
AD-A151 696 INVESTIGATION OF POTENTIAL AND VISCOUS FLOW EFFECTS /
CONTRIBUTING TO DYNAMIC STRLL(U) AIR FORCE INST OF TECH
WRIGHT-PATTERSON AFB OH SCHOOL OF ENGI.. A J RLLRIRE

UNCLASSIFIED SEP 84 RFIT/GREiRA/84S-i F/G 28/4 NL

mmoonshmhEmhh
IEIIIEIIIIIII
llI"'.lll



A~

L37. -



RtP0660OCED AT GOVERN~tNT 1EXPENsE

Lfl

INVESTIGATION OF POTENTIAL

AND VISCOUS FLOW EFFECTS

CONTRIBUTING TO DYNAMIC STALL

THESIS

Andr(" J.S. Allaire
Major, CAF

C)__F~ DTIC
Dp DI]BUTION STiiikeNi ' ELECTE

IAppffoved I= public ieua4MR 8 8
Distributlis Unlimited f

6DEPARTMENT OF THE AIR FORCE B
C* AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY

Wright- Patterson Air Force Base, Ohio

85 03 13 091

* - -W N



AFIT/GAE/AA/84S-1

INVESTIGATION OF POTENTIAL

AND VISCOUS FLOW EFFECTS

CONTRIBUTING TO DYNAMIC STALL

THESIS

Andre' J.S. AllaireDT C
Major, CAF ~ L C ESC"

BM 8

As

Is

V

.5
5.

ApprovedTorGpubli reeae diTriTIonuliie



AFIT/GAE/AA/84S-1

INVESTIGATION OF POTENTIAL AND VISCOUS FLOW

EFFECTS CONTRIBUTING TO DYNAMIC STALL

THESIS

Presented to the Faculty of the School of Engineering

of the Air Force Institute of Technology

Air University

In Partial Fulfillment of the

Requirements for the Degree of

Master of Science in Aeronautical Engineering

Andre' J.S. Allaire, B.Sc.

Major, CAF

September 1984

Approved for public release; distribution unlimited



Acknowledgments

The research reported here is a continuation of the

works of Major J. Lawrence and Captain K. Tupper reported in

their theses. They have set the frame work of this study and

greatly facilitated my task. Many of the concepts used

herein originated in their work.

I am grateful for the constant aid and guidance provided

by my thesis advisor, Major E. Jumper. He not only proposed

the problem to me but has provided invaluable support and

engineering insight throughout the investigation. Special

thanks are also due to Dr. J. Hitchcock for his expert

guidance during my work. Finally, I would like to thank my

wife, Carole, and my children for their enduring patience and

constant support over the last year.

Andre J.S. Allaire

['o'

II
!ii

I"



L

Table of Contents
L Page

Acknowledgments . .......................

List of Figures................ ............ ivI

List of Symbols................... ......... v

Abstract........... .............. ......... x

I. Introduction............... .. ...... 1

Discussion......................
Problem Statement..................2
Background......... ................ 2

II. Theory Development.............. ......... 6

Introduction.............. .......... 6
Non-Inertial Control Volume........... 6
Development of the von Karman-

Pohlhausen Method.....................18

Inviscid Solution 0 . 00 . . . . ... 24
Conformal Mapping -Joukowski

Numerical Solution Process o.o....o.....33

III. Results.................... ............. 36

Preliminaries.............. ........ 36
Camber Effects......... ................ 38
Thickness Effects........ ............. 42
Location of Rotation Point...............44

IV. Conclusion and Recommendations..... ....... 46

Conclusion.......................46
Recommendations .................... 47

Bibliography........ .................... 49

Appendix A ........... .......... o.....o...51

Appendix B............................53

Appendix C................................57

Appendix D.......... ....................... 64

Vita....... ......................... ..... 74



List of Figures

Figure Page

1 Results of Experimental Investigation of
Dynamic Stall by Kramer, Deekens/Kuebler,
Daley and Lawrence . .......... 4

2 General Non-Inertial Control Volume . ... 8

3 Dynamics of a Pitching Airfoil ... ....... 9

4 Momentum Conservation in a Non-Inertial
Boundary-Layer Control Volume ....... . 14

5 Continuity in a Non-Inertial Boundary-Layer
Control Volume ..... ............... 14

6 Hiemenz Flow ..... ................ 17

7 Rigid Body Rotation ............ 24

8 Circle Theorem ..... ............... 28

9 Transformation Planes .. ........... 32

10 Increase of Quarter-Chord Separation .-

Angle of Attack With Camber Ratio ..... 38

11 Joukowski Cambered Airfoil Profile ...... 39

12 Induced Camber Model Results ......... .. 41

13 Increase of Quarter-Chord Separation
Angle of Attack With Thickness ........ . 43

14 Increase of Quarter-Chord Separation Angle

of Attack With Location of Rotation Point . . 45

B1 Unsteady Separation Criteria .. ........ 55

Cl Camber on a Flat Plate .. ........... . 57

C2 Local Angle of Attack on Rotating Flat
Plate ................... 58

C3 Local Angle of Attack on Cambered Plate 58

C4 Thick Airfoil ..... ............... 61

iv



List of Symbols

a radius of mapping circle

c airfoil chord

C.C.W. counter clockwise

curl curl vector operator

dA infinitesimal surface element

dA outward normal vector of magnitude dA

ds infinitesimal arc length element

dvol infinitesimal volume element

f camber ratio

f(x) camber function

f1(K) function of shape parameter (see equation (50))

f2(K) function of shape parameter (see equation (51))

f3(K) function of shape parameter (see equation (57))

fif 2f 3  non-inertial reference frame with origin at the
rotation point

flf 3 unit vector along axis of f 1 f 2 f 3 reference frame

g gravitational acceleration

h height above airfoil surface always larger than the
local boundary layer thickness, but otherwise
indefinite.

k an integration constant

mTOP mass flow rate across the top of the control volume

r radial position in polar coordinate

V



r position vector from the origin of the xyz non-
inertial reference frame to a point in the control
volume

U x-component of Vxy z

V y-component of Vxyz

xyz non-inertial reference frame fixed to the airfoil
surface

X.)y~z unit vector along the axis of the xyz reference
frame

Ucomplex velocity

A a general vector

AFIT Air Force Institute of Technology

Bbody force (per unit volume)

B.L. boundary layer

C mass injection constant

CAF Canadian Armed Forces

C9, lift coefficient

c.s. control surface

C.v. control volume

D/DT substantive derivative

Eul as defined in equation (36)

F complex potential

F(K) as defined in equation (52)

I value of integral in equation (28)

K Thape parameter (see equation (47)

MRS Moore-Root-Sears

vi

.... .... .... . .



P pressure

P position vector from origin of inertial reference
frame to a point in the control volume

Rposition vector from origin of inertial reference
frame to origin of xyz non-inertial reference frame

T surface force (per unit area)

V velocity vector

V. free stream velocity

XYZ inertial reference frame

XYZ unit vector along axis of XYZ reference frame

Z as defined in equation (47)

Z plane the airfoil plane

a angle of attack

ND non-dimensional pitch parameter

angle between line 0 = 0 from center of mapping
circle and line connecting center with x-axis
crossing of circle

6 boundary-layer thickness

61 boundary-layer displacement thickness

62 boundary-layer momentum thickness

non-dimensional height above airfoil surface (y/6

o angular position in polar coordinate, or
argument of a complex number, or
angle between chord and R

absolute viscosity, or
location of center of mapping circle in Argand
plane

vii



v kinematic viscosity

T the constant 3.14159265...

p density, or
magnitude of a complex vector

p plane plane of the mapping circle with center at origin

p'plane plane of the mapping circle with center off origin

T shear stress

angle between tangent to airfoil surface and R, or
potential function

angle between tangent to airfoil surface and x, or
stream function

Wangular velocity of non-inertial reference frame
with respect to inertial reference frame

P circulation strength

A shape parameter (see equation (39))

V divergence operator

Subscripts

e at the edge of the boundary-layer

flf 2f3  non-inertial reference frame with origin at
rotation point

L.E. at the leading edge

0o for zero lift

0 at stagnation point

r at rotation point, or
radial component in polar coordinates

viii



-r. ~ j . . . - . . . . .- - . ° . . L ' L - . . - . .- ' , 6 L ; .

S at stall

SS under steady-state conditions

t at the point where the mapping circle crosses the
positive x-axis

T.E. at the trailing edge

W or WALL at the surface of the airfoil

Xyz non-inertial reference frame with origin on the
airfoil surface

XYZ inertial reference frame

0 tangential component in polar coordinates

Fi  induced by the ith shedded vortex

Cfree stream conditions

Superscripts

xyz/XYZ from non-inertial to inertial reference frame

unit vector

* time rate of change

second derivative with respect to time

* viewed from inertial reference frame

vector

q

IXI



AFIT/GAE/AA/84S-1

Abstract

This study explores the problem of dynamic stall, i.e.

the stall of an airfoil undergoing pitching motion. The

general equations of continuity and momentum are developed

for a non-inertial and unsteady control volume. They are

written in momentum-integral form and the boundary layer on

the pitching airfoil is computed using a modified von Karman-

Pohlhausen method.

The boundary layer edge velocity, velocity gradient and

time rate of change of velocities required for the step by

step integration of the von Karman-Pohlhausen working

equations are obtained from the inviscid solution. The

inviscid velocity profile along the surface of the airfoil is

obtained by conformal mapping from the velocity profile

around a rotating circular cylinder. Complex potential flow

theory is used to obtain the velocity around the cylinder.

The Kutta condition is continuously maintained at the point

mapping to the trailing edge of the airfoil for each time

step. This way, the flow is considered steady at each time

step, but varies from one time step to the next when the

angle of attack is increased. The increase in stall

angle of attack is analyzed as a function of a non-

dimensional pitch rate (0.5c4/U*). Although the solution is

obtained primarily for a symmetric Joukowski airfoil of

thickness ratio 0.15 (J015), the analysis also includes

variations of camber, thickness and location of the point of

rotation.
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for the general unsteady, non-inertial control volume fixed

on the surface of our pitching airfoil.

