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Abstract

This paper presents a fundamental study on jet vectoring control by adjusting the
dimensionless frequency of synthetic jets over time without changing the injection
nozzle shape in actuators. First of all, work involves the introduction of asymmetric
slots with various sharp projection lengths in free synthetic jets for various actuator
frequencies. The influences of the dimensionless parameters, sharp projection length C,
and actuator frequency f* on the behavior of free synthetic jets are experimentally
investigated under the same slot width by, and numerical simulations are performed to
supplement these experiments. Furthermore, as an asymmetrical shape to replace sharp
projection, verification was carried out using a stepped asymmetrical shape. In the case
of a stepped asymmetric slot, there are more parameters whose shape can be changed
than in sharp projection, and it can be expected that the jet direction can be expanded to
a wider range. Finally, as a more applied study, the influence of synthetic jets near a
circular cylinder on the flow characteristics of a primary jet was experimentally

investigated.



HR

B 1 R BEEDecvrreorrtectttectitectiiectetitectitetnttetnttestenttesnstesnsnsees 4
28 JERMFHAHAR Y MXVBRSND VBT 4 v 7 V= y NOFBRE: -9
D1 [ B T eeeeeasaanaaenannnneeaeeeeeseesanannnnnnsssssssssseaaannnnnns 10
I T e TR R 11
0.3 FEERLERE G TN ST I v e v e o e e e e 12
DA KGRI FTT e+ v v o v e esem e et e teete et e e e et eteeataetaeeeaenaes 20
R a7 SRR R R R L 29
R B o LRI R I R R 51

R AR o R T 53
3.0 R e ettt i e i e 54
3.3 FEBRE I I O JT e e e e et e e 55
3.4 BEAEFRAT JTIEe e oo v v oo e et i 57
3.5 %%&Uﬁ%%’g .......................................................... 59
RN o LR R R I R 82
BAE a7V HEEEI VT 4 v I Vs y MR DERF RS -eeeeeeeeees 93
R A R T I 84
R e =T = I 85
4.3 FEBREERE T IR JT T e e e e et e e 86
A4 BEEFRAT JTIE e o v v oo e et e i i i i i e 99
A5 FE R IR e et ettt i i e 94
AB T L BD et tranreetttanettitiittt ittt titiie ettt 111
A - T 112
o 3t N R L 117
T ¢ e e ettt 1929



-F 1 E-
o A



ERRITZ A U v b0 Au7e EO/NLI B ZERIICK LT, iR E L3 5 Bl5:
ThV, EXFIHEST, AFEFRCBOTHHICT IR BZ W28
FTHHD. "EIIZEET DHFTRIIMZERIZ 35 1T 2 i< B & s O R,
TR NS C O RLEFRANL OS], 2230 « =7 I —T7T  Omh{b72 % H
By & L TREAIZAT DN, 567 IR BB s ST g
FIMLABIZBWTUIMER 2 ZATE D +—F%—V = v MKV BEEM O
FEUEERE T I v IMEYWN TS LR ALY, EHICEFOSET
FIME 25 LTk Lgas OUIBR - Wi SN2 v +—%—2 = v M FIE
PIREIND 2 E, EREWRIIFEA G TR I >2H 5. RIETIEVA
I ZFRIRIEGLP 12 B Y & 3 D5 - 2250 O B b2 a1 72 i du 35 il B PE i
ZRRAT DR E > TEY, ERENIE s ERZEO TS, 20 L9
IRRDUTIBNT, B OEITHIM A @O BICRET 2 2 e nTcER
£ — @R B TR E T 23 ST D T L ITELE V2R,

A TR O L LA fE D TITEm O HmfilE 42 Bf L, £DOEHO
el 74y Py FeElT s, BN T 407V =y
R D EEIR AN & D WAL S O Fl#E & IR A B = X LT O TERE D
BT OW 2 SEN 2 Sz, YT 4 v 7 V= v MY, Aoy bR
J AAZ TR S TR & M HEFE & A2 AT 3@?" T, EBROENERT

Hizbbnd, Auy b A T EGE T & FAEL L 72 EFTR O
ﬂ%%%¢5 vyf%4y&9iyb@%ﬁiﬁ@ﬁ@&w@’%bofk

, EHERIZB W T Ay MEAHTIZES D x2S AW HE 275k L
HOT LT, WHEEBZBO DL ENZOBGEORETHD. LI THRAE
ST, %ﬁ’?l BRI O BN OFFEEEE SRS EEL BRI Z & THY, I
KN TPV HEIT T 2R T F LA A M XY FE G E A M O s
@%ﬁéﬂé.V/t74y7V:yFi@%ﬁﬁxﬁ~ﬁ~%ﬁ4%7?A,
PV EFREOERENEATHY, BEPHMTHLZ b, /P - BERIC
WL, 77Faxz—FOMENEE THLZ L L RERFFEO—DTHSL. L
7oy o T, R O A/ NG AR O 7 7 F 2 = — & g Eikx I iR
~OISHAPEGEND. Yot T 4y 7 Ve y FOWEEICEL T, Ik
TITMEGE DOTERRSAE[L], e ETE & OFIE[4], VA / VAE L BIRITEA hr—

DH[4], NI D26, 29], A v v FNERMIIR O8], Ama >



MEZ2WN LAY 7 4 AROFEE R S TEZ[9, 18], £7=, BESRIFIC
B L TiE, Holman HiZ LY, MKTA M —FES LiZL-oTyrEera vy
7V NORHENRID Z ENRINTEY, FRZ Lo <t OFRFITHB W T,
M SRR AR SN BRI BRI Ay h~BXREENHZ T, v
BT 4y Ty RBBELRWZ EBRHLMIENTWD[]L vt T oy
7Yy bOISHBIEE LT, KE - FIBERIEI[10-13] B T 7 F 2
— A [14-15], ###E - IRAIRHE[16-17]72 EOWEBIFEL TVD. LN LR D,
VU T 4 v Yy MOFERBENFFEIC O W TERIZICARA 2 813 % <, FF
(ZHRE R & M T ) & OBARICHE B L7 FEEIIARD T 70,

JRFE T ORI EHIENIC O W T HZRT D &, 66k, #HERDZT X |« X
7 B2 TR — R D O X UG SN IIE S ) AV ERIEIZ LT
WG A FIE T B RSO T L — "= ¢ VAR AINL CEOAEIZ LY
A RS S TR ERRONTE . EREBTE, & A SRz =
—A TR EERRO T X —RNHWS, AT X —AE TS
N5, Thbb, AFAL - R7EZY L 70d—A 2 THlZR SO &
AL 570121, B REZEIERET L2008 THD. LA
0, HEEROWE S ) 2L % W2 DI R D 72 al BN 0B L 72D,
TH—, ==l EOHERIIAEGORERIFER D, L ZATHEARE
BEOHFZEFI & LT, MEHMOEERRITKERITRICKRE 22 EAHT 2
EMOLEMMMBAE/NSLSTHI EEZHME L7z Sweeping Jet IC LD EEEED T
B — N RYCGETEPIREZ SN TV A[34]. LLaens, Al chsr 74 —%
HEFTITEE > TR, —HIEE, BRECEZEDRNTNANALT 4 > T -
AFGAN e R_RTZYTPRESI, £ I TIIEEEROTHCa T VX E
BT 5 W E2FH LT, iRz B L T\5([35-42]. 72721, kD
TINAT A4 w7 « AT AN« X7 Z ) T THEOWERRR AL ZETHZ L
IR G Tix7e <, S DICRMTIRZL & b 2 BRI I o 7 [ il 12 B 9~ 5
WEITIFEAERYTLRWEWNS ONBURTHS.

