DI <<C.RA

Aerodynamics of the oscillating airfoils

om0 Ry e s e e S RN cenvro natano ricerche serospaziai

“Aerodynamics of the oscillating airfoils”
University of Naples

November 4th 2011.

Claudio Marongiu?
c.marongiu@cira.it

LCIRA - Italian Center for Aerospace Research

Marongiu C.  (CIRA) Seminario Napoli, November 4" 2011 1/75


mailto:c.marongiu@cira.it

Aerodynamics of the oscillating airfoils

Dipartmento i Ingsgnria Asrospursle

OUTLINE

Centro taliano Ricerche Aerospazall

DI <<C.RA

@ Introduction
@ Theodorsen solution

@ CFD of the oscillating airfoils

Marongiu C.  (CIRA) Seminario Napoli, November 4" 2011 2 /75



i il Aerodynamics of the oscillating airfoils

Centro tatiano Ricerche Aerospazia

DI <<C.RA

References

Von Karman, T., and Burger J. M., 1935, “General Aerodynamic Theory. Perfect Fluids”, Peter Smith Publisher, Inc.,
1976, pp. 280-310.

Theodorsen T., “General Theory of Aerodynamic Instability and the Mechanics of Flutter”, National Advisory
Committee for Aeronautics, NACA Report. 496 (1935).

Bisplinghoff R. L., Ashley H. and Halfman R. L., “Aeroelasticity”, Dover Publications, Inc., New York
Saffman P. G. , “Vortex Dynamics”, Cambridge University Press, 1992

McCroskey W. J., “The Phenomenon of Dynamic Stall”, Lecture Notes presented at Von Karman Institute Lecture
Series on Unsteady Airloads and Aeroelasticity Problems in Separated and Transonic Flows, 9-13 March 1981.

© 060 © ©

Leishman J. G., (2000) “Principles of Helicopter Aerodynamics ”. Cambridge University Press

Most of the material contained in these slides comes from my Ph.D. thesis made
between 2007 and 2010 and related publications in collaboration with Prof. Tognaccini,
(DIAS), University of Naples.

Marongiu C.  (CIRA) Seminario Napoli, November 4" 2011 3/75



Dipartmento i Ingsgnria Asrospursle

Aerodynamics of the oscillating airfoils

(CIRA

Centro

Introduction

Marongiu C.

(CIRA)

Seminario



Aerodynamics of the oscillating airfoils

oVIS] <

Dipartmento i Ingsgnria Asrospursle

Introduction

@ Helicopter

@ Turbomachinery

@ Manoeuvring Aircrafts

@ Wind Energy

@ Biological flows (Insect flight)
(]
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Introduction

Examples: Helicopter blade motion.
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Fig. 1 Helicopter rotor airfoil requirements.

Carr L. W., Progress in Analysis and Prediction of Dynamic

Stall, J. of Aircraft, Vol. 25, No. 1
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By combining the rotation and the
advancing motion a time varying angle
of attack is seen by each blade section.

When the blade is in the advance
phase (0° < W < 180°) the local
angles of attack are lower (marked
compressible effects).

For (180° < W < 360°) the local
angles of attack increase and the

blades can stall (dynamic stall).

Napoli, November 4" 2011 6 /75
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Examples: Helicopter blade motion.

Ex: main rotor of AW119, diameter = 10.83m, 400rpm, = M; ~ 0.8
The dynamic stall causes significant vibrations and torsional loads.

It is a strongly time dependent phenomenon.

In the 60’s, it was discovered that the dynamic stall could be investigated similarly
on a two-dimensional airfoil under pitching conditions.

The combination of the asymptotic free stream and the airfoil motion produces a
change in the angle of attack.
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Introduction

Examples: Turbomachinery, rotor-stator interaction.

@ The fluid dynamics of turbomachinery

is another wide sector in which the

aerodynamics of oscillating airfoil is
extensively applied.

Rotor-stator interaction. Mach contours. Two-dimensional

simulations with ZEN at CIRA (2006), in collaboration with P.

L. Vitagliano. Sliding mesh technique.
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Introduction
Examples: Wind Energy

@ Similar phenomena occur on the
blades of the wind turbines.

@ The blades work in a wide range of
angles of attack.

