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ABSTRACT

In this study, we apply the large eddy simulation (LES) model along with the
immersed boundary method (IBM) and the arbitrary Lagrangian-Eulerian method (ALE)
to simulate the evolution of the synthetic round jet. The model is a three-dimensional
incompressible flow simulator, which is capable of resolving the detailed turbulent flow
field. We use the IBM to capture the effect of the solid surface. Compared to the
traditional body-fitting methods, IBM applies the body force to satisfy the desired
boundary conditions. It can efficiently handle the complex geometry in Cartesian
coordinate system. In addition, we apply the ALE method which calculates the grid
velocity of the moving boundary. The present numerical model is then validated against
the experimental results. In addition, another simulation case that directly applies the
measured velocity field at the jet orifice as the inlet boundary condition is conducted for
a detailed numerical observation of the turbulent synthetic jet. Aspects in numerical
setup to obtain the agreement with the experimental data are discussed. Moreover,

simulated turbulent flow fields are carefully examined.

Keywords: large-eddy simulation, immersed boundary method, arbitrary Lagrangian

-Eulerian method, synthetic jet, turbulence kinetic energy
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e, YD 63
1%
He U,s- BEER" B <ER

L a4 7 feehizfp £

Uo & 323 B

¥ om i 7 - B % 4% A (quasi-steady-state) shFA5 15 > 4 Mittal, Simmons &

Najjar(2003)# 1 #+f -cr1% e (x,t) 905 B = % fe. 08 M 1B i3k i 557 1248
FH A4 B Fin B BT 47 50 425 (35) -

20



FiLy ) =—— [ f(xt+nT)do (3.4)
ly1 272_ M -0 ’ o

n=0 0
f/(x,t)= f(x,t)—F (3.5)
FitprnTiasansd 273 EFpmg L audsm i, L et s

Nk R R d w7 Flng et R S B oR g o
At B R RS L - BE M A RE ALY i
Bk AT ARG S B R ET 0 AT - RS AR
WA SRS 9 500 b T AT Y LR R 2 Rk
G B }L__*)é'-i\—‘q[‘ s RS N E P E BRERATHRET S R B LT F
B £#0d 0& 3360 R>+20K%  #EARPMEES - Ta ¢ FIddkciE
ﬁﬁg%u%hﬁﬁﬁﬁig@%@miﬁ@,@%&%ﬁ&@iﬁﬁiﬁ&i

JuN
12

T

Bl 3-3 Aifigdris 2o B

B 3-3 ZEBHRFPDI G B - 2 EHGIL S Ié%/‘l./),_;gﬂ/z‘ 1% 38
EERERERES RPN T hr=0y=05HE  Ar e @Rt L ke
MG ERFRO BRIy L ETG PP AP OEREE LR s Ar-x 2 X TG
FEp e AL LT o

21



R 3-4 1R 36 hiiE sk AP Tk o AN v R AF
PER it o @ 2 FMMA L FHRLEE > A MALHEERLES > d A PER
B ek 3 Ak B Jennifer M.Shuster(2007) 7 2 78 45 > 7% J c030 4 BEAEF )
vt 10 24 hpEYE o B F hB R A 127 A4 Flitehehd £ 5 2.54 24 0 @ i
e g = - BAP L DERFL > d S AT A5 R F AR R

AR EL T2 B ROFER I E LTRSS 40T B 3-4 2 H 35
¢Fﬂwﬂkma¢&wﬁ@ﬁm'ET’wKMm¢%ﬁﬁ$@mbm,@35
BRI36 TS FEED PERT RN R R R R R
MR B R aiERT Tt R mz\@i*'?ﬂ’“a%ﬁm‘*% -
Pl y 2o DRt R SR FRIBES DT R ER O T AT R
N T R ERFR I GRS AR o

ZM

‘Enll

FHEH T G RS TR KRS R TG 2

- ERINA PR I T g - BEER S € R BApL oA d o
SRR LAY ST R AR R EFHE N v it > RaTei

|
M

& /%@ﬁfi—%*f“/;ml P R RAPHRE DR R -
R hf%Y B -FlatenEF RAE L 12T 24 > v g R g i
%ﬁgwﬁ FHER AT R bR Rean? S TR ALY Do

