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Motivated by Blended Wing and Hybrid Configurations from 1996 to 1998

2014

i
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Both pictures from my first publication at TU Berlin in 1998:
B. Goksel (1998) Studien zu einem bionischen Megaliner zukiinftiger Generation. DGLR-
JT98-19, Tagungsband I, Deutscher Luft- und Raumfahrtkongress 1998, Bremen, pp. 771-785.
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Motivated by Blended Wing and Hybrid Configurations from 1996 to 1998

reddot design award
winner 2008

Extended design study with three students was honored with a reddot design award in 2008.
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Motivated by Blended Wing and Hybrid Configurations from 1996 to 1998
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Motivated by Blended Wing and Hybrid Configurations in 1998
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Motivated by Blended Wing and Hybrid Configurations in 1998
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Motivated by Blended Wing and Hybrid Configurations in 1998
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Motivated by Blended Wing and Hybrid Configurations in 1998
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Motivation for Mini (<1.6m) and Micro UAVs (<0.8m) ° ! ‘\\\\ 3

12 t N
Conventional Reynolds number UAVs VS:" es et RAY o -9922000
(with Re > 200,000) achieve target sl S o —..
loiter speeds by deploying flaps. AT T

3+ —largeMAV,AR=1 - SRR EEREEE
The generation of useful lift at Re<50,000 is e AR | |
particularly challenging because passive tripping " 05 { 5 CLmaxé 25 3
of the boundary layer is virtually impossible. Stall speed as a function of ma;<imum lift coefficient

Without flow control low aspect ratio MAVs
would have to fly almost ballistically to avoid
stall at low speeds and low Reynolds numbers.

What can we do without flapping the wings?
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Motivation for Mini (<1.6m) and Micro UAVs (<0.8m)

Flapping the fields! Pulsed plasma actuators
could serve as plasma slats and plasma flaps .

for active separation and circulation control.

0

Let‘s Apply Plasma Flow and Plasma Roll Control on B-ionic Flying Wing Models

12

---small MAV, AR=2

- =——Ilarge MAV, AR=1

— large MAV, AR=2

Re=22,000

T raGes - cpE =

0

0,5 1

25 3

T T T T
| | | |
o | | | |
“:conventional airfoils |

A Goksel (baseline)

40000

80000

120000 160000
Re

200000

Plasma control data using corona discharges (~8.5 W)




e Outline r t m %

SYSTEMS es Technologies Management

Experimental Setups
— Flying Wing Airfoils
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I Eppler E338 Flying Wing Airfoils in Wind Tunnel

Tests Run at 20,000 < Re < 140,000 (Airfoil)

DC High Voltage (10 -20kV, 0.2 -10 W)

— Copper grDunded (a}
wire tinned
electrade capper
fail
E338 Airfoil
. 25 C {Foam Model}
— |
be
carona nc
{plasmal HY
discharge

(a) Corona Discharge Plasma Actuator.
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Eppler E338 Flying Wing Airfoils in Wind Tunnel

Tests Run at 20,000 < Re < 140,000 (Airfoil)

AC High Voltage (8 — 10 kVpp, 0.2 - 5.0 W)

dielectric
barrier
{Kaptan

total

o body foil) b=0.50 m, c=0.18 m, AR=2.8
sheath
RF (b)
disﬂnaasrrgz Dielectric Barrier Discharge (DBD)
glrounded Plasma Actuator (100 um Kapton)
3ir tinned
exposead conPEr
tinned ; | fm[ —
capper
electrode K“——————_______

(b) Dielectric Barrier Discharge Plasma Actuator.
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I Eppler E338 Flying Wing Airfoils in Wind Tunnel

Tests Run at 20,000 < Re < 500,000 (Airfoil)

AC High Voltage (5 — 15 kVpp, 5.0 — 260 W)

dielectric
barrier
{Kaptan
foil)

1on

o Multi DBD plasma actuators as phased array
sheag

RF
plasma

discharge grounded
i tinned
exposed capper

tinned

Capper k
electrode

—_—

(b) Dielectric Barrier Discharge (DBD) Plasma Actuator.

