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This paper reports stereo flow evolution and aerodynamics of a pitching wing in
water channel from zero to 45-degree pitch angle in still water and reduced pitch rate
of 0.39, and earlier stage of transition flow at maximum angle of attack. The wing is a
rectangular flat plate with aspect ratio of four at leading-edge pivot. Wall effect on the
pitching wing and stationary wing in test environment is examined by means of direct
force measurement. The stereo image is captured through two cameras together with
PIV system; comparisons among two camera images and stereo images are provided.
We ascertain that two dimensional flow features significant aerodynamic forces
during the pitching maneuver, and therefore encourages lift generation, which
mechanism includes the formation of Starting vortex and Leading-edge vortex
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together with Pivot vortex. However, the formations of Secondary vortex and
Stopping vortex apparently are malignant to the lift generation at high angle of attack.
Also revealed in the paper is that the formation of Tip vortex causes a promising drag,
and induces detrimental spanwise flow to Leading-edge vortex on span locations
other than wingtip, transiting aerodynamic forces decreasingly to steady state.
Moreover, the trajectory of vortexes is documented.
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Yu, H.T, and Bermal, L.P. “Effect of
Pivot Paint on Aerodynamic Force
and Vortical Structure of Piiching
Ilat Plate Wings™, AIAA Paper 2013
— 0792, Jan. 2013.
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“Iiffects of Planform Geomery and
Pivot Axis Location on the
Acrodynamies of Pilching Low Aspect
Ratio Wings.” ALAA Paper 2013-2992,
Tune 2013
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Outline

+ Introduction
+ Experimental Setup
* Result and Discussion
» Side-Wall Effect
# 2D PIV image vs. Stereo PIV image
» Dynamic flow: pitching wing and stationary wing
@K=0.39
« Conclusion

Introduction: flow problem

The constant-speed pitch ramp up-hold
kinematics (canonical case: 0°-45° NATO
STO AVT202 proposed kinematics)

Similar to kinematics proposed by the AIAA
Fluid Dynamics Technical Committee
(FDTC) Low Reynolds Number
Discussion Group (LRDG) in 2010

Kinematic is relevant to maneuvering,
perching and gust response of MAVS.

Flow is characterized by large scale
separation, three dimensional effects,
separated vortical flows and acceleration
effects

Effects of pivot axis location,
wing geometry, and reduced
pitch rate on finite aspect ratio
wings in force generation are

NATO: North Atiantic Treaty Organization preliminary study in Yu et al [1-
21

STO: Science and Technology Organization

rodynannis Faree ind Vorixa

kg Pl Pl Wings, =i

e G
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oo the Aemeymemes of
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Research Objectives

+ Using rectangular flat-plate wing with effective
aspect ratio of four to study dynamic flow over
pitching wing at K=0.39 and leading edge pivot,
and transient flow to steady state at maximum
angle of attack of 45 degrees.

« To explore and quantify spanwise flow evolution

on  planes using lens-shift stereo PIV
measurement together with direct force
measurement.

FOH H12H



Experimental Apparatus

« Low-turbulence  water channel at
University of Michigan (61cm wide and
57 cm height, 5cm/s to 40cm/s). “w‘m“mw =
The wing has 2" mean chord and 4™ span to Rotary Table)
with thickness to mean chord ratio of S
6.25%, which are made of Plexiglass
and all edges are rounded.

Force sensor is Nano 43 by ATI; the ?’g;

Force measurement onfiguration

Sensor

.

maximum calibrated load is 18 N and Aa“pm/y, H
resolution 1/256 N

2 i span
Three-quartcr
l_} ‘ span
‘ Fcbonid ®
L=-Fsina+ Fy coser e ,H([,y: ig ».)
D=F cosa+I sing "1,=D.’[fn’."é‘f2)
/21

Force Data Processing

« Tare procedure: to remove inertia and weight contributions due to the wing
position and acceleration.
~ Static tare: the measurements in air and still water at fixed angle from 0° to 45°.
< It is negligible because of the very small mass of the wing and mounting
hardware, i.e. < 46.29
~ Dynamic tare: the measurements in air with the same kinematics as in the flow

experiments
< The same filter and cutoff frequency as in the flow experiments was used.
¢ o 5z w3 e s ow oo o s s woa3 o ws w97

e ==

N reoc

T 02 e 96 ar 1

curves are for force data afier dynamic tare,

Lens-shift stereo PIV configuration

abject plane. Iencpline  image plane object plane lensplane  image plane
bt ¥

Coraeza |

Inser srest

dX = dy, BodZ_ XAk iz 7[ de, de ) fJX-AY, X AN dn, dy |
P, n M, M, P B Mp, Mp |
p-dz ¥
d?=dw;?7*“‘2; (X +dF +dZ) dt
) \

Object distance | Lens displacement
rameters pximm mm mm
M

Wy p Wy ax Wax
16510 0115 837258 0109 80.117 0.183
16.456 0.098 B79.793  0.146 44,601 0.137

M /21

Force Data Processing

+ Each case was repeated 60 times frem 0° to a fixed angle of attack, and
ensemble averages are reported.