Figure 4 is an expanded view of this control volume

showing all the x-componentsof the forces acting on and

within it. The control volume is of unit depth,

infinitesimally narrow (dx) and of height h such that its

upper side is al,.ays above the edge of the boundary layer.

Applying (20) to the c.v. of Figure 3, we get the x-

component of the momentum equation for our c.v.:

_ 1 h Pdydx- Twdx _ sh{ R(sin + &2cosp) + 2v + ciy

)xo 0

- ,2x pdydx = a___ u dxdy + UeT0P + hu (21)
9x 0 t 0

Now, applying the continuity equation (1) to the same control

volume and assuming incompressible flow (p = constant), we

get from Figure 5:

mTOP - hpu dydx (22)
9x o

Using (22) in (21) yields:

- fh Pdydx - T wdx - fh{ R( sinp + jc cosf) + 2cv + Ny -i2} p dydx

)X 0 0

Sf_ Shruudydx - Ue _-  fhpudydx + D fhp u dydx (23)

x 0 9x 0 t 0

13



We assume that our airfoil is perfectly rigid so that the

quantities R,6 , p, 4 are all constant while it is rotating.

Then carrying out the differentiation in (12) using (13) and

(11) we get:

VXy Z : Vxyz + u[(R sin i + y)x + (R cos - x)y (14)

From (14) we can compute Vxyz (the non-inertial velocity)

from Vxy Z (the inertial velocity) and the dynamics of the

airfoil. In the above derivation we could also have

obtained:

RXyZ = dR Ro sirox + cos~y)
d txy Z (15)

Then:

Rxyz = R[( sin +a2 cos )x + (a cost -a2 sinf)y (16)

Also:

xyz = 2(yx - xy)= 2 a(vx -uy) (17)

wxr=- a z x lxx' + yy2 = ii (yx; - xy') (18)

W x (W x r) = z (xx + yy) (19)

Substituting (16) thru (19) in (2), we get:

)fT dA + fff' p dvol - fff {{R (i sin qp + 2 cosl).2Jv+ ay
C.S. C.V. C.V.

-*2 A} + _~ 2si~ - J -x - 2 A

_ xix + { R( icos sin) - 2 u y} y lp dvol

=Y xy z (p V xy z " dA) + fff V  (p dvol)
C.s. X Z xzC.V. xz(20)xyz

12
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Its velocity is then, by definition:

VXZEdi (7)

where the time rate of change is that seen from the inertial

reference frame (XYZ). Then:

dPZ dl (R +r) dR + dr -8
dt xyz dtxy dt - XY z dtx (8)

But we can write, from figure 3:

R = -R cos x + R sinp y (9)

r = xx + yy (10)

-XZXY - &Z(positive c.c.w.) (11)

Substituting (9) and (10) into (8):

VXYZ d [-R cos 4x + R sin y + xx + yy]
dtXyZ

= d [(-R cos P+ x)x + (R sinp + y) y
dtXyZ (12)

As the quantity in bracket is not expressed in the same

reference frame as that in which the time derivative is

taken, we need to use the general rule for the derivative of

a vector:

d IV =y d Xy + 3xyz/XYZ x y (3
dt XYZx-z t xyz xz(3



f1 f2  reference frame is a non-inertial reference
frame with its origin at the rotation point
and rotating with the airfoil.

xy reference frame is a non-inertial reference
frame with its origin fixed at a point on
the surface of the airfoil and its x-axis
tangent to the surface while the y-axis is
perpendicular to the surface.

The transformations between the different reference

frames are:

X = (cosa) if + (sina) f2

Y (-sina) f +  (cosc) f2  (3)

and:

f (cosp)x 4- (-sinl)y
2I

= (sinf)x + (cosip)y (4)

Substituting (4) into (3) and using the trigonometric

identities cos(a -) = cos a cos + sin a sin

sin(a -) = sin a cosp - cos a sin

will give:

X = [cos( - )x + [sin(a - )]y

= [-sin(- X)]x + [cos(a -p)]y

Z = z (5)

Consider point P in figure 3. Its position vector with

respect to point 0 is:

P= R+ r (6)

10
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C.V. (Control Volume)

C.S. (Control Surface)

Iz

dvol

y

Ir

Figure 2. General Non-Inertial Control Volume



In these two basic equations, the different quantities

have the following meaning (refer to figure 2):

T : surface forces

dA : an outward normal vector to the surface
element of magnitude dA

B: body forces in an inertial c.v.

Vxyz velocity vector as measured from the
non-inertial c.v.

D/Dtxyz time rate of change as measured from the
non-inertial c.v.

dA a surface element of the control surface

S: position vector from the origin of the
inertial reference frame to the origin of
the non-inertial one

W the angular velocity of the non-inertial
reference frame with respect to the
inertial reference frame

r position vector from the origin of the
non-inertial reference frame to the point
under consideration in the non-inertial
reference frame

We will now apply equations (1) and (2) to a specific

control volume attached to an airfoil pitching in a steady

air stream. We now refer to figure 3.

On figure 3 we note that:

XY: reference frame is the inertial reference
frame with its origin at the rotation
point.
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II. Theory Development

Introduction

The flow about a pitching airfoil is solved analytically

using a von Karman-Pohlhausen momentum integral technique.

Because our control volume is attached to the airfoil, the

basic equation for continuity and momentum must first be

derived for a non-inertial control volume. Finally, the

velocity at the edge of the boundary layer is obtained from

the inviscid solution.

Non-Inertial Control Volume

We wish to develop the continuity and momentum equations

for a control volume attached to the surface of an airfoil

undergoing a pitching motion in a steady stream.

For the most general control volume, the continuity

equation is given by (7:141-145):

p Vxyz • dA- fff p dvol
C.S. Dtxy z  c.v. (1)

and the linear momentum equation by:

ji TdA +fff - p dvol -fffE+2 V × +2 + x x ( x r)]p dvol
C.S. C.V. C.V.

f V ( Vxyz d)+ fffV (p dvol)
xyz

6
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he investigated the pitching airfoil problem and empirically

derived rules for predicting the effect of a constant pitch

rate on the lift of airfoils of different thicknesses and

camber ratios.

In this study, the viscous flow analysis developed by

Lawrence is used; however, the potential flow solution makes

use of a new concept originating from a jump condition

observed by Tupper. The rotational motion of the airfoil is

modeled by an induced camber. Although a closer match to the

experimental results is desireable, the thrust of this study

-s toward achieving better physical insight into the problem

rather than a perfect match of the experimental results. To

this end, some assumptions are made to alleviate the

mathematical difficulties or complexities which could obscure

the problem.

.4
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(1). In his experimental set-up, the airfoil was fixed in

the wind tunnel between a set of movable guide vanes; he used

those vanes to make a constant change of the angle of attack

on the airfoil.

In 1978, Deekens and Kuebler (2) and in 1982, Daley (3)

conducted experimental studies on a pitching airfoil in a

constant velocity smoke tunnel. Their results are combined

in figure 1. There is a considerable difference between the

gust experiment and the pitching airfoil one. Docken (4) has

related the increase in the stall angle of attack of the gust

problem to a reduction of the adverse pressure gradient

imposed on the boundary-layer.

In 1983, Lawrence (5) investigated in detail the

pitching airfoil problem using a von Karman-Pohlhausen

momentum-integral technique and related some of the increase

in the stall angle of attack to the same reduction of the

adverse pressure gradient; further portions of the gain were

related to a change in flow separation criterion due to the

moving boundary (Moore-Root-Sears models) and, mostly, mass

introduction into the boundary-layer from the external flow.

His results are also included in figure 1.

During the same year, Tupper (6) made an analytical

study of the potential flow about an airfoil starting from

rest. He modeled the unsteadiness of the flow by using

vortex shedding at the trailing edge. Using the same method,

3
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the stall occurs at a significantly greater angle of attack

and is much more severe than is le case when the stall angle

of attack is very slowly approached (i.e. static stall

conditions). The contributing factors to this phenomenon are

both viscous and inviscid; they depend on pitch rate, free-

stream velocity, airfoil geometry, Reynolds number and Mach

number (10:304).

Problem Statement

The purpose of this thesis is to improve the knowledge

of the physical contributors to the phenomenon of dynamic

stall. A modified von Karman-Pohlhausen momentum-integral

method is used to analyze the flow within the boundary layer,

while a complex potential flow theory is used to analyze the

inviscid flow. Conformal mapping is used to obtain the flow

around the airfoil from that of a circular cylinder. By

using these relatively simple techniques, it is easier to

keep track of the underlying physics of the problem.

This study is restricted to the analysis of a pitching

airfoil in a steady flow field; as the control volume used to

study the boundary layer is attached to this pitching

airfoil, non-newtonian fluid mechanics is used.

Background

In 1932, Max Kramer published the results of his

experimental study of a dynamic stall induced by a wind gust

26!



INVESTIGATION OF POTENTIAL AND VISCOUS FLOW
EFFECTS CONTRIBUTING TO DYNAMIC STALL

I. Introduction

Discussion

The phenomenon of dynamic stall has received

considerable attention from fluid dynamicists since 1930.

However, most of the research has been experimental and the

results empirical. Unsteady aerodynamics has been developed

mainly for small amplitude oscillatory displacements about an

equilibrium position. Dynamic stall is obviously important

to the helicopter and the compressor industries; here again,

however, the amplitude of the movements about an equilibrium

angle of attack is small enough to allow the use of

perturbation theory. Consequently, there is still much to be

learned about the dynamic stall problem.

In this study, we analyze the behavior of the unsteady

flow pattern about an airfoil that is pitched from steady

prestall conditions until dynamic stall is reached. The

total angle of attack excursion may be as large as 40 to 50

degrees, making any use of perturbation theories impossible.

When the airfoil is stalled under such a dynamic condition,

U!