foil
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Eppler E338 Flying Wing Airfoils in Wind Tunnel

Tests Run at 20,000 < Re < 500,000 (Tube and 3D-Wing)

Nanosecond Pulsed High Voltage (5 — 25 kVp, 10 — 100 W)

Plasma Of1
dielectric
barrier
{Kaptan
foil)

tatal
ion body

o NS pulse driven ferroelectric cathode setup
sheag

RF

plasma
discharge grounded
a0 tinned
exposed capper
tinned fDl[ |
capper
electrode —— |

N
Plasma On '\

(c) Nanosecond (NS) Pulse Driven DBD Plasma Actuator.
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Eppler E338 Flying Wing Airfoils in Wind Tunnel

Tests Run at 50,000 < Re < 1,000,000 (3D-Wing)

AC/NS High Voltage (5 - 30 kVpp, 5.0—100 W) &
DC High Voltage (10 — 20 kVp, 10-60 W) @

Exposed electrode (1) Plasma
Dielectric
7 O ey | T S ARl Induced airflow
| N oy L, |
| w
6 —+ e
|
| / A
0 e
5 L 7‘ 77777777 Aerodynamic surface Grownd Encapsulated electrode (3)
|
i N
= 47 : —— 5 mm hinter Einzelaktuator - .
g ; 8KVppAC - OKVDC - 4,8W High AC
>3 \ —— 5 mm hinter Einzelaktuator - (b) Negative High DC
| 10kVppAC - 0kVDC - 9,4W
|
4‘ 5 mm hinter Doppelaktuator - Ground
2T iy 8KVppAC - 0kVDC - fehit!!! —
: 5 mm hinter Doppelaktuator - Exposed electrode (1) T Exposed electrode (2)
1L R — 10kVppAC - 0kVDC - 22,0W Induced airflow
| —— 5 mm hinter Einzelaktuator - ) ST T i/
| 8KVppAC - 10KVDC - 16,0W —Crregesred - rrzs |
0 } } tgz(gzﬂlzcgfll
0 1 2 3 4
B. Goksel (2013) \
u' [m/s] Encapsulated electrode (3)

(d) Sliding Discharge Plasma Actuator. Y. Li; X. Zang (2009), Exp. Fluid @




= Flying Wing Airfoils rtm e

SYSTEMS Resources Technologies Management

Eppler E338 Flying Wing Airfoils in Wind Tunnel

Tests Run at 50,000 < Re < 1,000,000 (3D-Wing)

AC/NS High Voltage (5 - 30 kVpp, 5.0—100 W) &
DC High Voltage (10 — 20 kVp, 10-60 W) @

10kVppAC - 0kVDC - 19,1W

5 mm hinter Doppelaktuator -
8kVppAC - 0kVDC - 22,2W

5 mm hinter Doppelaktuator - Exposed electrode (1) Exposed electrode (2)

10kVppAC - 0kVDC - 43,1W Induced airflow
—
— 5 mm hinter Einzelaktuator - B N S
S ZFZRZETd [ —

8KVppAC - 10kvDC - 30,4W I ]

Exposed electrade (1) Plasma
Dielectric
! ‘ | o BT O RN LRI Induced airflow
: : : N ordrrrrra CrlrireleiaeTn e e ,
| | |
6 | | | / S
| | | R
| | | J—
5k [ DR i Aerodynamic surface Encapsulated electrod (3)
| |
: : N
= 47 : : —— 5 mm hinter Einzelaktuator - )
1S : : 8kVppAC - 0kVDC - 9,6W High AC
> 3 : : —— 5 mm hinter Einzelaktuator - (b} Negative High DC
| |
l
)
|
|
|
|
|
|
|

B. Goksel (2013)

(d) Sliding Discharge Plasma Actuator. V- L X.Zang (2009), Exp. lud @
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Experimental Setups

— Flying Wing Half Models
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Eppler E338 Flying Wing Half Models in Wind Tunnel with 60 cm and 120 cm Diameter

