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Experimental Study on the Flow Characteristics of Sinusoidal Nozzle Jet

Hak Lim Kim, S.Rajagopalan and Sang Joon Lee

Abstract. Two turbulent jet with different sinusoidal nozzle exit configurations of in-phase and 180° out-
of-phase were investigated experimentally using a smoke-wire method and a hot-wire anemometry. Mean
velocity and turbulence intensity were measured at several downstream locations under Rep = 5000. For -
the case of in-phase nozzle configuration, the length of potential core exhibits negligible difference with
respect to the transverse locations (0, A/4 and A/2), similar to that of a plane jet. On the other hand, a
maximum difference of 30% in the potential-core length occurs for the 180° out-of-phase configuration.
The spatial distributions of turbulence intensities also show significant difference for the nozzle of 180°
out-of-phase, whereas non-symmetric distribution is observed in the near-exit region(x/D = 1) for the in-
phase sinusoidal nozzle jet. Compared to a slit planc jet, the sinusoidal nozzle jets seem to suppress the
velocity deficit as the flow goes downstream. The sinusoidal nozzle jet was found to decrease turbulent
intensity dramatically. The flow visualization results show that the flow characteristics of the sinusoidal
nozzle jet are quite different from those of the slit plane jet.
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Turbulence intensity(HF74 =)

LM B

AEf-E e Alole At A, 32448

A WE=A] 3Gl o|27178R] AAGA Awtel] A3
AL A8 Fokel 1 AAA 7N Qs H2
7R & HES] AFEEL Yk

5l A FEA9)71¥ active  control
method)#} =5 A1 71 (passive control method)> &
W 7 oy, AERE AolA dEHA TE5A

7P o2 = 2% A7 (acoustic excitation)S ]85}
o GRAE Ee 2y 248 AT AU Al B

HAYS Rolsis Wy Fol k. BEAC 71y
A%, HEEAC wael Bt Ao 5 cke A

o) glort A&H9) oux] felo] BRalT o) 9

"E g ok 7 AT W
E-mail : sjlee@postech.ac kr
T e 7| A g5k

=%, Flow visualization(++

28

E7FA 8, Mean velocity(H-75),

F2HE9 o]
0131-: Ro] 7Fssith.
Bradbury & Khadem®& o}2-< 98 A EQ) =2
E7 2ol F-28 g (tab)o] -5 EFFA PIX]
= Sl ste] A3t Jell eJste] FHFolA
MR Qe 2 s|dshe offgol F4EH oz
Al 9 A Folt EFol S7lsiA Aot
Bohl & Foss@= 2719} 25-8-%9] &3 =351
o R "HE ARsiaTh
T OE FEA0] 7HoE AE §59 AEE
FA717] Al &7 7PgARE O] Aol 2 &
< AXE 4 ok Tong & Warhafi®= &th3 93
l % o gke P 4 1-}
Ao r e A E "é% ]Ur FAFIM ) B
dAAs] =Y 22 ¥} Rajagopalan

FURe

g?;
do
©
2,

rlo
ﬂJ Fl.Lu o
oft d B

_\zﬂ

P




A Y =5 e

& Antonia®= HHUA E ] S0 gk glojo]E AX
3= o] Tong & Warhafte] ®3t 22 Ao EHS
7P e, ]”O 1 52 AdE

off dA)H sholeje] F7ef 7IQlEte] A
E(small-scale vortices)?] FAE §259 &
(vortex pairingyS eAgre 22X A7l Az &
Aot

EF 7 9L v A5 TERE Wkl d
T s I HAA 9ok U952 PIV £2% &
B71HE ol &3l F4A dF =ERREH EFHe
AES ohRFzo] T ATEAL, New &
Tsovolos®%. V-notched :=Z¢] sharpnesstHsto] whet
9 E F5EAS A7) 8 AFEe few
3 HE] 5SS Fsisi

=F &7 IS vE AE f5Al0] Al 9

ojM, 7| AEATES FE FUA 98 AES
e hdnh. 53], A3 v (sinusoidal) FAre] 4
e 57| 28 A7 (Lee & Nguyen™t A3 &
o] Fd(leading edge)@ S zHe e (delta
wing)ell #8 9(Gormuey & Rockwell®)9} 7o), A
ot Yo FREY 9N fEd B3 A7E AT
A ] &7 NS 2 HH = AE 4|
g dre oA 3 vl Qi)