Dividing thru by pdx, we get:

-I f'VPdytw-h { R(asin + &2cosf) + 2&v + ay -2x }dy
p 0 3X p 0

h (uu)dy - ue fh 3u dy + fh 3u dy (24)

o ax o ax o at

where the order of integration and differentiation has been

interchanged. We note that in (24) all time derivatives and

velocities are those measured from the non-inertial reference

frame (x,y).

At this point, we need to derive the non-inertial Euler

equation to solve for aP/ax. In Appendix A, we show that

this equation, when applied to the streamline at the edge of

the boundary layer, is given by:

- 1 P = Ue 3u + Du, + { R(asinq + 2cosp) + 2cve + U - 2x1 (25)
pa x ax at

Substituting (25) into (24) and grouping terms, we get:

TW _ [Ue -Ue + a_(ue - u) + 2c(ve - v) + (- y)] dy

p 0 ax at

_f _ (uu)dy + ue 3u dy (26)
0 ax 0 ax

It can easily be shown that (5:64-65)

_ fh (uu) dy + Ue fhu dy a _ (ue 2 62) + Ue(Y_ )61
0 a x ox ax ax

15



and h a (ue _ u)dy = a (ue6i)o at at

where 6, and 62 are the displacement and momentum thickness,

respectively.

Therefore (26) can be written as:

TW-_ a (ue262) + Ue (aup61 + a (We 61 +fh[2a(ve-v)+a(6-y)]dY(2 7)

p ax ax / t 

In the derivation of (27), the only assumptions made were:

a) rigid airfoil;

b) incompressible flow;

c) center of rotation located on airfoil chord;

d) two dimensional flow;

e) aP/ax = dP/dx; and;

f) Weight of fluid in c.v. negligible.

Before proceeding to transform (27) into the von Karman-

Pohlhausen working equation, we analyze its last term:

I f h {2a (Ve -v ) + a(6 - y)} dy (28)

0

The second term of I gives:

fh (6 _ y) = a (6h - h2 ) (29)

There remains to integrate the first term. As a first

approximation, we can treat the y-component of the velocity

as a Hiemenz flow (stagnation flow in plane) for which an

16
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exact solution exists (8:95-99). The velocity distribution

in frictionless potential flow in the vicinity of the
v ~stagnation point is

_- - given by:

u=a x voo

777-7 v =-a yvo (30)

Figure 6. Hiemenz Flow

Now

jh 2& (ve -v) dy = ve fh(l -v_) dy
0 0 ve

From (30):

v =-a y and _ =-a6
Vco V

Therefore v - y
ve  6

So that

,h 2(v e _v) dy =2& ve (h -h2 ) (31)

0 T

Therefore

I : (6h - h2) + 2&(h - h2)Ve

2

17
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As I will eventually be evaluated at y 6, we pose

immediately:

2 e

so that (27) becomes:

TW a(u~ 62) + ue(Oue)6 + a+ U 52+ &6ve (32)

p ax x at 2

Development of the Von Karman-Pohlhausen Method

In the development of the von Karman-Pohlhausen working

equation, we follow the procedure described by Schlichting

(8:206-223).

If we expand the derivatives in the momentum integral

equation (27), multiply it by 2/vUe and use the closure

equation (5:13-25), we get:

TW6 2 :6 2 Ue M 2 + (2+ 6 6_Ue+ + 6)1 DUe

Pue v - 62 V X 2 62 V Ueat

(33)

V Ue

Adding and subtracting the quantity

(+ 1 s 6. 3U.) + (2 +~ 6_ 1 6{ R(asin4c2cos )"2 o2 v eat6

+ 2Lve + U (34)

gives

2 + 6 1 L u 2 1 + ue  62 2 + 621 - 2 + 1 ( au
62 /v v ax vue 2 \Ue (35)

W 62
Ue

L1



where:

Eul =R(aisin4 + &2cosf) + 2&ve + a __ + __+1_ e-(6

3x Ue at

We now assume that the velocity profile within the

boundary-layer has the form:

u =A + Bn+ C 2 + Dn3 + E 4  (37)
Ue

where TI= y16, and is subjected to the boundary conditions:

*at y=O :u = 0 v 2 - -(Eul)ue

at y=b :u= Ue 3__ - 0 32U. 0 (38)

We define

A 62 Eul (39)

and solve (37) for its coefficient by applying the five

boundary conditions; we get

A= 0

B=2 + A

C = A
2

D =-2 + A

E=1- A (40)

19
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-4

The velocity profile is then given in terms of A by:

u (2n - 2n3 +n ) + A (n - 3q2 + 3n3 -r) (41)
Ue 6

By applying the definition of the displacement and momentum

thickness, we get (8:209)

~(42)
61 3 - A
6 T-i0 120

2 _37 - A - A2  (43)
6 315 945 9072

The shear stress at the wall is given by

TW :iOu (44)

so that

'W 6 = 2 + A (45)

PUe 6

If we assume that separation occurs when the shear stress at

the wall is zero, then from (45), A= -12 at separation.

However, Moore, Root and Sears have developed a better model

for separation for the case of a moving wall (13:123-126).

In Appendix B, we show that the value of A at separation is

given by the solution of:

(As +12)2 (9A2 - 136A + 528) = _ UWALL (46)
512(As-6) 3  Ue

where uWALL is the tangential component of the wall velocity

at the separation point.
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Let us now define:

Z 6__ (47)

K E Z Eul (48)

Then, from (39), (43) and (48) the shape factors K and A

satisfy the universal relation:

K (37 A 9072) A (49)
1-]35 94-5 9072

Let us also define

f1(K) ;= ( 3 - A 37- A - A 2 (50)
62 10 120 15 945 97

Y9072 2+A 37- A - A 2\ (51)

1I Ue \6/ 15 9 45 9072!

F (K) = 2f2 (K) - 4K - 2Kfl(K) (52)

and note that (from (47)) :

Ue -62 6S2 1 Ue dZ (53)
V Dx 2 dx

Then, if we substitute (47) thru (53) in(35) and

rearrange some terms, we get:

dZ 1 { F(K) + {4 + f1(K)} Z bpp + R(aisinp + &2cos )
dx Ue Ue t

+ 2&ve + a6 - 262  (54)

Ue

Z K(Eul)-I (55)

21

>. .T-"'i .,-." :.'. '.)'-:. ,1: . . .,. .. i."i~'iJ ,. , -, ' '" , _ _ _ ,,, " '-.. ' .." , .,.,_ . , (_ , '.. - '? -'..', , , -.- -.,I



_ _, .- : -, .- . - , " -- . - , -. . m - . . . o- t , , • •

where again, Eul is given by (36). In this set of equations,

the quantities c, c, R and c are known from the geometry and

the dynamics of the problem; the quantities F(K), fl(K),

f 2 (K) are functions only of the shape parameter K (or A );

finally the other quantities ue, Ve, aUe/aX, 1Ue/at I I and

Eul are derivable from the inviscid flow outside the boundary

layer. However, two problems remain to be solved. First, to

evaluate I, we need to make some assumption, such as the

Hiementz flow assumption of page 17. In this case:

2621 2 6i 6 (a+ cVe) = 2 Zf3 (K)(q + Ve) (56)
U Ue ue u6 2 2 ue

where f 3 (K) = 6 (57)

62

Second, 6 occurs directly in the term a6 of (54) and in Eul.

We therefore have a closure problem as the value of 6 is

required not only for these terms but also to obtain the

value of Ve from inviscid flow. A computer iteration routine

could be used to evaluate 6(x). As we start from steady

state conditions before subjecting the airfoil to a pitching

motion, = = 0 and we recover the steady, non-inertial

von Karman-Pohlhausen working equations from (54) and (55).

Their integration will provide the initial boundary-layer

thickness distribution 6(x). As the pitching motion start,

(54) and (55) are solved using the previous 6(x) and so on

till separation occurs at the quarter chord. This should
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yield an exact solution of the pitching airfoil dynamic stall

problem within the assumptions made on pages 16 and 17 . An

offset of this approach would be the study of the change of

the boundary-layer thickness due to the pitching motion, and

the effect of this change on the dynamic stall.

An alternative approach is that of Lawrence (5). He

showed that the effect of the hypothetical (non-inertial)

body forces on a control volume where the upper limit is the

edge of the boundary layer -an be neglected. Then he used

the unsteady but inertial Euler equation:

U. * + = 1 0 (58)

Dx at pdx

where Ue*is the velocity viewed from the inertial reference

frame, and assumed that

Ue ue - R~sin4 (59)

He finally accounted for the non-inertial conditions by

assuming that mass was ingested in the boundary layer through

the superposition of a Hiementz flow. His development of the

Von Karman-Pohlhausen method leads to the equations:

dZ = F(K) + [4 + fj(K)]Z D + [4 + 2f1(K) - 2f3(K)]
dx Ue Dt

ZRCsinq 3 + 2(c/zf 3(K) Rccos} 1(60)
Ue DX Ue

and

Z K [(Rsin ) 1 ue + au + I 2uA].1 (61)

ue 3x Dx Ue DtJ

23

• -"- ". I.T -L. T.LI- 'T .i .. . >- -" IL . IT> . I.L L- , . . - > L LTT > ,L I i . i -.. "



For the Joukowski pitching airfoil and the Hiementz flow

model, he used C = 4 S. His model achieved considerable

improvement in the insight of factors contributing to the

dynamic stall effects. As it has the advantage of not

requiring any a priori knowledge of 6(x), it is used in the

rest of this study.

Inviscid Solution

In order to solve the modified von Karman-Pohlhausen

equations, we need to evaluate the velocity at the edge of

the boundary-layer, Ue . In this section, we used potential

flow theory and conformal mapping to evaluate it.

