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] Thin Rirfeil Theory

Principle:

* Replace thin airfoil with the mean camber line (MCL) because of the small
thickness and camber of the airfoil

 MCL assumed to be a streamline of the flow around the thin airfoil.

* To force the MCL to be a streamline, the sum of all velocity components normal to
the MCL must be equal to zero.
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- Thin Airfoil Theory — Cambered Airfoil

Lift coefficient of a cambered airfoil
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2 Thin Rirfeil Theory — Cambersd Airfoil
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A Thin Rirfoil Theory — Gambered Airfoil

O Center of Lift or center of pressure on an airfoil
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] Thin Rirfoll Theory
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Flow Separation and Transition on Low-Reynolds-number Alrfolls

e Since laminar boundary layers are unable to withstand any significant adverse pressure
gradient, laminar flow separation is usually found on low-Reynolds-number airfoils.
Post-separation behavior of the laminar boundary layers would affect the aerodynamic
performances of the low-Reynolds-number airfoils (Re<10° ) significantly.

e Separation bubbles are usually found to form on the upper surfaces of low-Reynolds-
number airfoils . Separation bubble would burst suddenly to cause airfoil stall at high
AOA when the adverse pressure gradient becoming too big.
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The GAIW)-1 Airfoll Used in the Present Study
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Experimental conditions:
Incoming flow velocity: U_=10.0 m/s, Re.=68,000

Angle of Attack: 20>a>0




Level 1:

* Acoarse level to study the global features of the
flow structures around the airfoil.

e  Measurement window size: 160mmx140mm
* Effective resolution: A/C=0.04

Level 2:

* Arefined level to investigate the detailed features of
the laminar boundary layer near the nose of the
airfoil.

* Measurement window size: 40mm x 30mm

* Effective resolution: A/C=0.01

Level 3:

* A super-fine level to elucidate the unsteady Kelvin-
Helmholtz vortex shedding, the turbulence transition
of the shear layer, and the reattachment of the
separated boundary layer at the rear end of the
separation bubble.

e  Measurement window size: 14mm x 8mm.
* Effective resolution: A/C =0.0035
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PIV Measurement Results
(A0A=6.0 degrees, Re=68,000, spatial resolution A/C ~ 0.01)
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PIV Measurement Results
[ A0A=10.0 degrees, Re=68.000, spatial reselution A/C ~ 0.01)
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PIV Measurement Results
(AOA=10.0 degrees, Re=68,000, spatial resolution level 3 )
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PIV Measurement Resuits
[{AOA=10.0 degrees, Re=68,000, spatial resolution level 3)
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Hysteresis is the property of systems that do not instantly react to a change, or do not completely
return to their original state.

The state of such a system usually depends on its immediate history.

Aerodynamic hysteresis of an airfoil refers to the aerodynamic characteristics becomes history
dependent, i.e., dependent on the sense of change of the angle of attack, near the airfoil stall angle.

Hysteresis phenomena have been found to be relatively common for round nosed airfoils at low
Reynolds numbers.
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Lift Coefficient, CI
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Lift Coefficient, CI
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Re. = 160,000

The hysteresis loop was found to be clockwise in the lift coefficient profiles, and counter-clockwise in the drag
coefficient profiles.

The aerodynamic hysteresis resulted in significant variations of lift coefficient, C,, and lift-to-drag ratio, I/d,
for the airfoil at a given angle of attack.

The lift coefficient and lift-to-drag ratio at AOA = 14.0 degrees were found to be C, = 1.33 and I/d = 23.5 when
the angle is at the increasing angle branch of the hysteresis loop.

The values were found to become C,= 0.8 and I/d = 3.66 for the same AOA=14.0 degrees when the angle is at
the deceasing angle branch of the hysteresis loop
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Re. = 400,000.
The turbulence intensity of the incoming streams: ~1.0%




45 . . . . 45 45 . . .
b )eparaﬂon 0 E&; i,~ Separation 4o fgr 1 Separation
s a5l N a5 |t
- ubble - 3 ' bubble 4" bubble
BN | ®— - -® AOAdecreasing | - . -
20| Voq | &= — & AOA ncreasng. 20 Q\e}s & -8 Aondecreasing |..... 0 ?3" | & — & AoAncreasms |
25 |- '
\i 2.5 ' 2.5 !
1
-2.0 \ ! R )
15 b‘\ﬂ 20 Sl 20 u,b\ﬂ
- ro _ Upper surfaces” 5 v " LS TP
10 ! N‘\"*Q\..\‘\.A/ p p Lo, o tofous e
05 - %900 -6 06 06 5 +0-0600.o o o5 0 0000063080 00004
ol e o0 05 i S 6609 __o,/(Z ' 9o B e
0s O TF e B e e e B e
' ol \\ """ 05\ 5e 8-S 0.5 g 28"
o] $02° lower surface ... e Lo P85
15 | | | |
0 01 02 03 04 05 06 07 08 09 10 1‘50 01 02 03 04 05 06 07 08 09 1.0 l'50 01 02 03 04 05 06 07 08 09 10
xic X/C xic
AOA =12.0 degrees -
45 45 -45
Oy P Separation 4.0 40
> :11»* bUbble *— ® AOA decreasing b 5
3.0 i - - ( Sing ... @ - -® AOAd ing | _ ;
as ! \ ! | G— — © AOA increasing -3.0 oo © nOA inec(;:-:*eaas?rllr;g 3.0 G.—_— ; 282 ﬁ]i(igza::;g 7777777
-2. Q -25 -
2.0 XC‘LS\ -2.0 zz
! ;
15 N
‘O\E i 15 13) 1.5
1.0 |0y o S e 1.0 ’.&.‘ P -1.0 [y
o5 ®0-0-0-9-0 ¢ kg—«:—&:;:;:;;——;_ os %05 6-0000 0000908 e ( |We0eeoe 60666600 & F-o— o
- -0. 05
\ o-—R-- BB} D o D
of\ = - o o —38:8-_3/ 0 P oo —6o0o o . R o
*hests oa| jeeo® o5 00"
o 1.0 10 [
15
0 01 02 03 04 05 06 07 08 09 10 ST T T 03 o4 o5 o6 07 08 o5 1o S T e o T oe  os o7 or o5 1o
XiC YC