2 drolMe e g4S e s =29 9
& M2 GEFeE AVlE AEs

1o
?
o
2
@
>
9L
re
4
21'4
N R ofl
&
I

21 in-phase% 1800 out-of-phase ‘=&ol|A EEF
AEREH A €8 AElit jety -5 F55A4
Ak, A 4 =& HAHAES U +

Ale] 348 s i)

ofi o rlr

2 AFNX = 400 mmx40 mm 27]2) HUHAE
o 25 mm A9 FE T} F49 =ZF sheet
LE Ao B st 9%
Wi& *Z sheetE Hd 7744 Dyp=25 mm=
AX|8L, o} ZE sheets - WIFO R o]F
S F F sheete] A& T} Ao YARIE
P & 9] 98 5 4R oo S
5‘}04 -5 43K (streamwise direction)
[ (lateral directiony® y&, 2Wak

OE-E
gQ mt}
&x)

-]

oy

TN
ki
N Y

N
2
bl
N
ol
32

T
i

a6}

]
b e
!
H

o
3
:

484 A7 29

—{

(b) In-phase (c) 180°out-of-phase

Fig. 1. Schematic diagram and coordinate of the sinusoidal jet
nozzles tested in the study

(vertical direction)S z£ 0= A8t
Flg 1)} (0)= 42 Y13 (in-phase)z} 180° %
Fab(out-of-phase)el] th3t =& ﬁéﬂ-g} AT E Ko
o], TL e A &7 hy)e D, &
AA 3 Wb 18009 4=k A
o

% A2 o
F} 7R Ao 7 FA|F ok
h(y) = Do+ 2A sin[2r(y+W/4)/2] )
o714 AEske] FEE A=25mm, IS
A =50 mm®|t}.

SAA} 180° 1At 29 AHH kF A Eo
st} kS L) A

H3lE Polry] 28], AE E7EE U=
(Rep=UDA=5000), y = 0, L4, (/2 Al 1]elA] <]
FAGE (x4 1) WF Fadida dRds EXE
2433t D =052 3HFAIF A °
2 mm 7P7—19—E TR W Hais

Jl

EE SYsAOR, SFE Yobe Lq%
A Solel D12 4 62 SIS
48 MRS, SE2 24 A TS

IFA-100 A2y IXMTSHAY 18 I ==
(DANTEC 55P11)E ARS8k, AEE) 0
&1 33 o] R E o] gate] EM ZReHE
= AAZ o)BAIH. 217ke] Z 99



30 718 - S.Rajagopalan * ©]%4F

4,00071¢] vl &2 AEH 3 16384719] £ d|oH
& Aet, kol2 AAE A3 £EAISE 800 Hz
o] ARYHE AXA A

FUAET 180° AR 270 diste] 44 @y
-2 plA ] F5TRE 7A8ks] s, 94
(smoke-wire methodyS ARE31 =0, M4, A2 Al 9
Ao FAHAA FarHst 4dE ST =
A= A7l 0.1 mmQ) YIE 9olo)7} AR H

=, ol AE SF2ZREH 10 mm X =
Ao g AXEArt YIAE glojojo)] Safex oilS A=
A ¥l23 of7]9) DC ALEF7NE A7)1E FFaha
Safex oilo] 713}=/8A] #412] smoke filament7} HAY
stod &3kt ke fredHE AWl B 24
Y-S Nd:Yag B8 0|49} A=2ES A}R38le] ghe
SR> #HolA HWB(laser light sheet) o2 ZA}d}S
smoke filament -f-2 4 (streakline)2] <=7+& <1 A=}
$€ Nikon D100 HRAE Fhigtz &3t}

3.4z 9 o3

31 Y HA

30
s
HI
K

o 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Mean velocity U [m/s)
(8)y=0
3
a —a xiD=6
—y x/D= 4
2 9o x/D= 2

- x/D=
o —o x/D= 0.8

[+] 0.5 1.0 3.0 3.5

1.5 2.0 25
Mean velocity U [m/s]
(b) y=M2
Fig. 2. Mean velocity distribution of the in-phase nozzle
jet according to the y position

& —a x/D=8
v x/D=4
214 v - v x/D=2
m -\ /D=1
& w0 /D= 0.5

o 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Mean velocity U [m/s]
(a)y=0