JRYTRF B FFNERE LR T R G L NI A
FF+oEREERBIEHE N DERLTF o

22



——"=0.00
—F—=015
——{/T=0.3
——t"=0.45
——("=0.528
—=—"'=0.6
—o—("=0.75
——("'=0.85
=000
——"=0.15
——t"=0.3
—+—"=0.45
—a—"=0.528
—5—t"=0.6

——t"=0.75

—+—t"=0.85

23

Bl 3-4 7 %4 2500 L, /D, =2 (case 1)




—e—"=0.00
——1"=0.2
——{/T=0.35
——{"=0.45
——"=0.528
—&—{"=0.6
—o—{"=0.75
——{"=0.85
——"=0.00
——"=0.15
——t'=0.3
——"=0.45
—e—t"=0.528
—e—t"=0.6
—o—'=0.75

——{"=0.9

Bl 3-5 7 i 2500 L, /D, =3 (case 2)




—=—"=0.00
—+—1"=0.2
—+—{/T=0.35
——"=0.45
——*=0.528
—=—t"=0.6
——{"=0.75
—+—1"=0.85
——"=0.00
— = {=0.15
—k—={=(3
—+—"=0.45
——t*=0.528
—8—"=0.6
1 =075

—+—"=0.9

Bl 3-6 7 w4 10000 L, /D, =3 (case 3)




33 A

Case 1:
Z # ¥ Re 2500
7 #2.8(L,/D, ) 2
mHT 4 LxHxW 0.106 mx0.8 mx0.106 m
FHfair R N x N, xN, 96x320%96
it 3 /D 0.0254 (m)
R A (0.053,0.6872~0.6995,0.053)
FhAF ai(v) 0.00001626
% 3-2 fEtpe ¥ (Casel)
a) t'=0. : (© 06 (@ 0.8 @i Taosyms
O‘Qt = —;)04 —' = o 2
' ' 1.5
’ J ] !
5 — —3 =3 — 2l
H0.5
g HO
H-0.5
10— — — — o
o]
-1.5
AT N K T 1 T L 1 =
0 1 2
/D

Bl 3-7 Lot -5 ¢ R % it (Case 1)

26



yD,

yD,

-10—

_@t=02

=

.5 —]

-10—

T

B 3-8 L35 T w i R ML PF g it (Case 1)

(b) 0.4

Bl 3-9 Toisip RN R g it (Case 1)

(006

=

27

_ (o3

==3

_(e) 1.0

Velocity(m/s

0.8

0.6

0.4

-0.4
-0.6

-0.8

Vorticity(s™)
250

200
150

H100

50

I

'
h
<

-100

-150

-200

0] e



Case2:

T ¥k Re 2500

7 #2.8(L,/D, ) 3

SR < LxHxW 0.106 mx0.8 m*0.106 m
wtefzir A N, x N, x N, 96x320% 96

F4 2 /2 D 0.0254 (m)

Rl @ o i (0.053,0.6872~0.6995,0.053)
s AEF (V) 0.00001626

% 3-3 f#pe ¥ (Case2)

Velocity(m/s)
2

N
' a ' 15
1
Fr B F F |
H0.5

0 4@ t'=0.2 (b) 0.4 _(©06 _(dos (910

g HO
H-0.5
-10— = e} — )
-1
-1.5
- N Kl T T L 1 =
0 1 2
/D

Bl 3-10 T 35543 i B HERFRY eh% - (Case 2)

28



TR0,
t"}@tg .&2@4&

A9
0 t'=02 (b) 0.4 (© 0.6 (0.8 @10 osiovE)
0 1 2
/D,

Bl 3-11 T332 ) & B P cnsg it (Case 2)

0 Hioo

G
-150
-200
BT T ] ] T e
01 2
D,

Bl 3-12 T35 F R g [ chsg 1t (Case 2)

29



Case3:

7 w8 Re 10000

7 #2.8(L,/D, ) 3

Rt LxHxW 0.106 m*x0.8 m*0.106 m
PR N, <N, xN, 96x320%96

F3it 2 /& D 0.0254 (m)

e o B (0.053,0.6872~0.6995,0.053)
EH AT k() 0.00001626

% 3-4 fEepe ¥ (Casel)

‘@t*=0.2 (b) 0.4 () 0.6 () 0.8 @10 VHastys
0 —. _' s - )
’ M |
NN T |
5— — = _ Al
Mo.5
2 0
i-0.5
10— — — — 2
-1
-1.5
B 10 10 a0 a0
01 2

Bl 3-13 T 3575 % & B HE P F chi - (Case 3)

30



yD,

yD,

-10—

-10—

_(@t=02
&

S T

(b) 0.4 (©)0.6 (d) 0.8
e - —
2 '
»
1 R R

B 3-14 T 35{4 5 v & B HEPF A oh% 1 (Case 3)

(b) 0.4 (c) 0.6 (d)0.8
— ot _@
¢ @
= =3
T T T

Bl 3-15 T 35 i & EPE T ch% it (Case 3)

31

(@10

Velocity(m/s

0.8

0.6

0.4

n-0.2

-0.4
-0.6

-0.8

Vorticity(s™)
250

200
150

1100

I

50

I

'
h
<

-100

-150

-200

T e



o

1.54
14
0.54
04
05
-1
1.5
20
2 )
-1
1.54
14
0.5
g 0y
N
05
-14
-1.54
‘27‘7
-2

B 3-16 Case2 = .

32

Z/Do

42,

@




AU F R Nz 7 PR R TRRY N R AT U RR A
TR BT g AT b AR AR d N AE T b - i
R m T Hs s ral WERr—yTo Fefiigt e % aCasel
$1Case 2 4k ¢ FRBARR R AL A o0 d 2 AN (3 1) 8 AR R AT W
AP b F sedkcayk T iﬁiﬁﬁ' oS E TEIEF A5 Mo AT T AR AR
A AT RRFEOTSEARL > Case2 2 Case 3 a7k €P FF A oL T AR
ik d B 3-10 2@ 3-13 ¢ Tét'!? HHE B EER Y R B 3-12 2 K/ 3-15
@ 4 £ 3T R a d B 392§ 3-12- ) 3-15

T

VRER AR E TR

“ml\

TGN bR TE AR RN ER G el 2t y/L, =15

TR B g R R TRt y /L) =1 foengd sl o B 3-16 2

Case 2 ehz Miff R SEM R cn i 1) o £ 4 it 5k % jmimif Bt i R
SAE A o U =t/T S PR e % Sl L BRPER A T 239 0 d L FT

R DR AR F S BT 0 FAR(U <O05)FF o JE TR, S T
SRR o A FA(U >05)F 0 RS e b~ Rl Rl
% i TR AR BTTRA C] hiff on o