A TG Z a2y ba— L Lk E WO LEAICI TN TV D
0, PERDEFERIZARDY V8T 4 v 7Py FEFMLIEFDNL O
FAEL TS, Smith HIE, —YOEKEEFICK LT RKERE LTyt T «
vy NeTWESEEGAEORNBIIOVWTHIE LT, Yo7 1 v



7V N LT —REERO FmEzfl#Ecx s Z L 26 LT
%[28]. F£72, Luo 6 b, —UEREEFEO A —RER E LTy o' T«
v IV KTV Faz—REEHLTEY, YorvTr oy Py MERMRD
OO DT 7 Fax—FEHBLTCNDH24]. ZOT7 7 F2x=—X Tl &
iK%z 1 S0 HEL, TORGmOmmORAEZIRE Y, vt 0> 7
Vv MOERICHATHZ LT, kot T7 0y 7Yy MU HEAD
RLhoTWE, ZDEX, 2050 ALNb 180°DNiFHEL ST BT 4
vy hNEKRENS. AT, Smith HiE, BiET D 2 DO A1 » b h
DRk x IR ey T 4y 7 P2y FEARTHZ LT, 00
DTV X - THEIR G ORI 2R TEY, —EDOSRM Tz TR
OHHNARETH D Z EEZHLNCLTWDI2E]. ZD k9, 2 TH%ES
NTCElv o740y 7 Y=y ML ARG HIEE NI, T & A
HOETHERINHE1NE L, #EERE O R0WGEI3EEor T ¢
vV xy hOTWEFHAT LHOHTHS.

Yok T vV ey FEMOERE RIS L, OERMIBIRD
RFRI 72 AL AT DO TITER S M OFI#E 2475 Z - TEnE, vt 7 4>
7V RO/ BEARICHET D & WO FLRERKIRIZIENT Z EBRHKD
EEZLND. EZT, KimXDH 2 ETIE, H—ov o714y 7Py b
LT, Ay MEROIEFREEZFIH L Eimo B sl 2 metd 5. X
7 M OIERFEIIZEREZ A NTERY, KR EEDTIZ, Yo' T o
v 7Yy NOMRTEEEE B SED 2 LT, EWEGAHEN AL 22D
Z L mRT.

MATH 3 TETHE, AR EZLEL, BEEIRIROIIFHRA 1 > MIBIT
DM T A 2 AT LT DL BEEIBIRE 35 2 & T, REMO LD i
G ~DORELRTFWHRIMZ B, £, iR FnoOREEHE%Z S IR TE 5
ATREMEDN B D .

— 5T, YT 4 vV y MIEEIREENHE LW E W IELH 5.
%2 B, B 3 EOHMM A AT M HlE 2 iR 2 5 A, ISHRRICK - T
1%, MENTSTROATRENRESIND. £ TH 4 BT, —REGER
LT, ZRMERRE LTyt T 4y 7 Yy b ER W7 i 2 i



TS5, ZorEr, 2uy MMOKaT7T U AEERELTEY, WbwbaT

YTy MR LTD, Yot T 4y Y=y FOIGHTHS.
WO IET O AORKIEICER L TBY, FCy T4y 7 Vx
vk OIERITIAR I PGS RIE T R

=

AL TWD. £70, HAMIZ
(TFBRC L > TR O NTZHER Z oIS 228, BUERAMITIC L > TR o
T R bR AN AN TN D,



-5 2 8§~
ZEBFHHROY M2k B
SURT4vI STy FOHAFE



2.1 [FL&HIC

INETHRINTE L BT v 7 Ve y MK AMEFT S,
BEENTE & ARG DY THEH SN2 5E1 L <, EEEEE HORWEAETYH
BEO Ty ey FOTFHERHALTNS[23-26]. v ET 4 v
Vv MO ETHSED 2 LR, DORAIIR ORI e b & £
ODTICERFMOGIEEZITH> ZenTEnld, Yo7 v 7Py hO/h
Al B EBALICET 5 & VWO FIRZRKRIRIZIE N T ZENTEDLHEBZELLND.
TIT, KETIHE, B0 vty 7V=y MIXHLT, 2y MERO
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VT4 vV ey OTEBRETIER A be—0 KBS LICKETDHZ
EDRFOENTEY, LFUTON(L2)TEREIND.
Uso Uso

L= —=—T (1.2)

fbg bo
Lo I3 H wa%Aﬁﬂ&ﬁbeD/F%mf Lﬁ&EMLt%®T%@
ok T 4w 7Yy MTBWT, 1 ER o H IZIER S D RS o &

SERTERGTGKRTHD. £, BRGCA be— 7 O e BRouEEER S L
T TFOXAI)DERICERET H.
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Uso Lo

Lo & iV Ihbr 74 v 7Py NOFEZRTERICETHD N, K
e CIEEIC FEFEmIic N D,

fr="10_ (1.3)

T/2 T

Fig.2.3.1 Definition of characteristic velocity for synthetic jet.
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Cylinder : Rigid wall

Sharp projection

Signal Bottom plate
generator
Plenum tank
| In\//erter
=
------------- O
---------- Blower
Speaker

Fig.2.3.2 Schematic drawing of the experimental apparatus: synthetic and continuous
jets generated by the speaker and the blower, respectively.
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) y /
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{ : w =Dy,
R = 6b, \
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R = 6b,
(a) Top view
Sharp
projection

SN

(b) 3-dimensional view
Fig.2.3.3 Geometric shape of an asymmetric slot. The asymmetric slot is obtained by
applying a sharp projection to an edge of the slot.
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HAPDWAEPHALI A MZ I NICTERIBEER L TCLEI ZEBH DT
b, —J7 OBEHE (y il E 7 AN O IEOFRAE 5% T 7=, FEOFHAIT AT »
c B BEN AL E ORIAREEm ETHY, ML—HRiTER T 4y I Y
Ty DT R A A FHRIZE > TEBICESIAEND Z & T, R
ARE L 72 D

Probe Support

Probe

Hot wire

Fig.2.3.4 Set-up configuration of the hot-wire anemometer
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Mist tank Smoke Rigid wall
Beak
S
=
Smoke 90
generator Y -

Fig.2.3.5 Tracer particle generation method for LDV
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2.4 BUEREMTTE

BUEREAT I IR SRS - RERIAfRYT Y 7 N 7 = 7 (SCRYU/Tetra ¥ 7 k7 =
T LA RWE AW, ZIRGEIEERSRETHEIT IR & OE L CIEE T MNT & FEHE L 7.
W DOMD AT 2 1X[7]) & RIS, BLET L E LT, LA J LX)
Er-A h—7 ZHEA(RANS) ZfEH L, % ke ETAEZEAL TS,
Fig.2.4.1 IZEUEMHTIC I T DARATSEIR L OBER R 2 . o7 4 v 7V
v FOYE, 2wy MRS THESREMAIZZT 575, Fig2411Z6RLT
WAIE Y, BERSME L L CIERLIE (U = UgSino) D EIE % 5-2 5 2 & TR L
7. FTo, Fig.2.4.1 OfEMTREE BT m(y fhiE s w585 ) & OV A 5L
My AT A OBEFR ENC DN T, BIEDO= 2 M LA A Y MRS O
MREHED SNRRETH L LIEL, BERmENDOMAREZZNZEIL v =
0.05Ug 38 L Vv =-0.05Ug & L TH-%, FHROZENEIT S . MIRBEEIZR LT
1%, Y 72 L(No Slip)5a 42w A L, FicMlBE st (x fhiE 7 il o5 i)
IITPRAVEE RS & U TR —E S (p=0Pa) 2 H L 7.

