-
stall case the S-A model did not yield sufficient separation and underpredicted the
extreme values of unsteady loads. The B-B model overpredicted the lift drop for the
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light-stall case and the attached flow cases. The standard £ —& and k¥ —® models did
not predict separation even for deep-stall case. The (SST) £—® model gave good
predictions for attached and light-stall cases. It was concluded that a simple transition
model significantly improves the predictions. Computations of light dynamic stall of
a NACA 0012 airfoil with the Johnson-King model were conducted by Dindar and
Kaynak [36]. Important differences were found between the performance of
equilibrium and non-equilibrium turbulence models in light and deep dynamic stall
regimes. Numerical investigations were performed by Ekaterinaris et al. [37] at the
flow conditions, Re = 0.54x10° and M = 0.3. It was concluded that a fully turbulent
computation cannot predict the flow physics at the leading edge but a transitional
flow computation closely predicted the separation bubble and the drop of the suction
peak observed in experiments. In the computation the location of the transition onset
was obtained by Michel’s criterion, and the computation of the transitional flow
region was obtained by an effective eddy viscosity. The ability of one- and two-
equation turbulence models in predicting hysteresis effects of unsteady fully
turbulent flow over oscillating airfoils in the light and deep stall regimes was
summarized by Ekaterinaris et al. [38]. The unsteady three-dimensional flow field
over an oscillating wing was investigated with the numerical solution of the
compressible, time-dependent, Reynolds-averaged Navier-Stokes equations [39]. The
effect of subiterations, time step and grid density on the accuracy of the computed

solution was investigated.

1.3. Objectives of the Study

Improved design of unmanned and/or micro air vehicles (UAV, MAYV), requires
increased understanding of low Reynolds number behaviour of aerodynamic
surfaces. It is even more so for unsteady phenomena such as oscillating or flapping
wings of small scales. Below chord Reynolds number of approximately 50,000, there
is no transition to turbulence flow of laminar separation as opposed to higher
Reynolds number flows where transition to turbulence results in reattachment of the
flow and improve aerodynamic characteristics of the airfoil. Therefore it is important
to understand low Reynolds number unsteady behaviour of airfoils in order to
optimise airfoils for these flow regimes as well as high Reynolds number turbulent



airfoil flows. The present work will consist of two main parts, laminar and turbulent

flow conditions.

In the laminar flow simulation part of the present study, flow field around a pitching
NACA 0012 will be simulated by solving viscous Navier- Stokes equations in a
Finite Volume discretization scheme with MUSCL approach (CFD-FASTRAN). As
the dynamic stall behaviour is of primary interest, the study includes analyses to
reveal effects of the reduced frequency, mean incidence and Reynolds number.
Totally nine cases will be analyzed to investigate these key parameters on dynamic
stall prediction. Calculations will be conducted for following flow conditions at,
Reynolds number values of 3,000 and 10,000, reduced frequency values of 0.15, 0.25
and 0.50, and mean incidence values of 15 and 20 degrees. The amplitude of
oscillation is 10 degrees for all laminar cases. The laminar computational results
obtained in the present study will be compared with available numerical results of
Akbari [40].

In all turbulent flow calculations, k£ —¢& turbulence model with wall function will be
used to predict fully turbulent flow conditions over a pitching airfoil. Three pitching
airfoil cases are selected to simulate no stall, stall onset, and deep stall regimes at Re
= 2x10° and M = 0.3. Attached flow simulation will be performed for 4 degrees of
mean angle of attack and 2 degrees of oscillation amplitude. Stall onset case will be
performed at mean angle of attack of 11 degrees and amplitude of oscillation of 2
degrees. Deep stall case will be done at mean angle of attack of 13 degrees and
amplitude of oscillation of 5 degrees. The turbulent computational results obtained in
the present study will be compared with available experimental results of Piziali [19].
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2. THEORY OF DYNAMIC STALL

2.1. The Dynamic Stall Phenomenon

Dynamic stall is investigated extensively by McCroskey and his colleagues [7] at
NASA Ames Research Center in 1978. In their collection of work in this field, they
helped establish a series of events that occur in most dynamic stall situations. Using
various types of airfoils, the group described the process as containing 11 distinct
events in Figure2.1. These events are listed here with a brief description of each.

Figure 2.1 also shows the progress of Cn and Cwy versus angle of attack during cycle.

(a) Static stall exceeded: as can be seen from the solid line (dynamic), as
compared to the dashed line (static), under oscillation, the lift or normal
coefficient continues to increase past the static stall value. This is one
primary advantage of the unsteady motion, namely that increase in pitch rate
(static stall has a pitch rate of zero) produces an overshoot in lift that

increases the maximum lift coefficient, Cymax of the airfoil.

(b) First appearance of flow reversal on surface: close to the trailing edge, a
thin layer of reverse flow appears. This thin layer does not generate the
negative effects related to separation as it is contained near to the airfoil
surface.

(c) Large eddies appear in the boundary layer: as the angle of attack is further
increased, a series of eddies appear, giving the boundary layer a bumpy edge.
These vortices are a foreshadowing of a much strong vortex that will

eventually develop.

(d) Flow reversal spreads over much of the airfoil chord: in this phase, a thin
sheet of reverse flow exists over the majority of the upper surface of the
airfoil. Even with the existence of reverse flow, the flow remains attached

and no large defect exists.
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(e) Vortex formation near leading edge: a small protuberance appears near the

®

leading edge. This is the origin of the dynamic stall vortex (DSV).

Lift slope increases: due to the growth in strength and size of the DSV, there
is an additional contribution to the lift, which can be thought of as a vortex
lift contribution. This additional vortex lift increases the lift slope above its
static stall value (the linear region of the Cy, curve). Also, the presence of the

vortex delays boundary layer separation from occurring.

(g) Moment stall begins: the existence of the vortex can be detected through a

double hump in the pressure distribution on the upper (or suction) side of the
airfoil. The vortex continues to grow until it sheds from the surface and is the
carried downstream by the freestream velocity. As the vortex propagates over
the airfoil surface, the moment is greatly decreased (a large negative pitching
moment occurs). This is referred to as moment stall because it is similar to
the large drop in lift during stall. This event proceeds the more traditional lift
stall due to the fact that the movement of the DSV creates the moment stall,
but its presence still produces the high lift. This phenomenon does not occur
under static conditions and is one of the major detrimental components of the

process.

(b) Lift stall occurs: the convection of the primary vortex results in two distinct

®

features that contribute to lift stall. First, the loss of the vortex means that the
vortex lift contribution is also lost. In addition, flow separation, which had
been confined to a small thin region near the surface, is present at the leading
edge and is similar to the global separation that occurs static stall. The
combination of these two events creates a stall that is substantially greater in
effect than the static counterpart. This event occurs when the airfoil is at the

maximum.