33



34  Findea A

10.35

0.3

10.25

10.2

0.15

0.1

0.05

15— T T T T T T

B 3-17 Case 1

10.35

0.3

T

0.25

0.2
0.15
0.1

0.05

15— T T T T T T

B 3-18 Case 2 X imdo i MEpF &1L



e T T

B 3-19 Case 3 % m#

B 3-17 2 @ 3-19 7 9%~ =

3 *

Case 1 & Case 3 e/ /& B - i fs € 48 R K i

oo AR BARS 0§ R A S aRER ) Y Y/ L =
R P Al pla y/L, =1p i &

ERE - RFILAE SRR

/ﬁ FpehgF Bl -

v‘r

-rx\

]'f?].ulzgg{g ’ g 2§§} lJF\%’l’S

P s

KERR 1 2
A eiRRY S E o
s Fndean AR E
Kﬁﬁ"""’v gJ 5
g s F R

fo FAR(U <0.5)pF > Finds it i A LA E A RS R F A

~ FAE(tT>05)pF > F1 L w b

ER I i E S g S SR LY - EA

Bena® e ARRART D 5 - B @éfﬁﬁﬂ%zﬁ(t*zl);ﬁyﬁ@as‘; G R AR e AT

R d RI3L7TIR 397 g Y

WAL

‘/”‘Lfy%

35

L33 i ’E&ml*ﬁm% e



Chapter 4 @& 5 im 3

-

41 HERpEE

¥ 2 #85F 57558 2k BB Z. Travnic” ek et al(2015) “f i eiwg i 9 gk £ ipl ) 2
Fondrodcdy > PR EBEMFIER Y KBRS F 0l 2 S R A
o h W 4-1 Fd R R R E R OEIRS B R R E 2 2
#e g 45 0.16mx0.4mx0.16m> & hdh> 4o B 2-1(b) > it H-hpe § 4o F) 4-1
Ed A S e 5 M3 s et xz pht B AR (0.08, 0.08):hinE o At
B /55 0.008 mo R4 R L 192x128x192 0w ¥ A E @ i d e d E R
(free-slip) » 2% 5 45 R iF i+ WORRAVAM S 5 0 2 4B B w3t Al e

B drd 41804 4-2

y-axis(m)

x-axis(m)

B 4-1 EEseds in iR i R

36



4.2

nFATREREREFVR

T ¥ Re

4120

mH- R LxHxW

2t N, x N, x N,

a4 R IR (L)

Mi3 /2D

R

192%160%192
192%192x192
192%256%192

192%320%192

0.00001

0.008 (m)

(0.08,0.4,0.08)

0.00001626

75(Hz)

0.16 mx0.24 m*0.16 m

(casel)
(case2)
(cased)

(cased)

% 41

e iR AT B OPGR

37



@ Re 4120

3t LxHxW 0.16 m*0.4 m*x0.16 m

efefrira N, x N, x N, 192x128%192

& o PR R IR (dE) 1/75000 (caseb)
1/150000 (caseb)
1/225000 (case7)

Fit 2 /& D 0.008 (m)

Flie® o e (0.08,0.4,0.08)

EH AT Gik(v) 0.00001626

AF 5 75(Hz)

% 4-2 PERF R IR PR
AEH BN RE G AT iR A SRR E LS 5

PP L AR ALY SRR ASE - hER T A
A-1enfie B 7 5 @ e 2395 R 20 B N RERBITAERE SRS

R 42 v g etk B EET 0 Ny Y e gk £Y 2 v
fEtr R S Mo Al v g - 2 RFAMEFL > L2 RF ARG £ E S
T g R OR IR e mi%‘fm*ﬁiig"xﬁ% R R RARS ALY i R
HAcAx L o F @R EATARZ opFE > v D i B L BRIT- T Mo
SRR RIS { 34T AT R R AR R At o RF S Y
e Rt AT VR A Imm i o R € F RrE IR g 4 o

38



(a) N =160

10

15 20 25 30
y/D,

Bl 4-2 FFf27 RIRIEE B

Ll 43 WA E B E - HEFRIE AR Al e @ ¥ hDE
B ti(stretch grid) > 3 7 R F iR D TS T IR R B % Bl aNR & AR
_;j—pﬁ R A R ARD g@;@gvﬁ Gl e WA S SR

B PR A T R
chice o %249 & 5 0.86mm~5mm 2 fF -

7]

F RS

d ) 4-3(2)~(C)7 14 T B I IEAR | i 0 2 R Bt g ARRIT 0 R
4 X ‘}]I\E"ﬁ“ﬁ:i\: LA S A Rk

;¢ % Adams-Bashforth(AB2) method % =
PRzl g R AR A SR @ R anR @ g v > 20 " Mpr A

A AREL o TR B AR AR o

39



(a) dt=1/75000

——t'=0.2
—e—1'=0.4
—E—1'=0.6
——t'=0.8
——t'=0

{0 t=02}
——1'=0.4

—8—t'=06h

——t'=0.8

——1'=0

B 4-3 pFR AR RIE O R

AITHE T L HnplEE s > v i Z Travnicek et al(2015) f P oo A bk B oA F B
FARBEORBPRIT S d PR EREEFAECCRE O ATIFERESE
Bg o TURAEE R AR £ R > AR 44 PIEBEY {BOEITRE AR
BE Rt #pfiiit R B ) 288x512x288 0 & 0.5mm 4 o BRI A
1/225000 > &2 S et % L 5AP3T 0 Bl 45 S Ap T aus R EHEHE 0 2R
AL FEREE  ARINA LRSS AR R [T L F L
VAT BH 49 5 EIRA & o Trud i2A RBlA o RROEITAL Y & E 5] 0.5mm Z
BechiF TR R £ 5T LTI L AT R o

