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ABSTRACT

Comparison Research of Two—- and Three-dimensional
in the Supersonic

Turbulent Cavity Flow

by Woo, Chel-Hun
Advisor : Prof. Kim, Jae-Soo, Ph. D.
Department of Aerospace Engineering,

Graduate School of Chosun University

The supersonic flow around tandem cavities was investigated by two-dimensional
and three-dimensional numerical simulations using the Reynolds-Averaged
Navier-Stokes(RANS) equation with the & — w turbulence model. The flow around a
cavity is characterized as unsteady flow because of the formation and dissipation of
vortices due to the interaction between the freestream shear layer and cavity internal
flow, the generation of shock and expansion waves, and the acoustic -effect
transmitted from wake flow to upstream. The 2nd-order upwind TVD scheme based
on the flux vector split using Van Leer's limiter was used as the numerical method.

Numerical calculations were performed by the parallel processing with time

_ix_



discretizations carried out by the 4th-order Runge-Kutta method. The aspect ratio of
cavities are 3 for the first cavity and 1 for the second cavity. The ratio of cavity
interval to depth is 1. The ratio of cavity width to depth is 1 in the case of three
dimensional flow. The Mach number and the Reynolds number were 1.5 and
4.5 10°, respectively. The characteristics of the dominant frequency between
two-dimensional and three-dimensional flows were compared, and the characteristics of
the second cavity flow due to the first cavity flow was analyzed. Both two
dimensional and three dimensional flow oscillations were in the 'shear layer mode’,
which is based on the feedback mechanism of Rossiter's formula. However, three
dimensional flow was much less turbulent than two dimensional flow, depending on
whether it could inflow and outflow laterally. The dominant frequencies of the two
dimensional flow and three dimensional flows coincided with Rossiter's 2nd mode
frequency. The another dominant frequency of the three dimensional flow

corresponded to Rossiter's 1st mode frequency.
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A5 9orm, 375 ZEd AN AR d4ZIE 5 IHD A T} o
Yok Wek WA f5S $RA0E AV AANE AAF Upwind Wiolt
QA4 Y Artifical Viscosi)o] BasA Wk 53 I2eE H54 40 leld
BE I SIS0l FS(accuracyn} B (robustness)ol EAE S 7]
m2el olHTAE Be A7E0] AY=n e Aok
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Al 2 A Second Order Upwind TVD Scheme

1. TVD Scheme®] 718
TVD(Total Variation Diminishing) Scheme[14, 15]o& 1x} AZT TVD Schemes} 23}
A&z TVD SchemelE V& 4 3L, Yutyez og9 EFS zeth
@ EE Monotone Scheme-® 1x} TVD Schemeol] &3t}
@ YrtEo g sE Aol e Explicit Schemed U3¢ ez HEY o)
uftl = uf + Aiv 108U 1 — Bio1p AU p (4] 3-18)
AUy p = uiy, — up

— T T
Aui—1/2 = u; Ui

A=0,B=1¢% v FIHL,
A=1,B=0 9 o Ay,
A=12,B=12 4 v A%
o714 A¢}t B AREHo]R Schemeol wl AAE= Al4=o]n, Harten[16]0]]
o3hd (4] 3-18)0] TVD7} H7| A SEEIL o3 2o
Aig1p <0 Vi (2 3-19)
A1 =<0 Vi
0< Aiyr1p+Biyrp<1 Vi

@ TVD Schemee] 7L Homogeneous Scalar Hyperbolic Conservation Equation
o ot 2 8-%]31, Non-Homogeneous Hyperbolic EquationdA= E¥3E 7-oqt A
&

@ Flux Limitere] A}&o.2 2x TVD Schemeo] &= A +=6], ©] Scheme
Smooth Regiond|A+ 23} Aggzolxm, & FHI7F A= AYdAe= 13 AFJ=Z A
g

® BAZzA F&o] &1 AAE X JE 49 TVD Propertyd] 5%



< i I

® TVD Schemeo} B]A3E A9} Multi-Dimensional System©. & 3} o] o}z A
P50l A gro} XA J3lH o] 3 FFo] Jled AR g A
on, AAFow nNAY BAs} Multi-Dimensional Systemo| & TVD Schemeo] A}
453 9ld

@ TVD Schemeo] EA&EAE 7FA L e F5A4 ) F{HE o2 &
A Ao}, 54 Explicit dampingol]l Hl&] Al4FA|7to] Bo] &t}