Maximum negative moment: as the vortex reaches the trailing edge, the
moment value reaches the maximum level. A hysteresis is typically generated
during the cycle. The hysteresis curve often crosses itself, created a
clockwise and counter-clockwise loop. The clockwise loop represents

negative damping, or energy extraction from the flow to wing. If the net
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damping of the cycle is negative, the amplitude of the oscillating wing will
grow, unless restrained. This effect generates large torsional stresses, another
major detriment to the flight performance and structure of the wing.

() Full stall: at this juncture, the flow from the leading edge is separated and a

large defect region (an area of low momentum fluid) exists.

(k) Boundary layer reattaches front to rear: as the AoA is further decreased,
the boundary layer attaches front to rear, as is the case in static stall.

() Return to pre-stalled values: this completes one cycle.

{ie} STATIC $¥' :M.L A%GLE EXC&ED’SOI .

- {tol FIRST APPEARANCE OF FLC
.1 meversai o SuRFace

.isi LARGE samssmam W
- - BOUNDARY LAYER. j

- [id) FLOW REVERSAL SPREADS GVER

lggl LIFT STALL BEGINS .
1w mxm usaamra momem

_PITCHING MOMENT, Gy

Figure 2.1: Dynamic stall events on a NACA 0012 airfoil at low free-stream Mach
number [41].
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To summarize, each cycle is characterized by the growth and shedding of a very
strong vortex-like structure, termed the DSV. This vortex is responsible for
additional lift, the delay of stall, increase of the lift slope and generating a large

negative moment.

The cycle has very large hysteresis in the aecrodynamic coefficients, especially C;, (or
Cn). As the AoA of the airfoil begins to decrease, the section coefficients drop to
much lower values that static stall case for much of the down stroke motion. This is

one of the primary problems created by the dynamic stall.

The boundary layer separation of oscillating airfoils can be divided into three types:
(i) separation from trailing edge towards the leading edge; (ii) abrupt breakdown of
the turbulent flow on the forward portion of the airfoil and followed by initial
progression of flow reversal from trailing edge to approximately the mid-chord; (iii)
abrupt bursting of a leading edge laminar separation bubble. However, a dynamic
stall vortex (leading edge vortex) will form at last and will dominate the features of
dynamic stall no matter what type of boundary layer separation occurs [42].

2.2. Dynamic Stall Parameters

One of the reasons that dynamic stall is more difficult to analyze and predict than
static stall is its dependence on a much larger number of parameters. The primary
parameters are listed below in Tablel.l. McCroskey [43] examined the relative
importance of these parameters in influencing dynamic stall. This table is a summary
of his findings.

In examining Table 1.1, we can see that three parameters play key roles in
influencing dynamic stall. These three key parameters are the reduced frequency,
mean angle of attack and amplitude of motion.

The reduced frequency of oscillation was found to have a major effect on the flow
field and the force coefficients of the airfoil. Flow separation was delayed to higher
incidences with increasing reduced frequency. The Reynolds number of the flow, on
the other hand, was found to have little effect on the dynamic stall characteristics of

the airfoil. Increasing the mean incidence caused flow separation to occur earlier in
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an oscillation cycle, even at lower angles of attack compared to a case with lower

mean incidence.

Table 2.1: Effects of Dynamic Stall Parameters

PARAMETER INFLUENCE | COMMENTS
Airfoil shape or geometry | Can be strong | Large in some cases
Mach number, M Can be strong | Weak if M < 0.2, Strong if M > 0.2
Reynolds number, Re Weak Effects location of boundary layer
separation
Reduced frequency, k Strong Key parameter
Mean angle of attack Strong Dynamic stall occurs when near
static stall angle
Amplitude of oscillation Strong Should be on the order of the mean
angle
Type of motion Virtually Cyclical motion is most common
Unknown studied
3-D effects Virtually Very little research has been done
Unknown here

Also, Carr and Chandrasekhara [16] studied the effect of compressibility on dynamic
stall. Compressibility effects are observed over a wide range of Reynolds numbers
and in most if not all experiments performed at free stream Mach numbers at or
greater than 0.2. Compressibility can fundamentally change the physical mechanisms
which cause dynamic stall to occur. Compressibility effects dramatically decrease the
dynamic lift overshoot that is observed during dynamic stall at incompressible flow
speeds.

2.3. Key Parameters of Dynamic Stall

As mentioned above, the reduced frequency, mean angle of attack and amplitude of
motion are the key parameters of dynamic stall. They have a major effect on dynamic
stall. We can define these key parameters as below. If the motion is sinusoidal, then
the instantaneous angle of attack of the airfoil can be described by the following

relation:

a(t) =a, +sin(wt) 2.1)
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where @, is the mean angle of attack, «, is the amplitude and @ is the angular

frequency of motion and it is described by the following relation:

o=2rf 2.2)

The reduced frequency can be written as below,

oc
k= 23
U 23)

[}

where c is the airfoil chord length and U is the free-stream velocity.

When reduced frequency, k, is used in Eq. (2.1), then the equation is of the form:
a(t) =a, +a,sin(2kt’) 2.4

where ¢* is a non-dimensional time. It has the following relation

tt - Uao t (2.5)
c
2.4. Dynamic Stall Regimes

By varying these three key parameters, the flow field has four distinct regimes. These
four are referred to as: no stall or dynamic stall free, stall onset, light stall and deep
stall, these regimes are described in Figure 2.2. If the oscillation motion lies
completely below the static stall angle, then no major separation occurs. This case is

referred to as ‘no stall’ (Figure 2.2-a).

If mean angle of attack is slightly increased, we approach the ‘stall onset’ scenario
(Figure 2.2-b). The C,, curve essentially the same, but by examining the Cyy, it can be
seen that the beginning of deviations to the static case. This stall onset condition
represents the limiting case of the maximum unsteady lift that can be obtained with
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no significant penalty in pitching moment or drag. Further increases in the maximum
angle of attack produce the dynamic stall conditions described below.

NO STALL STALL ONSET LIGHT STALL DEEP STALL
ayax = 13 apax = 14 Gapax = 18 *pax = 20°

=1 [ [ [

~0 . r """""—"‘""-.'.’“ : -'.--’.. ‘." -, ! 3 - e a
.'3 3 3, i, o i - v
Br -
CD : 8 a4
=16 0 10 206 -10 0 10 20 10 0 ki) a8 30 0 10 20

o, deg &, deg 4, deg o, deg
Figure 2.2: Dynamic stall regimes [44].

If mean angle of attack is slightly increased further (Figure 2.2-c), the coefficients all
begin to display a distinct hysteresis. If we examine Cy curve, we can see that the
cycle crosses each other. The two loops that are created represent positive damping
(counter clockwise loop) and negative damping (clockwise loop). Also, the negative
moment is substantially increased. This series of events is less extreme than full

dynamic stall and is referred to as ‘light stall’.