F

Videler, J. J.; Stamhuis,

E. J.; Povel, G. D. E. (2004)
Leading-Edge Vortex

Lifts Swifts. Science 306
(Dec 10), pp. 1960-1962.

b=0.39 m, c=0.48 m, AR=2.0
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Eppler E338 Flying Wing Half Models in Wind Tunnel with 60 cm and 120 cm Diameter

*/—);f

-

Videler, J. J.; Stamhuis,

E. J.; Povel, G. D. E. (2004)
Leading-Edge Vortex

Lifts Swifts. Science 306
(Dec 10), pp. 1960-1962.

b=0.39 m, c=0.48 m, AR=2.0
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Eppler E338 Flying Wing Half Models in Wind Tunnel with 60 cm and 120 cm Diameter

| RE-Zahl RE-Zahl
749056 7 [[ 743056
(6748056 I [[674805.6
i Lol
G00555,1 L B005EE,1
(5263047 I [[5e263047
o | H
452054,2 4520542
|
[|377803.8 | [azzanas
T303553.3 ' 73035533
5 - |
"‘F’F T2ea3nz.9 i  [[zzaznzs
T155052.4 / - [[155052.4 T
Videler, J. J.; Stamhuis, Hons02 I I
E. J.; Povel, G. D. E. (2004) L1 ~L L1
Leading-Edge Vortex B551.5 cTTTr T T T 173 1.2 I -
Lifts Swifts. Science 306 i i
(Dec 10), pp. 1960-1962. Fie=543849 Pig=344417

Reynolds number distribution for MAV flying wing half-span (28 cm)

b=0.39 m, c=0.48 m, AR=2.0
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Eppler E338 Flying Wing Half Models in Wind Tunnel with 60 cm and 120 cm Diameter

| RE-Zahl RE-Zahl
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Videler, J. J.; Stamhuis, Hons02 I I
E. J.; Povel, G. D. E. (2004) L1 ~L L1
Leading-Edge Vortex B551.5 cTTTr T T T 173 1.2 I -
Lifts Swifts. Science 306 i i
(Dec 10), pp. 1960-1962. Fie=543849 Pig=344417

Reynolds number distribution for MAV flying wing half-span (28 cm)

b=0.39 m, c=0.48 m, AR=2.0
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— Flying Wing Flight Models
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Multi DBD Plasma Mini UAV with 180 cm Span Width and 4.99 kg Weight
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UAV with 180 cm Span Width and 4.99 kg Weight

ini

Multi DBD Plasma M
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UAV with 180 cm Span Width and 4.99 kg Weight
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Multi DBD Plasma M
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Discussion of Results
— Airfoil Performance
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Dielectric Barrier Discharge Plasma: 8 — 10 kVpp, 0.2 -5.0 W

Boundary Layer Boundary Layer Control

Tripping

|
| ! |
' Re =50,000
|

--+-- Baseline: clean airfoil

—o— Baseline: 2D trip

with Plasma Actuator

4 o
o

Re = 50,000 |

ffffffff 1 -x-Baseline: 3D trip R (O B
R
| | |
C, i /\ L
| | | | \
0y
| | |
10/ 5”‘*0\%%/@4
| |
o5l / | |
& OEPRIET
x, x** | —o— Baseline

-4-100% duty cycle

--e-- 50% duty cycle

—8— 10% duty cycle

—*— 3% duty cycle
| | |

-10

D

10 15 20

5
a(®)

Example of the effect of boundary layer tripping
and plasma actuation at F*=1 on airfoil
performance at Reynolds number Re=50,000.