TVD Scheme& E-H2:4 2] Smearing & ¥E FE537} FAld] Oscillation®= &
A&

@©) Centeral Difference® 7|8 0.2 3} TVD Schemeg Symmetric TVD Scheme
ol]g}r B-=n|, One-Sided DifferenceE 7|2 0.2 3= AL Upwind TVD Schemeo]

ko)

%3 3e

2. Second order TVD Scheme

H%Es} 1A 2242 L2Hke o Harten[16]S S3uE] EE T o] 3
o) sk

E=E+G (4 3220)

G = Second order TVD) limitere] 12, Ywk3le wA2e oS3} At}

= - AL [hﬂi - h;‘_l] (4 3-21)
2 2
Py = %[Ei"ﬂ B0y ] ) 322)
2 2
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= %’:El"'f' E" +¢Z__1_] (2] 3-23)
2

Harten-Yee9] Upwind TVD Limiter2] 3 olo| &3l limiters= &3 o] A &
ATt

¢ 1 = (G +G)—yYfa | +8 A" (A 3-24)
ity z+—2- i z+§
|2y| ) for |y|=e
—(ﬂ——2:_ € for ly|<e (4 3-25)
o= 3719 WAool TVD 43S wE3les pAE e PPojck
714 0 < € < 0.125 o]
FE. — FE.
el for Au | =0
Au. 1 i+§-
a = ty AAESFZE (4] 3-26)
i+ = . .
2 Uiy1 T U for Au ;=0
2 i+§'
Girs = G; for Au , =0
Au 1 i+
B 1= ity 2 AFEAE (A 327)
T 0 for Au ;=0
tty

Limiter G ¢] &4 &3} gk

Au

G =85% max{O, min[cf.+1 1| Sxo_1Au 1]} (2] 3-28)
1 E 1 a
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Au? (A 3-29)

Au? (4] 3-30)

(4 3431)



A3FGHF 24
A BA=o2RE &L EFZ(mixing layer)e] A& (spreading rate)-
uldl=7t S74ge] wel Aadve Aol FHIHUT o] ulElere] Fvtd] wrE
argo] ZAE NS dREYL AdE ZARIA Eile A =3 F gy

4 EFHE AWT F A=E FAS}A e ddol HAUh

Kolmogorov(1942)7} A& 02 YF9 two-equationd A A8t} kolmogorovi
GREFAUAE 29 GF A ASFS Prandil(1945)5] AA2LA A AdE
ato] ARE3IAT 1 Fo] Wilcox Sarkar$t Zemano] Rde] HAZF FF9 o
Zol A B Wi FAF F5 HE e BF-2NFk—w) B

dg AASRAS k—w GFELL O3 A7 Zo] AHert Aoh17]

- B YAE

vr= k/w (A 3-32)
-~ 3R/ &F duA .
%’Z— + Ujgalfj =T ZZ‘ — B kw + -5%[(1/ + U*UT)-(%] (4 3-33)
oM ANg
%1# + Uj—ami] = a%nj 52, 8‘3:]- I:(V—i— oz/T)g—;;;—} (A 3-34)
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2 ’
,8 — 9 , f — 1+70Xw , Qiz"ijSk-i
° 125 A7 14 80x, v (Bw)?
1 , X <0
* 9 2
/8 = —, f = 14+ 680Xk s k
° 100 —_— Xr >0
1+ 40032 k
e = wk, and [ = k1/2/w
_1(8U ol _1(9l | 9l
;= 2 (&vj C ooz ) 5= 2 | oz; + az;
9 A5g oD X718 thest 2o Rt Bk

_[pk _ | puk _ [ pvk _[pwk}
=[] #=[f) #=[om] o=lom

Q
It

ok ok ok
Mkax F o= 'Ukax G = #kam
w2 T T T e T | e
H or H o H o
S, P — [ pwk

Q

=1 7 —
_2 2 0_2 b ﬁ_
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(& 3-35)

(4 3-36)

(4 3-37)



Al 4 - Nz ool A3

A HEYe2E A F(explicit) I WA H(mplicit)He F A2 &
F& & Aok G4 e g Fol HlnH ddtn HL 798FS o
dohe AHE JHAR loEg Hnd daedt AV A Hxie ol dHo
B 727 E3S EAY AS- A A" 4+ e ot =3, 1 3
&0l e AGAZEel dth 2y AAACl ®A ¥oBE AL 1