X/C

AOA =15.0 degrees AOA =16.0 degrees AOA =17.0 degrees

U, =24 m/s, Re. = 160,000.
The turbulence intensity of the incoming streams: ~1.0%




Measured Surface Pressure Distribution at AOA=14.0 Degy

Based in the measured surface pressure distribution, the separation, transition, and reattachment points at
AOA=12.0 ~ 15.0 degrees were estimated to locate at X/C ~0.05, X/C ~ 0.08 and X/C ~ 0.15 respectively.

The length of the laminar separation bubble (i.e., the distance between the separation and reattachment
points) was found to be ~ 10 % of the airfoil chord length, which is almost independent of the angle of attack.
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Experimental conditions:

Incoming flow velocity:
Turbulent intensity:
Angle of Attack:

XIC
U_=24.0 m/s,
~1.0%

a=-4.0° ~20.0°

Re. =160,000
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Two Spatial Resolution Levels for the PIV Measurements

Level 1: Level 2 Level 1

A coarse level to study the global features of the
flow structures around the airfoil.

Measurement window size: 160mmx140mm
Effective resolution: A/C=0.018
Level 2:
A refined level to investigate the detailed features | | ‘ ‘ ‘ | | | |
i -0.10 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
of th_e Ia_mmar boundary layer near the nose of 0 01 02 03 04 05 06 07 08 09 10
the airfoil.
Measurement window size: 40mm x 30mm
Effective resolution: A/C = 0.0046
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Active Flow Control of Airfoil Stall by Using an
Oscillating Bubhble Burst Plate

L.E. is fixed at model gurfar.:e
*— TE. height h

Airfoil Model

Burst Control Plate
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Active Flow Control on a Low-Reynolds Number Airfoll by
Using an Oscillating Buhble Burst Plate

* Rinoie, Okuno, and Sunada, 2009, “Airfoil Stall Suppression by Use of a Bubble
Burst Control Plate”, AIAA Journal Vol. 47, No. 2, 2009

L.E. is fixed at model §urface
*— T.E. height h

burst control plalc-\ I w I

Airfoil Model

Burst Control Plate

Will A Dynamic

Burst Control

» Plate must be placed ahead of 10% chord Plate Im prove
 Height greatly effects performance ~
 Delays stall by 2 degrees on NACA 0012 Performance?

Max lift coefficient increased by 0.1




e 300 mm Chord
« Span-wise Burst Control Plate

Burst Control Burst Control Plate

Plate Width \ Trailing Edge Height

HingePoint —_____

R/C Electric Motor & Cam

Shaft
Plate Sizing and Location | ‘
« Hinge Point: 5% chord « Smooth
» Width: 2.5% chord « Stationary (Fully Deployed)
« Height: 0.5% chord « Dynamic (30, 60, 120 Hz)
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Experimental Setup for the Wind Tunnel Testing

JR3 Force Sensor

Dynamic Burst Control Plate I "H ‘
Model w/ End Plates " \‘

[
Optically \.}\
Transparent Walls ‘

Incoming Flow

DSA Pressure Transducer

Burst Plate

| [@)VY/- S V- R BN 8 B Conyright © by Dr. Hui Hu @ lowa State University. All Rights Reserved!




Lift Curve : Force Measurement Data
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PIV measurements at AOR=14 dey.
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Boundary Layer Flow Separation Gontrol by Using Dynamic Roughness

Time Average of 3D
Unsteady CFD
Using Fluent

Source: Gall, Huebsch & Rothmayer, 2010.
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« Early 2D CFD results show
separation control of LES

« 2D Results confirmed using
3D CFD calculations

* Pressurized latex skin over a
perforated surface is tested
using smoke visualization

IOWA STATE UNIVERSITY

Dynamic
roughness

Short separation Attached flow
bubble

Source: Gall, Huebsch & Rothmayer, 2010.
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Leading Edge Acceleration

Multiple-Scales Boundarv Layer Model
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Y

Pressure Drop Confirmed in 3D CED Calculations

Predicted Mean Pressure Drop
oo}/ P Vg, = Pe — H?w? /4

= ( P
cp: v suction—peak
AN .
[N e acerine
|
j — Time Average of 3D
dynamic rouglmess - Unsteady CFD
Icnding—cdgc““ T X USing Fluent
+ ; - h -
: Source: Gall, Huebsch & Rothmayer, 2010
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Test Model and Experimental Setup

SolidWorks Design

Statically Pressurized L.E.

RC Engine
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Freq. Sweep at 14 deg Design Case
Velocity (m/s) ]
0 1 . N 5

Early Prediction of Low Amp. Control

_ * 2 2,2
cp = (P — Py)/pocVg = P. — H*w* /4
Source: Rothmayer & Huebsch, 2011
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Early Prediction of Low Amp. Control

¢p = (P* = Py)/pscV2 = P, — H2w? /4

Source: Rothmayer & Huebsch, 2011

3D CFED Prediction of Freq. Toqgle
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https://www.youtube.com/watch?v=L5KKumkXTqo
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