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ABSTRACT

A visualization teéhnique is applied to the unsteady separated flow
-about an autorotating flat plate. An unsteady potential model is attempted
to.predict the pressure loading on the pla{e as a function of angle of attack,

To visualize the flow, a streakline is marked by low dehsiﬁy air
created by the wake of a heated wire probe. An off-center pa:abolic nirror
- Schlieren system detects the denéity gradient. Due to the highly unsteady
nature (in this project, the.plate rotates at almost 1,000 r,p.m. for a
10-foot per second freestream'velocity) of the flow, high-speed 35mm, éingle
lens reflex shots or 1émm. movie films recorded the image.

Timing marks on the movie film provided information of the angular
speed of the plaﬂe during acceleration to the'auforotation speed and at
autorotation,

The two-dimensional unsteédy attached flow model attempts to duplicate
the effects of separation by superimposing vortices in the wake, as shown in
the flow visualizaiion, and by eliminating terms representing the freestreanm

velocity in the range of 60 to 150 degrees angle of attack,
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1. INTRODUCTION

The typé_of autofotation ihvestigated in this project is that which
occurs when a flat plate, free to rotate about a spanwise mid-chord axis and
in fhe presence of a uniform freestream pefpendicular to the axis of |
rotation (Fig. 1), is given an initial anguiar velocity aboveAa minimum in
either direction. The plate then undergoes an angular acceleration up to a
' stéble angular velocity known as‘the autorotational speed. At autorotation -
then ﬁhe flow pattern is repéated every half revolution, Circulation is
pro&uced,vgiving a net poéitive 1lift for every cycle or one-half revolution,

Recently, Cﬁeng (1) measured the instantaneous pressure at taps on
the center line chord of the plate as a function of angle of attack. Using
a mutual inductahce transducer, he also measured the angular velocity and
ac¢éleratiqn during the period of acceleration up to autorotation agd at
aut§rotéfional speed., APreviousiy, Cr#btree (2) and Neunark (3) reviewed and
explored the possibllities of employing autorotating or powered (higher
- angular speeds) plates as lift'producing devices in themselves or as lift
augmenting and control devices replacing the flap on a conventional airfoil,
In normal operation, the rotating flap not only produces 1lift but augments
the eirculation about the girfoil. vRotated backwards, it acts as a spoiler.
When not in use, the flap can be aligned with the flow to give a low drag.

Ciabtree and Neumark model the rotating flap on a conventional
airfoil with a vortex acting upon a thin airfoil in potential flow. The
vortex assumption may be valld for a powered rptating flap, since at higher
angular velocities the flow is probably similar to that produced by a |
rotating circular cylinder; but the flow about an autorotating flap is
highly ﬁnsteady« . | |

James and Stone (7) measured the forces and angular velocities



of autorotating plates of various aspect ratios using a contact switch to
recoid times at each half revolution and a three component balance, They
also madé an attempt to visualize the flow.using fumes of titanium tetra-
chloride with the plate at autorotatlonal speed, and recording the results
by means of a camera and an electronic flash., The visualization gave some
indication of the flow pattern close tb the plate, but the fumes appear to
diffuse too quickly to give an indication of downstream development,
Similarly, Baira and Pick (8) measured the autorotational speed as a function
of freestream velocity and aspect ratio,
This project includes:
i) Flow visualization during the acceleration period and
at autorotation., The technique involved a Schlieren
system, a heated wire probe apd high—speed photography.
i) Angular velocity-time and tip velocity-freestrean
| velocity curveé from timing pulses on the movie film.
111) An unsteady attached flow two-dimensional potential

model for this unsteady separated flow,



FIG. 1 PLATE ARRANGEMENT AND SYMBOLS



II. EXPERIMENTAL APPARATUS AND PROCEDURES

2.1 GENERAL OUTLINE

The visualization technique, in brief, consisted of a semi-focusing
Schlieren system to render visible a hot streakline behind a probe upstream
of an autorotating flat plate in a wind.tunnel. Due to the highly unsteady

nature of the flow, hligh~speed photography was employed to record the results,

2.2 WIND TUNNEL AND FLAT PLATE

An aluminum flat plate (Figs. 2-3) was mounted in an open circuit
ﬁind tunnel (top speed approximately 20'feet per second) with a 6"x12"
working section, The flat plaie was 6 inches long to span the width of the
tunnel and 1‘5/16" chord to give approximately the same blockage ratio
(chord/height of working sectioﬁ)‘as Cheng (1).

_ The side walls of the tunnel were polished flat plate glass (to
minimizé opiical aberration) And diamond drilled to accept the bearings
(Fig. 2) for the plate.

The magnitude of the uniform freestream was measured with a pitot-
static tube which was calibrated in a 36"x27" wind tunnel instrumented with

a Betz manometer accurate to .02 millimeters of water.