A & F QoM wrEA o] Boelde @] . WA Wi g
7198%3 B3P dnegF S BRE BRI FAALLNA FHEE= oHA
Tk QFF Aol Folx AHAE A & F dde FAS A3 Aok

ARFETEAY FAHE Fite Brde £E8E $A4 VA & 3R
A HZ e ANDNAHSR ANRIYE F  JAWNFTHF-F A7HF : local time
step), MY FrEEA Ffode & AAAA TIF ARTFHLE AAPe =
A Az mE WA E FEA "ok (4 AZZEZ : minimum time step)
£ AFdME HRZ S5 R/E et A3 WYPO 2 explicit Runge-Kutta
4th orderE AMR-3MHTh.[15]

Adg Al (4 3-1)8 A3 g FEE S g5 2ol FAh

Q) R
a; ot =0 (‘] 3'38)

22 A A A, o s AAe el o2 R = (22 & anae

LHERATE Runge-Kutta®] A2 Al HEYe t59 4oz Ast Ao

-~ 21 -
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AS52 AR R AE
Al 1A L/D=3, W/D=12] 2493 3349 %% F57%

1. AAA 2 AAZzD
FolH mAE £ANEL HEhe] g} 2L 284 HA FF) Bare] 2
A3 3A4A 0 AL FHste] 1 ARE WS

-L/D=3, W/D=1 (Open Cavity)
- Zol(D) = 15mm, Zol(L) = 45mm
- Renolds No = 4.5 X 10°

- Mach No = 1.5

Fig. 2 Computational grid for the Fig. 3 Computational grid for the
two dimensional cavity three dimensional cavity
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B =fdA AL AZu L/D=3Q 234939 33 F5HFL ARFAESE
F gFE 93te F71FHA AFE e HAL fFFolth ol Ay A
o Fig. 29} Fig. 3& 22 AAAE F4344-.

7184 frEed 2L 2343 3o FYHA FAsHod, 339 A
¥ FHl(spanwise ratio, W/D)E 1°lth. AAAle 3§ AFo H¢, uigdn ¥d
2o AAE LIAA Fo2A HHd drelvde AWy 359 4Ag R
AolA dojue ¢HUIAE & F UA dRen, R AAHY ¥y e o ISHE
2 9gFE AR @3 AR ALE ST 99 AAZRAL (D)
o TMiE FA AAFe 234 FEY A AR 350x10037 FFH
100x700] 9, 33} FFL AFFol] 140x40x403} FF o 50x30x208] ZHz2AE A}
&3t

2D, M=1.5, Re=4.5~10°

-4.75

LI I

-4.8

Residual

-4.85

YIT‘V]\fTI'II

T DR N SO G (T S R (O T Loy o} I 1 TIPS [ Py e |
80 90 100 110 120 130 140

Fig. 4 Residual history for two dimensional cavity
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-4.7

E 3D, M=1.5, Re=4.5~10°
-4.75 |-
K-y =
= -
- L=
B-4a85}
L B
oc B
-a9 |-
~a.95 |-
el el g e b e e g ) PO TR ISR I WSS N T S I |
320 130 740 150 160 170 180
t

Fig. 5 Residual history for three dimensional cavity

Fig. 49} Fig. 5= vlelg 159 o) A4HAIZbe] @& Fx)2+oz]9] WIS e
d Ogolth. FapY A|te 2 23 ¢t =90, 33U t = 1300 Fo] EHYF
FEL (AR F713Q0 AT S-S A & Atk R AIZHF7)
(ITp)= 2xgel Tp=5.2, 3xde] Tp=104% H#FY AFF71E O B

st gl

rlo
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2. AA¥(L/D)7} 391 B59 §E34 A3}

Fig. 6& 244 8 27E 7AAZ Al tg gPusies 2957 A
2N FYdolHE HSF AAE BAZD ok FHYolHE DFF
G Quiet £¢ F AHA ASeel vk

Fig. 6 Sampling position of pressure data (L/D = 3)

2314 @ : Leading edge .’I:/D = 0.0, y/D = 1.0
@ : Bottom z/D = 1.5, y/D = 0.0
349 @ : Leading edge z/D = 0.0, y/D = 1.0, 2/D = 0.0 , 0.5

® : Bottom z/D =15, y/D = 0.0, z/D = 0.0 , 0.5

Fig. 7, Fig. 8, Fig. 9% 2x1d3} 331 TF59 Z} FEolAe Azte] ul& e
AEE &9 Fig. 69 AR oA FAHT e Zolr}. AL FF A OAA
A9l gustE UEhd Zolx, AL FF ug ¢ QAYAAY Fust
£ Yehd Relth