Figure 2.2-d shows the effects of increasing the maximum incidence to values well in
excess of the static stall angle. First of all, a strong vortex-like disturbance forms in
the leading edge region. Then, this vortex is shed from the boundary layer and moves
downstream over the upper surface of the airfoil, producing values of Cy, and Cy are
very distinct according to their static counterparts when angle of attack is increasing,

large amount of hysteresis occur the rest of the cycle.

The differences between light and deep stall are illustrated in Figure 2.3. As the
diagram show, the qualitative features of light and deep stall vary greatly. The
viscous layer region in the two cases differs by an order of magnitude. Also, while
light stall experiences a trailing edge type of stall, deep stall is dominated by
dynamic stall vortex presence.
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Figure 2.3: Sketch of flow field during dynamic stall [43].
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3. MATHEMATICAL MODEL

3.1. Fluid Governing Equations

Typical gas dynamic equations for a fluid do not consider the motion of a control
volume surrounding the fluid. To obtain proper answers for a moving body solution,
the motion of the grid must be taken into account. This can be considered in a two
part process. First, the standard conservation equations can be obtained for a non-
moving control volume. Secondly, a transformation is applied to account for fluxes

created by the movement of volumes.

3.1.1. Flow field conservation equations in a non-moving frame

The standard two dimensional conservation equations are given in this section with

brief descriptions [45]. The conservation of mass is given by

0,
= +—J(pu,) 0 (3-1)

where p is the density and u; is the mass averaged velocity in the j™ direction. This

is the only mass conservation equation required for a calorically perfect gas.

The conservation of momentum equations are

—(pu,)+ (pu,u,>— Z{-p5,+7,] (32)

where p is the pressure, J; is the kronecker delta and z;; is the shear stress tensor.

For inviscid flows the terms on the right hand side of the equation are not present.

The shear stress in two-dimensional can be written as
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_ T Txy
7= 7 33)

T =§y[2%—ﬂ] , T =E (2@—%] 34

where 4 is the molecular viscosity.
The conservation of total energy per volume is

OE, 0q, 0
T o B Pu1=o o) 63

J J

where E; is the total energy per volume, q; is the heat flux in the j™ direction. The
right hand side of the equation is not present for inviscid simulations. The heat flux

vector in two dimensions is given by

or or
=—k— , q =—k— 3.6
q, D > (3.6)

where k& is the thermal conductivity of the fluid.

In addition to Eq. (3.1) through (3.6), the equation of state for perfect gases was used
to close the system

=t 5L o) -
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where y is the ratio of specific heats. This quantity was given a value of 1.4

assuming calorically perfect gas. The relationships for the internal energy, E,, and
the static enthalpy, h, are

E =cT

heoT (3.8)

where T is the static temperature, cy is the specific heat at constant volume and cp is
the specific heat at constant pressure, respectively.

3.1.2. Flow field conservation equations for moving/deforming volumes

The previous section outlined the governing equations for flows in which the control
volume was stationary or non-deforming. These equations are transformed for

moving or deforming volumes by Leibnitz’s Theorem.

For a general function, f, the relation ship between the time rate of change of a

function integrated over a volume, the volume integration of a time derivative and

the effect of moving volume surfaces is given by

d of A

— AV = |=—dV + |v,.nfds 3.9
2 ij j - Sjv—gnf (3.9)

where f is the function, V is volume, t is time, v; is the volume surface velocity. n

is the normal of the volume surface and S is the surface area. Relating this theorem to
the previous conservation equations, the conservation of mass is used as an example.

First, the partial differentiation equation is integrated over a volume
op -
[£av+ [V(ovar =0 (3.10)
14 6t 14
Applying the Divergence theorem and then Leibnitz’s theorem gives

4 [pav + [p(r—v,)nds =0 (3.11)
dt ; J
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In a similar fashion, all conservation equations can be manipulated such that
d —_— e A
= [Qav + [(F; - @v, - F,)ndS = [Qav (3.12)
14 N

where Q is the conserved variable vector, Fc is the convective (inviscid) flux, Fp is
the diffusive (viscous) flux, v, is the volume surface velocity and Q are the source
terms [46].

3.2. Turbulence Modeling

A variety of turbulence models are available in CFD-FASTRAN: Baldwin-Lomax,
Standard k-epsilon with wall function, k-omega, Spalart-Allmaras, Menter SST. The
turbulence models in CFD-FASTRAN are based on Favre averaging the equations
governing the flow, given in Section 3-1. Favre averaging introduces additional term
known as Reynolds stress. These stresses are modeled using Boussinessq eddy
viscosity concept. The eddy viscosity is a property pf the flow, not a physical
property of the fluid. Following the kinetic theory of gases, the eddy viscosity is
generally modeled as the product of a velocity scale g and a length scale /,

4, ~ pgl (3.13)

Various turbulence models differ in the way gand / are estimated. Eddy viscosity
models are typically categorized by the current number of additional transport
equations to be solved. The models available are zero, one, and two equation models.
Zero equations use algebraic formula to relate the velocity and length scale to local
mean flow conditions. These models do not explicitly consider the history of the
turbulence and are the best suited for simple flows; two equation models solve

transport equations for two quantities used to estimate gand/. The two equation

models in CFD-FASTRAN can be further divided into high turbulent Reynolds
number and low turbulent Reynolds number models. Here the qualifier “high
Reynolds number” refers to the turbulent Reynolds number,
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Re, =% (3.14)

where k is the turbulent kinetic energy and € is the dissipation rate of the kinetic
energy. High turbulent Reynolds models are designed for turbulent regions where the
eddy viscosity is much larger than the molecular viscosity. However, viscous effects
dominate the effects of turbulence in regions near solid boundaries, rendering the
high Reynolds models invalid there. The common practice is to employ “wall
functions” in near-wall regions and a high Reynolds turbulence model in the rest of
the flow field. The wall functions are essentially an integral model connecting
conditions at some distance from the wall with those at the wall.

The flow near solid boundaries consists of a viscous sublayer where the flow is
directly affected by the conditions at the wall and viscous effects are much larger
than turbulent effects; a buffer region where the viscous and turbulence effects are of
the same order; a fully turbulent region where the effects of turbulence dominate.
The thicknesses of the viscous and buffer layers and the velocity profiles within the
near-wall region are important parameters in the near-wall models. Defining a

dimensionless distance y' and velocity u*:

+_ PYU,
y == @3.15)
y7i
u
u'=— (3.16)
u‘l’
The friction velocity #, is defined as
172
u, =(T—WJ (3.17)
P

where 7, is the shear stress at the wall.
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The viscous sublayer on a smooth wall extends from the wall up to a distance of

approximately y* =5 . The velocity profile in the viscous sublayer is

u =y (3.18)

The fully turbulent region within a boundary layer typically starts at a distance from
the wall of abouty” =30. Classical turbulence theories predict the velocity
distribution in the fully turbulent wall region to have the form

u =alny* +b (3.19)

This region is, therefore, also known as the logarithmic layer. The layer between
y'=5 and y* =30 is commonly known as the buffer layer.