@ The exact knowledge of the
aerodynamic loads can improve the
design and the structural life of the
plant in terms of fatigue limits.

@ Other requirements, such as the low
noise emission, must be respected in
order to reduce the environment
impact.
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Airfoil unsteady aerodynamics

@ The steady aerodynamics provides relations of kind
C)= Ci(a, Ress, M)
@ In the unsteady aerodynamics, the dependency must be of kind
Ci= Ci(a, &, @, h, Ress, Moo)

where h is the vertical displacement.

@ Namely, the aerodynamic characteristics must include the dependency upon the
airfoil motion

@ The flow exhibits a memory of the past history.

@ Each flow phenomenon typical of the airfoil aerodynamics (transition, separation,

stall, buffet, ... ) must be revisited under this perspective.
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Airfoil unsteady aerodynamics. Dynamic
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From Leishman (2000). Principles of Helicopter Aerodynamics.

Aerodynamics of the oscillating airfoils (GZ'RA

Stage 1 Aol exceeds staic stall angle, then
flow reversals take place in boundary layer.

- W

=N
Stage 2: Flow separation at he leading-edge, followed
by the formation of a spilled vortex. Moment stall.

Stage 2.3: Vortex convects over chord, it nduces.
S and aft center ofpressure movement

Stage 3.4: Lift stall. Afe vortex reaches traiing-edge, the
flow over pper surface becomes fully separated

tage 5 When angle of atack becomes ow enough,the flow
e en e o o

Stall.

Centro tatiano Ricerche Aerospazial

The stage (1) is in correspondance of the static stall
angle of the airfoil. Under dynamic conditions the lift
curve continues to grow.

An extrapolation of the linear slope is observed up to
the points (2) or (3). The excess of lift is due to a
production of vorticity in the boundary layer.

At stage (2) the dynamic stall vortex is formed
changing the lift curve slope.

The moment coefficient stalls between stages (2) and
3)-

The maximum peak of lift is achieved when the
dynamic stall vortex reaches the trailing edge.

During stages (3) and (4), the flow is separated.
The reattachment point advances at a velocity less than
Uso . After, the flow acquires again a linear behaviour

(stage 5).
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Introduction
Airfoil unsteady aerodynamics. Dynamic Stall.

@ An important quantity is the aerodynamic damping

(:—/Cmda

It represents the work done by the aerodynamic forces acting on the airfoil.
@ If ¢ > 0 the fluid receives energy from the airfoil (stable).
@ If ¢ < 0 the fluid transfers energy to the airfoil (unstable).

@ Geometrically, ¢ is the measure of the area enclosed by the C,, curve in the plane

Cm—oa.
Cm e ) a

]

Unstable &
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Introduction

Some concepts for ideal flows. Virtual or apparent mass
@ The aerodynamic force is related to the virtual or apparent mass contribution,
defined as (see Saffman):

1= / 6nds
aB
¢ is the velocity potential.
@ It is possible to show that:
d
F=——1I
- dt=8

@ If MU is the momentum of the solid body and f the resultant of the external
forces applied on the solid body, Newton's second law is:

d
EMQ—E+I
@ Then we have:
d
—(M l,)=fF
dt( g_|—7B) =
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Introduction

Some concepts for ideal flows. Virtual or apparent mass

@ The presence of the virtual mass | g alters the solid body inertia.
@ The term | ; accounts for the effects of the fluid surrounding B.

@ The external force f applied on B is balanced by the real mass of the body and the
fluid virtual mass.
@ These effects appear in case of unsteady equilibrium only.

.avi
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Theodorsen Solution
Hypothesis.
In 1935 Theodorsen obtained the unsteady flow solution for a thin
oscillating airfoil.
@ Inviscid flow
@ Incompressible flow
@ thin airfoil
@ small disturbances

Suppose the free stream velocity parallel to the x axis and the wall normal
directed as z. We have

u=Uyx+ 1 (1)
vow < Voo (2)
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Theodorsen Solution

Problem equations.