Upper inlet (v = -0.05U,)

Rigid wall (No Slip) YCTTTTITITIITIINT

)) <

400b,

Downstream bound
(Constant static pressure)

200b,

Z L
%%ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁg~

Slot (u = Ugsinwt)

Lower inlet (v =0.05U)

Fig.2.4.1 Domain and boundary conditions for the numerical simulations of the
synthetic jets with the asymmetric slot. The divergence of the results is avoided by
supplying 5% of the characteristic velocity from the upper and lower bounds. For
simplicity, a sine wave is used to describe the velocity change of the synthetic jet at
the slot.
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Fig.2.4.2 Magnified view of the typical grid
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(b) Simulation with internal nozzle
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Fig.2.5.1 Time mean velocity and vorticity distribution for the synthetic jet with a
symmetric slot (C =0, f*=2.50 x 10 2and Re = 990).



0 10 20 30 40

x/b,

(@) Simulation without internal nozzle

0 10 20 30 40
x/b,

(b) Simulation with internal nozzle

20

10

S
04

=
-10

-20
0 10 20 30 40

x/b,

(c) Experimental visualization

Fig.2.5.2 Time mean velocity and vorticity distribution for the synthetic jet with an

asymmetric slot (C =5, f*=2.50 x 10 ?and Re = 990).
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Fig.2.5.3 Instantaneous jet velocity profiles of the synthetic jet (f* = 2.50 x 10 2 and
Re =990).
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(b) Numerical simulation
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(c) Mean velocity distribution by hot-wire

Fig.2.5.4 Flow patterns of the continuous jets (U = 3.0 m/s; Re = 990). The exposure
time is 0.1 s. The sharp projection is indicated by triangles.
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Fig.2.5.5 Velocity distributions of continuous jet measured by hotwire anemometer
(Ueo = 3.0m/s, Re = 990).
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Fig.2.5.6 Flow patterns of the synthetic jets (f* =1.67 x 1072 f =10 Hz; Ug, = 3.0m/s;
Re =990). The exposure time is 0.1 s. The sharp projection is indicated by triangles.
The synthetic jet for f* =1.67 x 10 2 in the asymmetric slot in (ii) C = 3 and (iii) C = 5
proceeds to be approximately straight than that in f* = 5.00 x 10 2.
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Fig.2.5.7 Flow patterns of the synthetic jets (f* = 5.00 x 107; f = 3.0Hz; U = 3.0m/s;
Re =990). The exposure time is 0.1 s. The sharp projection is indicated by triangles.
The curvature of the synthetic jets increases with respect to the increases in the
dimensionless sharp projection length C.
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Fig.2.5.8 Mean velocity distributions in the vicinity of a rigid wall by LDV for
various values of the dimensionless frequency f* (C = 3; Usp = 3.0m/s; x/bp = 1; Re =
990). The y/by point, where the tangential velocity should be zero, is defined as the

f*
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stagnation point on the rigid wall.
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Fig.2.5.9 The stagnation points measured by LDV. (C = 3; Us = 3.0m/s; x/by =1; Re =
990). The cross markers are plotted at ysi/bp = -74 (the position of the wall’s end) if no
stagnation points are present on the wall. The jet curvature of the synthetic jets
increases, and the size of the recirculation region becomes smaller with an increasing
dimensionless frequency f* under the same dimensionless sharp projection length C.
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Fig.2.5.10 Verification of the scaling flow evaluated by the x-component velocity
distributions at x/by =10 (Re = 990).
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Fig.2.5.11 Contour map of the jet center position evaluated by the x-component
velocity distributions at x/bg =10 (U = 3.0 m/s; Re = 990). Both the dimensionless
sharp projection length C and the dimensionless frequency f* affect the change in the
jet center position. Therefore, the jet flow direction can be controlled by adjusting the
dimensionless sharp projection length C and/or the dimensionless frequency f*.
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ELICRTAER NS Z & &5, TORE, MEROEITHEIC oW TIE, Cf*
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Fig.2.5.12 Velocity distributions of synthetic jet measured by hotwire anemometer (Lo
=10, f* = 0.1, f = 60Hz, Uy = 3.m/s, Re = 990).
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Fig.2.5.13 Time averaged velocity distributions and vorticity contour map of synthetic
jet (Lo =10, f* = 0.1, f = 60Hz, Ug, = 3m/s, Re = 990) in numerical.
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Fig.2.5.14 Typical flow pattern of the synthetic jets produced by the asymmetric slot
(Lo=10, C=5, f=60Hz, Usy=3.0m/s, Re=990). The cross markers are plotted on the
center of vortex. Where, clockwise and counter clockwise are blue and red,
respective.

45



0 5 10 20 25 30

15
x /by
(i)t/T=0.00(t/T=1.00)

0 5 10 20 25 30

15
x /by
(ii)t/T=0.25

!\\\

N

e

n
}

SASAAAAY,

0 5 10 15 20 25 30
x /by
(iii)t/T=0.50

0 5 10

15 20 25 30
x /by
(iv)t/T=0.75
Fig.2.5.15 Peculiar flow patterns of the synthetic jet in numerical simulation (Lo=10,
C=5, f=60Hz, Usx=3.0m/s, Re=990). The cross markers are plotted on the center of
vortex possession.
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Fig.2.5.16 Interrelation of vortex positions in the peculiar flow patterns of the
synthetic jet Cf* = 0.5 (C =5, f*=0.10, f = 60Hz, t/T =1.0, Re =990, a; = 28.55mm,
a;=22.71lmm, az=21.92mm, as;=21.3.1mm, b; =9.85.1mm, b, =9.922mm, bs
=10.28mm, b, =12.44mm and these averaged are a = 2.3.4mm, b =10.6mm)
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Fig.2.5.17 Interrelation of vortex positions in the peculiar flow patterns of the
synthetic jet Cf* = 0.5 (C =10, f* =0.05, f = 3.0Hz, t/T =1.0, Re =990, a; =
43.17mm, a, = 40.80mm, az = 42.26mm, as = 3.7.96mm, b; = 20.3.4mm, b,
=17.04mm, bz =16.18mm, b, =19.87mm and these averaged are a = 41.05mm, b
=18.3.4mm)
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(a) Translational motion of vortex pairs in a synthetic jet
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(b) Vortex progression principle in a staggered array vortices
Fig.2.5.18 Difference progress between vortex pairs and staggered array vortices
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Fig.2.5.19 Flow visualization using the smoke-wire method in the case of the
synthetic jets with various Reynolds number (f* = 2.50 x 10, C =5)
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ZHUIAT v @ SN EEBIERNH AT v MIITBENF LWART A —=FTH D
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3.2 THES

bo : An v ME (=5.0x10° m)

f o AJIEREE [Hz]
f EERSTEIREL (= f bo/Ug)
hy @ yEOEGEEORT v 7 EmS [m]
Hy @ YHIEGAMOERITCAT v 7 &S (= hi/b)
hy : yEHEHHRBIOAT v 7 @S [m]
Hy @ y#i&a G mOERITAT v 7 &S (= halbg)
o : AbhE—7KE (=Uf)[m]
Lo @ HEXRILA hr—27 KX (= Udfby)