Figure 7 represents the flow of a circular cylinder of

unit radius undergoing rigid body rotation. The vorticity is

given by:

w = curl V (62)

' For rigid body rotation:

Ur = 0 U0 = -jtr (63)

Figure 7. Rigid Body Rotation

The minus sign occurs because 8 is positive counter-

clockwise, therefore

= -2a k (64)
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For any given time, v and v' are constant and tangent to

their respective circles. Applying Stokes's circulation

theorem to these two circles gives, and as ds = r d 0

2
v' ds = -2 r r r' < a (65a)r'

and

v ds= -2 7 r > a (66a)
r

The second integral is evaluated at r = a = 1 as only the

cylinder is rotating and therefore the area between r = 1 and

r = r contributes nothing to the integral. Since v' and v

are constant on their respective circle, we also have

0 V' ds = v' 27Tr' (65b)

r'

0 v ds = v 2ffr (66b)
r

By comparing (65) and (66) we find:

V
I  = -- re

we have a rigid rotator for r < a; and

v = -c /r

a vortex centered at r = 0 and of strength PR = +2 7T when

r > a.

We conclude that the flow outside a rotating cylinder

may be accurately modelled by superposition of the flow about
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a non-rotating cylinder and the flow induced by a vortex of

strength +27r located at the center of the circle. In order

to satisfy Helmoltz's vortex Laws (17:54), we must assume

that a vortex of equal and opposite strength simultaneously

appears at infinity.

The stream function ( ) and the potential function ( )

for the flow about a non-rotating cylinder with circulation

in a free stream of uniform velocity U. and having an angle

of attack a are in polar coordinates (r,8) given by (12:84):

=r UIL. sin a ) (1 a a2 ) + I' 1n ( )(67)

r U. cos(O - 1) (1 + )a2  -a 2 (68)

The velocities at any point (r,O) are then

Ur =Uco cos(O -a ) (1 - a)(9

U0  - U,, sin(0 - a) (1 + a2 )_-r (70)

On the surface of the cylinder, r = a and therefore Ur = 0

everywhere (from (69)) and:

U0 = -2Uo sin(O -c ) - '
27Ta

We apply Lhe Kutta condition in order to have a stagnation

point at the trailing edge; i.e. for 0 = 0, we obtain the

steady state vortex strength:

26



S = 4"aU... Sinf iss (71)

We now superpose the vortex due to the rotation to the

above non-rotating cylinder in steady state conditions. The

stream and potential functions become, for a cylinder of unit

radius:

" rU,. sin(e - a.) (1 - 1) + (_ + o)ln r (72)

rU, cos(O - +) ( 1 -) - (Y+ )e (73)

From (72) we find that Ur is still given by (69) and

therefore remains zero everywhere on the surface. But now:

Ue =-U, sin(e - a) (1 + 1) - (2+ d)l

In this study, group together the two circulation terms

so that r' = r + a , and r , is still given by (71). The
2- T-

reason we choose to group these terms, is to obtain results

which can be compared with those of Tupper.

As rotation occurs, the angle of attack is continuously

changing. From (71) we see that this continuously increases

Fss ; this particular augmentation does not occur

instantaneously, however. Tupper (6;5-18) has developed a

procedure of vortex shedding at the trailing edge to account
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for the progressive growth of the circulation following an

impulsive start of angular rotation.

In this method, a vortex is shed in the wake of the

airfoil behind the trailing edge. At the same time a bound

vortex of equal and opposite strength is inserted inside the

airfoil. The location of the shedded vortex is U. At where

At is the time elapsed since the start of the impulsive

motion; the bound vortex is located inside the airfoil in

such a way that the surface of the airfoil remains a

streamline and that the Kutta condition is maintained.

In terms of the flow about the circular cylinder, which

will eventually be mapped into the airfoil, it can be shown

that the Kutta condition needs to be applied at 8 = 0 (11:469)

and that the location of the pair of vortices is obtained

from the circle theorem (12:84-85). This way, referring to

(re) Figure 8, if the shedded vortex

is located at (ri,O i), the

rriei) surface remains a streamline if

the bounded member of the pair

is at (1/ri ,6i ) . The

contribution of this pair to

Figure 8. Circle Theorem the stream function is then:

= r In [ 1 + r 2r - 2ri r cos(6- 6i)1 (75)

47T Lri r2 + ri 2ri rcos(O - 8i)

28



- - - - - - - - - - - - - - - - - - - ----- - - - --.. '- * - * -7

phenomenon, then the relaxation coefficient used in the mass

ingestion model is not four but something larger. Perhaps

this relaxation coefficient should be a function of position

along the airfoil. Larger coefficients could be rationalized

near the leading edge where relaxation distances are smaller.

In this study, the induced camber was assumed to build

up instantaneously to its value specified by the non-

dimensional pitch rate; however, pitch rate does take a

finite time period to attain its steady-state value. This

effect would certainly reduce the reported induced camber

effect, although the magnitude of the reduction could only be

estimated from more precise knowledge of the experimental

apparatus used by Deekens and Kuebler (2).

Thickness Effect

The mass ingestion model program was run for symmetrical

Joukowski airfoils of different thickness ratios, represented

by the value the real part of in the plane transformation

given by equation (82). The effect of thickness on the

increase in separation angle of attack (Acsep) due to the

pitching motion is shown in figure 13 .Acsep increases with

thickness for all pitch rates.

For thin airfoils (real part of p on the order of 0.05

or less), separation occurred at the leading edge under

static conditions. The dynamic effect could therefore not be
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['- Experimental Data Range

16- -- MRS Separation /

Mass Ingestion /

Induced Camber /
a: per Lawrence

14- b: with correction for Kutta

condit ion
/

/
12- /

10-
U,/

0)0, /
.- /

8-/
0.

U)0

6-

b

a

.01 .02 .03 .04

c /zu

Figure 12. Induced Camber Model Results
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Our induced camber model, is then applied as follows:

a) as the model represents the rotating motion of

the airfoil, it replaces the mass ingestion model

used by Lawrence (5:47-51); its effect is therefore

added to the MRS line of figure 1;

b) from Appendix C, the camber induced by the

rotating motion of an airfoil of type J015 is:

f/c - 3.47&ND

therefore, for any given &ND' the increase in

static stall angle of attack is obtained from the

data of figure 10 and added to the MRS curve for

the same &ND*

The result is shown in figure 12. The induced camber

effect is very large, much larger than expected. A review of

the data compiled for laminar airfoils by Althaus (18:13-20)

does not show such an increase; the fact that a Joukowski

airfoil has a circular arc profile with its maximum close to

the half chord, while laminar profiles has parabolic camber

with maximum close to the quarter-chord could explain this

discrepency. It was anticipated that the induced camber

effect would fall short of the experimental data range when

superimposed on the pitch and MRS effects. If, as we think,

induced camber and mass ingestion model the same physical
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Figure 11. Joukowski Cambered Airfoil Profile
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Figure 10. Increase of Quarter-Chord Separation
Angle of Attack With Camber Ratio
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Camber Effect

As the results of Lawrence (5:53) fall short of the

experimental data, an effort was made to find other

contributing factors to the dynamic stall. Tupper's results

(6:56) for a rotating cylinder showed an unexplained jump in

lift coefficient immediately after the start of pitching

motion; as a camber airfoil has such a jump over its

corresponding symetrical airfoil, it was hypothesized that

the rotating motion could be modeled by an induced camber, as

shown in Appendix C.

The program was then run for airfoil of different camber

ratio but having the same thickness ratio. The result was

that camber had no noticeable effect on the curves Aasep

versus ce/Ufor both the MRS and mass injection cases shown in

figure 1. However, the static quarter-chord separation angle

of attack sharply increases with camber ratio as shown in

figure 10, where the camber ratios were measured from the

plots of the airfoil shown in figure 11 as a function of the

vertical displacement of the mapping circle, i.e. the

imaginary part of the complex number P of the plane

transformation given by equation (82).

To obtain the true static separation angle of attack for

a cambered airfoil, the value of asep obtained from the

program had to be reduced by the value of 0 used in the plane

transformation given by equation (82); this difference is

strictly due to the geometry of the transformation.
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III. Results

Preliminaries

Before attempting to progress from the results of

Lawrence and Tupper, several modifications were made on

Lawrence program (5:91-96). Firstly, it was generalized to

compute the boundary layer of a general Joukowski airfoil of

arbitrary thickness and camber ratios; secondly, it was

modified to accept any location for the point of rotation of

the airfoil; thirdly, a procedure was incorporated to compute

the quarter-chord separation criterion in accordance with the

MRS model developed in Appendix B; and finally, a correction

had to be made in the subroutine computing the velocity to

properly account for the Kutta condition at the trailing

edge.

The program was then run for a symmetric Joukowski

airfoil of thickness ratio 0.15 at zero degree angle of

attack. The resultsmatched those published by Schlichting

(8:213) for the same test conditions, providing assurance

that the program was working properly.

Different combinations of thickness and camber could

then be studied as a function of a non-dimensional pitch

parameter (0.5 ca/2UD). It has been shown that when this

parameter is used, the individual values given to c, a or

U. do not effect the results as long as they combine into the

same parameter value.
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The required values of Ue /as and Ue where obtained from the

non-inertial value of the first part and using

D u Au r AO
as A6 S

where AO = 2 and As = ((y(O +.01)) - y(-.01)) 2  + (x(O +.Ol) - x( _.01)2)h.

For this part, the integration was started with the airfoil

at any initial angle c' attack without pitching motion to

allow the flow to stabilize around the forward stagnation

point. The pitching motion was then started, and the von

Karman-Pohlhausen equations were integrated from the

stagnation point to the quarter-chord. The MRS separation

criterion developed in Appendix B was used to check for

separation at the quarter-chord; if separation did not occur,

the solution was repeated using a larger initial angle of

attack.

L

6!

6|
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state circulation is zero, and steady-state conditions exist

from the start. The velocity at the surface of the airfoil

was computed from equations (70) and (71) for any required

angular position in the plane. au/ae was also computed using

finite differences as 9u/ae = (U( a + .01) -U(0-.01))/Ae,

where ae= .02. For this first step, Bu/ at is zero

everywhere on the surface, i.e. steady-state condition. The

airfoil was then continuously pitched by increments &a=

6at = 0.01 degrees. For each a, the velocity U, and the

velocity gradient au/ae were computed as for the case of

o= 0. The local time rate of change of velocity was also

computed by finite differences as

3 t 2At

where At = Aa/a. A subroutine was then used to compute the

non-inertial velocity (using equation (14)) from the above

inertial velocity.