Fig. 7& B 48wl F7] Th(time period) = 522 Fig. 49 $xZdx]9] AZ

F71% dAFe e & F den Gy IF e FFY o] uig TGl
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Hig o & AE%S zte Aoz T £ vt ol FF dTlAM BT} 24
goz Qs I3 FAANME FF A7 WA 4TS ad2 BT} FA9
FF WRAA HAstE R olFd wE stEsie o] JFE viAEZ, |
Aot W AFe] o3 ¢Fste] Fo] ARSES ¢ F Atk TEHEAME &
Aol A F7 FHUFOE o5 mE FHWSEN A9 Ao
o3t G kx| gkow g gtz MAZo] A Yehd g & F Ut
Fig. 82 344 %9 we $%(z/D=0.5)0A ¢¥usE vehd 2o,
Fig. 9= 339 259 Z-W3e = utg 2AEl(z/D=0.0)2 AN A3}
2 uUehd 1Yotk Fig. 8 3 Fig. 98 BY 39 FE ¢HEsF7)
Tp =104 BEHD Y& & F Atk 2 olfre 33Y TF9 AFde R
ERE 19 (n=13F3e 5L 3tn Jeuz Tp=104E Yehlz 3.
249 FH L AFREJ} 2 (n=2)0122 3349 FF9 At A3l pE
F Atk AAZ 3AL FFY S IF ZE 13 29 §Fse
BEE Po] 1 Q&S Fus BHCFFDEAAZ A & 4 AUeH, o &
2 AZ3 22 FAZo] Yzol MHEFE AT 5 AU

Zg Ze 3les g4 T 5 A

Fig. 102 234943 334 359 oA OAANAMY Azl o FHsteS
Zo] FAF aolth 2 FF9 ¢YAFo] 3ad FFY FHAFA nHlE)
o 30%4 % © A Jete g B 5 3tk oje 334 5 By Z-9F
M FF UEE /%Y F9 - FFZ A3 ¢H¥Ws} IAFo] SRHUY] AE
d AL ¢ & Atk 29T {FFo dY AHES HAFAM A sri2 I
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Leading edge x/D =0.0 , y/D =1.0
- — — — Bottom x/iD=1.5 , y/D=0.0
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PIP,,
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Fig. 7 Two dimensional pressure history at the leading edge and the
center of cavities bottom

IN
1

Leading edge x/D=0.0, y/D=1.0, z/D=0.5
— — — — Bottom x/D=1.5, y/D=0.0, z/D=0.5

-
w
ILRSRE BARR

7l

~

7
1.1
x ]
o 1+
S s
o E
= A}
0.9 - =
o8}
0.7 |k
OG:LA TSR] [ YOO N I V| [N NS PR N (I [POLET (N (W e [ (SN YDRR (N S (RDS (S S (o (N |
50 55 60 65 70 75 80

Fig. 8 Three dimensional pressure history at the leading edge and the
center of cavities bottom (z/D=0.5)
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1.4 E— —————— Leading edge x/D=0.0, y/D=1.0, z/D=0.0
- — — — — Bottom x/D=1.5 , y/D=0.0, z/D=0.0
13}
1.2
=4
[/
1.7 P
x 2
o 1+
= L=
o, [
o9l
o8k
0.7 |
OGFL..xIJAI.LJ.A.IJ...I;+..4L,...I
50 55 60 65 70 75 80
t

Fig. 9 Three dimensional pressure history at the leading edge and the
center of cavities bottom (z/D = 0.0)

2D Leading edge
— =— — — 3D Leading edge Z/D=0.0
esessusavennsLensnss 3D Leading edge Z/D=0.5

1.8

IIITIII‘Ij_YYT‘I

PIP,,

TR

Y O

|
135
Time

-
N

Fig. 10 Two and Three dimensional pressure history at the leading edge
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Table. 13} Fig. 11, Fig. 12& 23937 3319 359 FAZZR4E H7|9319
SPL(Sound Pressure LeveD[19]# 2.2 Fm42 248 A7E Yeh gtk Table,
12 AZABI(L/D)7F 39 W Xin Zhang & Edwards[7]¢] 23X Z 29} Rossiter2][5]el
o3 o33 A#E 22147 3AY FE A+Ae} g Aol Xin Zhang &
Edwards®] 2@ A7} 5.90kHz0] 11, RossiterZA)o] o3t Axnpe 5.45kHzE vyehy
I Ao 2dn € dFM FAHASE 2349 331Y FFY FAEFIASF Y
A= 5.40kHz 2 Rossiterz3- 23 vj-9- & AR5t ASS ¢ 5 Uk