>2.3 SCHLIEREN SYSTEM AND HEATED-WIREVPROBE

The Schlieren system employéd w;s the‘one used by Claassen (4).
In brief, it is a semi-focusing (implying a source slit) off-center systen
(Figs. 4-5) employing 8-inch diameter parabolic mirrors of focal length
63.5 inches, Due to the short exposure times required, it was decided to
take black and white pictures instead of colour to take advantage of the
higher film speeds available, Thus, a horizontal knife edge was substituted

for the colour filter used by Claassen,
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'A heated .OiO-inch Nichréme—v circular cross-sectlon wire (Figs. 2-3)
afproximately one plate chord in length.and one and a half plate chords
upétream and on the same horiﬁontal plane as the rotational axis illuminated
a streakline. The length of wire was limited by oscillations and the one
chord length vas settled upon, A snaller diameter (.002") wire was tried,
but this limited the heat output and the quality of the picture decreased,

Thé center line of the plate was aligned with the center line of the
Schlieren system by using a one milliwatt laser as described by Claassen (4).

The effecﬁ.of thevbuoyancy of the heated streakline is discussed in

the appendix.

The supports for the probe were #20 solid core copper wire, Holes
were drilled in the cdpper wire with é #80 twist drill and the Nichrome wire
was soldered in place; |

‘ Originall&, the power supply for tﬁe Schlieren tungsten light source
was 110v 60-cycle. Since pictures wefe being taken at a top rate of 2,000
per Second, the power supply caused overexposed frames at 120 cycles per
second, Consequently, the power supply was altered to a variable amplitude
60-cycle source feeding into a full wave rectifier with 9,000 microfarads

across the iine.
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FIG. 3

.010" diameter Nichrome V three wire probe
plate
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starting hook
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2.4 HIGH~SPEED PHOTOGRAPHY

Two cameras were used.to record the Schlieren image.

To record the entire image, a 35mm, Pentax Spotmatic S.L.R. camera
bodj was used with a three wire probe (Fig. 3). The film was TRI-X taken at
1/1,000 seconds at a rated 400 ASA. Pictures were taken at random with the
plate aﬁtorotating at a freestream velocity of 11,3 feet per second.

To obtain a continuous recordvof the plate accelerating from the
initial angular velocity up fo auterotational speed and also at autorotational
speed, a lémm, rotating prism high-speed camera body was used (brand name
HYCAM) with a single wire probe. When the camera is started, the motor
accelerates the film from the supply reel (100-foot capaeity) to a take-up
feel up to a predetermined speed (controlled by the camera power supply).

The rotating prism moves the image at film speed during the exposure time
(1/2.5 x 1/frames per second = exposure time),

The film used was Eastman 4~X (ASA 400) type 7224 double perforation
negative pan, |

To give the plate a controllable initial velocity and synchronize
this with camera start-up, a solenoid, which was triggered by a microswitch
in the HYCAM, released a weight attached to a hook.(Figs. 2-3) to initiate
autorotation, The HYCAM's microswitch closed after a set number of feet of

film had'left the supply reel,
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2.5 PROCEDURE:

i) The procedure for taking 35mm. random ‘'still' shots was as

follows.

a) A three wire probe was placed one and a half chord lengths
upstream of the plate axis with the middle wire on the hori-
zontal piane of the axis of rotation. The pitot-static tube

was lowered into place and the wind tunnel speed was set at il.3
feet per second., A reference line was stretched parallel to the
wind direction and through the axis of rotation to give a free-
stream reference in the pictﬁre. Lights other than the Schlieren
source were turned out. The ﬁfqbe power supply was then turned
on until the wire reached a very dim red in colour (experience

indicated that a bright red probe did not last very long).

b) The 35mm. Pentax Spotmatic camera body was set such that
the image cast by the objective lens was in focus. The
horizontal knife edge was ralsed or lowered to give a light
gray background with good detail on the streak-line about the
stationary plate. The proper exposure, as indicated on the
Pentax averaged-through-the-~lens light meter, was obtained by

ad justing the light source poﬁer supply.

c) The tunnel speed was then given a final check and the
pitot-static tube raised. Autorotation was initiated by

releasing the starting weight.

d) Pictures were then taken at random with the plate at

autorotation speed and the three wire probe in place,
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11) The procedure for taking high-speed movie films of the plate

accelerating from rest was as follows,

a) A single wifevprobe was placéd one and a half chord lengths
upétream of the plate axis with the wire on the same horizontal
plane as the rotational axis., The starting hook was then
attached to the plate and a predetermined weight (one which
would just initiate autorotation at that tunnel speed) added.
The pitot-static tube was lowered and the tunnel speed set at
either 11.3, 15.3 or 19.2_feet per second., A reference line

was stretched parallel to the freestream direction and through
the axis of rotétion. Lighfs other than the Schlieren source
were turned off, _The probe power supply was then turned on and

adjusted to give the probe a dim red colour.

b) The lémm. 'HYCAM' camera body, with film threaded from
supply to take-up reel, was set such fhat the'image cast by the
objective lens was in focus on the film in the gate. The camera
cr§ss hair was lined ﬁp with the reference line and the line
removed, The A,C. solenoid from the start-up mechanism was then
connected to the caméra m@croswitqh through a 6V A.C, pbwer
supply. To set the exposure, the light source power supply was
adjusted by experience, since the "HYCAM' exposure meter could
not physically be used.