+ A low-pass, zero-phase, first order, 2-path Butterworth filter was used.

* The cutoff frequency was determined using power spectral analysis of the
motion acceleration to retain 90% of the frequency content of the motion

acceleration
- The noise introduced by the rotary stage motor is in the frequency range
higher than 50Hz. v i
Estimation Measurement in still water N o .

Fuga b e

| smzcnance req emcy

|3 S—

/21

Perspective control lens, PC-E Micro NIKKOR

Field of view: Camera1 242x161mm; Camera2 243x162mm

Scale of colormap: vorticity 8s™'; out-of-plane velocity 4.5 cm/s

Wing shadow defined from the outlines of wing images from two cameras
using Adobe lllustrator

> Laser sheet thickness: 1.8mm

YOV OV W

10/21

Wing Kinematics

~ The wing motion is a linear pitch ramp from 0
to 45" with smoothing at the beginning and the
end of rotation, using a modified Eldredge’s °
function.

~ The parameter, B, is analogous to the
combination of a«,/2K in Eldredge et al*, and
Ag, in Yu and Bernal™

» The start phase duration is 1 ¢, the hold and

relaxation phase durations are at least 130 ¢,
and 20 {,, respectively.

~ The motion was implemented using Velmex
Rotary Tables B4818TS (20 stepsideqg with
200 deg/s) and B4836TS (40 steps/deg with
100 deg/s)

=5
w113

“(”:%2(“)‘” |"‘\,‘Cf’$“[ﬁ(’—’.)”.~-|}| [5-2;, L=alal, b =il

N=p0 h e, 1 -,
B=cosh™ (m)fﬁ’ B=Aaia||ly :|rz’ (r, i,-\r)‘ fexy

* Eldradge 4.0 WeRD. ©, and O ML V.* 4 Donsaualiesal Sluty of 8 G P, PREN oA Wirg Maneuer | ALV Peper

B, e 200
v T arc Sersl, LP, ‘Efi: of Piyot Poi an Aamdysan Foros and Vorca Snchrs of Prching Flst Plale Wings,” k4
Pepsr 20130762, Jen 2012, 12/21
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Test Matrix and Condition

+ Rectangular Flat plate

- Effective aspect ratio = 4

« Chord length = 2"

» Geometric wing span = 4"

« Pivot axis = leading edge

+ Thickness to chord ratio
=6.25%

A Re=U7¢/v
o 02 04 06 08 1
Reynolds Number, Re

e | pea |y o]
- 155 11.000.290 0.105 2937 0.272(12)
0.01

n 76.4 21.600.588 0.109 1402 0.139 (6) - ; 0184

St=ale’iv
w
0382 432

8.54

degree per second

, cis inch, a,, is d

d

2D PIV image vs. stereo PIV image

(0’ ,=76.4°s and Re=0; mid-span plane)

Cameral

Camera2

Stereo image

9 01 Wz e3 33 cs o w7 oo s

Pitching wing in Re=4.3k, 0-45°
(K=0.39, o’ ,=76.4°s)

Mid-span Three-quarter span

Wing tip

B o e R R
@ o

FUHE -HI12H

Side wall effect (K=0.39, 155%s)

@

Schematic drawing of initial wing position

P
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wovdalivn, 16 dets®

Forces of pitching wing
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Stereo PIV image: dynamic flow
(o’ ,=76.4°s and Re=0)
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Vortex trajectory of pitching wing at 76.4°%'s

on plane at mid-span
Pitching wing in Re = 4.3k

Pitching wing in Re =0
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Conclusion

* A Pivot Vortex together with a typical Leading-edge
Vortex strengths the circulation over the wing and
therefore enhance the force generation.

* The transient flow by pitching wing held at 45-degree
angle of attack is driven by spanwise flow caused by
Tip Vortex, which decreases the aerodynamic forces.

# The flow features at mid-span is the shedding of positive
Trailing-edge Vortex and then negative Trailing-edge Vortex.

+ Avortex street is present at three-quarter span.

» The shedding of a Stopping Vortex and dissipation of
Leading-edge Vortex are common features between mid-
span and three-quarter span.
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Conclusion
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+ A Starting Vortex is present at earlier phase of 7.5
degree in all span locations considered, which
formation contributes a rapid force generation at
onset of the motion. The Starting Vortex at wing tip
breaks down after 30-degree angle of attack in
uniform freestream.

« The formation of a Tip Vortex is present during the
pitching motion in uniform freestream, and is
constrained between the wing and the Starting
Vortex, and bhelow the three-quarter span. The Tip
Vortex introduces significant drag force to the wing.
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