. 77 [Pa]
p . ERITIET [=pl(0.5pu0%)]
Re : LA /2% (= Ugbolv)
s AT v TRS [m]
S : MEKITAT v TES (=slb)
t o FFRE [s]
T : JEH [s]
u o O X BT A [mis]
lul @ PRIED x EhF ARG DORERHE [mis]
U © ARy MHAFEHD x i m s [mis]
Ueo @ BRI ORERIEE [m/s]
Ua @ ARy MRAOY T 4 v 7 Py MTRIT 2 EERE [m/s]

Uo @ Yo7y 2Py hOREKHEE :leomuo(r)dt [m/s]

v oo i [mis]
V| @ FEOHEHE [m/s]
X, Y, z @ JEEEEH [m]
Yo o BURDND K EHEE TORERE [m]
v EEEERRE [ms]
o A [1/s]
o o ERITIBE (= bow/Us)
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3.3 EREBRUVAE

AN EREBEBTHIN, YT 4 v 2y bERAERKRTHD
DEBRBEORERIT, AiFE THER7- Fig2.3.2 LR—THY, REMKIIA L —H—
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HDOX Y ET ARSI s S LODNRT A= LR, KL TIEAT v 7HID
HAEICERT H728, s=15mm=Const. & L7z. 7238, hy, hy, s ODFK/NT A —
XA Mg by THRTZ EIZE D, ZAZEIHy = hi/by, Hp = holby, S =s/byp
E R L TR 5.
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Origin

Fig.3.3.1 Magnified view of the slot-exit geometry in the two-sided stepped slot.

Origin

Fig.3.3.2 Magnified view of the slot-exit geometry in the one-sided stepped slot.
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3.4 BUEFRIAEEN

ZIBIE, BRI LR ERIEROA v v 2l oW Tk % . FiE
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T2 HDOEMEEZTWDHL DlE, 2y MBI AMNERSMETH 53,
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LT, RKGFOERERE LTER L. 22T, BERSGENRFICE
b3 270, URBBOIFEFMHTLEML TWD. Ay M ORIELR
ST oW TR BB A (Upper boundary condition), F1Il5% 5 (Lower boundary
condition), T #iffI5% 5 (Downstrean boundary condition) D4 i lZ % L, WiALEER S
& U CRE—ESM(p=0Pa) %5 x7=. ENTHEIRDEH 710 (z #hFR)D A
VallOoWTIEREI SNl BEE L, 2 F R OIVIMEN TN 2D, Xy
TEENZ DUV T DB IR ITTHRNT & 72> T DL Fig.3.4.1 IZIZHHFE L TV RUR,
Xy W AT mic st L COBRRSEMEE, 7 U —R Y v 7BESE(Free-slip) & L
TW5.

Fig.3.42 13 A v MNEALIZK T D A v v a2 DIEREKTH 573, MEERIERFR A
2y NOLGAITE, BIEEIIERYD, 2 TORMIRH K L CTHER L
TWo., koT, IBERFLLTRAYy Va2 Z2ERT 20 RIZZLNWEERD
728, Fig.3.42 Ol ERWEEK TOA v a2 nTnad., 7o, LA
v ¥ 2 OFENSEITR 190,000 TH S . EiR DI Y FEEF RN & FEhE L TV 523,
FERTHEONTEEG & DR AITO MENRH DH. £ 2T, BUEMHT TIXiki
N8 LR R A0 KRB L D ETEEHE L, BEXKD 5
JE 3% U CRERES LTc b O &5 8 LT D .
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Upper boundary condition
(constant static pressure, p =0 Pa)

-

Downstream boundary condition
0Pa)

200b,

100b,

(constant static pressure, p

| Slot (u = Ugsinwt ) | % TT-

Lower boundary condition
(constant static pressure, p =0 Pa)

Fig.3.4.1 Solution domain and boundary conditions used to simulate the
characteristics of a synthetic jet generated by the asymmetric stepped slot

(dimensionless step length S = s/by = 3.; offset ratio H, = h,/by =10).

Fig.3.4.2 Magnified view of computational mesh used to simulate the characteristics
of a synthetic jet generated by the asymmetric stepped slot (dimensionless step length

S = /by = 3.; offset ratio H, = h,/by =10).
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(c) Mean velocity distributions obtained from the hot-wire anemometer measurements and CFD.
Fig.3.5.1 Typical flow pattern of the synthetic jet generated by the symmetric slot (no
stepped slot) for Lo = 60 (f* = 1.67 x 107%)
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(c) Mean velocity distributions obtained from the hot-wire anemometer measurements and CFD.

Fig.3.5.2 Flow pattern of the synthetic jet generated by the asymmetric stepped slot
(H, = 10) for Lo =120 (f* = 8.33 x 107%)
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(c) Mean velocity distributions obtained from the hot-wire anemometer measurements and CFD.
Fig.3.5.3 Flow pattern of the synthetic jet generated by an asymmetric stepped slot
(H, = 10) for Lo = 20 (f* = 5.00 x 10?)
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(c) Mean velocity distributions obtained from the hot-wire anemometer measurements and CFD.
Fig.3.5.4 Flow pattern of the synthetic jet generated by an asymmetric stepped slot
(H, =10) for Lo =12 (f* = 8.33 x 10?)
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Fig.3.5.5 Variations of the jet centerline with x/b, for H, =10.
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Fig.3.5.6 Images of the synthetic jet for Lo = 20 (f* = 5.00 x 10°?) with various H
obtained from the smoke-wire method.
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Fig.3.5.8 Temporal variations of the flow field near the slot exit for Lo = 20 (f* = 5.00 x
10?) and H, = oo.
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Fig.3.5.9 Temporal variations of the flow field near the slot exit for Lo = 20 (f* =5.00 x
10?) and H, =10.
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Fig.3.5.10 Distribution of the absolute velocity |v| near the lower step of the
asymmetric stepped slot for Lo = 20 (f* = 5.00 x 10%) and H, =10.
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AR CE D LA FEIFLE. 512, F—0IFdHmBLRTH->ThH, ERIT
A b= K L2l 2 2 & TETROMRA A ZHETRE Th 5. AR
VES it 7 1A A D S BRI X AT B D 2SR RFERI R A = o b & [RIERIS, MEHIRAR IS ST
Dt DAERALE NIRRT L 225 Z LI LTWD. L, FEERIESF
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2wy FOEGEITX, EIROMEN AT v TEE H b IEKFELTERY, Ziud
RIEDOZERMIERIFEA T v N TIEBETERDPSTH LRI A—=FTH 5.
RO R RN X ¥ BT 4 O BFEREMORE SITHEIND I 2B ET
&, Fl—OmKRILA hr—7 & IITx L THETEDORmR A D R K & 72 2 fi 7o
Hy BF1ET 5.