Fig. 113} Fig. 12& 23195 339 359 Fof A% Jd=E RoFe
agolth 3 FFY AF oM HAEAd A o] REm=2)Y "9 F
g 2oz 3zt Aol o n=1¢Y W Fu42 2.59kHz7F YEtde A
S A F Ao

Table. 1 M=1.5 Comparison of Dominant Frequency (mode number n = 2)

Zhang[7] | EqiS] | FEZ | 3%
L/D=3 5.90kHz 5.45kHz 5.40k Hz 5.40kHz
wr 2D Single Cavity 140 3 3D Single Cavity

130 54KHZ 130

120

10

g g
a 100 p- )
o o
" «©
920
80
nor
60 i T 1 e | P J 60 e 1 = S 1 1 J
0 5000 10000 15000 20000 25000 30000 0 5000 10000 15000 20000 25000 30000
Hz Hz
Fig. 11 SPL distribution for two Fig. 12 SPL distribution for three
dimensional cavity dimensional cavity
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Fig. 13¢ 23913 3349 359 A4A%E FAAAES2 wag 1ol
2ol A AME RossiterdA S 7hA 3 mode(n)=13 mode(n)=2% ] wv}a}4=ol
g TR F4(St, Strouhal number)E YEtE oy, HAA Azt
(M-S Heller[S]7} Al Bul(L/D) 4% 35 & 7HA2 A48T 23S vl Ao
249 259 FANHAY vjaks 159 1§ n =204 FALAATF(S)7 0.57
(@) Rossiter® 4|7} Hellers] 4@ A7e} o) FAES &A8 4 Yo, 3
A FEY FANHEAR HA] vhstg 159 ®W n=294 St=0.57(@),
n=104 S =027(0)2Z4 Rossiter3 4|7 & Y& AL &AL + AUtk

©o o o o
o ~ o] © s
O 1!11]!|11|V\lllITlllIITIIPIlTITTTI]rTTr]TITT—I']TTl]

Strouhal Number
(@)
(6]

o o o
N W A

o
-

i ey e A i g i e Bt goa L e gl g b iy ]
0.5 1 1.5 2 2.5 3

Mach Number

O

Fig. 13 Non-dimensional resonant frequencies as a function of Mach number
— : Rossiter’s Formulal1], W : L/D=4(Heller Exp(5)),
@ : 2-Dimensional CFD, © : 3-Dimensional CFD
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Fig. 145 @F7) AlZtel]l di& 2] HFAHEEE Xin Zhang & Edwards[6]
o dPAns 2397 33 I FANY ARE Zo] v aolrh 1
oA FAHE 2a1d FFY AdFAFo|n, AHE 33 FFY AxrATgelq
22917 3A AN ALAR EF FEF SAug 2AZREIZdA Xin
Zhang & Edwards®] A@ZAnxct to] v Jehly e AL 2 5 glo
o, 33k FFol 234 FF Bk APAR} ZHA FAR LHEREE YE
e 2SS ¢ 7 Utk ol 23 FFEO 3AY 59 Aol Xin Zhang &
Edwards®] A@ZA {FASH7] dj o vlxd A7t 2 A2 ¢ 4+ U4

2.25 ¢
E ------- : 2D computation
2F : 3D computation
= o exp (Zhang & Edwards)
175 F . . ' '
: : : : i
s ] : : ‘
1.5 ] [ ' N
- L] L 1 4
i L] ! 1] ”n
E - y .
o 125 ;----':-,\\ v
o E 8 l“
- = TN | L osemsan
13 - : h = <
B ' ' Ne ' i,
L ' ' ' y
= ' [ N y
0.75 |- ' ' ' '
B [ [ [ '
. L 2] L]
. L ] L]
05_E - : ; :
= L] L 1] 1
025P111|'111|L1111J_|111_L1114L111u_11|1||1|1|l|111|
70 1 2 3 4 5 6 7 8 9
x/D