25
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Dielectric Barrier Discharge Plasma: 8 — 10 kVpp, 0.2 -5.0 W

Boundary Layer Control
with Plasma Actuator

4 o
o

Re = 50,000 |

—— Baseline

-4-100% duty cycle
--e-- 50% duty cycle
—8— 10% duty cycle
—*— 3% duty cycle

0 5 10 15 20 25
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Multi Dielectric Barrier Discharge Plasma: 4 -6 kVpp, 5-30 W

30 cm MAV

FE
144414

T130088,3
T115783.8
Tioaes.7
Ta71536
T7z8385
Ts85235
T4a4208.4

Teas93.3

T1e578.2

R

FRe=10486

RE
144414

(1300989
[1157838
(1014687
(871536

[72838.5

(585235
(442004

(295933

[15578,2

R

Ge=h6402

14 : ‘ |
f Cimax=2.58 at a=32°

©
g 0% 5.8K¥Pb17.3 Wim,
04 |/ F o2 x*.0kHz, 2 actuators
S ol B 5.8 kVpp, 18.8 W/m,

¢ ,E‘;"" 0% x 11.0 kHz, 4 actuators
S ©~ --8--5.8KkVpp, 29.0 W/m
02 ke K 6.3 kHz, 8 actuators
il G —*—15.0 kVp, 3.40 W/m,
7/ n(\'
e ——17.3 kVp, 17.4 W/m,
’ DC
0
0 5 10 15 20 25
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Multi Dielectric Barrier Discharge Plasma: 4 -6 kVpp, 5-30 W

30 cm MAV

FE
144414

T130088,3
T115783.8
Tioaes.7
Ta71536
T7z8385
Ts85235
T4a4208.4

Teas93.3

T1e578.2

R

FRe=10486

RE
144414

(1300989
[1157838
(1014687
(871536

[72838.5

(585235
(442004

(295933

[15578,2

R

Ge=h6402

1,4

1,2

0,8
C
0,6
" o 5.8KVpp, 17.3 W/m,
0,4 gf" ***** 11.0 kHz, 2 actuators
% --a--5.8 kVpp, 18.8 W/m,

s 11.0 kHz, 4 actuators

o2l o111 kVpp, 1.8 Wim, |

5.5 kHz, 3% dc, 30 Hz

—*—18.9 kVp, 19.0 W/m,
DC
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Discussion of Results

— Optimization Study
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Smoke Wire Flow Visualization at Re=20,500 (F+=1 - f=9.6 Hz)

0,9

0.8 -

0,7 r
ACL

0,6 r

(dj uty cycle (F*=1)

_—

0,5

0 10 20 30 40 50 60
Duty Cyle (%)

Effect of duty cycle on post-stall
(a=18° airfoil lift at a low MAV o
Reynolds number; Re=20,500). (e) 30% duty cycle (F'=1)

—

(fr). % duty cycle (F*=1)
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Smoke Wire Flow Visualization at Re=20,500 (F+=1 - f=9.6 Hz)

0,9

0.25<F" <104

0,8 r

07 | ¢
ACL % % %%%

06 %% %

0,5

Effect of Strouhal number on post-stall
(a=18° airfoil lift at a low MAV Reynolds
number; Re=20,500). C,=0.05% and
duty cycle = 3%.

(a)O% duty cycle (F*=0)

="

(c) 3% duty cycle (F+=2) (d) 3% duty cycle (F+=3)

Examples of flow visualization photographs at different
reduced frequencies for a=18° at Re=20,500 without and
with the plasma actuator on. Larger lift is generally
associated with larger downward deflection of the
streamlines. Here it can be seen that the greatest
deflections occur at F*=1 and that the wakes associated
with higher frequencies are larger.
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Smoke Wire Flow Visualization at Re=20,500

(F+=1 - f=9.6 Hz)

| | : et
157 | 3 skt 0.64531
Re = 20,500 VYOI *
| s 058134 u
l A l
L e SRS o 051737
l anh l
s B : T
CL | | | 0,45341
| A | |
4 | 0000‘0*0’000 4
0,5 | R | 038944 )
| <>\ | -t
4 o l L i
R 3 030548 30 cm MAV_(1] 1 |
* | | 1
ol ae |6T0-6735>0.6453 T0.26151 |
‘0 i | . | 1 -‘- M I
AAi : ‘Basellne I:I__-I 9?54 /.—_.--" HH\\.\_\_\- i
!A:Q' AF+=1,Cw=1.3 1 s 7
o | ‘ ‘ 0.13358 [ / ]| |
_0’5 I I‘_,_,_ﬂ-""ﬂ-ﬂ-ﬂ- Q‘:
10 0 P a() 2 %0 T0.06981 -~ .
H_""-\—\.
Effect of plasma actuation (8kVpp with 000564

5mW/cm and 10kVpp with 9mW/cm or
0.9W/m at 4kHz), duty cycle = 3%.