In our study, turbulence flow calculations will be done by using a two equation
model, k£ —¢ turbulence model with wall function. The following section describes in
detail, the £ —¢ turbulence model used in CFD-FASTRAN [46].

3.2.1. Standard £—¢& model

The k& —¢ model is a two equation model that employs partial differential equations
to govern the transport of the turbulence kinetic energy, k£ , and its dissipation rate, €.
Several versions of the £—& model are in use today. The standard k£—¢ model
employed in CFD-FASTRAN is based on Launder and Spalding (1974).

The square root of k& is taken to be the velocity scale, while the length scale is

modeled as
C3/ 4 k3/ 2
[=-*~ (3.20)
€
The expression for eddy viscosity is
Ckp
b= 321)

€
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The modeled equations for £ and € are

0 ok
(pk)+—(pu k=P pet_— (w } (3:22)
1 ’ 6x1 Oy 6xj
0 0 Pe pez %) 4, | O
— +—(pue)=C, —-C + [— 3.23
o () o, (puje)=Co——Co, axj [(ﬂ 08] axj] (3.23)
with the production P defined as
6u
p=p| 2 _2ou, ng, Ou 2 O (3.24)
ox, 6x 3 ox,, o, 3 ox,

where o, and O, are effective “Prandtl numbers” which relate eddy diffusion of %

and € to the momentum eddy viscosity.

The five empirical constants in these model relations have the following

recommended values for attached boundary-layer calculations:

C,=009 C, =144 C, =192 o0,=10 o0,=13 (3.25)

The standard &£ —& model is a high Reynolds model and in not intended to be used in
the near wall regions where viscous effects dominate the effect of turbulence. Wall
functions are used in cells adjacent to walls. The %k and € transport equations are
not numerically integrated in these cells. Instead, semi empirical expressions are used

to relatek, € and the friction velocityu,. These expressions are obtained from

analysis of the momentum and turbulence equations for a flat plate boundary layer,

assuming a logarithmic velocity profile.

2
U

k=—2= (3.26)

N
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(3.27)

In the standard wall function approach employed by CFD-FASTRAN, the wall shear
stress is obtained by assuming the velocity profile between the wall and the first grid
point away from the wall obeys the following law of the wall:

u"=y* for y* <11.5 (3.28)

u" = Lin(Ey") for y* >11.5 (3.29)
K

The wall shear stress is calculated iteratively from the known values of yand # in

the fist cell. The constants appearing in the equations above are experimentally
determined to be E=9.0andx =0.41. Because the semi-empirical relations for &
and € in the first cell assume a logarithmic velocity profile, the turbulence wall
functions are strictly valid only if the center of the cell nearest the wall is inside the

logarithmic boundary layer (y* >30).

The wall shear stress evaluated using equation Eq. (3.24) and Eq. (3.24) is used to
calculate the boundary condition for the velocity components parallel to the wall.
Similarly, the turbulent heat flux at the wall is obtained by assuming a profile for

temperature in the near-wall region.

The velocity and temperature profiles are assumed to be similar when plotted in wall
coordinated (Reynolds analogy). The dimensionless temperature is defined as

T = (W] (3.30)

where T and 7, are the temperature in the first cell and the wall, respectively; C, is

the fluid heat capacity; and g,, is the turbulent heat flux at the wall.

T™ at the first grid point is obtained from a thermal law of the wall,
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T =Pry* for y"' <y’ (3.31)

T = PTI‘ln vy +APr) for y 2y’ 3.32)

where Pr, is the turbulent Prandtl number and A(Pr) =13Pr**—7 which is valid for

Pr > 0.7 . The intersection of Eq. (3.26) and Eq. (3.27) occurs at y," [46].

3.3. Flow Field Numerical Method

The partial differential equations given by the governing equations have no known
general analytical solution. This requires that numerical techniques be employed to
solve for the unknowns. In this chapter, the approach by used CFD-FASTRAN to
discretize the equations both spatially and temporally to obtain a solution for a given
geometric configuration will be described [46].

3.3.1. Finite volume and temporal discretization

The governing equations presented in Section 3.1 can be expressed in vector notation

with some appropriate closure models such that

L VE-(VFy)=0 (3:33)

where @ is the vector of conserved variables, defined as

E=%;+Gc} E=FD;+GD} (3.34)

=R R

where C represents convection and D represents diffusion.

The convective flux F, is taken as

27



pu Py

2
— | pu"+p — pvu
F= G.=| °, (335)
puv pv +p
(E, + plu (E, + p)v
The diffusive flux, F}, , is
0 0
F, = Fa G, = i (3.36)
D~ Txy D~ Txy
ur_ +vr, —q, ur, +vr, —q,

To discretize the flow field governing equations for a moving volume

:‘;;jgdm [VeF—Qv, ~F,av =Sdv (3.37)

Applying the Divergence theorem gives

% [Qav + [(F; - 0v, - F,)da=Sdv (3.38)

For a grid that is comprised of discrete volumes and areas, the equation above is
transformed to:

N face A Nl
oQgr) Q") N (T Qv _F any AL 3.39
ot f
=

Note “n+1” represents the next time level which means that the above discretized
equation is valid for implicit schemes. Also allow

3 (3.40)

where

28



cm = convective —moving

the cell face normal
AAd, = thecell facearea

=
Il

AV = thecell volume

The flux and source vector must be linearized to estimate the fluxes and sources at

n+l.

This gives (temporarily dropping some subscript for shortness)

Frl = Fr +ai AQ (3.41)

f 80 , y
and

st s+ 20 Ag (3.42)

cell

SQV =V™AQ" - Q"6V" (3.43)
OF,

—a—éf— and ﬁare the flux jacobian and source jacobian, restively.

Rearranging terms gives

N face - |" - | ~
A_QAV"“ + Z 6ch| - aFD| AQensAA,
At =\l ee|, ool
3.44)
aS i nt+l N n. 71 n
— AV 50 AQ=SAV™ - > F}en;Ad +Q"6V
=

For explicit schemes, the second and third terms of the left hand side are not
required. For non-moving grids V" =0,AV™" =V", and AA™ = A4" .