For the second part, the von Karman-Pohlhausen working

equations (59) and (60) where numerically integrated using

the isoclines method. The initial conditions required are

(8:211):

Ko = 0.0770

Zo  = 0.0770/( u/ x)o

(dZ/dx)o = -0.0652 ( 2U/ x2 )0 /( u/ x)2
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The velocity in the Z plane will be

w(z) dF dF dp d' (86)
dz dp dp' dz

but from (82)

dp' e- (87)! dpe

which has a magnitude equal to 1; and from (83)

dz 1 - ( i) 2  (88)

The velocity distribution in the Z plane is obtained by

substituting (87) and (88) into (86), to get:

w(z) =e+ (W(P) (89)

where w( p) = u(p ) - i v( p) is known from equation (77) and

(78). As we are only interested in the velocity on the

surface of the airfoil in the Z plane, only the magnitude of

w(z) is required; its direction must be tangent to the

surface everywhere.

We now have all the elements required to solve the

pitching airfoil problem.

Numerical Solution Process

The numerical solution to the pitching airfoil problem

was done in two parts. First the velocity distribution at

the surface of the airfoil was obtained. We started with the

non rotating airfoil sitting in a steady flow at zero angle

33
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PZ Plane

Figure 9. Transformation Planes
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center is at the origin of the p plane. If a point in this

plane is given by p = r e i 8, then it can be transformed to a

p' plane by (11:461)

P =pe -  + Pi (82)

The p' plane has all the points of the p plane rotated

radians clockwise and displaced a distance . It therefore

represents the flow about a rotating cylinder with its center

located at V, a complex number. The flow may now be

transformed to that about a Joukowski airfoil (the Z plane)

by the transformation.

Z = p1 + 1 (83)
Pt

The point Pt is that point of the p' plane where the

cylinder circumference crosses the positive x-axis; it maps

to the trailing edge of the Joukowski airfoil.

Knowing the velocity distribution in the p plane and the

mapping functions from the p to the p' and on to the Z plane,

we can find the velocity distribution in the Z plane. If

and Y are the potential and stream functions associated with

the flow in the p plane, we can form the complex potential

F(p) = + i (84)

where P = x + iy, in the p plane; the complex velocity in the

p plane is then:

w(p) dF (85)
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For the first pair, N 1 and on the surface r = 1; then

applying the Kutta condition for O= 0 and solving for F1 , we

get:

F, = 47U. sin( - sinss) r - (79)
r/1 (r + 1

this shedded vortex is located at

=1 + UoAt
(80)

6= 0

The Kth vortex pairs are evaluated similarly once the first

K-i pairs are known. In general,

Fk : 1 2 r -I 41U (sinct- sina ss )

r /iri2( r"2 _ (8

i=1k 1+ri- 2ricosei)

Again (rk, Ok ) is given by (80) while the position of the

previously shed vortices is given by:

r0 ri,tAt + U At

i  a i,t-At + UoAt

where Ur and U are computed from (77) and (78) and

indicates position before the time increment.

Conformal Mapping - Joukowski Transformation

Equations (77) and (78) give us the velocity at any

point of the flow field about a rotating cylinder whose
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After a second time increment A t, a second vortex is shed

at uc, At, while the first vortex has moved in the flow by a

distance UAt, where U is the velocity of the flow at the

original vortex location (r,O 1 ). And so on with each time

increment. At each step, r can be computed by applying the

Kutta condition at O= 0.

The complete model for the stream function of our

rotating cylinder, where the rotation starts instanteously

from steady-state conditions of U and a = ass, is then:
N

rU sin(0 - a) (1 )+ 2U( sinos in r ri (76)

where the ri are given by (75). As time passes, the strength

of the vortices remains constant, but their location changes

in accordance with the flow velocity at their prior location

in the field. The strength of the first pair is evaluated

from the Kutta condition. Then the strength of the following

pair may be computed as that of all previous pairs is known.

From (75) and (76), we get:

Ur: I P. U- cos(-O - a 1 (77)

Ur=r O (1 (77)

so that for r = 1, Ur = 0 and the surface is a streamline as

required. Also:

u0 -u(, sin(0 - ot) (1 + I - U sina. g9r -¥T ) rz  -

N
- :Y ri+ r-r cos(0 - ei) -r ri cos(0 -O 1 (78)

--i ; 2 1 - 2rricos(0 - 0i) r2+ri _2rricos( - i)
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PARAMETER Real Part of ji

* 0)

-020

0.13

-0.200
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studied. This result is compatible with the well known

leading edge bubble separation (9:220).

Location of the Point of Rotation

Another factor which could affect the results, is the

location about which the airfoil undergoes its pitching

motion. As the point of rotation is moved toward the

trailing edge, the stream velocity induced by the pitching

motion is increased, for the same value of &ND when compared

to rotation about the mid-chord point. It was therefore

expected that, on one side, more mass would be ingested at

corresponding points on upper surface of the airfoil ahead of

the rotation point and, on the other side, the MRS

contribution would be increased as the wall velocity

increases. Both effects would tend to increase the quarter-

chord separation angle.

The program was run for several locations of the

rotation point and the results, shown in figure 14, confirmed

our expectations.
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Figure 14. Increase of Quarter-Chord Separation
Angle of Attack With Location of Rotation Point
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IV. Conclusion and Recommendations

Conclusion

It has been shown that as an airfoil pitches at a

constant &, the separation angle of attack is significantly

increased. This increment is more pronounced for thicker

airfoils; as the point of rotation moves from the leading to

the trailing edge of the airfoil, Aasep also increases.

Camber was shown to have no significant effect on the

viscous solution, i.e. the value of Aasepwhen computed as the

difference between the dynamic and static separation angles

of attack for the same cambered airfoil. However, a very

large increase in static stall angle of attack, when compared

to that of the same thickness but uncambered airfoil, was

obtained.

An effort was made to model the pitching motion of a

symmetrical airfoil by an induced camber due to rotation.

The results obtained show a substantial increase in adsep.

While the mass ingestion model results are below the

experimental results, the induced camber model gives larger

results. If the hypothesis of induced camber is correct,

then some other factors contributing to the dynamic quarter-

chord separation must therefore exist, to reduce the camber

effect to the experimental data range. Camber build-up time

delay could be such a factor. Separation aft of the quarter-

chord would also change the pressure distribution over the
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airfoil; in this study, such aft separation effects have been

neglected but this too might partially explain differences.

Recommendations

This study has raised many unanswered questions; it is

recommended that the following be further studied:

a) A computer program which would use the velocity

distribution about a circular cylinder shedding

discrete vortices at its point mapping to the

trailing edge, as developed by Tupper, would be

more representative of the gradual build-up of

circulation about the airfoil, and should be

combined with the momentum-integral method to

produce a better airfoil pitching model.

b) Equations (54) and (55) resulted from making

fewer assumptions than those used in the acutal

computer program. A procedure on how to use them

is given on page 22; the computer program should be

updated accordingly. As explained previously, this

method should be more accurate: not only were

fewer assumptions made, in its development, but the

closure equation (5:13) is not required for its

solution. It could also be used for the study of

the time rate of change of the boundary-layer

thickness due to pitching motion.
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Further work needs to be done to resolve the question of

whether mass ingestion and induced camber model the same

physical phenomenon. If they do, then the relaxation

coefficient used in Lawrence mass ingestion model is not four

but something larger. Perhaps this relaxation coefficient

should be a function of position along the airfoil (i.e.,

larger coefficients could be rationalized near the leading

edge where relaxation distances are smaller).
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Appendix A

Derivation of the Unsteady, Non-Inertial Euler Equation

For a non-inertial reference frame, Shames shows

(7:141-144) that:

dF- dm [R+ 2Wx Vxyz + w x r+ W x(xi )] : D (dm xyz) (A.1)
Dtxyz

For the case where pressure P is the only surface force

(i.e. no viscous force) and the weight of the fluid in the

c.v. is the only body force, we have

dF = -g(VZ) p dvol - Vp dvol (A.2)

If we substitute (A.2) in (A.1) and divide thru by

pdvol = din, we get:

-1vP - gVz - [R+ 2W x Vxy z + w x r+ wx(w X r)

__D Vxyz = (Vxyz ' V) VXYZ + AVxyz (A.3)
Dtxyz 3txyz

This is the general non-inertial, unsteady Euler

equation. We now apply (A.3) at the edge of the boundary

layer, in the c.v. shown in Figure 3 of the main text.

We take only the x-component of (A.3) and neglect

gravity forces, (note here that even if we had not neglected

these in both the momentum equation and Euler equation, they

would cancel out) we get:

- P- {R+ 2 xV + w x r + w x (wx r)} uu +vu + 3up ) y Ix x )y Yit

(A.4)
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From the main text, the x-component of the expression in

brackets is, for our specific c.v.:

R(asinq + c2cosq) - 2&v - ay + &2x

And therefore:

- 1P - R(asin + 2cosf) - 2Jv - ay + &2x = u;u+vu+ u (A.5)

p ax ax ay at

Applying (A.5) at the edge of the boundary layer and

noting that Ue/Dy = 0, we get:

- 1 _P = Ue Dup + DUe + R(asinp + &cosf) + 2&ve + a6-U2 x (A.6)

p dx x t

(A.6) is the Euler equation applied at the edge of our

particular non-inertial, unsteady control volume. As 9P/Dx

is by definition a function of x only, its value is the same

across the height of the boundary layer for any given x. The

value given by (A.6) can therefore be substituted in the

momentum equation.
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Appendix B

Unsteady Separation

For a steady boundary layer, separation occurs when the

shear stress at the wall is zero; combining this with the no-

slip condition, we see that the separation criteria is:

at y = 0 U = 0

3u/D y = 0

For a moving wall, however, the no-slip condition

becomes

at y = 0 U = UWALL

In this case the Moore-Root-Sears (MRS) criterion for

separation is that:

U = 0 (B.la)

Du/ y = 0 (B.ib)

at some point in the interior of the boundary layer (8:427),

as seen by an observer in the inertial reference frame. In

this Appendix, we combined the RMS criterion with the

momentum-integral method to find the value of A at separation

for our pitching airfoil.