— —a x/D=§
———r X/D= 4

v - X/D=2
2 P ]
@ -0 XID= 0.5
1 e
) v
e, L]
Il = &

B ST vy Ao
do L Dol Gl ook £ 8 e
-~ oS %
N WW?M_"—G
il

1 ‘!‘/

2

-3

o 0.5 1.0 5 3.0 3.5

1.5 2.0 2.
Mean velocity U [m/s]
(b) y=A2

Fig. 3. Mean velocity distribution of the 180° out-of-
phase nozzle jet according to the y position

D=67kA)el y 94Xy = 0, A/2) o ol FH-5He
f&e] PSR EE RojFy Qo A YA
E AEZ 5YAFE 2 S, y X WE #
&E¥ o] w3y} Zon Felds0ie] Aok /D= 4
ArR vk Y £7%S 2 €31 W9 A
Eo} nwslo B ©hA] y9IX] Wl mE F459)
Wik Yepdt),

HHHO] Fig. 30l419b720] 180° 4Rt =28 4te] 7
Folle y 1A dstell we} fE5E271 A 2ol &
Bol, XuldFe|e] Aol y =12 YDA x/
D= 2~4, y=0 9% QA th=k x/D =6 3HF $3]
712 30%7F die & AolE BFT Qi) o]} 22
AIE T3, TLNS =09 A ETE2A Y £
A xzdH)elA e T/ F7 AEEEE A
Aoy =3l A JE2 B AR, 180° 9
AR G} =20 Aol Hdfde] EETHE
h(y)2] ¥l ZA Fg& B73Le & F U &
3 &7 =& 7H4 h(yy} B2 y=A2"HolA, 35
2 YoldE 43 BErlgo] ZA oIt}

Fig. 49141 180° SVt =8 A EQ] y=03} A2 ¢
2] g &3 A EolA 9] 33} TheRy 02 T4 E A




1.2
e e 4= 000454 (0D)° -0.0456( D) +0.208(4D)0.512
»
monmee 3 0.00476 (VD) 0.0366(/D) 0152 DYHO3TS e
10
------ = 0.00189 (/D) 0.00016(D)2+0.0558D)0262 . — = o
— ,‘{
" - //
— =
a 0.8 4 _ o ’/;" .
= - P
% o e
= 0.6 4 [e%d v&"”—’ ‘n‘
Vr’s ....... e y= 0
0.4 Jpet :
T e v slit
[~ =]
o y=A\2
02 .
o 1 2 3 4 5 6 7
x/D

Fig. 4. Comparison of non-linear spreading of jet half-
widths for the slit jet and the 180° out-of-phase
nozzle jet

ENHE(jet half-widthy 3} W] 233t} Fx1)
U/U. & x/D=05, 1, 2, 4, 6 sFE$]x]olx ¢
%Lt‘rk

&=
FHE
LLUE 7} O 4309 AESAEEU,
2 pro] gk Zloluk,

XﬂEHPE b(x)oll that vlE-gkel dbxydxe AE 2

& (spreading ratey2 YR = Eﬂ (I\hcolas(g)) &

WFOR A5 180° AR =E AEY y=12 ¢
oA A Ee] gAgo) An), 1 RAe y=12 91 &

Hof|l A AEZ} M} wha] sk AL onjah, A
Eo] me o s WkS(shear layer)o. 2
% (entrain-ment) == 59 F-A417} Z o] Ak
A ] E(mixing) =7 A o2 AXA Hek A
GZolM e R-FAete RSV AT AE SR

olxe] malg &4g op7|A7|A Hed, o= s}
o] y= A2 WidolM 31FE ol wl %o wh
B2A e He Ao AzhE et

Flg 5= X'“E‘ITE’] Z“%‘—(z 0)ellA, &2
25 mmJ SR AES} zh el e gdlst Hd =
AEe yoA sl e ST SeEEE B
AL AT LAY eF A A(Fig. 5() 2
= 2719 EFAAE TR SB A B Hlel, xF
ETEFES AT} x/D=7°1%i Bl e Her
o] =gk, xD =7 o]%-2] 6%%03 AxE B

FEol W Aoz yehdt) o
oA, 3 A E H]slo 5"]-4*0]'

= A (velocity deficity’} Zvhs AL ojmsi), &
Fy=03 y=a29% ¢ £5RT

B

o ]

;