29



3.3.2. Spatial discretization

The flux vector and flux jacobians must be evaluated. CFD-FASTRAN is based on
idea of upwind schemes for the convective (convective-moving) fluxes. In particular,
two different flux schemes are available. The first scheme is based on Roe’s
approximate Riemann solver and is considered a flux difference scheme. The second
approach is based on Van Leer’s scheme and is considered to be a flux vector
splitting algorithm. Both Roe’s and Van Leer’s schemes are first order spatially

accurate. However this limitation may be overcome with the use of limiter.

Roe’s flux difference scheme will be used with Osher-Chakravarthy limiter in our
computations, therefore a brief description of this scheme and limiter will be given
below. For the other limiters (Minmod and monotonic Van-Leer) and Van Leer’s

scheme, a brief description can be found in [45].

The “convective-moving” flux for Roe’s scheme is given by

AF|(Q°-0")=F}(Q50F)  (345)

R, =2 [ F@)+ Fa @]

where
* = the numerical flux
L = left states
R = right states
Ar = the Roe— average flux jacobian

The linearized numerical flux is

n

AQ" +

n

oF AQR (3.46)

00"

E = Fl i

S s

n

oF
The second and third right hand terms replace @ AQ in the discretized governing

s

equations. The Roe averaged variables are taken to be
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);=\/pipi+1 or ;:W

(3.47)

Let’s take the following relation for structured and unstructured grids, respectively

R= f—pﬁl— or R= f—p"e"ghb"'
P Peet

Other variables may be Roe-average such as

Ru, , +u,

i+l

R+1

U= , efc.

The flux jacobian Ar can be evaluated by

;1 _OF =6_Q(ﬂ6_F)@_M4«M_1

"To0 o9\ 00 8q )00

where q is the vector of primitive variables

[Ew» > 4, v, D]

The Osher-Chakravarthy limiter is
w(r)= %[(1 —x)minmod(f,r)+(1+ k) min mod(l, Br)

where

ﬂ=min(3_—x 3+_K)

1-x 1+x
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The value of x determines the accuracy. Forx = %, the Osher-Chakravarthy limiter is

third order spatially accurate. The diffusive flux, F;,, must also be determined for

viscous problems.

From the formula of viscous flux, one can observe that the viscous flux is not only a
function of the conservative variables but also the function of velocity and
temperature gradients. Since, the viscous flux is discretized using central
differencing, the flow variable Q vector and transport properties (k,x)at a cell
surface can be calculated using simple weighted averages between the cell center
values to the left and right of the face. More detailed calculation procedure can be
found in [45].

3.3.3. Flow field solution procedure

The solution for the discretized equation is achieved by a time marching algorithm.
For steady flows, the time marching scheme is repeated until residuals or the change
is the solution of the solution variables fall below a tolerance level. The time
marching scheme produces a time-accurate answer for a transient and unsteady
simulation. One explicit and two implicit time marching schemes are available in
CFD-FASTRAN: multi-stage Runge-Kutta scheme, block diagonal implicit scheme,

jacobi iterative implicit scheme.

The block diagonal implicit scheme approach used in our computations is essentially
a subset of the Jacobi point iterative procedure (see theory manual for brief

description of jacobi point iterative procedure). The discretized equation is

AV | 0Fm| Fs | » a2 08|

ar . — enAd, - AV™ —| |AQ=RHS 3.54

n E{am aQ,-I] ST e S

where

RHS(Q)=SAV™ =Y FrensAd, + Q] V;" 3.55)
J
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It must be noted that all of diagonal terms have been neglected which leaves the main
block-diagonal. This scheme is not time accurate.

3.4. Flow Solver and Motion Model

The solutions of the present study are performed by using the CFD-FASTRAN
solver in time accurate mode [46]. Some flow solver options used in this study are as

follows:
o High-order Roe flux difference splitting with Osher-Chakravarthy limiter
o Backward Euler time integration
o Fully implicit scheme with implicit convergence of 10*

CFD-FASTRAN also employs a prescribed motion model capability for simulating
bodies with known or prescribed motion. The model is coupled with the Navier-
Stokes flow solver to provide aerodynamic analysis for bodies in relative motion.

The salient features of this module include:
» Fully integrated into flow solver

e Arbitrary motion for displacement, velocity or acceleration using 5th order

polynomials, sine-cosine polynomials or input from a time profile file
e Motion may be prescribed in inertial or any body-fixed coordinate system
e Motion models may have dependencies and sequencing

In our calculations, the angular displacement of the computational domain is defined

by the sine/cosine polynomial option in the solver.

CFD-FASTRAN solver is supported by an extensive framework of tools for pre and
post processing. CFD-GEOM is a general-purpose geometry and grid generation
system. Structured C-grids in the turbulent flow simulations are generated by using
CFD-GEOM. CFD-VIEW is an interactive graphics program for post-processing
numerical results from CFD-FASTRAN. In the present study, animations of pitching
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airfoils cases and plots of streamline patterns at instantaneous angle of attacks are
gotten by CFD-View.

3.5. Implementation of Boundary Conditions

Boundary conditions implemented on C-grid computational domain in our

simulations are shown in the Fig.3.1.

Viscous wall boundary condition is implemented on the airfoil surface (see Fig. 3.1).
For a viscous surface, the normal and tangential velocities are set to be equal to the
grid velocity (or boundary velocity) at that point. This means for non-moving walls
v=0, while for moving walls v=v,. These conditions enforce impermeable
conditions for mass and momentum. For a calorically perfect gas, there are four
subtypes in CFD-FASTRAN: adiabatic, isothermal, specified heat flux, and
radiative. In our calculations, adiabatic subtype is used. The adiabatic condition
enforcesg, =0. This relationship can be reduced to 7,, =7, which states that local

wall temperature is equal to the cell temperature adjacent to the wall.

The adiabatic conditions are:

P, =D,

u,=u,

v, =V, 3.47)
T, =T,

Wall density, p, is computed using p,,7T, and the thermal equation of state.

Outlet boundary condition is implemented at the exit domain (see Fig.3.1). Outlet
boundary condition has two options in CFD-FASTRAN: fixed static pressure (Fixed
P) and extrapolated. In our calculations, fixed static pressure option is selected. For
subsonic outflows, the Fixed P option can be used and requires the pressure on the
outlet plane of a domain. CFD-FASTRAN checks the local Mach number at

boundary points using Fixed P conditions. For local subsonic outflow, the pressure is
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set by input value in the solver while remaining flow variables are extrapolated from

the interior to the outlet plane.

Inflow / Qutflow B.C.

ias : utlet B.C.

utlet B.C

il
]

“Inflow / Outflow B.C.

\,w*i‘”\, S L
» ’35\@% i {: , [;’ﬁ 7
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Fig.3.1: Boundary conditions on the airfoil and outer sides of the domain.