ARFFETIE, MBEAIESHAT Yy 2 YT 4 vV =y MCHEAT D 2
ET, RmAA ETOY U ET v Ve NOBITHAEHIETHZ &2 H
& LTWaD. L, WA 90°E TORMEFEICTIX, MRATIROLRE <%
O TT M 22 E~EH T 22T H TRy, 2%, BREZEETS
e, AEBOREFET D LT, KK 180°F THEIRFMEHIETX 5
£z, 2y MHOOFORICERZMNMZ 57217 T/, Ay M
DOWANCER Z M2 - BEBERIER A m >y hEHL Ty T4 v 7V
N OFENRFEZ L L TV LERH 5.
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3.6 F¥&H

AWPZETIE, ROEESL RERAMNT 2282, Yo T4v 7Y
= v b OWEGIT S 2 FB T D 72018, AL ~DZERER D 72 BEB R %t
PrAT y P ERERE Lz, BRI Ay ML > TEKR S Ry~
T4 vV POTREREZ RS TEOICERZITY, TRITERE L
BUAEGRAIAT ORGSR L LTz, /oo Ra2 LT IRT.

» RERIE PR & RIS, BEBRIERHIRZEH L2 haicd, vt
TA

UV wy N ORI Z HETTRETH 5 2 L &R L.

ARBEEEE OBEAITIE, AR OB T L A EZ I TIER N EET S
PR TE L.

* AT v TEE Ho W REWEEITE, MAVBICH L TAT v TRIEEAL
B ME S 7204y, Hy=ooDIGH ERBEDIRNG L7125 2 L DR T 7.

VR STEE L X =5.00X107 DA, Ho=10 OS5 TF Tl b MR IR LEER
W & 70 DL ZAUEIR S IEERICREEHE D O ¥ v BT 4 T RIERT A 720
TH5H, f*=500X10% ([2BWTIE, H=10 &9 SEN 5| a0 22
R GRORBRFMNTHLEEZOND.
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4.1 XL HIC

ARETIE, —RERMERO TGO, RN a7 Xz v
T4 vV ey NEFIAT D HENRETD. vk T v Vv ME
Xtk SEEESREE WHRERH D, I TCRETIIERD 7L
AT AT + ATARN - RXRIZZYTORFTNEL TV BT 4 v IV

ZBA L, T LD IEkO®MSEM:, ElhE OMIZERSTE R v
IR LWEIEIRT A —Z AT 5. ERfERE LT, —BORaT AT
v MTEBWTIE, M ITES R CIKFET D2 ERMBN TN DA, K
ML TCrrtTr v sy hERAWEEEA, EEI&EL ¢ 7200 T, ER
TCIEEL I bk T 5 2 &, ARlOEER RIS 5 SFHHIC BV TR
EE R & EROTE R A A A YD LT, kD IE & ik U CHilE Al

REEI ALK CE D EB A LND.

- 84 -



4.2 /5585

f o AHJEEE [Hz]

o IERTTEIEEL (= thy/Uy)

hy :© —RMEHEOZay Mg (=1.0x10%m)
h, : ZWRMEEOZE -y Mg (= 2.0x10°m)
M : Zney MHATOEE (= pUh)[N]
m  aHHIF A (=1.0x107m)

R : a7 HHEO¥FE (=1.5x10%m)

Re : —WRMERZFEMEL LI-LA V2 (=Uhy/v)
t o FFRE [s]
T JAH [s]

V| o RO [mvs]

U @ 2y MIATOWE [ms]
Ua @ Aoy MHAODOY 2T 4w 7 2y MIEB R FEIRIE [ms]

X, Y,z o JEEE#H [m]
z, . TARMEZ Va0 (=7.0x107) [m]
L ZEROBKERREL (=1.5%10 m%)

0 xHEhND RI-REEHEIY oA EE [deg]

Oc : MEVEH A [deg]

p o ZEROERE [kg/mY]

¢ IRMEDE & ZRMERO Ay MMH O T oOES & (= MJ/M; )
Subscripts
1 @ —IRMER
IRV

2

I M (—k@ G H)
C : Wslmi (CWaERERS5])
S D e i/ AVE SN
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4.3 RERFRERUAE

Fig4.3.1lz A2 vy M ABROILKIK &2/~ RETIEEMAIRICH L TERT
ZMAPTICEREZAT O 728D, T TN EITEARNIC—EBETHS.
KWL TIE—IRET(T 74~V —Y =y MDIZR LT RE (Do Z ) —
=y NEFHRHRIELIZLEEZBREL TS, F2ELPFEIFELITREA
720, Auy NORMEKRPEHE LTS, £, —WRERE L CIXERiE
WMEMEAL, ZWERE LTy reT vV y hEHWD. —IREE
WHER O A 1w MEIZZNZEH, hy=1.0X10%m, h,=20X10°m THY, Ao
> MIEEIT hofhy = 0.2 T—iE & L7z, WO J5 il L — RS & IRER 4 T
WEEDHZETITON, OB ary U AlaEHAT 5. 22T, a7 XM
DR YEZIZIR=15%10%"m TH Y, Rh =15 TH 5. Zuy NAOEED y i
ESEAE y SA Gl Om T, a7 oA mE IRERAO AR v N ERRE
LTWDR, “REREL T T 4 v 7 Ve y MEFRAIEDLIEITIL, v il
AGMAO Ay NOHBEEHT L. y #IESAIOTRIEL, WhewbHFI—&

TRITTWDD, Zhidy=0DEMEZIEAEL LT, BIROIIFRMEZ D
O ThHD. ZOXIBRESTHZ & T, EENHINLIGEITITRRRD
FHERFEIZ LD DO TITARNE W) Z & LD,

AL 2 KD 7 7 U VH(1.0mx1.0m) % z il E A 51 ChdiE LIERLL 7=,
Ay hOT AT Muldz/h =70 £ L, “RICHEREEZ ONHEREIZT =
FeryvarDiEmES5 2 T05. ZO7T ALY KX, Mason 5(2002), Al-Asady
¥ L OY Abdullah(2017), Dores ©(2006), Smith 35 & TF Glezer(2002)(Z & - TYT#
NI TEE SN DO XD b RE V. RUFFE TR L 72" O 554 D
PZiE, B HERS R TIBPRME TH DT T AGMITR LR N0 L5 5.
MMZ T, FEDFRMETIZBW L, HESA P CHiEDOmAME A FIRFIC 2 OF
TOGEOBHRL TS, LR > T, AR TIHEROMRMA A 0c 2ROk
TRDD. (1) £, BEREEGHZHNT, FanbO—kAR7 >y ME ry/h; =10
ZREHE & U7 RO R O PN _E Rl EE | v |%?§HB' , TRR R SPE28) D B Sy AT
2135, (2) RIS, HakBEEE| v | >0.2U; O#FH CHEMIHE > TRy LR %2R
5. ZOFRFATIE, HAMELERBSE MR CTE 5. (3) Ml ETIXMEROER S
A MR 59 7) +§7\ﬁ<é°b\k{}i/£ LT, Ml Eom&EoEMIEZFHMET 5. (4)
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I, TR & B O BB & Al SRR & x il & D723 2 M ORI A Oc

%/(
ELTERTD.