For acceleration shots, the camera gear box was set in low
and the camera A.C. power‘supply set to take 300 p.p.s. (see
Ref. 5). The camera timing light was set to 1,060 pulses per

second,
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c) The camera was then started by turning on the power supply.
When a predetermined (selection on the camera) length of film
(approximately 20 feet) had left the supply reel, the solenoid

closed, triggering the plate to accelerate to autorotatidnal

speed,

d)' The procedure for taking a film when tﬁe plate was at
autorotational speed was similar except that the plate was
autorotating when the camera was started. Also, the camera
gear box was in high and the power supply adjusted (see Ref, 5)

to give 2,000 p.p.s.

Generally, better results weré obtained if the movie films were run
at night., It is believed that this was due to a decrease in outside
disturbances whiéh vibrated the knife edge'to give varying exposures
throughout the film,

Films were analyzed for éngle of attack-time relationships by
.mounting a fabricated pléxiglass gate on a Leitz slide projector with supply
and take-up reels from an editor., To prevent damage to the film from heat,
an orange filter was placed between the light source and the film, Thus, it
waé possible to see four or five frames complete with timing marks at one
rtime and it was convenient to handle the loq-foot lengths of film. The angles
and time were tediously measured with protractor and ruler on the projected
image.

All data was reduced on a digital computer,
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1, 8" diameter parabolic mirror

2. tungsten light source and cooling tube
3¢ wind tunnel

L. probe power supply

5. tungsten source power supply

6. plane mirror

7. knife-edge and objective lens

8. 'HYCAM' hi-speed camera body

FIG, 5 SCHLIEREN-WIND TUNNEL WORKING-SECTION ARRANGEMENT
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IIT, EXPFRIMENTAL RESULTS

_The results obtained from the visﬁalizatidn technique were 35mm,

still photographs of the entire 8-inch diameter Schlieren field with three
streaklines illuminated and 1fémm. high-speed movie close-up films of the
plate accelerating and at autorotational speed with one streakline illuminated.
Velocity-time curves and tip velocity-freestream velocity curves were obtained
from the movie films by measuring plate angles and time from 1/1,000 second
timing marks on the edge of the film,

| The sequence (Figs. 8-11) of rgndom 35mm, shots at U = 11,3 feet per
second show the flow field developing
through one cycle, that is from zero to
180 degrees angle of attack., Flow is

- from the right parallel to the reference

line and the plate is rotating anti-

Sina°=\/f/u
clockwise, as depicted in figure 7, . '

Separation is delayed until the plate FIG. 7

reaches a positive angle of attack close

to the relative zero angle of attack ( &, see figure 7), due to the effect

of the tip velocity. From the veloclity curves, as will be discussed later,
Xo= 34 degrees for U =.11.3 feet per second, A separation bubble begins

to form at approximately 30 degrees angle of attack on the upstream tip.

It grows in size, appears to develop into a vortex at about 45 degrees, then

starts to shed radially outwards as the plate passes 90 degrees. By 120

degrees, the tip is beginning to pass this vortex, The influence of this

vortex can be seen by comparing the flow pattern with Cheng's measured

pressure coefficients (Fiés. 25-30), particularly for angles of attack of 60

and 90 degrees. It is seen that the largest suction peaks measured during
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the complete cycle occur near the poSitién of this 'dominant' vortex.

This vortex éontinues to influehcé the flow pattern near the plate
during the next cycle as another vortex is formed at this ‘tip. It moves
downstream and-is deflected downwards by the generated circulation, The
defleétidn of the wake can best be seen by noting that fﬁe position of the
lower streakline for all angles of attack is lower than at the marking point,
The wake is deflected in the same direction as the plate rotation irrespective
of the angle of attack.

Not so visible is a vortex forming at the other tip and becoming
visible as thé plate approaches 90 degrees., It appears to sﬁart shedding at
near 120 degrees és the tip moves upstream. An unstable shear layer trailing
this vortex forms at thls tip until a'positive angle of attack is reached
where the 'domlnant' vortéx forms; Again, Cheng measured relatively high
suctions (Figs. 25-30) near this vortex.