Suppose it is possible to introduce a potential perturbation ¢’ such that
pp p p p

8_(#:u, 6—¢’:W
Ox " 0z

The potential perturbation satisfies the equation of Laplace:
V3¢ =0 (3)
The linearized Bernoulli equation is also written as

8 /
P — Poo = —pUsot — pa—q; (4)

The problem is defined by setting the initial and boundary conditions.
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Theodorsen Solution

Road Map.
Proof
1
Non .
Boundary Conformal Circulator Circulatory Kutta
Condition | ([Transformation Part y Part Condition
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Proof
I I 1
Non .
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Transformation Circulatory Part Condition
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Theodorsen Solution

Part 1. Boundary conditions.
@ On the solid body, the wall normal component of the velocity must be specified.

@ The airfoil surface can be expressed in this form
Fo=z—zsx,z,t) =0
FL=z—-2z(x,z,t)=0
@ The boundary condition requires for the upper and lower sides that
OF 0z oz . .
Dt Ot Ox N

@ Since of the hypothesis of small disturbances the upper and lower surfaces are
mathematically approximated as a plane surface at z = 0. Besides,

0z 0z
“ox = Vo
@ Then we have the following condition
0z oz
WL + Uooa = wa(x, t) (5)
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Theodorsen Solution

Part 1. Boundary conditions. 2

b/2 b/2

ba

X
\k h

\»\

Scheme of the velocity components on the circumference in the complex plane

@ The plate oscillates at ba from the half chord location.
@ The instantaneous position is:

z:(x,t) = —h — a(x — ba)
from which

wa(x, t) = —h — &(x — ba) — Usocx

Marongiu C.  (CIRA) Seminario Napoli, November 41" 2011
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Theodorsen Solution

Part 2. Conformal transformation.

@ The proof of Theodorsen's solution is achieved by transforming the flat plate from
the physical plane xz in a circle in the complex plane XZ.

@ Let ¢ = 2b be the chord of the airfoil. The conformal transformation is
. . b
x+/z=X+/Z+m @)
where i = /—1 is the imaginary unit.
@ The above relation transforms the plate of length ¢ to a circle of radius r = b/2.
@ In fact, X = rcosf and Z = rsinf, we have:
2

. i b
x+iz=re?+-"— =2rcosf
4ref®
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Theodorsen Solution

Part 2. Conformal transformation.

XZ plane 7 xz plane z

Conformal transformation of a circle in the plane XZ to a flat plate in the plane xz.
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Theodorsen Solution

Part 2. Conformal transformation. Velocity.

eeeeeeeeeeeeeeee

@ Now, it is necessary to establish the transformation for the velocity components.

@ In the plane XZ, the velocity components are indicated with gx and qgz.

@ The complex velocity is obtained as

ro . d(X+i2)

u —iw = (qx le)m
where:

dx+iz) _ | b

dX+iZ) 4X +iZ)?
For r = b/2,

d(X+IZ) _ . i0

[d(X+iZ)}r=b/2_2sm9e

Marongiu C.  (CIRA) Seminario Napoli, November 41" 2011
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Part 2. Conformal transformation. Velocity.

@ By calculating gx and gz on the circle r = b/2, we have:

;. Ix =19z io-=/2) _ i(0—m/2) i(6—m)
Y w 2sin6 € 2sin¢9[qxe taze ]
@ Since, e ®=™/2 =sin@ — i cosh, and e’ ?~™) = —cosf — i sinf, we have:
. 1 . . .
U —iw = ———[qxsinf —qzcosf —i(gxcosf + qzsin0)]

2sinf

@ The modules are:

I R
lu' —iw| = Vu? +w? = V@ + az = V4 + a7 (10)

|2sin 6] |2sin 6]

where gy and g, are the radial and tangential components in the XZ plane.
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Theodorsen Solution

Part 2. Conformal transformation. Velocity

XZ plane 7

Conformal transformations preserve the angle at which two lines intersect. Then,

w| =

xz plane

Aerodynamics of the oscillating airfoils

and

qr

lge| _ |v] W] = |9
fal ] [25in ]
According with the sign of 6 and x axis, we deduct also that :
’ [e[]
=— d
2sinf an

= 2sinf

Marongiu C.  (CIRA) Seminario Napoli, November 41" 2011
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Theodorsen Solution

Part 2. Conformal transformation. Potential.