Fig. 14 Mean pressure distribution of time average
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Fig. 159} Fig. 162 359 @37 AnRTo] Ue LT FUES Uy
W adolth 239 BEFe A FF URol 2709 2 AR EASE 2e &
A% 4 lor, 3349 FEL TE Ul U 2 4R 24 & AL ¥
ol & % Utk o we SHYMEE Fig. 173 Fig. 180] UehhIch S
=2 nw 249 250 349 FEA vl Bgeln 4% DE¥sE Jex
e AL A ¥ & gon, 34U FHL 24Y IFRG @ Bisn ux
WalolAl WAssl FA%s BASE AL AYSLE ARFEY A B
A N ER R

il
tlo

i

U

oy
to

P
0.516231
0.507022
0.497812
0.488603
0.479394
0.470185
0.460975
0.451766
0.442557
0.433348
0.424138
0.414929
0.40572
1 0.396511
_,‘ 0.387302
1 0.378082
0.368883
0.359674
0.350465
0.341255
0.3320486
0.322837
0.313628
0.304418
0.295209

2D Single Cav Average Velocity

Fig. 15 Streamlines and pressure distribution of time average for two
dimensional cavity
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3D Single Cav Average Velocity

P
0.516231
0.507022
0497812
0.488603
0.479394
0.470185
0.460975
0.451766
0.442557
0.433348
0.424138
0.414929
0.40572

0.396511
0.387302
0.378092
0.368883
0.359674
0.350465
0.341255
0.332046
0.322837
0.313628
0.304418
0.295209

Fig. 16 Streamlines and pressure distribution of time average for three
dimensional cavity

IIIT]’T—I—]l'
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s LB LEV L B ERERE LAREE DA
AR ) AL | I I

Fig. 17 Density contour of two dimensional cavity
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Fig. 18 Density contour of three dimensional cavity
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Fig. 19¢ 239 389 F4E F F71 Al didto dt =139 ARAL
A€ YHebd adeld IdAAN AT e
Fig. 7914 AH8-d Fa49 AIZb59] 2zt A sfggot.

Fig. 19 Streamlines of two dimensional cavities
(Total time = 10.4, Sampling time = 1.3)
(M=15, Re = 45x10°)

i) =163.5A) : FF el AL 309 9F7 447 A AL B 5 3l
o}.
1) =164.8(B) : #t

rlo

d57t FAAAN shte 2 AR FAS 5 Y3 2E
o) AHoE o5 e RE HoFET 3ok

i) t=166.1(C) : & M2 °o]F3Hd 4771 TF& Hez wxysia 9l

rr

AL 2 5 gon, o9 T B35 FAF 3% v e 47t
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CRR I =

iv) t=167.4(D) : A AL & 9fo ¥ EL TF AULE WA Wiz
UF-E-& Heller-Bliss[18]9] 3} WA} wjFu}Fo] ols) Si¥je] ¥R b5 g
2 wAE R low, gAF T g ALHAD GFES AR st

A R BoE o]FiE R4S B S Utk

v) t=168.7(E) : 239 FFAME FF717F Ip=>5.20]7] &) (E)2¥L
(A2 2L ZH5S 3 e AL B 5 AT o124 A 249 FH9
#77) S¢9) FEALS BF Y 5 Yok

99 2Y¢ BUSE HellerBliss[18]9) 3 AL WlAUZ SYsbA) duain
A oFSE AL ¥ 4 dom, 3F UPAEY F/1H wEy o5 o

AFAVF] FAHeZ WAHEN 30 wEHoT FYYE AL L F

Fig. 20& 349 %9 FY9Y 2/D=050 AHA 3 Fro] g3
dt =139 A7z MEYsY FHURY F=9} FH4E& ved 2]
t}. 2+ A4 t= Fig. 8¢9 FX

1) t=63.5(A) : 2 77 BF U3o] WA

ii) t=66.1(C) : F%F WF Ad 2 &F77L T 5= w
AUzta, 3% FAA A2 e gFH7F AAHD e AL E F Ao

i) t=68.7(E) : %59 HIoR olFd 79 YFES HE WAtz o
REL FF ugeg goldes A FF MM ALY 4H7F HA F
T Aoz oFd 7l e EHg s BHF3 Aok

iv) =70(F) : 3% A2 A7t G2 g7 A olFAL 47t &
HAA hte & 4HE 4% de A BodFa Utk

v) =740 : fFFY 3 F Bd H =000)d wg F 2E RFgoeg Eopt
FF ¢ 2 94571 9A AGEY de RS B F Atk 9714 T-A)~ (0=
Z A& e AT, 2HO)~ (G FL ¢HIFE vEhd Zlojth