The plate appears bent in the'35mm. pictures near the zero and 180
degree angles of attack, since the S.L.R. has a focal plane shutter which
allows a discrete time difference as the exposure slit travels from the
left of the image to the right.

The movie films of thevplatg accelerating from rest are too lengthy
to reproduce here, since the acceleration period is in the order of five
‘seconds and 300 p.p.s. were taken, The initial angular velocity appears to
delay separation at small positive angles of attack, thus setting up the
autorotation flow pattern. As the plate accelerates, the angle of relative
gzero angle of attack increases until the autorotation speed is reached,

Enlargements of 16mnm, ffames at angles of attack closest to 15 degree
intervals from zero to 180 degrees are shown in figures 12-15 with the plate
at autorotational speed and the freestreaﬁ ;t 11,3 feet per second, Only

twelve frames of approximately sixty for one cycle are shown. These pictures
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show a limited part of the Schlieren field to give a better indication of
the flow development near the plate., Separation at the upstream tip begins
" to occur at an angle of approximately 28 degrees. A separation bubble forms
and the 'dominant' vortex is formed and shed, as described before, Here the
vortex at the other tip becomes visible at about 75 degrees and appears to
shed with the development of a shear layei feeding into it,

Velocity-time (Figs. 16-18) and tip-freestream velocity (Figs; 19-20)
curves were obtained from measurements of angles and times on both the
acceleration and at-speed movie films, It is seen that even thoughbthe
difference between final tip speed and the initial tip velocity is greatest
for the highest freestream velocity, the time taken to reach autorotational
speed is lowest for the highest freestream Qelocity. That is, for the
range investigated, the higher the freestream velocity the lower (considering
minimum start-up velocity runs) the acceleration period. . This is in agree-
ment with Cheng's (1) results.

. Within the error involved in measuring angles and times from the
films, the angular velocity was constant during a cycle at autorotation,

The tip velocity varies linearly with the freestream velocity and
the équation of the curve is

VT=.8l4u-2-84'

This result is compared to Cheng's in figure 20. The lineér portion of
Cheng's curve for the case using end plates is given by

| Vr= .65U-3.74
Cheng's model had a larger thickness ratio (4.7%) and a smaller aspect ratio
(3.0) than the plate in this project (3.8% and 4.5). In this project, "the
minimum initial velocity required to start autorotétion would appear to
increase slightly with freestream velocity, Cheng's results showed the
opposite trend and this velocity is most probably a function of the type of

bearings used.
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FIG. 9
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FIG 10
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FIG, 11
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1v. THEORETICAL MODEL

4,1 GENERAL OUTLINE

The main purpose for this two-dimensional irrotational incompressible
flow model is to predict as accurately as possible the préssuré 1oadinés on
the plate; thﬁt is, to make the model agree asiclosely as possible with
Cheng's measured instantaneous pressure coefficients (undorrected for tunnel
wall effect).,

As a starting point, a technique for obtaining the field complex
potential from a boundary condition on a rotating translating cylinder
(a specific example is an ellipse, or in one limit, a flat plate) is éiven
by Milne-Thomson (6).

Thus, we are able to obtain the complex potential for an attached
flow model of a rotating translating flat plate. This gives reasonable
results for regions of the actual flow which are attached, but of course
when the flow separates (points of separation fixed at the sharp edges) tﬁe -
model prediction is unreasonable. | - |

To improve this, three stationary (wiih respect to the pléte)
vortices are superimposed on the attached flow model in the wake region.

To better Simulate a wake region for the purpose of calculating
pressure coefficients on the plate itself, those terms which represent the
éffect of the freestream are gradually eliminated on the separated side
above the relative zero angle of attack (o) and below 180 degrees angle of
attack,

Thus, an unsteady modified attached flow (therefore predicting
infinite pressure coefficients at the sharp edges) model is consﬁructea for

an unsteady separated flow situation,
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4,2 COMPLEX POTENTIAL FOR A ROTATING
TRANSLATING FLAT PLATE

As stated before, the method for obtaining the complex potential for

any rotating translating cyclinder is given by Milne-Thomson (6).
| Briefly, one set of co-ordinate axes (Z') is fixed with respect to a

translating rotating cylinder which 1is moving with respect to.a fixed set of
co-ordinate axes (2). ‘The situation is considered at an instant when the
two sets of axes coincide and thé Qbserver is stationary with respect to the
Z plane. Referring to figure 21, the cylinder is at the origin rotating
with angular velocity CJ, tranélat.ing with velocity U at an angle of
attack &,

A boundary relation is obtained from the normal velocity at the
surface of the.cylinder o
| Vo= - 2%
since thé normal velocity of tﬁe fluid at the boundary must match the normal
velocity of the boundary. |