31

1
5.9
facl B
3
DU.?
0.6
0.5
0.4
D01 2z 3 4 5 6 7 8 9 10 11 12 13
x/D
(a) in-phase sinusoidal nozzle jet
L1 ,
4 sit
T 3 ey
e o —at

0 1 2 3 4 5 6 7T 8 3
x/D

(b) 180° out-of-phase sinusoidal nozzle jet

191t o1z 13

Fig. 5. Comparison of streamwise velocity distribution
for the slit jet and sinusoidal nozzle jets in the

center plane

iz
E
rE

x/D=1~62] & §-2 9
VH Zb wWhES /D=6 $H SRR oz
1210)) Adiglo] Ak o g L£eyt A
> 2 e x/D = 1~69) &7 F JYolA
=03} y =02 DA e] £}y =0/4 THHA 9]
o Blste] =8 L, v =07 y=2a/2 ol 9]
U = AE F4lFo] THFITHANA Bl

A7) wtolc,
180° 4=} =2

M, y= a4t

2
o -

o
e 4

>t
!O -
.\

ol ~
141

4;

A B2 74 (Fig. 5(b))E HF1
old-5 &8l A E Hjg)] Lo 77} z}om
At y YA wE WslEo] ZA Xfolrt Wil o
o} 277 0] & y=0 GHoXE &8 AE vl
Aubrog & &eyby 2 =

y =4 TN & & ( = 1~6)01M 9} =

Ak &8 AERT 28 Erzige Sl x/D= 7
Oli TZvolA Syt AAE T Qluh, 37 2

Ly =2 GHME x/D=2~52] FHolA &£ AE
of wigl] 23le &5 v 3A el x/D= 6



32 718+ - §.Rajagopalan - ©]4F

olF FA3] 20159 A= x/D= 90|F Tl &8l
AE Hlg] &7t AXNA €2 ¢ F A 27 »
Z(x/D= 2~5) FGolA y=0 FIADHAA Y] S
el vis] y = a2 FAGHAAM Q) S= A d
A3 & AL, o] GHA FA7F wEA Bl
e} o FH|ebe] E3to] A FU1E7] Wi A
o2 Aztslo|At. oA Fig. 40 eRA vle} 7+
o] x/D=2~5 YAAA y=1/2 A FAAHY &
Fol Adez & &3S Ke A deHE
Aot}

Ao B4 =F AES A4, AuH oz e
T ZAHgoz Qsly, x/D=9 FuoA EIAE
vjE] wE f&S X 22 ¢ 4 A )R
STERE 9 7] 5 FA8] Hsie 49
7 =% AE7} fEEithe A 9ulsi.

B

3.3 3| R ZE (turbulent intensity) 2%
Fig. 6014 & & hRo] LAY =F AEY B¢

HRAE X ] pRIl et 2 xpo]& BolA] &

=0 ST &7 B2 D = DIANNE dFRA=

3

2 Adga
Ty AT, 3 = xfD= 1
gf"i *-—~-“\._ o o x/D= 0.5
1 e (DI TR
e e -
[f 8 g R ;fjv~ s Jw
g, ?j L e
N o o = = ¥
»v-**“’“"‘“

-2

° 5 20 25
WU [%]
@y=0

3
o XID=8
— x/D=4

2 v - v xfD= 2
e @ x/D= 1

%&‘ @ o xiD= 0.5
1 VVV. “1?;?%*
" .
i - V\#h-ﬁ‘*-v—-ﬁ‘?&‘\;_
cjo gw_g_ﬂ&?>éfé:3-‘5::: B S
% M”_’____zﬁﬁ
N g_—o——_eo-e——g S ‘;‘_?:
- A A m?ﬂtﬂi‘**ﬁ' =25 A
Y bRk 1":_:__—‘;,-;—_:1‘_.‘—
A
-2 ad
=k - — _ _
w/U; [%} 25
by y=212

Fig. 6. Turbulent intensity profiles of the in-phase nozzle
jet

A —a x/D=6
— x/D= 4

- /D=2
2 b..‘ = s D= 1

o —o xiD= 0.8

do
N
-1
¥
Fae
2 f
3
0 5 o 15 20 25
w/U; [%)
(a)y=0
3 o s XID=6
ey xID= &
S xip=2
2 k‘ o a D=1
—a o —o xiD= 0.5
%;‘: e
B e