@ It is necessary to connect the velocity potentials between the xz and XZ planes in
such a way that

d¢(X7 Z) = d¢(sz)
@ For a path along the slit in the xz plane (the circle in the XZ plane)

do(x,z) = u'dx  dp(X,Z) = gqg do

@ The potential difference between two points on the slit is

0> b X
¢2—¢1:/ 50 d9:—/ u' dx (11)
01 X1
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Theodorsen Solution

Part 3. Non circulatory contribution

@ Theodorsen achieved the solution by distributing sources (upper side) and sinks
(lower side) of equal strength.

In this way, the boundary condition w,(x, t) was fulfilled.

The sources and sinks do not cancel each other on the plate surface.

The points outside the circle in the plane XZ are mapped in the external field
around the plate.

@ But, the points inside the circle are associated in the external field of the plate as
well.

@ The whole plane XZ creates two overlapped sheets in the plane xz (Riemann
surfaces).

@ We pass from a sheet to another only when we cross the plate from upper side to

the lower side and viceversa.

Marongiu C.  (CIRA) Seminario Napoli, November 41" 2011 30/ 75
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Theodorsen Solution

Part 3. Non circulatory contribution

156 ABRODYNAMIC TOOLS {cnar. 5

xz - plone |

(a)

(a) xz plane (b) XZ plane

Stream lines of the flow due to the distribution of sources and sinks. From Bisplinghoff et al., pg 256
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Part 3. Non circulatory contribution

@ Let H™ be an infinitesimal source sheet distributed on the upper side of the circle.

@ The potential function ¢’ in (x, z) induced by H™ is given by:

/ 1ot
Flzt) = o [ HU GO [0 € + e (12)

—b

@ The result is related to the wall normal velocity as:
H (x,t) = 2 wa(x, t) (13)
H* (0, t) = 4w,(x, t)sin 6 (14)
Similarly

H™ (x,t) = —2wa(x, t) (15)
H™(6,t) = —4wa(x, t)sinf (16)
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Theodorsen Solution

Part 3. Non circulatory contribution

XZ plane Z

@ The velocity resulting from the
Q*(ry) distribution of sources and sinks has
B . to be derived.

@ Consider two points, Q*(r,) and
Q™ (r, —1) symmetrically located on
the circumference
X @ The velocity in a point P(r,8)
induced by H* rdy and H™ rdi is
built on the basis of geometrical
considerations.

@ Note that the induced velocity of the
source-sink sheet is such that g, = 0,

) ) . otherwise the circle is a stream line.
Scheme of the velocity components on the circumference in the

complex plane
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Theodorsen Solution

Part 3. Non circulatory contribution

@ The final result is:

T £ 2
q(0,t) = E/O wdw (17)

T cos ) — cosf

@ The potential function ¢’ is obtained:

G0, ) — & (m, ) = —2 / / w(x, t) sin” ¢ dirdo (18)

cos — cos B

@ Because of the arbitrary time function in the definition of the potential ¢’, it is
possible to put ¢'(m, t) = 0.

@ Besides, for the symmetry, we observe that the following relation subsists between
the lower and upper side potential:

(ﬁ;_(—@, t) = _¢:J(07 t)
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Theodorsen Solution

Part 3. Non circulatory contribution

@ By taking into account that x = bcos#, the following integral gives the velocity
potential:

o0, t) = h+ Uooa)/ / Cos;‘”  dwdo +
//sm 1(cos 0 — a) dipdd (19)

cos — cosf

@ After some algebra, the final result is achieved in this form:

du(6,t) = b(h+ Uss @) sin@ + b*cx (% cose—a> (20)
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Theodorsen Solution

Part 3. Non circulatory contribution
@ By means of Bernoulli, the pressure relates to the potential function. Then

o ody 991 ¢y 9¢L
Pu—po= [U‘” ( ox ox ) T or " ae
@ By exploiting the symmetry properties of ¢’, we have:

o ¢y 04 _ 2Ux 9¢y 04
pu—p=—2Ue g =2 = hen0 90 ot

@ The non circulatory contribution is:

b , b b 8 /
tie = = [ (o= pdx=Un[et] - [ 2090
- —b

—b

@ Since there is no circulation, ¢'(, t) is single valued. Because of
¢1(—0,t) = —¢y(0, t), we have that ¢y(0,t) = ¢.(0,t) = 0. Then

o [T .
Lnye = 25/0 oy sinf do

Marongiu C.  (CIRA) Seminario Napoli, November 41" 2011
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Theodorsen Solution

Part 3. Non circulatory contribution

@ By means of Bernoulli, the pressure relates to the potential function. Then

Lnc = b’ (h+ Usod — a b éi) (25)

@ We report also the non circulatory part of the aerodynamic moment:

8

Mnc = 7b? | Usoh + bah + Uiooz — b (1 + 32) d} (26)
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Aerodynamics of the oscillating airfoils

Theodorsen Solution

Part 4. Circulatory contribution

@ The non circolatory part is not able to fulfill Kutta's condition.