Integrating the expression for \41,

2ip =Ue™ ™z -Ue‘*F -iwzF + 9(n 1)

The function of the normal co-ordinate and time is a constant since the
relation is valid only on the boundary apd is considered at an instant of
time when the cylinder axis is coincident with the fixed frame of reference,

. Therefore, disregarding a constant, the boundary relation is

2/y = Ve Sz -Ue‘®F-iwzi 1
on Zr cy'::cziqb éF'="9ér
(Fig.21) 2iw = Flo) - £(5) .
=F(e)-F(’%) 2

Define

B(o)=2iyp 3
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Since B({o’) is an analytic function, it can b.e expanded in a laurent
series.
1.e,
B(o) = B,(0)+B,(0)
where B,(a') contains all negative powers of O~ and B;(0) contains all other
powers, Therefore, B,(¢) is regular outside ¥ .
By applying Cauchy's integral formula and noting that there are no
singularities in the flow field outside &,
F(¥)=B,Y)
where ¥ 1s a point outside X .
Now, for a rotating translating ellibse, as in figure 19, from
relations 1 and 3
B(o) = Ue ‘.“W'(a'* Aser)- Ue"‘fw( Yo +a0) -cwwWi(ot /o Yo+ Ac)

" B,(0)=-U(bCosx +iasina) G - Lw (@t bY) 752
L F(3)=-Ulbcosx +iasina) Vs - i (@*-bY) 92

For a flat plate W=1 andi A=1 or b=0 and a =2,
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rei® : ' ®

Reio

Z=W($+Asg)

where; W=(a+b)/y

A = (a-b)/(a+b)

Flat plate: a=2 & b=0 .. W=18& A =1

FIG. 21 CONFORMAL TRANSFORMATION FROM UNIT CIRCLE TO ELLIPSE PLANE
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b3 VORTEX SUPERPOSITION

By referring to figure 22 and keeping the Milne-Thomson circle
- theorem (6) in mind, the complex potential for three fixed vortices in the

presence of a unit circle is

Fe) = S04 (3-5.°%) -y (%5 - 5,675

L n(3-5.65%) - £n (V5 -5,07 )
+ 810 (s - s;e‘s') Ln (Y5 5,e7450)]

Dropping constants

F(Y) él”[fn (S'-S,e“'s‘) v lre-0n(y- é‘e f-’&)}

= 2
+iB{a(5-5.05) s s - Ln (- 5,0 )]
+ %:_’_;{,b: (S’-S,cis’) +,an",en($-}s;e‘s‘)§
Now this represents, for example in the case of P, , a clockwise

S i§,

vbrfex at S,e‘: ' an. anti-clockwise vortex at '.4‘."-’ y and a clockwise vortex
at the origin, all of strength I, . Therefore, for a zero net circulation
an anti-clockwise circulation of strength [} is added at the origin, The
final éomplex potential then for three vortices in the presence of a unit

circle with zero net circulation is
- ) - ' .
F($)= $E{Ln(s-525)- £ (s~ e )]
. : L oS
+ LBl (5-5,6%5)-La (S - 5,2}
i S,25) -2 (5- %75}
+ _}{ln (§-35;€ )- S3
zr
By conformal transformation to the ellipse plane (Fig, 22), the
ellipse becomes a streamline in the presence of external vortices. Since
the boundary relation, as derived in section 4.2, was obtained from an
integration involving the known normal velocity on a rotating translating

ellipse, the vortices may be superimposed, since their contribution to the

normal velocity at the boundary is zero.
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Z=W($+A/®) where: W=(°+b)/2
X =W(S]+R/S])cos 8 A =(a-b)/(a+b)
Y, =WI(S;-/5 )sin &y

FIG. 22 VORTEX CONFORMAL TRANSFORMATION FROM .
UNIT CIRCLE TO ELLIPSE PLANE

36-



37.

n MODEL PRESSURE COEFFICIENT

The unsteady Bernoulll equatioﬁ for a translating body at the origin

| Pha o
is 655/3t47’/'¢,+/""(2)/(2 =/<(f)-7’/,o

-

CP=

Nl

Uz
-2 (29)- lwe)®
UtNat’ Ve

As stated before, for calculating the pressure coefficient on the
plate and to betﬁér simulate a separated region (that is r = 1 ando% ¢p</a0”,
those terms representing the effect of the freestream are gradually eliminated
6n the séparated side above 30 degrees and below 180 degrees angle of attack.
Those terms affected are underlined By a dashed line in the following work
and for the elimination factor € as a function of angle of attack, refer to
. figure 24, | |
The lower limit of 30 degrees is the zero relative angle of attack
. for a tip velocity to freestrean velocity of 0.5. This approximation is
| shown in figure 20.