Coanda

|_— surface

Primary flow

Secondary flow

—> Injection «=>  Suction

Fig.4.3.1 Magnified view of the slot exit geometry. The width of the primary slot h,
and secondary slot h, are fixedas 1.0 X.1072 m and 2.0 x 1073 m, respectively.
The aspect ratio of the primary and secondary slots are z,/ hy = 7.0 and z,/ h, = 3.5,

respectively. In the test section, the flow channel is fabricated with a plate at each

vertical end.
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Fig.4.3.2 & O Fig.4.3.3 |ZARMIE CHW - EZEREE OMIKX 2 3. 7,
Fig.4.3.2 [3— /ét”,a{;m& L CHEfEmRAER L, ZRERE LTyt T v oY
=y NefiHT 5% HEER CTHD. ZREROY 8T 4 v 7Y =y b
X, arva—% GCJ:O’Cﬁiﬁk L7-IEREIES%2 77U 77 (Classic Pro
V3000)iZ k> CHIIE L, #h% A —%— (DIECOOK DD-15L)~5-% % Z & ic
KOAEKR L., —RENE U THEHT 28EGERICOWTIE, 7r v (BFRE
MRS H#, U75-2-R313) ZHWTARL L, OB Z MGl 5720z, 7L
fA&/a%ﬁbf%%%w/zwmhﬁbfw —7J7, Fig.4.3.3 IX kit
& LGk A T 5256 OREEMER TH 203, B EWSID 2 B DER
EITHoTWD. ij%@l@b\?”%W)iE'/\ b, 7uU (BREEKASHTR,
U2V-70S) = W CTAR L, 7 rUida v 3—% (ZZEEME FR-D720-075K,
= ZETEHEIR FR-FS2) Z W THiIlE L 7=,

TRADORRALERZIE, —WRERHAO 7 v UICxt L, WA & % B
#é*&?ﬁnﬁzﬁéﬁ%bk NNAT T T REANGT, TUANT R
k0 7L —A1b— b 480fps & L THgiZ L7z, WOEHOFHANZIE, BWERiiE

(Kanomax Model 1011) (ZC, 1~z —7 (Kanomax 0251R-T5) Zfff L7-=. 7
B, SO0 ESAIL, x FHED u, y T v 2 ETefft il E LT
AL, MERATOEREREIL, b7 A=W (FHREE TERSIR,
Aﬁ&%@%ﬂﬂMﬂAB&U:yku—ﬁmrmq:;D%@Lk.

TR OB ERFIIIERORKREE A HET 523, HFEIC K DAL
#@%@Ki,%xmybﬁmw¢uM% CCHHABLAI L7223 6, — IR
PETE Uy & UREGEET Uy OIRER R E 2 5 2 7= &Y/luﬂ%LrﬁE&’glxﬁ:kﬁ‘
6%@?%5#,7DU&XUyFmD%®57F:%%éhkNV%nU%
~ /) A—=2EAWT, ZUREGRSIONRFEE Uye #HE L. £/2, —&
EE & LT //?74 vV NEERT HHEOREHE Uys ITO0TH
HEE T O A & FRIERIZ, Av sy NI HOLE I THtE 2 5l L CTHUE L7-.
AFRICEBNTE, YT 4 v 7Py hOREEEEZ AT v MHOFGED

SEE LTUTDLIICEEL.

1T o 2m
Uys = \/Tfo Ujssztdt, (1)

2T, TEARy MO COMERBOEY, Ua ZHERBORIETH 2.
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AMEETCEH YT v 7 V= y FOREBHELZEHIREOAL TERL TV
N, AL TIERB RO FENKE W), REBEEICEETILERD D
EEZTCWD., vt T vV ey POREBHELZHET DR, BRI H
FHAEHNTWAE D, BERFEEH LA D S 2 f TE 2=, 3 Ot
@ﬁ%iéﬂé.:@Lgﬁ%%ﬁuﬁkﬁmb,kgﬁﬁmﬁm TS5
ZET, L) Ups B 52 7.

—RMETE A O R OB R, REHEE DGR s Z LR TE
L. —HOMEEEZBRE, EARMICAPFI TIE—REROREFEHE A Uy =15m/s
ELTWVWAR, ZD&E LA /LR8I Re = Uthy/v =1.0x10% = Const. T 5.
FEBR TN L VRIS OEENE DD AHEENED OND (e AT U AR
IRAERAE U D AREMEN & D)2, MR A AT D BRITIE, DI —RE A
ARCL, —IRMEIED 01062 L7 R IR 2 BT 5.

AIRE TR, Yo7 0y 7 Vxy MTEERE DI ERH Y,
AW THL INENRT A= LT HZ LT, MG ~OZELRET DD, JH
Bz T D BRIC1E, BRI P =f -h/U 2 WD, kT gy 7Y
v MIZRERE LTORFANDN, LA 2 LR FEE, RREIIC
DNTIE—RER L N—K A1y NOEERHAT 5720, BRGCEES *l2o
WTHREF DT A—F TEIET D, £70, —RMERE RS O EE) &
L EIZONTIE, E=M/My & LTERFKT H. 22T, MidAry MO TOME
FoE#EEZ £ L, M=pUh ThH 5.
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Rigid wall

Plenum tank

— &
Primary flow

1\ Speaker

Test section

Blower Amplifer

N

\
(] Secondary flow —
-

Signal
generator

Prenum tank

| —= Injection === Suction ‘

Fig.4.3.2 Schematic of the experimental apparatus for the secondary synthetic jet. The
secondary synthetic jet was generated using a speaker.



Rigid wall

Plenum tank

— &)
Primary flow

Inverter

Inverter

Control valve

Test section

_ Q

Blower

Secondary flow

| —> Injection «===> Suction ‘

Fig.4.3.3 Schematic of the experimental apparatus for the secondary continuous flow.
Continuous blowing and counter flows of the secondary flow were generated by the
blower. The results obtained using this experimental apparatus were compared with
those determined for the secondary synthetic jets.
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4.4 BIEREMTE

AREIZBWTS, —HOERBREROM - U THEMITZ5E L Tkv,
BERETICAE ] LT B ELMERRA v a2 oW TR 5. §iE & [k, JEREE
¥ RERAAfENT Y 7 B 7 = 7 (SCRYU(Tetra Y 7 b =7 7 LA KW & HWN
T, ZRIGIHEMSRETRAR 2 RE L CBUBT AT 21T o 7=, Al E T& ®2p
LDMEE LT, a7 X HTCORERMERBENFET D, L7eR > T, AEITE
W, ELfEET /L E L TRANSSST k-0 BT VAT A LT\ 5. Fig.4.4.1 1Xfif
Bridl & RS2 R L b DO TH D, MR IR L T, Y72 LORES
AE&AE(No-slip) & 5z 7=, NBERFMIC OV TIE, —RERERIL , AT
DOPLIEPIRIFEE & 72 D X D ITHRA T ASTHBLE OB RS 4 5 2 7. kg
MO T 47V MTOWTIE, MANLHZEEET 5729, U= Ugsin
wt E LTERL, —EEIEN & FRRIC AT v N TOPRENERSEM: & —8T
L X ORISR EHE OB R KM 2 5 2 7o, AT sEE O B 5 (Upper
inlet) & TAIBES (Lower inlet)iZ- DWW CIIRFE B D 5%5) Dt THEA S H 7z,
TR EE S (Downstrean boundary condition) X+ OPa DJEJIEH 5. Fig.4.4.2
FAr Y NEBIZBTAA vy aDIERKTHS. ZRERO A7 v M A
MEMTREIR 2R & e LT A X/ SN,

Ay vath A REMN<HEELTWS. £, HLE A v v = OREERIT
) 160,000 ThH 5.