_,d
o
>
S
2
)
oft
ok
ko)
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Fig. 20 Streamlines for three dimensional cavities
(Total time = 10.4, Sampling time = 1.3)
(M=15, Re = 45x10°, W/D=0.5)

32t % 23HY AT o] FF UR frE F71AA ukE olFo] wel, A
RS0l F7132e2 ¥YsdEN {50 HEFoz {FUHE AL £ + A
o 22l 32kl FFY fFo] 22l FFY fFol v @ EFsa 9F9
ATE Hoe RS 22 353 v & + Ao

Fig. 21& 331 %59 z/D=1.5, z2/D=0.9% AHNAN %59 2
< 3" Aolg. WA ARL S40lm, AEY AR FHL 0650tk 3, Fig.
202 22 AEY ARNFolmg HE HwEEA B 4 ok 2P BY A
Aoz FF Wi 77 LANE o g4F AZME dF3te fF0] @

E
Asle] Z-GFoA FF AFoZ {50 AAHE AL & F 3doH, 4F ¢

—
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ol A5ate fE0 BAsd TE uRE AR e
AHQTt 28 Ae B £ A

t=64.2 t =66.1
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t=168.1

Fig. 21 Streamlines for three dimensional t =688
cavities, Total Time=5.2, Sampling
Time=0.65, z/D=1.5, z/D=0.9
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Al 2 A L/D=33 1, W/D=12 2x A3} 32 254 olTTETE

L AxA 2 A=
ol nFF £A7MS HAEae e 2L 255 HA A5 dato 2
A7 3402 ANE FHste] 1 A%E vmsP

- L/D =3, spacing = 1, L/D=1 (Open Cavity)
- ZQol(D) = 15mm, Zol(L) = 45mm, 15mm

- Renolds No = 4.5 X 10°

- Mach No = 1.5

Fig. 22 Computational grid for the Fig. 23 Computational grid for the
two dimensional calculation three dimensional calculation

3o dg AF7A Y dFe F2 9YFs I FFH AN 1Y
U A ndgAee JHE FH FEol EAMsta, ojHF A7t H2Z £
2o) 3 =1 vl Xin Zhang & Edwards[6,7]= 2% &l gt 719
g2 AR 5L 23eld A¥L 93, B4L{10]2 Baldwin-Lomax ¢
298 ALgao], ARulZ N2 e AT FF dis A8 FARNE 5
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Batgch. wetd B dFolMe W AFol AwAHA L/D=33 34T A

residual# 2z} | HoA 43} JH L FAFFHST SAHAEY T2 v ¥
A slgon, T FF Atole] AT i £x17F B4 FFIAALL =

Ab Sk

224943 32 FEFRFES ARAGITH FFE g9 F71HA AFS 3
= v P §5olth o2 A3}y $]5le Fig. 229} Fig. 23 & AAARZ F
et

Z12A] e 212 22193 33 FUSA Fosien, 33449 F
$ Zu(W/D)e 1ot ARAE FF AF B, vigsd yuy2d Axe
APANA Fo2A Yo vetde ddF:H 59 2AdFH AAA dojve
FEHsE & F UA A AAFE 23 IFY FF R 35010032
A AA FFFAE 10070, F HA FFHole 50x700]8, 34 FF Az
A€ 5ol 140x40x403 R HA FFFIE 50x30x20, F WA FFH
30x30x209] AALE AHE-3HAH

2D, M=1.5, Re=4.5*10°
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Fig. 24 Residual history for two dimensional cavity (L/D=3,1)
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Fig. 25 Residual history for three dimensional cavity (L/D=3,1)

Fig. 249} Fig. 25€ 2397 349 REY o AN T g FXgx)g
H3te el ok £49 Ao 2398 t =100, 339e t =120 o]F)
AT A5 L golAT FAHQA Aol S-S AT F U FAA9
AZF21(Tp)ye 2akd0] & Tp=15.2, 3at¢o] & Tp=1042 /%59 JA&F
718 2HZ 93t Qlvh o7]A 3xkde] 23kl uls) 2ujo] F7)7t #F o
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2. L/D=3, Spacing=1, L/D=191 o5& %9 %A 47

Fig. 262 AL 8 Z2FE 7HAZ ARt dig ERiz&s S350 A
3 FFAXY FYrolElE HAST AAE B F2 ok gYHelHEe O A
WA FE9 Futeadn @F WA FFY Foueg T AAHGA FS5stA v
st ot

o

ol O L@
| IR TN N N N RN AN N Y N T AN T NN TN WU MO NN AN N SN SN T |
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X