At 180 degrees angle of attack, the pressure distriﬁution as
predicted by the model must be the same as at zero degrees angle of attack.
Freestream effects start to become important again on the separated side
below 60 degrees and above 150 degrees angle of attack and € =1 at 180
" degrees to make the pressure loading equivalent to that at zero degreeé
angle of attack.

Thus, between the above limits the only effect of the freestream on

the separated side is to control the magnitude of the generated vorticity.>

1
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a) complex velocity magnitude jW(Z)f
[w(z)/ s .V)g z-r Vy;

W(2)= Vx-iVy
o dF(:f)/dz
Z=wW(S+ ’Vs)
€2 Wi 2g0)
Now
o Lb2)
ds?-h U (beosat +iasinal) + £ @ ¥3

n ! !
* {f -Sets f'—etsf * I 211' £-s,e8” S’-s-;c'za.g

!
-s ed '1"'—'6"53}
$=3 Ss
Separating real and imaginary parts and introducing € gives

z;b: .
Vi = D [E ?-'i(b co.so(cosch+asunc< s:n2¢~)+ ‘-‘-’%——,——) Sin 3¢

é)m{l'z— 2 dm {E'_( 3 rﬂm[]_ﬂ{— € Yarbcosx

_ co(a- b)
2rS

+2¢:'§2 (Re4T]sin2¢ + Im {II{ cos 24)

2 (Rfisin2$ + SmflI} cos 24)

2n'r‘
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I Y ; : ) ¢ w(ab?)
Vy = D[e.Ft(.bcosqsn2¢+as.no(cosz¢)+ 5 Cos 3¢

. n ' r'v | | _ 2 YAasind
+§.TTI&,{I§+ a.;-r}&_{ng.g.g_.:r&{ﬂ]’f € —/————=

_ w(a-b)
2rS

+122 (-&fﬂ'gco52¢+oom {ZI}SI.M2¢) |

::osct + 2%,_(-&{IIC°SZ¢ + odom fI]Sin-ZdJ)

2Tr?

+ g__:r_:.)_(_ ﬁeﬁﬂ'} cos 2@ + Im {UI; s 2¢)

wherg
| D= -v.,r( 22 cos 2¢ + Vs

| wcosdb-S.CoS S, '_ reesg — £ @sS,
&SIZ= rirS*- 25 rcos(P-8,) v+ 'sL,"* - Zr cos(¢-S)

vsing — S,sm§s, prsinc - —é—' s S,
%{Izz-rz_‘.sl‘b- zs.rcosc¢_sl) r?— -5'_.5-- %_?COSC¢~S')

efml= Rfrf| Lafmf= S (Z]|

3,—+3§,
3.-—» Sz s,—.' Sz

e {mf=R4z][s s, 0o f1I{ = ‘-Q”"{I.(/J‘_..gs

S,—~ 53 ' S, S3
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By definition (refer to figure 23)

aé/ét S Real {F($)}

ré(t+at,pP)- @ct,P)]
At-po At

To obtain the velocity potential at t44% and at point P,
consider the rotating translating ellipse at the origin, as shown

in figure 23. The point P moves to point P' with respect to the
ellipse in time Atl.

agb/t_/,m [cﬁcp) ¢a=]

at->o

l l

lim i(",y 3X 33 s ) ¢("9Y3°‘ )F )]

“at»o at

9 ax adiAy,aqbe._ 21 PIH
x4t  3Syat 33t ar t 3i3 2T

- Rl AL e38 g om0 3830
now
P'= Reos Ce-cat)-Udtcesol +L {Rsz'rv(e-amt)- UAtSina}

=Reose@+ (Rwsina-Ucosa) AL + i{ks/‘ne- (Rescose + US;‘na()At}

. ax e -

tl
£
~
I
)
c
0
wn
2

%
\!

= - (Rwcose + Usinat)

= ~X - EUsIinX
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b,5 VORTEX STRENGTH AND POSITION ASSUMPTIONS

‘ Three vortices are superimposed in the wake region to represent the
effect of separatidn.

Since the model vortices are fixed with respect to the plate and
have only one direction of rotationm, the strengths as a function of angle of
attack must be zero and have a zero siope at 180 degrees and zero degrees
vanglé_of attack to give a continuous cycle,

The stiength as a function of angle of attack must be continuous,

The 'dominant' vortex (#1) vegins to form as the upstreém tip passes
through the relative zero angle of attack (30 degrees for a tip velocity to
freestrean velociﬁy ratio of 0.5). The flow separates at this point and
then reattaches to form a separation bubble. As the angle of attack
increases, the bubble becomes a vortex, and at approximately 90 degrees the
fully developed.vortex begins to éhed. In'Cheng's préssure measuremehts,
the maximum suction for the 'dominant' vortex occurred at tap #12 (x = 1.436)
at an angle of attack of 75 degrees, Assumptions made for the 'dominant’
vortex are that the x co-ordinate equals 1,436 and that the strength is zero
up to the relative zero angle of attack and then negative (clockwise positive).
Since the vortex is fixed, the magnitude of [, must increase up to 90 degrees
to simulate growth of the vortex, and then decrease as the vortex is shed.
The final forﬁ of r:VscK is given in figure 24 and was determined by trial
and error computer runs, in an attempt to apprpximate Cheng's measured :
pressure loadings.