As it can be seen in Fig. 3.1, inflow/outflow boundary condition is implemented at
inlet domain. Inflow/Outflow boundary condition in CFD-FASTRAN is a
combination of inlet and outlet boundary conditions. For subsonic outflow, this
boundary condition behaves as the Fixed P Outlet boundary condition. The static

pressure set by input is maintained on the boundary while other variables are

extrapolated from the interior [45].
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4. RESULTS AND DISCUSSION

Considered case-studies in this study consist of pitching NACA 0012 airfoil cases in
laminar flow conditions and pitching NACA 0015 airfoil cases in turbulent flow
conditions. In all case-studies, before proceeding with unsteady flow computations, a
steady-state solution is obtained at the mean incidence, using free stream conditions
as initial solution. Then, the converged solution is used as an initial condition for the
unsteady computations. For all simulation cases, the unsteady periodic solution is
obtained after three cycles.

4.1. Computational Domain

A structured C-grid, as it can be seen in Figure 4.1, consisting of 240x70 cells is
employed for laminar calculations at Re=10,000. It is generated by using Blazek’s
elliptic mesh generator [47]. Farfield boundary is extended 10 chord lengths from
airfoil surface. The airfoil chord length is about ¢ = 4.1x102 m and the initial wall

spacing is 5x10™c.
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Fig.4.1: View of computational domain (Re=10,000).
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At Re=3,000, the airfoil chord length is about 1.23x10% m at the same flow
conditions as Re = 10,000. A structured C-grid with 240x70 cells is generated again
by using Blazek’s elliptic mesh genemf;)r. Farfield boundary is about 20 chord
lengths away from airfoil. The initial wall spacing is about 5x107c.

4.2. Dynamic Stall in Laminar Flow Conditions

In this section, results obtained from our laminar flow simulation cases over a
pitching NACA 0012 airfoil are presented, and the effects of some parameters on
dynamic stall characteristics of the airfoil are investigated.

Sinusoidal oscillations of the airfoil between a,;, =5° ande,,, =25°, or between

., =10° ande,, =30°, at reduced frequencies of k = 0.15, 0.25, and 0.5, are

considered. Reynolds number of flow is set at Re = 10,000 or Re = 3,000. It should
be noted that in this range of Reynolds number, the boundary layer and the near

wake are not considered to be turbulent.

A summary of these case-studies for a pitching NACA 0012 airfoil in laminar flow
conditions is presented in Table 4.1. As it can be seen in this table, more emphasis is
put on the effects of the reduced frequency, k , in our study. Besides the reduced
frequency, the effects of Reynolds number and mean angle of attack are also studied,
in three groups (A to C). Our results will be compared with computational data
performed by Akbari [40].

Group A: reduced frequency effects

In cases 1 to 3, the airfoil pitches about the quarter-chord between o, =5

anda_, =25, and Reynolds number is set atRe =10*. The reduced frequency in

cases 1 to 3 is 0.15, 0.25 and 0.50, respectively. Three oscillation cycles of the

airfoil are simulated in each case.

Case 1: In this case, with k = 0.15, the normal force coefficient (C,) continues to
increase in the upstroke part of the cycle, until @ ~22° whenC, ~1.97. The normal

force (C,) coefficient for this case is shown in Figure 4.2.
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Table 4.1: List of laminar flow simulation cases.

Reynolds | Mean angle | Amplitude of | Reduced Pitch axis
GROUP CASE Number, | of aftack, | oscillation, frequency, location
Re @,(deg) | a,(deg) k
1 10,000 15 10 0.15 c/4
A 2 10,000 15 10 0.25 c/4
3 10,000 15 10 0.50 c/4
4 3,000 15 10 0.15 c/4
B 5 3,000 15 10 025 c/4
6 3,000 15 10 0.50 c/4
7 10,000 20 10 0.15 c/4
C 8 10,000 20 10 0.25 c/4
9 10,000 20 10 0.50 c/4

25
~—Present; Re=10000 8 k=0.15
——Akhari.: Re=10,000 & =015
154
c
Q
054,
45 ; T T 7 ;
0 & 10 15 20 % ‘30

o (deg)

Figure 4.2: The hysteresis loop for normal force coefficient (Re = 10,000, k = 0.15).
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Case 2: In this case, where the reduced frequency is set at k = 0.25, the normal force

coefficient (C,) continues to increase with the incidence up to «,, during the
upstroke, unlike in case 1 in which the peak in C, occurs before &,,, is reached. The
maximum value of C, is at about 2.1 in this case, which is higher compared to case

1. The normal force (C,) coefficient for this case is plotted in Figure 4.3.

28

—— Pregent . Re=10000 & i=0.25
e Akbari: Re=10,000 & k=0.25

1.6

Cn

05 4

05

0 5 10 18 n % B
a (deg)
Figure 4.3: The hysteresis loop for normal force coefficient (Re = 10,000, k = 0.25).

Comparing the results of cases 1 and 2, it is observed that the sudden drop seen in
Case 1 during the upstroke near the maximum incidence in the normal force

coefficient is eliminated with the increasing the reduced frequency.

Case 3: The normal force coefficient for this case, with k = 0.50, is plotted in Figure
4.4. In this higher frequency case the normal force coefficient curve is smoother
compared to the other cases. The maximum value of C, is about 1.89 and occurs at
aroundr__, . In the downstroke part of the cycle of Case 3, the normal force is always

less than that in the upstroke part for the same incidences. In fact, the normal force

takes even negative values during the downstroke with a minimum value of about -

0.135 ata =~ 6.34".

Comparing the results of the three cases in group A, it can be concluded that

increasing the reduced frequency can slightly increase the normal force ‘overshoot’
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up to a limit, after which any more increase in the reduced frequency has no apparent
effect on this overshoot. However, an increase in the reduced frequency has some
effects on the general profile of the normal force coefficient loop. The minimum
value of the normal force coefficient decreases with increasing reduced frequency.

The comparisons of normal force coefficients of three cases are plotted in Figure 4.5.

25
——Present : Re=10000 & k=0.50
s Akbari ; Re=10000 & k=0.50
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Figure 4.4: The hysteresis loop for normal force coefficient (Re = 10,000, k = 0.50).
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Figure 4.5: Comparison hysteresis loops for normal force coefficient (Re =10,000).
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Streamline patterns at several incidences during the upstroke and downstroke at

reduced frequency of k = 0.15 are shown below in Figure 4.6.

16.62 deg 1 19.46 deg 1 21.34 deg |

2243 deg t 23.74 deg 1 2437 deg 1

24.98 deg 1 24.96 deg | 24.50 deg |

23.56 deg § 22.19 deg | 21.07 deg |

19.81deg | 16.28 deg | 10.46 deg |

Figure 4.6: Streamline patterns at several angles of attack during upstroke (1) and
downstroke (]) motions for a pitching NACA 0012 airfoil, at k =0.15, e, =10°,

@, =15, pitching axis at c/4, and Re =10*.
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Streamline patterns at several incidences during the upstroke and downstroke at

reduced frequency of k = 0.25 are shown below in Figure 4.7.