In our development of the von Karman-Pohlhausen method,

we have assumed a velocity profile of the form:

u - A + Bq + Cn2 + DO3 + Eq4  (B.2)
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and found that

A = 0 (B.3a)

B = A + 12 (B.3b)
6

C = - A (B.3c)2

D = A - 4 (B.3d)
2

E = - A + 6 (B.3e)
6

Substituting (B.3) into (B.2), and applying (B.lb), we find

that for separation to occur, the velocity profile must

satisfy:

4 (1 - A),3+ 3( A _ 2)T12 - ASTI + (2 + .A) (B.4)

where A s is the value of the velocity profile shape

parameter A at separation. The cubic polynomial (B.4) can be

solved analytically (14:9). By applying the CRC method of

solution, we find that (B.4) has three real roots:

r) (A + 12) (B.5a)
4(6 -A)

q2 
= 

3 = 1 (B.5b)

These are then the value of q at which D(U/Uo)/ T = 0 or

equivalently Du/ y = 0. The double root occurs atT = 1, i.e.

at the edge of the boundary layer where u = ue and therefore

3u/ ay = 0 as normal. The first (B.5a) must then be the
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solution for the moving wall separation. We note that it

includes the steady wall solution because if we let ri 1 be

zero, we obtain As = -12 which is the steady wall separation

criterion. Substituting (B.5a) back into (B.2), we get

: (A + 12)2 (9 A - 136A + 528) (B.6)

Uo 512(As -6)'

From the inertial reference U = 0 and again we recover

A -12 as the separation criterion. From the non-inertial

reference frame, however, Us = - UWALL or, for our pitching

airfoil problem:

Us  : -= Rsin¢ (B.7a)

U- = Ue (B.7b)

Combining (B.6) and (B.7), we get:

(As + 12)
2  (9A2 - 136A s + 528) = - 512cRsin = DK (B.8)

(As - 6 )3 Ue

For given airfoil and test condition, (B.8) can be

solved for A s . Figure B.1 is a plot of the solution of

equation (B.8) as a function of DK. When the value of A s is

reached at the quarter chord, separation is assumed to

occur.
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* Repeats program for next test conditions from FLOW1N2

IF(ALPHA.LE.900)GO TO 125
1 FORMAT(4X,F6.3, 2(4X,FIO.3) ,4X,F7.3,4X,F7.4,4X,F8.4,2(4XE9.3))

12 FORMAT(///////)
30 FORMAT(IHI, "BOUNDARY-LAYER PARAMETERS FOR ",F6.2, "FT/SEC"/)
40 FORMAT(" INTTIAL ANGLE OF ATTACK: ",F6.3," DEGREES"/)
45 FORMAT(/ FINAL ANGLE OF ATTACK: ",F6.3," DEGREES"/)
50 FORMAT(" PITCH RATE: ",F7.3," DEGREES/SEC"/)
52 FORMAT(6X,"XOC",IOX,"U",IIX,"DUDS",9X,"DUDT",8X,"FK",

+ 9X,"RK',11X,"Z",11X,"DZDS"/)
55 FORMAT(" PITCH PARAMETER: ",F7.5/)
60 FORMAT(" K AT THE QUARTER-CHORD: ",F8.4/)
66 FORMAT(" STALLING COEFF (DK): ",F8.4/)
65 FORMAT("chord= ",F8.4,1OX,'angle for 0.25c- ",F8.4////)
80 FORMAT(" TIME TO REACH THE QUARTER-")
81 FORMAT(" CHORD FROM THE STAGNATION POINT: F7.5," SEC-/)
85 FORMAT(" UWALL/UE AT THE QUARTER-CHORD: ",E9.3/)
89 FORMAT("airfoil geometry amu= ",f6.3,3x,"bmu= ",f6.3/)
88 FORMAT("rotation point in fraction of chord (+ after 0.5c",

+ -before): ",f9.3/)

STOP
100 END

SUBROUTINE U(ANGLE,RADIUS,CON,EI ,UINF,AMU,BMU,ALPHA,UU)
COMPLEX CMPLX,Z,EI ,DZETA,W

* Function of this subroutine is to to compute the local
* value of velocity on a Joukowski airfoil using complex
* potential flow theory.

ANGLA=ANGLE-ALPHA
X=RADI US*COS( ANGLA*CON)
Y=RADI US*SIN( ANGLA*CON)
Z=CMPLX(X, Y)
W=UINF*(( 1. ,0.)-(RADIUS**2)/Z**2+

+ (2.*EI*RADIUS*SIN(ALPHA*CON))/Z)
X=X+AMU
Y=Y+BMU

* Z changed to represent values of coordinates used in
* the transformation equation.

Z=CMPLX(X,Y)
DZETA=(Z**2-1 .)Z*
UU=CABS(W) /CABS(DZETA)
RETURN
END
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CALL U(ANGLE,RADIUS,CON,EI ,UINF,AMU,BMU,ALPH1 ,U2C)
CALL NIU(ANGLE,RADIUS,CON,AMU,BMU,ADOT2,X1 ,Y1 ,XROT

* + ,U2C,U2,RAS2,RAC2,DK)

*Compute the unsteady velocity gradient.

DUDT= (U2-U1) /DELT
ANGLE=ANGLE-O.01
ANGLEI=ANGLE-O.O1
CALL U(ANGLEI,RADIUS,CON,EI,UINF,AMU,BMU,ALPHI,U2C)j
CALL DS(ANGLE1 ,RADIUS,CON,AMUBMU,X2,Y2)
CALL NIU(ANGLEI ,RADIUS,CON,AMU,BMU,ADOT2,X2,Y2,XROT

+ ,U2C,U2,RAS2,RAC2,DK)
ANGLEO=ANGLE+O.01
CALL I(ANGLEO,RADIUS,CON,EI ,UINF,AMU,BMUIIALPH1 ,UOC)
CALL DS(ANGLEO,RADIUS,CON,AMU,BMU,XO,YO)4
CALL NIU(ANGLEO,RADIUS,CON,AMJ,BMU,ADOT2,XO, YO,XROT

+ ,UOC,U0,RASO,RACO,DK)
CALL U(ANGLE,RADIUS,CON,EI ,UINF,AMU,BMU,ALPH1 ,UlC)
CALL DS(ANGLE,RADIUS,CON,AMU,BMU,X1,Y1)
CALL NIU(ANGLE,RADIUS,CON,AMU,BMU,ADOT2,X1 ,Y1 ,XROT

+ ,UIC,U1 ,RASI ,RACI ,DK)

* Compute arc length and velocity gradient.

DS=SR(X*O*2(IY)*)/HR

DS2=(SQRT((X2-Xl)**2+(Y-Y)**2))/CHORD

DSS=DS I+DS2
DUDS=(U2-UO) /DSS
UDtJDS=U I*DUDS
XOC=(XI+XLE) /CHORD

* Stop the computation at the quarter-chord, but only when
* it is reached on the upper surface.

IF((XOC.GE.0.250).AND.(XOC.GT.OLDXOC)) GO TO 25
OLDXOC=XOC
IF(N.LT.250) GO TO 20
N=O
WRITEC 16,1 )XOC,U1 ,DUDS,DUDT,FK,RK,ZZ,DZDS

20 CONTINUE

25 WRITE(16,I)XOC,U1,DUDS,DUDT,FK,RK,ZZ,DZDS
WRITE( 16,45)ALPHI
WRITEC 16,55)PITCH
WRITE( 16,60)RK
WRITEC 16,80)
WRITE( 16,81)TIME
UIIIN=RAS1 /U1
WRITEC 16,85)UKIN
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DS1=SQRT(XI-O)**+(Y1YO)*2))/HOR

DS2=(SQRT( (X2-X1 )**2*(Y2-Y1 )**2) )/CHORD
DS=SR(X*l*2(2Y)*)/HR

*Compute the arc length and the velocity gradient.

DSS=DSI1+DS2
DUDS=(U2-U0) /DSS
XOC=(X1+XLE) /CHORD
IF(N.LT.50) GO TO 10
N=0
WRITEC 16,1 )XOC,U1 ,DUDS,DUDT,FK,RK,ZZ,DZDS

10 CONTINUE

ADOT=ADOT 1
N=O
RAS1=0.O
RAC1=0.0
DO 20 J=K1,K2

* Function of this loop is to compute the behavior
* of the boundary layer as it is subjected to a
* pitching motion.

N=N+1

* Compute the pertinent boundary layer parameters.

ZZ=DZDS*DSI1+ZZ
RK=ZZ*(DUDS*( 1.+RAS1/UI )+DUDT/U1)
CALL POHL(RK,RLAMDA)
DEL2=37./315.-RLAMDA/945.-(RLAMDA**2)/9072.
FK=2.*DEL2*(2.-. 3683*RLAMDA+.0104*RLAMDA**2+

+ (RLAMDA**3)/4536.)
FIK=( .3-RLAt'DA/120. )/DEL2
RMIC=4.0

*RHIC is the mass injection constant.

DZDS=(FK+(4.+FIK)*ZZ*DUDT/U1+(4.+2.*FF1K-2./DEL2)*ZZ
+ *RAS1*DUDS/U1-2 .*RMIC*ZZ*RACI /DEL2) /U1

* Compute the time increment for a particle to
* travel from point (i) to point (i-ti).

DELT=CHORD*DS1 /U1
TIME=TIME+DELT
DALPHA=DELT*ADOT
ANGLE= ANGLE +DALPHA
ALPHI1=ALPHI1+DALP-A
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DUDS=(U2-UO) /(DSI+DS2)

* Second derivative of velocity computed using a
* Taylor's series expansion.