=]

40



mean

——t'=0.2

0 5 10 15 20 25 30
y/D,

Bl 4-4 ¢ otk B2 EER N R

1 _ﬂuctuaﬁon
——t'=0.2
0.91 —e—t'=0.4
—E—t'=0.6
0.8 ——t'=0.8
——t'=0
271 ——t"=02
—o—1"=0.4

41



(@ t'=02 (©)0.6 (0.8

B 4-6 T 355 £3 i & (dt=1/225000)

yiDg

5
r/D0

@t'=02 (b) 0.4 ()06 (@0.8 ©10 Velocity(m/s)

yiD,

0

5
/Do

T

Bl 4-7 T 515 o3& A (dt=1/225000)

(b)0.4

©06 (d)0.8

o ml500 1000

e

2000
1000
500
1000 HSOO
o 0 0
1000 -500
4500
-1000
2000
-1500 -1000

Bl 4-8 i1 f A& (dt=1/225000)

42



ark

a/k

iER %

9=

M 4

43



BTN R AL N e (FAR R g o TR eh R by g o TR
T|ZEH BRI R A VRS einod B 4-6 2B 4-8 5 TS angiE S
O AR R RO 7 P AR X R AR 48RRI 5
SR FER IE AR R TG AR R PP R

d Bl 49 FiF g AUERA, S i SR A FAR(U <05)p
RPN P RS R R § A AU >05)pF > FEks Flw ¢
P % Flenin R g A R TSRS UL iR 0 - BRSO A (U =1)
TehBiEe g i A o e AR E 5oL i

43  Fadsa At

(@ t'=02 (©)0.6
b a
2] _B
&
4
1o ¥
o X
ja) -154% *a%
) 3’5 : et .
20 2 +{%
.uﬁ;&" ay
W - Lt
25 H -4
]
5 b .'a:
30,*'A_ ¥*";u_
0 5
r/D0

Bl 4-10 5 A SR d A0 e RN F A  SERR R R LA R R R RS € R

?/n» it B9 R A :24'5}2“ i oo ﬁ@f“ﬁ-ﬂﬁ f‘ﬁi(t*<0-5)ﬂ§ ’ }-‘/‘ﬁiﬁﬁ‘é

\\\

55 B A BB hd I H BRI o F TR [TA(U >05)FF 0 FiRE i
WRBOEE A ERS B R F - BRERSAB =1)3 % aiF
R A R sk m)’gﬂ’rh g TR K g R R (TSRS & Y y/L, =1p i

B ® 80 e i > 2 f 2 NETRSAR -

44



Chapter5 %#%& A k1 i

51 %#%

AP TS AT o A NG R e Tk g > 2§

FOF i S B LR B hE F R £ o

\1‘@’

g 8% + PaR Ny
B2 SRR e £

Boid s Bd e thi2 2 SRR ez s 4 S o BORE R B R £ i

B2 A2 AT R A B RS e VR R 0 ) RS R AP R T
B

Lo ey dymimg fdd o A Ed & RAGR LY RFR v g
RLEm  ENERRERte IR T AZEFEER Y2 EF 0 F T
Mo A ALBERY e b LE PR - RFEPERFEREFES £ 00
WMAZ7&ER > @REFHAF{ ETNDESE -