24.72 deg 1 24.66 deg | 23.72deg |

18.06 deg | 15.61 deg | 14.37 deg |

Figure 4.7: Streamline patterns at several angles of attack during upstroke (1) and
downstroke () motions for a pitching NACA 0012 airfoil, at k = 0.25, o, =10°,

@, =15°, pitching axis at c/4, and Re =10*.
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Streamline patterns at several incidences during the upstroke and downstroke at

reduced frequency of k = 0.50 are shown below in Figure 4.8.

e

1239 deg | 10.11 deg | 8.12 deg |

Figure 4.8: Streamline patterns at several angles of attack during upstroke (1) and
downstroke (]) motions for a pitching NACA 0012 airfoil, at k = 0.50, &, =10°,

e, =15, pitching axis at ¢/4, and Re =10*.
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In streamline patterns, it can be seen that the vortex structure in the same cycle is

different during the upstroke and downstroke motions at the same incidences.
Group B: Reynolds number effects

In this group of simulations, Reynolds number is set atRe =3000, which is (about
three times) lower compared to that in group A. The amplitude and mean angle of
attack are the same as before,, =10°,,, =15°, making @, =5" ande,, =25°.
The values of reduced frequency are k = 0.15, 0.25 and 0.50 for cases 4, 5, and 6,
respectively. As in all other cases, the normal force coefficients are plotted at
reduced frequencies of k = 0.15, 0.25 and 0.50 in Figure 4.9, 4.10, and 4.11,

respectively.
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Figure 4.9: The hysteresis loop for normal force coefficient (Re = 3,000, k = 0.15).

Figure 4.2 should be compared to Figure 4.8 in order to investigate the effect of the
Reynolds number on the dynamic stall at reduced frequency of k = 0.15. Results can
be replotted as in Figure 4.12.



To investigate the effect of the Reynolds number on the dynamic stall at reduced
frequency of k = 0.25, Figure 4.3 should be compared to Figure 4. Results can be

replotted as below in Figure 4.13.
25
------- Present - Re=3,000 & k=0.25
—m— Akbari : Re=3,000 & k=0.25
1.5 1
c
(8]
05 4
45 2 ; r : r
0 5 11 15 20 vl 1
o (deg)
Figure 4.10: The hysteresis loop for normal force coefficient (Re = 3,000, k = 0.25).
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Figure 4.11: The hysteresis loop for normal force coefficient (Re = 3,000, k = 0.50).
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Figure 4.12: Comparison hysteresis loops for normal force coefficients at two
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different Reynolds numbers: Re =10,000 & 3,000 and k = 0.15.
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different Reynolds numbers: Re = 10,000 & 3,000 and k = 0.25.
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Figure 4.4 should be compared to Figure 4.10 in order to investigate the effect of the
Reynolds number on the dynamic stall at reduced frequency of k = 0.50. Results can
be replotted as below in Figure 4.14.
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—--—-Present; Re=10,000 & k=0.50
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Figure 4.14: Comparison hysteresis loops for normal force coefficients at two
different Reynolds numbers: Re = 10,000 & 3,000 and k = 0.50.

It is observed that, in general, the hysteresis loops in all corresponding cases in the
two groups are very similar. Also, results show that the effect of Reynolds number to
normal force coefficient is minimal. As the frequency increases these similarities

become more obvious.

Group C: effects of mean angle of attack

In this group of simulations the mean incidence is increased to,, =20°, compared to
other groups in which the mean incidence is at15°. The amplitude of the pitching
oscillation is kept ate, =10°, making a,, =10° ande,, =30". The Reynolds

number is set atRe =10*, and the reduced frequency is set at k = 0.15, 0.25, and 0.50
in cases 7 to 9, respectively. The normal force coefficients are plotted in Figure 4.15,
4.16 and 4.17, for cases 7 to 9, respectively. These figures should be compared with
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Figure 4.2, 4.3 and 4.4. As noted before, the only difference between groups A and C

is in the mean incidence, which is 15° and 20° in these groups, respectively.
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Figure 4.15: The hysteresis loop for normal force coefficient (Re = 10,000, k = 0.15)
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Figure 4.16: The hysteresis loop for normal force coefficient (Re = 10,000, k = 0.25)
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Figure 4.17: The hysteresis loop for normal force coefficient (Re = 10,000, k = 0.50)

The normal force coefficients obtained for these analyses are plotted together with
the results of the corresponding case from group A (i.e. same Re number and reduced
frequency but different mean incidence) in Figure 4.18, 4.19 and 4.20 for the reduced
frequency values of k = 0.15, 0.25 and 0.50, respectively.

‘25 -
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Figure 4.18: Comparison hysteresis loops for normal force coefficients at two
different mean incidences: «, =15" ande,, =20°,k =0.15.
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Figure 4.19: Comparison hysteresis loops for normal force coefficients at two
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Figure 4.20: Comparison hysteresis loops for normal force coefficients at two
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different mean incidences: «, =15 ande,, =20°, k= 0.50.
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The results show that the difference of mean incidence between groups A and C,
yields results which are very similar in trend but slightly shifted to give higher
maximum force coefficient. Also, it can be concluded that an increase in the mean
incidence has some considerable effects on the normal force coefficient of a pitching
airfoil: the hysteresis loops become wider, both the maximum value and the average
of the force coefficients increase. Furthermore, stall may occur at lower frequencies

of oscillation, due to an increase in the incidence.

4.3. Dynamic Stall in Turbulent Flow Conditions

In this section, results obtained from our turbulent flow simulation cases over a
pitching NACA 0015 airfoil are presented. In all computations of this section, k—¢&
turbulence model with wall function is used to predict fully turbulent flow conditions
over a NACA 0015 pitching airfoil.

Three pitching airfoil cases are selected to simulate no stall, stall onset, and deep stall
regimes at Re = 2x10° and M = 0.3. A summary of the case-studies for a pitching
NACA 0015 airfoil in turbulent flow conditions is presented in Table 4.2. Our results
will be compared with experimental data performed by Piziali [19]. All computations
of pitching NACA 0015 airfoil are initiated as fully turbulent flow conditions
because the flow was tripped at the leading edge to ensure a fully turbulent flow in

the experiment.

Table 4.2: List of turbulent flow simulation cases.