Fe=19655 /o, =0.6453
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Smoke Wire Flow Visualization at Re=20,500 (F+=1 - f=9.6 Hz)

)
15 | | | | 064531
Re = 20,500 3 .ﬁﬁg-- is
‘ g 0.56134 Y
N D:S 77777777 051737
C 1 el ‘ 4
! | e 0.45341
[ Qo'g Lo 0% f
: 5 D‘O‘O: o,ooo‘oT ¢ L
os | PR | 0,38944 :
. 1
Og0| 40 l 1 i .
£l | _ 30cm MAV_(f| 1 |
04 | 1 |
N .9: ¢,=0.6317 < 0.6453 |0.26151 - !
o“ « Baseline T ’:, M&“ !
.@ m F+=1, 3.6mW/cm, 1% duty cycle 18754 / . o “HH!
g*° e F+=1, 1.2mW/cm, 0.66% duty T - / ] I
oo TSt amtn o . YT
10 0 10 g () 20 30 006561 e -
=L
Effect of plasma actuation (10kVpp with 000564

3.6mW/cm and 9kVpp with 1.2mW/cm at

4kHz), duty cycle = 0.66%. Fie=19655 fc, =0,6453
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Smoke Wire Flow Visualization at Re=20,500 (F+=1 - f=9.6 Hz)

15 |
Re = 20,500 T
3 .
N s
: : D. | ) ] o
C | a0 :o (b) 9% @bétefuatyctey ¢ Fer 2= b)=(8<30°)
I . I
3 .DIS.O‘:O'@ ‘0‘0*0‘000
05 | o e ;0,0‘0
. m © TN
:D.O. *©
¥,
0.¢
g
' I
0 [ I M
*° « Baseline (d) 0% Iatguychy ¢Fe-E20b)=8<30°)
a2 ®mF+=1,3.6mW/cm, 1% duty cycle
T@-E o F+=1, 1.2mW/cm, 0.66% duty
0.5 ‘ ‘ ‘
-10 0 10 g (°) 20 30
Effect of plasma actuation (10kVpp with (o) go duty cycle (F+=0) (a=30°)  (f) 0.21% duty cycle (F+=1) (a=30")

3.6mW/cm and 9kVpp with 1.2mW/cm at
4kHz), duty cycle = 0.66%.
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;r s Re=50,000, DC=3%, 0=18°, <Cu>~0.001% |
| 0 Re=35,000, DC=5%, a=18°, <Cp>-0.01% ' 08 | A
08 | ooo, | o Re=20500, dc=5%, a=18°, <Cy>~02% ! SRR ° o o R 27130
o %0 o | © Re=20,500, dc=5%, a=14°, <Cp>~02% ! °
ST T T T o C
o o - W
06 _Ep:pIu]E‘DEI o g e PN o 0.6 Eﬁﬂmm" . o . -~ i
. E A 0p oo g AR, A A A . }’F 20
:’gﬁﬂpﬁn Aop A —— -~ -
ﬂC| o “ : AC| ”,’ P [i
o O -
OO i 9,’ =
04 o . 04 . 1, pAV®
O o o
° e o | o Re=20,500, F+=1,a=18" 1 - 10
oo | ° 02 ¢ ol T | 0Re=35000,F+=1,a=18° |
° L | aRe=50,000, F+=1, a=18° |
Gf | 0Re=20,500, F+=1,a=18" |
0 1 1 1 1 1 D L T l---------T ------- 0
+
0 2 4 5 F 8 10 12 0 20 80 100

Effect of reduced frequency on post-stall
airfoil lift at different Reynolds numbers.

Plasma at 10kVpp and 4kHz.