D2UDS2=(U2-2.*U1+UO)/((DSI+DS2)/2.)**2

* Enter initial boundary layer parameters.

RLAMDA=7. 052
RK=0. 0770
FK=0. 0
DZDS=-0. 065 2*D2UDS2/ (DUDS**2)
ZZ=RK/DUDS

N=50
ANGLE= 2*ALPHA+THETA-0. 01
XOC=(XO+XLE) /CHORD
WRITEC 16,1 )XOC,UO,DUDS,D2UDS2,FK,RK,ZZ,DZDS

DT0DO 10 J=1,K

*Function of this loop is to compute boundary layer
* parameters at stagnation point, allowing the
* boundary layer to steady-out before subjecting it
* to a pitching motion.

N=N+1

* Compute pertinent boundary layer parameters.

ZZ=DZDS*DS 1+ZZ
RK=ZZ*DUDS
FK=.47-6.*RK
DZDS=FK/U 1

DELT=CHORD*DSI1/U 1
TI ME=TI ME+DELT
CALL U(ANGLE,RADIUS,CON,EI,UINF,AMU,BMU,ALPHA,U2)
DUDT=(U2-U1 )/DELT
ANGLE=ANGLE-0.0i
ANGLEI=ANGLE-0.Oi
CALL U(ANGLE1 ,RADIUS,CON,EI,UINF,AMU,BMU,ALPHA,U2)
CALL DS(ANGLE1 ,RADIUS,CON,AMU,BMU,X2,Y2)
ANGLEO=ANGLE+0.01
CALL U(ANGLEO,RADIUSCON,EI,UINF,AMU,BMU,ALPHA,UO)
CALL DSCANGLEO,RADIUS,CON,AMU,BMU,XO,YO)
CALL U(ANGLE,RADIUS,CON,EI,UINF,AMU,BMU,ALPHA,U1)
CALL DS(ANGLE,RADILJS,CON,AMU,BMU,X1,Yl)
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XP= 90.
XN= 180.

7 XM=(XP+XN)/2.
CALL DS(XM,RADIUS,CON,AMU,BMU,XC,YC)
IF(ABS(XP-XN).LT.0.00001) GO TO 11
FFXM=((XC+XLE)/CHORD)-O. 250

IF(FXM.LT.0.0) GO TO 8
IF(FXM.EQ.O.O) GO TO 11
IF(FXM.GT.O.O) GO TO 9

8 XN=XM
GO TO 7

9 XP=XM
GO TO 7

I CONTINUE
ANGLQC=XM
CALL I(ANGLQC,RADIUS,CON,EI,UINF,AMU,BMU,ALPHA,UC)
CALL NIU(ANGLQC,RADIUS,CON,AMU,BMU,ADOT2,XC, YCXROT,UC,

+ UNI,RAS2,RAC2,DK)
DK=-5 12. *ADOT2*DK
P1 TCH=ADOT1 *CON*O. 5*CHORD/UINF

=100
Ki=K+1
K2= (ALPHA+ 150)*100+K

WRITEC 16,12)
WRITE( 16,30)UINF
WRITE( 16,40)ALPHA
WRITEC 16,50)ADOTI
WRITE( 16,89)AMU,BMU
WRITEC 16,88)XROT
WRITE( 16,65)CHORD,ANGLQC
WRITE( 16,66)D(
WRITEC 16,52)

ANGLE= 2*ALPHA+THETA
CALL U(ANGLE,RADIUS,CON,EI ,UINF,AMU,BMU,ALPHA,U0)
CALL DS(ANGLE,RADIUS,CON,AMU,BMU,XO,YO)
ANGLE=ANGLE-O.01
CALL U(ANGLE,RADIUS,CON,EI,UINF,AMU,BMU,ALPHA,U1)
CALL DS(ANGLE,RADIUS,CON,AMU,BMJ,X1,Yl)
ANGLE=ANGLE-0.01
CALL U(ANGLE,RADILJS,CON,EI,LJINF,AMU,BMU,ALPHA,tJ2)
CALL DS(ANGLE,RADIUS,CON,AMU,BMU,X2,Y2)
DS2=(SQRT( (X2-X1 )**2+(Y2-Yi )**2) )/CI-ORD
DS1=(SQRT((XI-XO)**2+(Y1-YO)**2))/CHORD

* Stagnation point velocity gradient computed using a
* forward difference method; all other velocity gradients
* computed usilng central difference method.
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* BETA = local slope of airfoil surface.
, RAS1,RAC1 = functions (of geometry) due to pitching motion.
, RLAMDA,RK = Pohlhausen shape parameters.
, FK,ZZ,DZDS,DEL2,FIK = functions of shape parameters.
, XROT = Location of the rotation in percent chord, with
, respect to the mid-chord position. A negative is
, interpreted as forward of the mid-chord position.
, THi = Angle on the circle mapping to the trailling edge
, TH2 = Angle on the circle mapping to the leading edge
, DK = The quarter-chord separation parameter accounting
* for the MRS separation condition of a moving wall
, RMIC = The mass ingestion constant

PROGRAM POHL1O
COMPLEX EI
OPEN (15,FILE='FLOWIN2')
REWIND 15
OPEN (16,FILE='FLOWOUT2')
REWIND 16
EI=(O.,I.)

125 READ (15,*,END=100) ALPHAADOTI,UINF,AMU,BMU,XROT
RADIUS=SQRT((I.-AMU)**2+BMU**2)
OLDXOC=I.
ALPHI=ALPHA
CON=3.1415927/180.
ADOT2=ADOTI*CON
TH1=-(ATAN(BMU/(1.-AMU)))/CON
TH2=180.-THI
THETA=180.
TIME=O.O*"i

, Compute chord length
* ,,

CALL DS(TH2,RADIUS,CON,AMU,BMU,XLE,YLE)
CALL DS(THI ,RADIUS,CON,AMU,BMU,XTE,YTE)

C=SQRT((YLE-YTE)**2+(XLE+XTE)**2)
CHORD=C

4 TH2=TH2+O.02
CALL DS(TH2,RADIUS,CON,AMU,BMU,XC,YC)
C=SQRT((YTE-YC)**2+(XTE-XC)**2)
IF(C.GT.CHORD) THEN

CHORD=C
GO TO 4
EL SE
GO TO 6
END IF

6 ANGLE=TH2-0.O1
CALL DS(ANGLE,RADIUS,CON,AMU,BMU,XLE,YLE)
XLE=ABS(XLE)

* Find the angle mapping to 0.25c
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Appendix D

Computer Program POHL KP 84S

, POHL KP 84S: pitching airfoil with mass introduction.

, NOTE :mass ingestion may be turned off by assingning
• 0.0 to the mass ingestion constant RMIC, on line 235

, ALLAIRE, Andre J.S.
• * GAE-84S

* This program is adapted from program "POHL2", Docken,
* GAE-82D, and "POHL6",Lawrence, GAE-83D. It will be used
* to continue analysis work in the area of dynamic stall
, effects. The representative airfoil is a 15% Joukowski
, pitching at a constant rate about its mid-chord in a
• steady freestream; however, any thickness or camber
* ratio, as well as location of rotation point, may be
• specified. If desired, mass may be injected into the
* boundary layer from the freestream to model the non-
, Newtonian motion of the airfoil.

, Symbology used within this program is as follows:

, El = imaginary unit; i.e., square root of -1.
, RADIUS = radius of circular cylinder.
, AMU,BMU=offset distance of center of circular cylinder.
, ALPHA = angle of attack, in degrees.
, ADOTI = pitch rate, in degrees per second.
• PITCH = non-dimensional pitch rate.
* CHORD = chord-length of Joukowski airfoil.
• ANGLE = radial of a given point on the circular cylinder.
• UINF = freestream velocity, in feet per second.
• CON = conversion factor, degrees to radians.
* XYU = coordinates and potential flow velocity on airfoil.
* Z,W = complex coordinates and velocity.
, UMIN = ratio of wall velocity to potential flow velocity.
, TIME = cumulative time.
, DELT = increment of time.
, K,N = integer counters.
* DSS = increment of distance on the airfoil surface.
* DUDS = spatial partial derivative of velocity.
• DUDT = partial derivative of velocity wrt time.
• XOC = chord position.
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to consider separately the upper and lower surface. From

Figure C4, we see that for the upper surface:

= + 3 (C.12)

r : / fx) + (x - xr l) (C.13)

tan VW= f'(x) (C.14)

tan 2 fx) (C.15)

S= T + 82 - 3 (C.16)

and from the law of sines:

UO = wr (C.17)
sifn 4 sin 3

for six equations in six unknowns. Unfortunately, the system

is transcendantal and cannot be solved analytically.

However, one can see from the figure C4, that the head of the

vector wr is shifted to the left as a result of thickness,

and we get a higher local angle of attack than for the flat

plate, which results therefore in the creation of more

induced camber. This additional camber could explain the

higher ACE predicted by Tupper for the J015 airfoil.

@
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Jumper (15) has shown that for the case of a parabolic

camber distribution, the zero lift angle of attack is

S: -2Zc/C (C.8)

where Zc/c is the camber ratio. Using this, our pitching

plate has:

ato =4 -ND/2 (C.9)

For a fthin flat plate at small angle of attack, the

theoretical lift coefficient is (16:2-8)

C 2Tr c (C.10)

The rotation has therefore induced an increase in lift

coefficient of:

ACP = H ND (C. 11)

In his trailing edge vortex method, Tupper found,

empirically, that for a flat plate A cl = 3.14 c ND our

analytical solution confirms his result with remarkable

accuracy. Furthermore, for a Joukowki J015 airfoil, Tupper

found (6:42) a jump in c£ of 3.47 ND Without solving the

solution analytically, the next section provides an argument

showing thickness may increase the value of the induced

camber.