CASE Reynolds | Mean angle | Amplitude of | Reduced Pitch axis
Number, of  attack, | oscillation, frequency, k | location
Re a,(deg) | a,(deg)
No stall 2x10° 4 2 0.038 c/4
Stall Onset 2x10° 11 2 0.038 c/4
Deep Stall 2x10° 13 5 0.038 c/4
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First of all, some grid sensitivity studies are performed in stationary airfoil cases to
reach the most suitable computational grid in the fully turbulent flow conditions (see
Figure 4.21). Four different grids in the number of grid points and distribution of the
grid points are generated by CFD-GEOM. All meshes consist of two blocks, around
airfoil and at wake region. Mesh I has 138x39 cells around airfoil and 78x49 cells at
wake, and 3x10°c initial wall spacing. There are 138x59 cells around airfoil and
118x49 cells at wake region in mesh II. Also, it has 3.1x107%¢ initial wall spacing.
Mesh IV consists of 200x100 cells around airfoil and 200x40 cells at wake, and it
has 2x107%c initial wall spacing.
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Figure 4.21: Quasi-steady studies for stationary airfoil case in fully turbulent flows.

It can be seen from the figure that mesh III is the most suitable mesh for turbulent
flow computations because it can predict the approximately the same separation
angle according to experimental data. Mesh III consists of two blocks, first is around
the airfoil with 138x59 cells and second is in the wake region with 118x49 cells. As
it can be seen in Figure 4.22, farfield boundary is extended 10 chord lengths from

surface. The airfoil chord length is about 0.3048 m (1 ft) and the initial wall spacing
is 3x107.
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Figure 4.22: Computational domain in fully turbulent flow conditions (mesh III).

Attached flow simulation is performed at &, =4"anda, =2°. NACA 0015 airfoil
pitches about the quarter-chord between « , =2°ande,, =6°. A steady-state

solution is obtained at the mean incidence,, =4", using free stream conditions as

initial solution. Then, the converged solution is used as an initial condition for the
unsteady computations. The unsteady periodic solution is obtained after three cycles.
The lift coefficient for this case is plotted in Figure 4.23.

Stall onset regime is simulated at of @, =11"anda, =2°. The airfoil pitches about
again the quarter-chord between «,, =9°ande,, =13°. A steady-state solution is

obtained at the mean incidencea, =11°, using free stream conditions as initial

solution. Then, the converged solution is used as an initial condition for the unsteady
computations. The lift coefficient versus angle of attack for this case is plotted in
Figure 4.24.

Deep stall regime is simulated at @, =13’andea, =5°. NACA 0015 airfoil pitches
about the quarter-chord between o, =8 ande,, =18°. A steady-state solution is

obtained at the mean incidencee,, =13°, using free stream conditions as initial

solution. The unsteady periodic solution is obtained after three cycles. Results of
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mesh III and mesh IV are plotted as a lift coefficient for this case in Figure 4.25 and
Figure 4.26, respectively.
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Figure 4.23: Lift coefficient during the no stall regime (e, =4°,, =2°).
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Figure 4.24: Lift coefficient during the stall onset regime (,, =11°, @, =27).
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Figure 4.25: C; vs. @ during the deep stall regime by mesh Il (,, =13° ,, =5").
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Figure 4.26: C,, vs. a during the deep stall regime by mesh IV (e, =13° ,, =5").
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Streamline patterns at several incidences during the upstroke and downstroke at

reduced frequency of k = 0.038 and,, =13°, «, =5" are shown in Figure 4.27.

15.11 deg 1 16.09 deg 1

e
15.35 deg | 14.45 deg | 1374 deg |

Figure 4.27: Streamline patterns at several angles of attack during upstroke (1) and
downstroke () motions for a pitching NACA 0015 airfoil, at k = 0.038(,, =13’

» &y =5")
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5. CONCLUSIONS AND FUTURE RESEARCH

A commercial CFD code is used to compute the flow field around pitching airfoils.
The structured C-grids are generated to simulate flow field. Considered case-studies
in this study consist of pitching NACA 0012 airfoil cases in laminar flow conditions
and pitching NACA 0015 airfoil cases in turbulent flow conditions. The flow field
around pitching airfoils is simulated by solving viscous Navier- Stokes equations in a
Finite Volume discretization scheme with MUSCL approach.

As the dynamic stall behavior is of primary interest, the effects of the reduced
frequency, mean incidence and Reynolds number on the dynamic stall characteristics
of the airfoil, in term of the normal force coefficient, as well as the flow field
structure, were investigated in the laminar flow simulation part of the present study.
It was observed that pitching oscillations of the airfoil delayed the flow separation to
higher incidences compared to a steady stall angle. The normal force was observed to
increase well beyond that at the steady stall angle. The separation was observed to
start from the leading-edge, followed by the formation and convection of a vortex
along the suction surface of the airfoil. Trailing edge vortices were also observed to
form and shed from the airfoil, following the leading-edge vortex. During the
downstroke, one or more secondary vortices were observed to form and release from
the suction surface, after the release of the primary dynamic stall vortex. Our laminar
simulation results for the dynamic stall flow of the airfoil were compared against
available numerical data [40], and good agreements were obtained.

The reduced frequency of oscillation was found to have major effect on the flow
field and on the normal force coefficient of the airfoil. The flow separation was
observed to delay up to higher incidences with increasing reduced frequency. Hence,
the maximum normal force coefficient occurred at higher angles of attack by
increasing the reduced frequency. The Reynolds number, on the other hand, was
found to have little effect on the dynamic stall characteristics of the airfoil, in the
range of Re = 3,000 to 10,000 considered in our simulations. Increasing the mean
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incidence caused flow separation to occur earlier in an oscillation cycle, even lower
angles of attack compared to a case with only a lower mean incidence. Also,
hysteresis effects in the force coefficient loop intensified and the maximum normal

force coefficient increased.

In all turbulent flow calculations, £ —¢& turbulence model with wall function is used
to predict fully turbulent flow conditions over a pitching airfoil. Three pitching
airfoil cases are selected to simulate no stall, stall onset, and deep stall regimes. The
k — & turbulence model gave good predictions for the attached and stall onset cases,
and moderate predictions for deep stall case. For deep stall case, it was found that it
is important to model the leading edge transional flow behaviour in order to obtain
the experimentally observed results.

The problem of dynamic stall has been encountered in various aerodynamic
applications, including aircraft manoeuvrability, helicopter rotors, wind turbines,
turbomachinery blades and even insect and unmanned air vehicle (UAV) wings.
Successful control and delay of the dynamic stall may significantly improve the
performance in all of these acrodynamic applications. A number of techniques, such
as geometrical modifications to the airfoil, periodic excitation through surface
vibrations, plasma actuation, leading edge suction and synthetic jets are proposed for
dynamic stall. One of the most promising tools is the synthetic jet actuator (SJA). No
detailed study, however, is available on the effect of synthetic jets on dynamic stall
over pitching airfoils. The effect of SJA on the controlling of dynamic stall will be
our future work.
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