R R RS E R €S HEWIRS D
PRIA L2 REFRDEHERIPF B BEERARER T

3. LHOEM R o RAFFOERLA D R o RiER > LA AE T
EFARER > TR FRFE R ST R EHP IR AR

4. LF-BEESE OGN o FARR TR R T BRSO FROEH
B R P R T AR T Ee i ARG 0 2 % BRI &k AR o

5., A¥ - AEESB SN o F TR ST HEEARE . Tk T %
BAp ot RAR e o RiRROTH L AEF FAR AR A B 0 FR KT

s (T AR R g é»‘;,fafﬁlljéca'v’ﬂi:%_ Z -

45



(5 g R E A B Ao ha (SR IRIT AL B A L0 iyt

TS RSO ALY R PR R D Y R £ 0.5mm 2 £ e

Fonds i R enA AR R R DA A AE- BIERE > FRDY
e A PEE iR F EEALE o) ST

fI% 2 8% iR RS (LES) AT 41 R en?) & BURSA R — B I 7R 18 e
T e [TAR(U 42 0.5~1)pF 0 TR de il e R BB 55 A IR

1 LA

o b B E R 0 2 R 8 k% Bodd cpE i o

46



52 R %k

Ao PR Rl R TR R LS S S RN R
%g/i,‘%zi% ;/f'gg ]?]/,, %ﬁ%ﬂ mﬁ%i, v p‘?-ﬁﬁ&#g ALV m E‘E%}ﬁk*&;']/;ﬁ}%ﬂ l;’f‘)}?

IR A RANPT U G EHGNEF T Y

Lo iz B g e o 4 o 3 02 pk g (body fitting) e i Ld »¢
TEER AT AR Y B E RS RIS E TR - 1
cR P I RRREREE DR e oo U phEEE B R TR 0 AT

Nm)
W
= »
oo

2. LF - NS IE IR o B R EERFINA L > 2 EFERBE
FIENELE 2o 28 A
3. B FIRHLS Y o R ZI Y R R iRt R
RN
4., @ £ SHERGPER o Pl R E AR T 0 R T I0E (T - T
Fd Mo AR LY Finda 0 € LRTE R iR o

5. J.%‘J-T’/\?/ﬁhff"ﬁ Fﬁ@ﬁ%”’ A v %.1? rfﬂéu\’}fri‘%%sﬁ] 5@] ?uff ’ l’}_\:}? Wi T
= e b P KF R R S K o B AE o

o

6. 4v i ﬁ'ﬂ ﬁi}\‘ ’ Eﬁ N /rrh%ﬁ R r'B:L;]

ANNN

47



[1]

[2]

[3]

[4]

[5]

[6]
[7]
[8]

[9]

24

Mangesh Chaudhari, Bhalchandra Puranik, Amit Agrawal (2009),” Effect of orifice
shape in synthetic jet based impingement cooling”, Experimental Thermal and
Fluid Science. 34, 246-256.

Mangesh Chaudhari, Bhalchandra Puranik, Amit Agrawal (2010),” Heat transfer
characteristics of synthetic jet impingement cooling”, International Journal of Heat
and Mass Transfer. 53, 1057-1069.

A. Lee, G.H. Yeoh, V. Timchenko, J.A. Reizes (2012),” Heat transfer enhancement
in micro-channel with multiple synthetic jets”, Applied Thermal Engineering, 48,
275-288.

S.-S. Hsua, Y.-J. Chou, Z. Travnicek, C.-F. Lin, A.-B. Wang, R.-H. Yen (2015),
“Numerical study of nozzle design for the hybrid synthetic jet actuator”, Sensors
and Actuators A, 232, 172-182.

Conrad Y. Lee and David B. Goldstein(2002), “Two-Dimensional Synthetic Jet
Simulation,” AIAA JOURNAL, vol. 40,No. 3.

M. Amitay, D. Pitt, and A. Glezer(2002), “Separation control in duct flows,”
J.Aircr. 39, 616.

S. Davis and A. Glezer(2000), “The manipulation of large- and small-scales in
coaxial jets using synthetic jet actuators,” AIAA Paper 2000-0403.

Donald P. Rizzetta, Miguel R. Visbal, and Michael J. Stanek(1999), “Numerical

Investigation of Synthetic-Jet Flowfields,” AIAA JOURNAL, vol. 37,No. 8.
Soulsby, R. (1997), “Dynamics of Marine Sands: A Manual for Practical
Applications, Telford, London.