@ Theodorsen resolves the problem by superimposing a vorticity distribution on the
body surface ( bound vorticity) and in the wake (free vorticity).

@ The technique of the image vortices are used.
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Theodorsen Solution

Part 4. Circulatory contribution

XZ plane Z

0,-0

: @ A vortex located at (), 0) of intensity
—Io in the plane XZ has its image g
in (b*/4x,0).

@ The vortex pair respects the condition
of a stream line for the circumference.

@ It is possible to show g, = 0 on the
X circle.

Bound vortex of intensity 'y and its image of intensity —Ig.
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Theodorsen Solution

Part 4. Circulatory contribution

@ The tangential component qg is

Mo |:I‘2 cos(6> —0)  ricos(6r — 9)]
9 = 5 > - 2
™ r ri
@ [t can also be observed that
2 _ 2 b\? . > (b? : b\> b .
rn=x + (2> —xbcosl; = e + ) "4y cos6; (27)
and
rycos(fr — 0) = b_ cosf; ricos(6p —0)= b_ b—2 cos6; (28)
2 > =5"X ; 1 1 =2 1y ;
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Theodorsen Solution

Part 4. Circulatory contribution

@ By substituting the previous relations we have:

qo = pry

2_ 1
-~ 4 00
X2 + %2 — XbcosO]

@ The velocity potential is calculated

T b
Su(0,1) = —/ G 5 do =
0

o < 2 b2>/7T 1
= X - ——  —— d0
27 4)Jo x*+%5 —xbcost
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Theodorsen Solution

Part 4. Circulatory contribution

@ The result is

Mo, —1({(x—3b) [1+cosd
u(@,t) = —t 2 31
du(0:1) roen (x+3b) V1-—cosd (31)
@ By means of equation (31), we are able to compute the pressure distribution by
using Bernoulli.

@ Note that the time dependency appears through the variable x(t) which indicated
the instantaneous position of the wake vortex.

@ The hypothesis that the vortex is shed at the free stream velocity is adopted.
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Theodorsen Solution

Part 4. Circulatory contribution
@ This assumption allows for the following transformation:

de
@ - U

where £ is the vortex location in the plane xz which corresponds to

b2
§—X+&

in the plane XZ.
@ Equation (33) can be cast as follows:

£—b _ x—(b/2)
\VE+b " x+(b/2)

In this way, equation (31) can be written as:

’ - ) —1 (5 — b)(l -+ cos 9)
ou(0:8) = N ) (A= cos0)
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Theodorsen Solution

Part 4. Circulatory contribution

@ The lift produced by the pair of vortices of intensity g is determined:

Uso To €

N

It can be noted that for & — oo, (i.e., t — 00) the lift tends to the value produced
by a single vortex of intensity .

L, = _/ (pu— pL) b sinf do = (36)
0
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Theodorsen Solution

Part 4. Circulatory contribution

@ When we deal with a distribution of wake vorticity, the treatment must be referred
to an element of vorticity:

Mo = —w(&, t) d¢ (37)

@ Now, the velocity is expressed by:

_ [T w dg
qo = /b oy

@ The pressure difference due to the complete system of wake vorticity is obtained by

Pu—pL= smH/ ({\;—Losbf) Y (&, t)dE (39)

x% + % — xbcosf

Yo% ] (38)
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Theodorsen Solution
Part 4. Circulatory contribution

@ By integrating from the trailing edge to infinity we find the complete effect of the
wake vorticity on the lift:

——U(/ J;;EW@, (40)

@ Theodorsen indicates with @ the following integral:

_ 1 [T |etb
Q=55 [ [ Epmlen e

@ Then, we can write the circulatory part of the lift as:

’YW(£7
Le =27 b Usx Q/ V52 b? (41)

| M€+pw§ﬂ%

Marongiu C.  (CIRA) Seminario Napoli, November 41" 2011 47 / 75




DI : I <<C.RA

Dipartmento i Ingsgnria Asrospursle

Aerodynamics of the oscillating airfoils

Theodorsen Solution

Part 4. Circulatory contribution

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

,,,,,,,,,,,,,,,,,,,

@ By assuming simple harmonic oscillations in time the wake vorticity v (€, t) takes

the form:
(€, ) = Fue o)
@ By defining the reduced frequency k = w b/Us and ¢* =&/ b,
(&, t) = f’ywe"w(t—kg*)

@ The ratio of the integrals can be manipulated as:

= & —ike* g en
N LRE I B T
A = G A==
v -V a0
§+b /Oo E + 1 ke
- [ Iw ,t d e d
/b Jepends [T /E ¢
@ C(k) is a complex function of the reduced frequency only.
@ C(k) is said Theodorsen’s function.
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Theodorsen Solution

Part 4. Circulatory contribution

@ The circulatory lift is

Lc =21 b Uy Q C(K) (45)
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Theodorsen Solution
Part 5. Use of Kutta condition

Kutta's condition establishes the velocity go at the trailing edge (8 = 0) is zero
By means of this further relation, the integral ratio Q can be computed

)
@ The relations (17) and (29) provide the velocity at T.E.
2 ™ A -2 e} w 2 _ lﬁ
qe(ezo)sz 7W(X’t)s'"wd¢+/ v 9E A .
T Jo costp — 1 b b X2+52 —xb
@ By taking into account the relation (34) between x and ¢, the Kutta condition can

be written as:

2 [T wi(x, t)sin" e t)sm E+b
2 [l gy 5 [T [ e de=0
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Theodorsen Solution
Part 5. Use of Kutta condition

@ Then,

dy—2Q =0

2/Tr ws(x, t) sin® ¢
Q== S
0

T cosyp — 1

By substituting the expression of w,(x, t) in equation (6), we have:

Q:I.H-Uooa—l-b(%—a)d (46)
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Theodorsen Solution

Final expression.

@ By collecting equations (25), (45) and (46) the Theodorsen solution is obtained:
L = nb’(h+ Usa—abd)+

+ 271 b U C(kK) [h+ Uooa—i—b(% —a> a} (47)

@ The expression of the aerodynamic moment is also reported:

M = b’ [ba}%—uoobe—a) d—b2<%+az>&]

+ 27U b <a + %) C(k) [h+ Ussa+ b (% - a> a} (48)
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Theodorsen Solution

Considerations

@ In the circulatory part there is an equivalence between h and Uso.

@ The body motion must produce small velocities according to the hypothesis of
small disturbances.

@ As a consequence, the reduced frequency is limited.

@ The effect of a mean steady angle of attack is taken into account by adding the
steady linear contribution.

@ Some special cases:
h=h=0;, a=-1/2;, a=ae""
The lift coefficient is
Cr=2m[F(1+ k) + G(i — k)] ae™ +r (;_ g) Ge

where F = Re(C) and G = Im(C).
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Considerations
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Theodorsen Solution

Considerations

Approximated expression of Theodorsen's function.

0.5005k3 + 0.51261k2 + 0.21040k + 0.021573

F =
k3 4 1.03538k2 + 0.25124k + 0.02151

0.00015k3 + 0.12240k? + 0.32721k + 0.001990

G = k3 + 2.48148k2 + 0.93453k + 0.08932
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Considerations
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Considerations
12
1 k=0.2
- — - - k=11

o.

o.

0.

°

@ Theodorsen solutions. C; — «
curves.In-phase contribution.
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&
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Theodorsen Solution

Considerations

o.

o.

0.

o.

@ Theodorsen solutions. C; — o« curves.
Out-phase contribution.
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0.

0.

0.
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CFD of the oscillating airfoils

Real flow around oscillating airfoils

Unsteadiness

Turbulence

Three-dimensional effects (even for airfoils)

Compressibility effects (even for low free stream Mach numbers)

Transition from laminar to turbulence

Vibration and structure deformation
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CFD of the oscillating airfoils

Numerical methods.

@ The numerical methods can be listed
DNS as the accuracy increases.