Visual information on the 'small' vortex (#3) formed on the other
tip is fairly limited, which suggests that the strength is less than the
-doﬁinant' vortex. This is supported bj'Cheng's measurements, in that the
maximum suction peak at the 'dominant' vortex is approximately 2,5 times

that under the 'small' vortex. The maximum suction for the 'small' vortex
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occurs at tap # (x = -1,436) and, therefore, the x co-ordinate of the
'small'ivortex is fixed at this value., The pressure distribution, as
predicted by the attached flow model, is degraded by a circulation generated
in the 'small’Avortex below the relative zero angle 6f attack, Therefore,
the sfrehgth of the 'small' vortex (Fig. 24) is zero up fo 30 degrees and
returns to zero.again at 180 degrees to comply with the restriction of
continuity, as mentioned eailiér. |
Another vortex (#2) is superimposed to represent the effect of the
downstream wake; i.e, principally the ‘'dominant' vortex which formed one-
half cycle before. Thus, the maximum magnitude of the 'old' vortex must be
assumed to be lesé than or equal to the maximum magnitude of the 'dominant'
vortex. This '0ld' vortex appears to move (to an observer on the plate)
from a position relatively close to the tip forming the 'small' vortex to
a position somewhat more downstream and near 90 degrees relative to the
plate, while the angle of attack progresses from zero to 90 degrees. It
then moves downstream and its influence to the flow near the plate drops.
It was found that'the pressure_distribution on the vortex side of

the plate was just as dependent on the slope of the Pvs & curves as the
magnitude. Thus, if the slope of one of the circulation per unit span
curves is high over a range of angles of attack compared to other angles,
a sharp change in the predicted pressure distribution An the vortex side
'~ can be expected over that range. |

- The final form of the circulation per unit span as a function of
angle of attack and the y co-ordinate of each voftex (Fig. 24) was then
determined by trial and error computer runs, attempting to duplicate Cheng's

pressure coefficients,
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The assumed functions are:

r=1 osd<£180°
O£(<L 30° E=l
30°%XL60 €= sin*{3(«-60)}

604X <LIS50 €=0
150£x <180 €=sin*{3(c-150)}

o££30 [=0 ¢
30cx 180" [=-4Usin*{£ ((-30)]

xX=1.436 | y: [.O

0<A</80° [}=-FUsin’A
4

X= 0. y=

ocw<30 [}=0
302 <£(80° [R=U sin"g—g‘(o«’-so)}

X=-[436 y:I.O
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FIG. 24 ELIMINATION FACTOR & CIRCULATION VS ANGLE OF ATTACK
AND VORTEX POSITION
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V. MODEL RESULTS

The model will be coﬁpared to Cheng's (1) pressure loadings and the
torque-lift-drag curves derived from these measurements, Cheng obtained
these latter curves by assuming that the pressure measured at a tap acted
over a finite area around that tap. Thus, the 1lift, drag and torque acting
on the plate could be found as a function of angle of attack. The model
- was treated in the same manner; that is, the pressure prediction of the
model at Cheng's tap positions wasAused over a finite area to determine the
integfated curves shown in figures 31-33,

Pressure coefficients versus position on the plate determined from
the model and compared to Cheng's measurements are shown in figures 25-30
for 30 degree intervals in angle of attack from zero to 180 degrees,

Since the model ié attached flow, infinite pressure coefficients are
given at the edges., At zero degrees, the model predicts a symmetric pressure
loading about the axis of rotation. The magnitude of the pressure and
general trend is represented quité well, but the smaller variations are not
given., Above zero degrees, the symmetry of the model prediction disappears.
In figure 26 (&= 30 degrees), the loading trend and magnitude is predicted
quite well except as the position approaches zero., Here, a positive
pressure is given for experimentally determined suction on the vortex side
and a suction prediction for positive pressure on the attached side. As the
angle of attack increases further, the trend of the model prediction is
accurate but the magnitude of the pressures is not represented, as can be
Seen in figure 27 (X = 60 degrees). At 60 deérees, a flow detail which is
not given by the model is the maximum in the suction pressure near the
'‘dominant' vortex, The termef%g , which represents the time rate of

-1
change of the 'dominant' vortex strength, does give this but the effect is
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completely masked by the term [w/(2)] approaching iﬁfinity at the edge.