- 92 -



Primary slot Regid wall Upper inlet

(=0 (non-slip) (v=0.05U) o=
o
/R VIV VR VIR S Al =1
=]l
S ™
[P
£s
= w ©n
= oL
s MzZs
i 2.2
£X
- 300/ ~ |22
g3
v & {l? 1 Y {r % é
Secondary slot Lower inlet as
(u = Uasinwi) (v=0.050h)

Fig.4.4.1 Domain and boundary conditions for the numerical simulation.

Fig.4.4.2 Magnified view of the grid near the slot.



4.5 BREUER

—IRIIIRERORHEE LT, Aay R TH LA —RER & LT
i‘cé(nu%(nu]\é’@é &, TERENTRILZ A BN D IRBBR O K k2 5 A %
PRNTC, MEFIREET S RUFERICHWEEZRETH, +a 5SS B
TWbH Z E’i’ﬁﬁﬁ 5 7-OIT, —IRMENE S L CEGE R A e L, IRME A
%ﬁéﬁfxu\;@gﬁ%;@ﬁmbf: Fig.45.1 132 D EEBAERTH 273, EHILEEL T
BY, EBEOMHEII D THLZ L 2R TE .

0 5 10 15 20
x/h1

Fig.4.5.1 Visualized flow pattern obtained using smoke particles for the single
primary continuous jet without the secondary flow.
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Fig.4.5.2 1%, —EDMERITEWE * =4.0x10% 2B 5, “KEKRDOY T
47Ty FEHWT, —UEGERO GG 21T 235560 7 1 —/%
— 2 ZRLIEBDOTHS. Figdb2 @~ () X, A1y MHAOICKIT D —KIE

L TRMEROEB RIS F R ¢ =1.6x10-%, 4.4x107, 8. 7><10'2 (~/ YT Ay
7Yz hOBERISTHEIENR Ua/Ui =04, 0.67, 0.93) OEADMERERLD
DT 5. Fig.d.5.2 (i) TEKRIEIEFH CTHIH U 72 Rpfi] X3 7504 T 0 53 Af
HCUEE AN e KB & 72 DALE R DRI Z T LT 5. Fig.d5.2 (ii)IXFEfH
Bo AL TH D P, T OmiEIL 480fps TR L T L2 G IZx LT
7 L—AEOWE L ERA DY DB AEIT S T & TR i A /ER L
TW5h. AT, EROBXPNHARE 25895, 2 F T A MIOWTH
LTW5%. Fig4.52 (@) ~ C)DOFERE RS &, £2TOEEEL ¢ I2B\W\ T, MEit
2y HlE T AR~ o THISR 2 FF > TR TN D Z E R TE 5. 7272 L
RIAAIZOWTIE—E TlXAeV. £72, Fig.4.5.2 (i)D affALE &I :I’ob\“C%)“Ei
TRFDLE OHER L Fig.a5.2 () L FIFRETH D Z L nbnns.

Fig.4.5.2 (b) & = 4.4x10 (U =10 m/s) 2 1N(c) & = 8.7x10% (Ux =14 m/s)iZ oW\ T
X, MEWROMmADIZIZFERE TH O AL ISR ZRITRD . —
FT, ZHHDEML (@) E=1.6x102 (Ua= 6 mis) & thik+ % &, (a) £=1.6x10° @
Gl XETORM AN IV, ZORERDN S, RO A I TEE) & & KA
THENZDN, EEEL ENDH D —EEEEZ D RMFICBW TR, Bt i

IR LU CHEEEL ¢ DIFEAEREB LRI D LEEZLND. Mason HX°
AI-Asady and Abdullah 1%, EBjEL &N RKE WA, RAMA S ER R & IK
FLRL R MERAGFET L2 E2MEL WD, Len>T, (b) & =
4.4x10 (U =10 m/s) K TN(c) & = 8.7x107 (Un =14 mis) D SR, 1 HICHE ST
W5, FIFIMEEICA Y T B2 b5,
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(i) Time-averaged velocity distributions (i) Visualized flow fields
() £=1.6x107 (U, = 6 m/s)
728
0 1
5 i 1 I I 5 %
ot oj:
s ) £
-0t -10
-15 x - -1544
0 5 10 15 20 25 0
x/h,
(i) Time-averaged velocity distributions (ii) Visualized flow fields
(b) & =4.4x107 (Un =10 m/s)
78
OLLLL_l_J
5 . . . -
0 -
s 5t “ @
-10 | Au
-15 ! _ - . _ .
0 5 10 15 20 25 0 20
x/h, X/
(i) Time-averaged velocity distributions (if) Visualized flow fields

(c) £=8.7x102 (U, =14 m/s)

Fig.4.5.2 Flow patterns of jets with secondary synthetic jets under the condition f = 4.0x107

(U, =15

m/s, f=60Hz). Deflection angles of (b) ¢ = 4.4x10? and (c) & = 8.7x107 are greater

than that of (a) & =1.6x107%; the deflection angle of (c) & = 8.7x1072 is slightly greater than that of

(b) = 4.

4x107%. The degree of jet deflection depends on ¢, and the dependence of the degree of

jet deflection on ¢ is not considerable when ¢ is higher than & = 4.4x102. In the velocity
distributions shown in (i), the green arrows indicate the maximum velocity points.
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Fig.4.5.3 13— VEFEME IS )T LC, ZIREGED > 8T 4 v 7 ¥V =y M ETU
SHIELAOERERTHY, @MOOIL, FIEIER ICE R f* = 6.7x107
(f =10Hz) & f* = 8.0x102 (f =120Hz) T& 5. 357‘:, ZIHDEMBIFNTILDL,
MG TR & “IRMETR O EE BN & = 4.4x10° 12 BT R TH DH. Figda.5.2 &
BRIZ, ()IEBVER I EECRH L 72 H#ﬁaﬁfri@u“ SARTH Y, ()X AR B
RKThD. Fig.s53)(i) & (b)I)DEESAX A LT 5 &, WifERIC THEL O
ALEE y EE TR~ > TREIL TV A, L, MERHLDLE D2 &

I, (b)(i) f* = 8.0x102 D A ()(i)f* = 6.7x10™ & Lbils L THA ST K &E W, F 77,
Fig.4.5.3 @)D (i), (i) & Fbit L 72358, () DERWEE & ik LT, ()0 8k
%ﬁ@ﬁi)ﬁ”@ﬁﬁ LCTWAE2IC/Rz2D. Zhix, o747y D
SRR T IE—RMEE A ) XA A L, MEHRRICIXEEST S & WS BT
mﬂ%#k%<%Mwaék®T%5.:@%@ﬁ%ﬁowf@%@%%%
AWTHRRT 5.
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(i) Time-averaged velocity distributions (ii) Visualized flow fields
(a) f = 6.7x10° (F=10 Hz, U, =15m/s, U, =10 m/s)
M,
I_l_l_l_l_ll
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0 3
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(i) Time-averaged velocity distributions (ii) Visualized flow fields

(b) f =8.0x10% (f=120 Hz, U, =15m/s, U, =10 m/s)

Fig.4.5.3 Flow patterns of jets with secondary synthetic jets under a constant
momentum ratio between the primary jet and secondary flows at the slot exit for
different dimensionless frequencies (¢ = 4.4x10%, U, =15 m/s, and Ua =10 m/s).