0 WU, (%) 15
(b) y= 12

Fig. 7. Turbulent intensity profiles of the 180° out-of-
phase nozzle jet

o) vy e T BT F glEd, F50 o
o BET 2, 3 y-0 A AT i)
y = A2 @AM 9F FRoN ) FRA, O
@ su 2 g 7K,

ol 180° SR =F] Aol yANol mek

;'%
ol
il
S

X7} & 2olE i"iu‘r Fig. 7904 & 4= Q)
ol y= MZHXMW =EETA HAATE FAHF
AA GFAE7) Frleled, 2725 H x/D= 4 7
Bojxl oA y=0 D] F4AFEO 36% e &
RS 7HT o] AL y= M2 TR F4lRe]
A GRAEIy =0 @] SA4R) vlE] 5243 St
TS VERH, o|25H E7H o] 2R y=A2 T
oA WE dFHI7T ol 458 5 Uk

TS5
Fig. 89 Fig. 9% A8 =& A= #5& 713
A2, YN =F A E(Fig 8)elrlE y A1l ot
2 9F7} HA F2E RAFy g &7 22
y=09)X AN =& o}RZA SBr}T BE3) FAE
3,y =n4913] Tl 9] - o7t A =



33

(a)y=0

=

@y

(b) y= 12

(b) y=n2

Fig. 9. Visualized flow of the 180° out-of-phase sinuso-

Fig. 8. Visualized flow of the in-plane sinusoidal nozzle

idal nozzle jet in the vertical plane

jet in the vertical plane

o)
£H

gh, y =204

<]

=
=

He

°
o

3ol th

Y3

y=A29A T

L.
T

(Fig. 9)°ll

o
ﬁo

Z9)

=
—

LRepstct,
4. &

w
o)

S
B
———

£ FAo7t

-

M=

A)

y=A2 4

7} @A3] A,
dofdty,

#1242 out-of-phase)

in-phase9} 180°
< Al

A3l

2, T4

} A

3) 180° 14+

25

-Zo A E

1.
s vl

olJ

]

&

o] W=7

M= AEE

B
™

W2 $1A

Hell y



sSHOE8
1) L.J.S. Bradbury and A.H. Khadem, “The distortion
of a jet by tabs”, J. Fluid Mech., Vol.70, pp.801-

Ao

34 718+ - S.Rajagopalan « ©JA=
o|2 3 y =12 B E o] Zujth vhHo small cylinders”, Experiments in Fluids, Vol.25, pp.
y=0 9% BRME Ego] eAs o2 £ 96103, 1997.
BEEE HAF 2o)E Bl 5) H. Hu, Tetsuo Saga, Toshio Kobayashi and
Nubuyuki Taniguchi, “ Research on the vortical and
& 7 turbulent structures in the lobed jet flow using laser
induced fluorescence and PIV techniques”, Meas.
B AT RIS AT Bl o Sci. Technol., Vol. 11, pp. 698-711, 2000.
e TS E TR T e v 6) TH. New and D. Tsovolos, “Influence of nozzle
TRAZAEAAFSEY 73 2 AR 31) 2 sharpness on the flow fields of V-notched nozzle
Aoz FeHG oM, ofd A=Y} jets”, Physics of Fluids, Vol.21, No.8, pp. 084107,
2009.
7) S. J. Lee and A. T. Nguyen, “Experimental
investigation on wake behind a wavy cylinder
having sinusoidal cross-sectional area variation”,
Fluid Dynamics Research, Vol. 39, pp. 292-304,
8) T. Goruney and D. Rockwell, “Flow past a delta

2007.
wing with a sinusoidal leading edge: near-surface
topology and flow structure”, Experiments in Fluids,
Vol. 47, pp. 321-331, 2009.
9) E. Nikolas, “A note on the spreading rate and virtual
origin of a plane turbulent jet”, J. Fluid Mech.,Vol.

813, 1975.

2) D. Bohl and JF. Foss, “Near exit plane effects
caused by primary and primary -plus-secondary

tabs”, J. AI4A, Vol. 37(2), pp. 192-201, 1999.
77, pp. 305-311, 1976.

3) C. Tong and Z. Warhaft, “Turbulence suppression in
a jet by means of a fine ring”, Physics of Fluids,

Vol.6, No.1, pp.328-333, 1994,
4) S. Rajagopalan and R.A. Antonia, “Turbulence
reduction in the mixing layer of plane jet using