The numerical simulation around an
airfoil at flight Reynolds number:

LES @ (2080) Direct Navier Stokes
03 Q ‘1.35 , 196 1(}7_ Re, @ (2045) Large Eddy Simulation
Y @ (2000) Detached Eddy Simulation
Airfoils @ (1995) Unsteady RANS
@ (1985) RANS

------------------------------- . From Spalart 1999, 2000.

LRef
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Numerical methods.

The progress in the prediction of the dynamic stall features is limited by
the following factors:

@ The numerical simulations are very time-consuming. Difficulties in tuning the
parameters.

@ The experimental data often are not very accurate and detailed in order to make
close comparisons.

The experimental measures of the dynamic stall are made complex by the presence
of the mechanical devices for the oscillatory motion.

The pressure taps give reliable values only for the lift and not for the drag and
moment

Other techniques, PIV, LDV, provide more information but far from the solid wall

There no information about the presence of laminar separation bubble, transition
location ...
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Some examples of dynamic stall with the CIRA CFD code, ZEN.
@ Geometry NACA0012
@ Re=1.35x 10°
@ 2D Grid, 153600 cells.
@ Kk —w SST Menter.
@ No model for the transition.
(]

Moving grid technique.
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CFD of the oscillating airfoils

Applications. Pre stall

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Re =1.35 x 10°, M = 0.1.
o = 7.5°sin(2kt), k = 0.05
C)— « curve

Solid Line, unsteady RANS
Dashed Line, Theodorsen

04

.avi
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CFD of the oscillating airfoils
Applications. Light stall

® Re=1.35x10°, M =0.1.

@ a =5°410°sin(2kt), k = 0.05
@ C/— «a curve

@ Solid Line, unsteady RANS
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CFD of the oscillating airfoils
Applications. Light stall

® Re=1.35x10°, M =0.1.

@ a =5°410°sin(2kt), k = 0.05
@ Cy4— « curve

@ Solid Line, unsteady RANS
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CFD of the oscillating airfoils
Applications. Light stall

® Re=1.35x10°, M =0.1.

@ o =5°+410°sin(2kt), k =0.05
@ Cp,— «curve

@ Solid Line, unsteady RANS

.avi
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CFD of the oscillating airfoils

Applications. Deep stall

® Re=1.35x10°, M =0.3.

@ o =10° 4 5°sin(2kt), k =05
@ C/— «a curve

@ Solid Line, unsteady RANS
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Applications. Deep stall
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Re = 1.35 x 10°, M = 0.3.

: a = 10° 4+ 5°sin(2kt), k =05
C/— time curve

Solid Line, unsteady RANS

dashed, LES (from Nagarayan et al.
2006)
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CFD of the oscillating airfoils

Applications. Deep stall

Re = 1.35 x 10°, M = 0.3.

o =10° 4+ 5°sin(2kt), k =0.5

Cp distribution on the airfoil.

Solid Line, unsteady RANS

o, LES (from Nagarayan et al. 2006)
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CFD of the oscillating airfoils

Applications. Deep stall

Re = 1.35 x 10°, M = 0.3.

o =10° 4+ 5°sin(2kt), k =0.5

Cp distribution on the airfoil.

Solid Line, unsteady RANS

o, LES (from Nagarayan et al. 2006)
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CFD of the oscillating airfoils

Applications. Deep stall

Re = 1.35 x 10°, M = 0.3.

o =10° 4+ 5°sin(2kt), k =0.5

Cp distribution on the airfoil.

Solid Line, unsteady RANS

o, LES (from Nagarayan et al. 2006)
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Applications. Deep stall
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| -t ® Re—135x10°, M = 0.3.
T % ® o =10° +5°sin(2kt), k = 0.5
& ,,: oo 6 @ Cp distribution on the airfoil.
L emoo o0 S @ Solid Line, unsteady RANS
Ufj Toer @ o, LES (from Nagarayan et al. 2006)

.avi
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Conclusions

@ In case of ideal flow, the aerodynamic theories provide useful explanations of the
airfoil behavior.

@ When the angular amplitudes are wide enough (dynamic stall) there is no exact
theory able to predict the aerodynamics.

@ The analysis of the dynamic stall can be made only by CFD and by experimental
measurements.

@ Currently the dynamic stall is object of many industrial researches for its strong
technological impact.
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