At 90 and 120 degree angles of attack, the model again gives the trend of
the préSsure coefficient but not the magnitude. As the angle increases
further, the magnitude predictioh again becomes more accurate, as can be
seen in figure 30. At 180 degrees, of course, the pressure loading is equal
to that at zero degrees. |

In figure 31, the drag coefficient curve for the model is.comﬁared
to Cheng's expérimental curve, In both cases, the maximum drag occurs nearv
90 degrees, but reflecting the mddel's failure to reach the préssure magni-
‘tudes at high angles of incidence the magnitude is not predicted. This is
true also of the lift coefficient (Fig. 32). Here, however, the maximum
lift is predicted at zero degrees, whereas in fact it occurs near 45 degrees,
The torque coefficient (Fig. 33) 1s quite well represented except for a
spike near 30 degrees. This occﬁrs since, as mentlioned earlier, the ﬁodel
gives the ﬁrong sign for the pressure coefficient at one end of the plate
on both sides, This producesba positive torque contribution rather than
negative. The torque at zéro degrees is zero, since the model pressure
distribution 1svsymmetric about thé axis of rotation at & = 0.

It must be emphasized that this solution is a compromise based on
assumptions of vortex position and strength and the elimination factér € .
Thus, although considerable computing time was spent searching for the best
assumptions to bring the model into the best possible agreement with‘tﬁe
actual flow situation, a better set of assumptions may exisé. An example
will probably illustrate the compromise involved quite well, In early
attempts at assumptions, the strength /; was equal to ﬂ’ up to 90 degrees
angle of attack, and then decreased sharply but continuously to 120 degrees.
The computer 6utput was being exam;ned at 30 degree intervals from zero to

180 degrees. With this assumption, the suction magnitudes were reached at
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60 and 90 degrees and were good at 120 degrees. However, when computer
output for the pressure coefficient wéS'pfoduced at 10 degree 1nterv§ls,
the prediction at 100 and 110 degrees showed very‘high positive pressures
rather than suction. This was due to the relatively high value of ar‘%t at
these.angles. _ -

To imprqve upon the model, the first step might be to let the vortéx
position be a function of time, as shown by the flow visualization, Also,
£he time dependent vortex ciréulation might be solved for analytically or

by iteration to force separation at the edges.
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SUMMARY OF RESULTS

'Results of this project are summarized as-follows.

1,

9.

10.

The high suctlon peak near the upstream tip on the separated
side of the plate is due to the formation of a large vorﬁex at
this tip every half-revolution,

Flow separation at the upstreém tip at autorotational speed is
delayed up to a positive angle of attack which is 1eés than but
near the relative zero angle of attack,

A vortex, which appears to be smaller than the vortex formed
at the upstream tip, forms at the downstream tip,

The vortex shed from the upstream tip is the dominant feature
of the downstream wake.

The wake undergoes angular deflection in the same directiqn as
plate rotation for all angles bf attack,

For the freestream range investigated, the tip velocity is
linearly dependent upon the freestream veloéity.

The angular velocity during autorotation is constant within

experimental error,

The higher the freestream velocity, the lower the acceleration
period to autorotation from start-up.

For the given assumptions of vortex position, vortex strength
and the elimination factor € , this model predicts the sign
and trend of surface pressure for a cycle with reasonable
accuracy. The magnitude of these curves, particularly at high
angles of incidence, is not accurate, |

The trend of>the model drag coefficlent versus angle of attack

curve is accurate, The magnitude is not accurate for most of

the cycle. =
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60.

The model lift coefficient versus angle of attack is not very
accuréte in trend or magnitude, Maximum 1ift is predicted at
zero degrees and it actually occurs at 45 degrees,

The model torque coefficient versus angle of attack is
accurate in trend and magnitude, except for a spike at 30

degrees.
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APPENDIX

>81nce the air in the wake of the heated prébe is at a higher
temperature than the ambient conditions, the effect of buoyancy must be
considered. |
Tt can be neglected (9), if
ﬁv°-2 > 10 Gr

Considering the limiting case, then

- f?(?%;:"ff)fi'_
<3€?;&;z 77 =./

Solving, using the lowest freestream velocity (11.3 feet per

second )
| P =49 (107F) Sluas/gys
This corresponds to a much higher temperature than the maximum safe
working temperature for Nichrome-V of 1,100 degrees Centigrade, according
to reference 10, - |

It is interesting to note that the shear layers developed at fhe
probe (Figs. 8-11) are not unsteady, even though the Beynolds number for
the probe based on bulk conditions is greater than forty.

The power input to the probe was constant within the measurement
error at 7.75 watts (2.5 volts r.m.s., 60 cycle) for the range of velocities

(10-20 f,p.s.) in the experiment,