In both panels, the jet-centers proceed to the lower side with downstream travel.
However, the displacement of the %et -center of (b) f = 8.0x107 is clearly greater
compared to that of (a) f = 6.7x10™ In the velocity distributions shown in (i), the
green arrows indicate the maximum velocity points.
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Fig.4.5.4 13 £ = 4.4x107 OFMTFICT, ERTERB 2T A—2 L LTE
b &5 E ORI EYEE S THh 5. Fig.d3.1 TR L7 X DI, Al atH)
AR rpfhy =10 2B D EEFHEI Y FimA EE LCERLZAKE 0 TH Y, it
— PRGN i O AR R & L & U 72 R C O MR e E VU Th DL
PMEROT T 4 v 7Ty MBI 2 BRTEREE PR XD REWSEAT
o DR, FHEE AT TR EE DS e K & 72 D ANE 0, F 78 i HIEHEHOLE A3
LIV RELARDZEIICTEB LTS, ZDKL DI, WO EMAITEER ICE R
BORBELEZITTEY, R0 REVFFITETRORAA L RE 25, N
ZC, BONTHESMOWIE 2D L, WRTEWE M 512 LA
ST, BERICH T AFHITESNTNDS., BilziE, *=67X10°@< * =1.3.X
1020 DL R BN D WAL, BEDH 7 2500 iA=L 5 7 E Sy
HTHDHDICH LT, *=6.7X10°@X f* = 8.0 X 10°@DEIICI T 5 E 43 1h
X, ESICHT T ASHITENWER Lo T .

f*
6.7 %103
1.3%102
2.0% 102
2.7% 102
4.0% 107
5.3x107?
6.7 X107
8.0% 102

08t

|v|/U1

ofo[ofe[e[c]e]s

Fig.4.5.4 Dimensionless time-averaged velocity distributions under the condition & =
4.4x10°, obtained using the hot-wire anemometer with various dimensionless
frequencies f of the secondary synthetic jets. The @ position that achieves a
maximum peak absolute velocity in each velocity distribution shifts to greater angle
with an increasing f .
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Fig4.5.5 1%, "T A —4 & L CHERGTENEL R ONEE) L & 232810 S 7B
2, BIROMRHA O BNEDIITELT200ERLIZLOTHD. T,
@I 0clE, Figd3.1 12 TRLEE SIS, FHIEOME LICALE T 5 HE O K
ROZEICHKT LT, BUSHEMREFIWZBAIT, T OEMN x (T 722b bk
V=0 DRTHATHD. BEE TITFiga55I121E, RN EREHTH D
EAME, TIRIBNOSERRSIE (7% —7 =) OEE ADOERREE LR
L.

TR EREE OB A, EIHOLE O IXIEBN R ¢ ORBEIFTEAL
T, EBREFEOER 0.0 < £<9.0x102 2B W TIW TR OEE B I £ 1T
RKLTH, EHIRPODLEIX 0 ~ 0 THY, ERPEEL TWDE T ENbN5s.
—J7, TWHRAAHERERS I ROBAITIE, &~ 1.0x107 T O ASABITEN L TR
0, EBHEIIZERARDGFEL, TNEB L AHER TIImAnKE <80 &
DD Enbns. MAT, &> 20x102 DEMETIE, O BELET —EMITIL
WL pZFEE2 RLTCBY, ZoMmEkiIfafEk chHsr EEZLLND.

TYGERE I OWAE, & ORHPH TR T M A2 HIE T E TW RV, Tl
L, ZUGERBIR S OEAIE, B S A % 5 IEB) R T3 TR & ()
SEDLZENARETHD. LL, wmaAOHIEZE 2 256120, AR
ORI NI T 2R AT S5 25720, 2D DOFERND,
AT O SA#EHE Tl kit & L CEfgrE T b L < ik 5 i & v ¢
WIEFOFEIEZ 5 Z L IZN#ETH D Z L hbnb.

VR T 4 v Ve y bR E LCHIAT 2 HACIE, SRoTE R
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Fig.4.5.5 Jet direction at the increasing secondary synthetic jet amplitude for various
dimensionless frequencies. The experimental results in the steady-blowing or
counter secondary flow cases are also plotted for reference. This Fig. indicates that it
can reserve the wider control region using a combination of the momentum ratio and
the dimensionless frequency for the directional control of the primary continuous
jet.
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Fig.4.5.6 Flow patterns of secondary synthetic jet f* = 6.7x107 (f =10Hz) and f* =
8.0x107 (f =120Hz) under the condition Uy =15 m/s, Ua =10 m/s.
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Fig.4.5. 8 Temporal changes in flow patterns of the jet under the condition of ¢ =
4.4x10 (U1 =15m/s, Ua=10m/s). The start time of the blowmg of the secondary
synthetic jet is defined as t/T = 0. "In the case of f = 6.7x10°, the shape of these
instantaneous velocity distributions at x/h; = 20 changes with time corresponding to
the blowmg/suctlon period of the secondary synthetic jet. Meanwhile, in the case of
f =8.0x10, the shape of the velocity distributions becomes a steady flow at x/h; =
20. In the velouty distributions shown in (i), the green arrows indicate the
maximum velocity points.
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Fig.4.5.9 Dimensional time-averaged velocity distributions obtained using the

hot-wire anemometer. The shape of these velocity distributions depends on the
velocity and frequency of the secondary synthetic jet.
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Fig.4.5.10 Dimensionless absolute velocity distribution under the same combination
of f and & The plots for the same f are mostly distributed on a curve; the degree of
the jet deflection and the similarity of the velocity distribution are observed.

Table 4.5.1 Details of the legends for Fig.s.4.5.9 and 4.5.10

Condutions U, [m/s] U, [m/s] f [Hz] £ &

i 45 2.83 30 6.7 X107 7.9% 107
i 9.0 5.66 60 6.7 X107 7.9 1072
ii 18 11.31 120 6.7 X107 7.9 1072
iv 6.0 2.25 20 3.3%10% 2.8% 107
v 12 4.48 40 3.3%10? 2.8% 107
vi 18 6.75 60 3.3%x 107 2.8%x107?
vii 7.5 2.12 10 1.3X10? 1.6 X 10?
viii 15 4.24 20 1.3%x10? 1.6 X 10?
iX 22.5 6.36 30 1.3%10? 1.6 X 10?
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