[10] E.A. Fadlun, R. Verzicco, P. Orlandi, and J. Mohd-Yusof (2000), “Combined

Immersed-Boundary Finite-Difference Methods for Three-Dimensional Complex

Flow Simulations”, Journal of Computational Physics, 161(1):35-60

[11] Y.H. Tseng and J.H. Ferziger (2003), “A ghost-cell immersed boundary method

for ow in complex geometry”, Journal of Computational Physics, 192(2):593-623

[12] Chou, Y., and O. B. Fringer (2010), “Consistent discretization for simulations of

flows with moving generalized curvilinear coordinates”, Int. J. Numer. Methods

Fluids, 62, 802—-826.

48



[13] Yong Wang, Guang Yuan, Youg-Kyu Yoon, Mark G. Allen, Sue Ann
Bidstrup(2006),”Large eddy simulation(LES) for synthetic jet thermal
management”, International Journal of Heat and Mass Transfer 49 2173-2179.

[14] A. Lee, V. Timchenko, GH. Yeoh, J.A. Reizes(2012),”Three-dimensional
modelling of fluid flow and heat transfer in micro-channels with synthetic jet”,
International Journal of Heat and Mass Transfer 55 198-213.

[15] Manu Jain, Bhalchandra Puranik, Amit Agrawal(2011), “A numerical investigation
of effects of cavity and orifice parameters on the characteristics of a synthetic jet
flow”,Sensors and Actuators A 165 351-366.

[16] Jennifer M. Shuster and Douglas R. Smith(2007),”Experimental study of the
formation and scaling of a round synthetic jet”, PHYSICS OF FLUID 19, 045109.

[17] J. M. Lawson and J.R. Dawson(2013), “The formation of turbulent vortex rings
by synthetics”, PHYSICS OF FLUID 25,105113.

[18] E. Aydemir and N. A. Worth and J. R. Dawson(2012), “The formation of vortex
rings in a strongly forced round jet”, Exp Fluids 52:729-742.

[19] Oliver R. Heynes and Mark A. Cotton and Tim J. Craft(2013), “Eddy-Viscosity
and Stress-Transport Turbulence Models in Application to a Plane Synthetic Jet”,
Flow Turbulence Combust 91:931-947.

[20] J. Kordik and Z. Travnicek(2013), “Axisymmetric Synthetic Jet Actuators with
Large Streamxise Dimensions”, AIAA JOURNAL, vol. 51,No. 12.

[21] Shu-Shen, Hsu,Zdenek Travnicek, Chi-Cheng Chou, Cha-Chih Chen, An-Bang
Wang(2013), “Comparison of double-acting and single-acting synthetic jets”,
Sensors and Actuators A 203 291-299.

[22] Z. Travnic ek, T. Vit(2015), “Impingement heat/mass transfer to hybrid synthetic

jets and other reversible pulsating jets”, International Journal of Heat and Mass
Transfer 85 473-487.

[23] C. BOGEY and C. BAILLY(2009), “Turbulence and energy budget in a
self-preserving round jet: direct evaluation using large eddy simulation”, J. Fluid
Mech. Vol. 627, pp. 129-160.

[24] Donald P.Rizzetta(1999) ,"NumericallnvestigationofSynthetic-JetFlowfields",
AlAA Journal, Vol. 37, No. 8, pp. 919-927.

[25] Ari Glezer and Michael Amitay (2002),”Synthetic jets”, Annual Review of Fluid
Mechanics,Vol. 34: 503-529.

49



[26] Brian Cantwell and Donald Coles(1983),” An experimental study of entrainment
and transport in the turbulent near wake of a circular cylinder”, Journal of Fluid
Mechanics ,Vol 136, November 1983, pp 321- 374.

[27] MORTEZA GHARIB , EDMOND RAMBOD and KARIM SHARIFF ,”Aniversal
time scale for vortex ring formation”, Journal of Fluid Mechanics , Vol 360, April
1998, pp 121- 140

50


http://journals.cambridge.org/action/displayJournal?jid=FLM
http://journals.cambridge.org/action/displayJournal?jid=FLM
http://journals.cambridge.org/action/displayJournal?jid=FLM