4 Thick Airfoil

The same procedure can be repeated for the case of a

general thick and cambered airfoil. In this case, we need

4
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To find the equation of the equivalent cambered plate, we

simply need to solve the differential equation (C.3). As w,

xr and U are not a function of x, the solution of equation

(C.3) is:

f(x) = - X + Xrwx+k

The integration constant k, is evaluated by imposing f(x) = 0

at x =xLE =0 (leading edge). Then k = 0 and

fWx W -w ( 2 - 2xr) (C.4)

If we non-dimensionalize with respect to the chord:

f(x/c) _ ND X 2xX_ r

where

aND = wc (C.5)

2Uco

This equation shows that the induced camber is parabolic. By

equating the first derivative of (C.5) to zero, we find that

the maximum of the camber function occurs for (x/c) =

(xr/c), i.e. at the rotation point. There,

f(xr/C) = &(xr/C)2 (C.6)

Finally, we note that

f(l) 2(xr/C) - 1 (C.7)

For the special case where xr : 0.5c, f(1) = 0 and the

induced camber ratio is ND/4"
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Appendix C

Camber Induced by Rotation

When an airfoil rotates in a steady flow, the local

angle of attack changes along the surface of the airfoil, as

can be inferred from the pitching flat plate of figure Cl.

It is then possible to model a pitching airfoil by a non-

pitching one having some camber induced by the pitching

motion. The amount of camber equivalent to a given pitching

rate is computed in this Appendix. We consider first the

simple case of a flat plate instantaneously at zero angle of

attack before generalizing to a thick airfoil.

Pitching Flat Plate

From figure C2, we see that the local angle of attack

seen by a pitching flat plate , for a general point x on

the plate, is given by:

tan u(x) = w(x - Xrl (C.1)

In the case of a non-pitching but cambered plate,

if f(x) represents the locus of points of the camber in the

same flow, its local angle of attack is given by:

tan a(x) = -f' (x) (C.2)

Equating (C.1) and (C.2) gives:

f'(x) = - - xrL (C.3)

UcO
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SUBROUTINE DS(ANGLE,RADIUS,CON,AMU,BMU,X, Y)
COMPLEX CMPLX,Z

* Function of this subroutine is to compute the pos-
* iton of a point on the airfoil, given its position

* * on the mapping circle.

X=RADI US*COS( ANGLE* CON) +AMU
Y=RADIUS*SIN(ANGLE*CON )+BMU
Z=CMPLX(X,Y)
z=z+1 ./
X=REAL(Z)
Y=AIMAG(Z)
RETURN
END

SUBROUTI NE POHL (RK, RLAMDA)

* Function of this subroutine is to compute the value
4 * of the separation parameter, lamda, giiven a value

* of K, as computed in the main program.

RKI=-. 160
RK2=-. 112
RK3=O.OO
RK4=O.06
RK5=O. 076
RK6=O. 086
RK7=O. 0949
IF(RK.LE.RK1) GO TO 10

*IF(RK.LE.RK2) GO TO 20
IF(RK.LE.RK3) GO TO 30
IF(RK.LE.RK4) GO TO 40
IF(RK.LE.RK5) GO TO 50
IF(RK.LIE.RK6) GO TO 60
IF(RK.GT.RK7) GO TO 70

RLAMDA=.0149**2-(RK-O.08)**2
RLAMDA=12 . -100. *SQRT( RLAMDA)
RETURN

10 RLAMDA=(2. /.012)*RK+14.0
RETURN

20 RLAMDA=(4./.044)*RK+2.18
RETURN

30 RLAMDA=(10./.14)*RK
RETURN
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40 RLAMDA=83.33*RK

* RETURN

50 RLAMDA=-1.9+115.*RK
RETURN

60 RLAMDA=-6.54+176.*RK
RETURN

70 RL.AMDA=12.
RETURN
END

SUBROUTINE NIU(ANGLEC,RADIUS,CON,AMU,BMU,ADOT2,XC, YC,
+ XROT,UC,UNIRASF,RACF,DK)

* Function of this subroutine is to compute the value of U in
* the non-inertial reference frame, and the values of the
* required functions of geometry, as a function of the airfoil
* shape and the location of the rotation point. The value of
* the quarter-chord separation parameter DK is also computed
* this subroutine.

R=SQRT(XC**2+YC**2)
BET 1=ATAN(YC/(-XC))
ANGLEM=ANGLEC+. I
ANGLEP=ANGLEC-. 1
CALL DS(ANGLEM,RADIUS,CON,AMU,BMU,XM,YM)
CALL DS(ANGLEP,RADIUS,CON,AMU,BMU,XP,YP)
DY=ABS( YP-YM)
DX=ABS( XP-XM)
Q=1000. *DX
IF(DY.GT.Q)THEN
BETA= 1.5707963
ELSE
BETA=BETI1+ATAN(DY/DX)
END IF
RP=SQRT(YC**2+(XROT-XC)**2)
ANG=ABS( (RP**2+R**2-XROT**2) /(2. *R*RP))
IF(ANG.GE.1.0 ) THEN
DELTA 1=0.0
ELSE
DELTAI1=ACOS(ANG)
END IF
R=RP
IF(XROT.GE.0.0)THEN

BETA =BETA-DELTA 1
ELSE

4 BETA=BETA+DELTAI

12



END IF
RASF=R*ADOT2*SI N( BETA)
RACF=R*ADDT2*COS(BETA)
UNI =UC-RASF
DK=R*SIN(BETA) /UNI
RETURN
END

73



VITA

Major Andre J.S. Allaire was born on 22 April 1948 in

Trois-Rivieres, Quebec, Canada. He graduated from high

school in Trois-Rivieres in 1967 and attended the College

Militaire royal de St-Jean, from which he received the

degree of Bachelor of Science in Mathematics and Physics

in May 1972. Upon graduation, he was commissioned a

Lieutenant in the Canadian Armed Forces (CAF). He served

in several managerial and engineering positions with the

CAF. He obtained a license in Business Administration

from McGill University, Montreal in 1977. He graduated

from the "Ecole du Personal Naviguant d'Essai et de

Reception" (EPNER), Ystres, France as a Flight Test

Engineer in 1979 and worked in different Flight Test

programs at the Aerospace Engineering and Testing

Establishment (AETE) in CFB Cold Lake, Alberta, Canada,

until entering the School of Engineering, Air Force

Institute of Technology, in August 1982.

4t

Permanent Address: 8 Monte-Carlo

-
Gatineau, Quebec

Canada

J8T 5K6

74



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE
I& REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS

UNCLASSIFIED
2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAI LABILITY OF REPORT

Approved for public release
2b. OECLASSIFICATION/DOWNGRAOING SCHEDULE distribut ion unlimited.

4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)

AFIT/GAE/AA/84S-1

6a. NAME OF PERFORMING ORGANIZATION b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

School of Engineering

6c. ADDRESS (City. State and ZIP Code) 7b. ADDRESS (City, State and ZIP Code)

Air Force Institute of Technology
Wright-Patterson AFB, Ohio 45433

Sa. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (It applicable)

Sc. ADDRESS (City. State and ZIP Code) 10. SOURCE OF FUNDING NOS.

PROGRAM PrOJECT TASK WORK UNIT
ELEMENT NO. NO. NO. NO.

11. TITLE (Include Security Clasaification)

See Box 19

12. PERSONAL AUTHOR(S)
Andre J.S. Allaire, B.S., Major, CAF

13&. TYPE OF REPORT 13b. TIME COVERED 114. DATE OF REPORT (Yr., Mo., Day) 15. PAGE COUNT
MS Thesis FROM .. TO - 11984 September 85

16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18. SUBJECT TERMS (Contihue on reverse 'f necenpr and identify by block number)

FIELD GROUP SUB.GR. Dynamic Stall,,Pitching Airfoil; Boundary -ayer,
Unsteady vbentum-Integral >Xethod; MRS Model. Mass
lntroduction'. giInduced Camber,

19. ABSTRACT (Continue on reverse if necesary and identify by block number)'\,-

Title: INVESTIGATION OF POTENTIAL AND VISCOUS FLOW

EFFECTS CONTRIBUTING TO DYNAMIC STALL

Appired fot pp-itlrc~ -[ 1g

Thesis Chairman: Eric J. Jumper, Major, USAF
LE. WOAVER JtjD- or Research md Profesfonal Deelopmnt
k[r (orce Insliluir if Technology (AIG)

Wr'ghI-1atersoa , &B OR 4

20. DISTRIBUTION/AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION

UNCLASSIFIED/UNLIMITED T SAME AS RPT. Z DTIC USERS 0 UNCLASSIFIED
22&. NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE NUMBER 22c OFFICE SYMBOL

drnclude Ar ea Code)

Eric J. Jumper, Major, USAF 513-255-3517 AFIT/ENY

DD FORM 1473, 83 APR EDITION OF 1 JAN 73 IS OBSOLETE. L N FIED
SECURITY CLASSIFICATION OF THIS PAGE



K 1 UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

Abstract

This e-ady explores the problem of dynamic stall, i.e.

the stall of an airfoil undergoing pitching motion. The

general equations of continuity and momentum are developed

for a non-inertial and unsteady control volume. They are

written in momentum-integral form and the boundary layer on

the pitching airfoil is computed using a modified von Karman-

Pohlhausen method.

The boundary layer edge velocity, velocity gradient and

time rate of change of velocities required for the step by
O

step integration of the von Karman-Pohlhausen working

equations are obtained from the inviscid solution. The

inviscid velocity profile along the surface of the airfoil is

obtained by conformal mapping from the velocity profile

around a rotating circular cylinder. Complex potential flow

theory is used to obtain the velocity around the cylinder.

The Kutta condition is continuously maintained at the point

mapping to the trailing edge of the airfoil for each time

step. This way, the flow is considered steady at each time

step, but varies from one time step to the next when the

angle of attack is increased.,) The increase in stall

angle of attack is analyzed as a function of a non-

dimensional pitch rate, (0.5c&/U@.). Although the solution is

obtained primarily for a symmetric Joukowski airfoil of

thickness ratio 0.15 (JO15), the analysis also includes

variations of camber, thickness and location of the point of

rotation.

-NCLASSIFTED

SECURITY CLASSIFICATION OF THIS PAGE



FIME

5-85

O DTIC