Effect of duty cycle on post-stall airfoil
with plasma at 10kVpp and 4kHz for
various Reynolds numbers. Corresponding
measured power coefficient for Re=20,500.
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Discussion of Results

— Half Wing Performance
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Re = 36080
2.0000
1 8000 ——00K/-00KHZ-00W | |
1,6000 —a—120kVpp - 10% duty
1,4000 cycle -6.0kHz -25W [
1,2000
$ 1.0000 /ﬁhﬂ\h .
0,8000
0,6000 o PO . S Ty
0,4000 e \‘*-\w___ -
0,2000 “,f/
0,0000 . . . .
0.0 10,0 20,0 30,0 40,0 50,0
alpha [*]

Effect of phased plasma array with four leading edge
actuators on half-span wing performance at a root
Reynolds number (a) Re=36,080 (lift enhanced by
max. 300%), (b) Re=216,000 (here by max. 60%) and
(c) Re=393,000 (here by max. 25%)
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Re = 216500
1,4000
—— 0.0 kY- 0.0 kHz- 0.0W
1,2000 —
—=—12.0 KW-5.0 kHz- 10%
1,0000 duty cyde - 28 W -

0,0 10,0 20,0 30,0 40,0 30,0

Effect of phased plasma array with four leading edge
actuators on half-span wing performance at a root
Reynolds number (a) Re=36,080 (lift enhanced by
max. 300%), (b) Re=216,000 (here by max. 60%) and
(c) Re=393,000 (here by max. 25%)
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Re = 393630

1,4000

—4—0.0 k- 0.0 kHz- 0.0 W
1,2000 —

—=—12.0 K\pp - 6.0 kHz - 50%
1,0000 duty cycle - 120 W u
0,3000

3

0,5000 ﬁ/‘_ - * -
0,4000

0,2000

0,0000 T T T T
0,0 10,0 20,0 30,0 40,0 30,0

Effect of phased plasma array with four leading edge
actuators on half-span wing performance at a root
Reynolds number (a) Re=36,080 (lift enhanced by
max. 300%), (b) Re=216,000 (here by max. 60%) and
(c) Re=393,000 (here by max. 25%)
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Re = 393630
1,4000
——0.0 kV-0.0kHz-0.0W
1,2000 H
—8—12.0 K\pp - 6.0 kHz - 10%
1,0000 duty cycle - 26 W N
0,8000
3 e
0,6000 — . = —
0,4000 /’f*
0,2000
0,0000 . . . .
0,0 10,0 20,0 20,0 40,0 50,0
alpha [*]

Effect of phased plasma array with four leading edge
actuators on half-span wing performance at a root
Reynolds number (a) Re=36,080 (lift enhanced by
max. 300%), (b) Re=216,000 (here by max. 60%) and
(c) Re=393,000 (here by max. 25%)
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Effect of phased plasma array with four leading edge
actuators on half-span wing performance at a root
Reynolds number (a) Re=36,080 (lift enhanced by
max. 300%), (b) Re=216,000 (here by max. 60%) and
(c) Re=393,000 (here by max. 25%)
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* The present investigation considered separation control using single and multi dielectric barrier
discharge actuation on an airfoil and half wing models at typical MAV Reynolds numbers.

* Modulating the dielectric barrier discharge actuators at frequencies corresponding to Ft~1,
resulted in improvements to C, .., which increased with reductions in Re. At the low end of the
MAV Reynolds number range (Re=20,500) modulation increased C, .., by more than a factor
of 2. Hysteresis associated with the baseline airfoil was eliminated.

e Of particular interest from an applications perspective was that performance, measured here
by C, .. increased with decreasing duty cycle, and hence power input, for duty cycles >3%.
Even lower duty cycles, around 0.66%, were sufficient for effective separation control,
corresponding to power inputs on the order of 1.2 milliwatts per centimeter.

* In ongoing experiments, the positive aspects of corona and dielectric barrier discharge plasma
actuators are combined in so-called sliding discharge actuators to increase the aerodynamic
efficiency of small MAV designs.

* Plasma actuators should also be studied in combination with flapping wing configurations.
Why?
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Strange Topography of Bee Wings - Sensors or Supporting Electrokinetic Actuators ?
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Thank you for your attention!
Any guestions?