Fig. 26 Sampling position of pressure data (L/D=3,1)

2219 @ : First Cavity /D = 1.5, y/D = 0.0
@ : Second Cavity z/D = 4.5, y/D = 0.0
32k @ : First Cavity z/D = 1.5, y/D = 0.0, 2/D = 0.5

@ : Second Cavity z/D = 4.5, y/D = 0.0, z/D = 0.5

Fig. 27, Fig. 28& 747} 2343} 33k 359 2+ R4 Ae] digt o+
AEE ¢k Fig. 269 ARANA FAF adZelrh. 4L 3 WA 359 @A
H(EFE k)l e 49ustE yetd e, dHe F A8 359 OAM(F
Gt 9] A RstE YERd Aol
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Fig. 27¢ B9 rgustsr] Tp =522 Fig 249 A9 AF F79 o
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Fig. 27 Pressure history at the bottom of cavities for two dimensional

cavity
1.4
3D, M=1.5, Re =4.5"10° —————— 1stCavity
x/D=1.5,4.5,y/D=0.0 , z/D =0.5 — — — - 2nd Cavity

PP,

Fig. 28 Pressure history at the bottom of cavities for three dimensional
cavity
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Fig. 299} Fig. 302 2zt9 353 339 3%F59 FAFFHAFE H7) 93ld
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59 Fu5 el R WA F59 T34 gon YA
ot R WA FEY KF 9ATL ¥

A& ¢ F U 349 TF A5L EHE Fig. 308

FAS

A MG} 2ol bAkHZZ Y} FF UolN 2m Fe ghee] 2Zo)
Mol Uehte 349 AR s 259%kHze) §8 FAEEHSL JUee &

Atk 223 o] AFT HEL& A WA FFol F WA FFRO Z SPLi
Uetde 22 BA 339 ade 3 U 354 F2 Aedge RE
At

A
T

o

2~
T

<

2D Tandem Cavity 3D Tandem Cavity

UOF

18t Cavity ‘
2nd Cavity |

130 ‘

120 |-
110{- A

~100 -

\ 10F /’ 10.8KHz
w/ \,W . j\ [{\ [A § 100 /| P
i - WL WM w2 \ ‘Wu\ J % ( \ ”ﬁf\w /\ f
%ao- [" ¥ ,V\Q ﬁ,‘vwﬂ ¥ V= ] 80 A Vi “&‘ ll‘ i
4 | LR R LTI Avg_l ) .'l‘\ 1w W “(; " W P :l
£ IR AN iy L - )
h | ‘ ! Ivl-" 70? ' .u-‘uw :-WJ!\ AM#
6o f i i A I AR 11 B
| i1 I L
50 sof i ‘ i‘ i
40 1 al 1 | . 1 o 40 1 i 1 1 I 1 e J
0 5000 10000 1.":"020 20000 25000 30000 0 5000 10000 1;0:0 20000 25000 30000

Fig. 29 SPL distribution for two Fig. 30 SPL distribution for three

dimensional cavity
(L/D=3,1)
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Fig. 31 Streamlines of two dimensional tandem
cavities flow (Total Time = 5.2, Sampling

Time = 6.5)
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919] A Y Heller-Bliss[18]2] 3} w|AYZF 2o], & HF F52 F713
A RHE .ol Fo Wi, AFAEFTol Fr1FHer WHEtEy, R MA FFAM F
HA FELE 50 HHEZFHoE fYHe AL E 4+ A

Fig. 32 Streamlines of three dimensional tandem
cavities flow (Total time = 104 , Sampling
time = 1.3 , 2/D=0.5)
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iii) T=26(C) : R WA BT FATY Aol AW T4 4FS FAAL,
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2 o3 Yo} AHHoz 9Fe AU FAES © A dHUzZ JE 3
2 ¢ 4 Atk 2T B9 Fig. 287 2o TYA)~D)E e FAAEL 1}

Bl TPE~HE 2 FHAEL Jen o,
3 FEE 249 §5% 2ol FF U 459 Fo1HA w% - o5 T}

AfAGHo]l FAHo2 WRST, R WA BFNMN 5 WA T2 450
WHEHoE FYHE AL 2 4 Ak 349 FEAEL 299 TEAEA Hn
sto @ BT 7Y A4E Arke AL 249 FEF MmN & & Ao
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Fig. 33 Streamlines of three dimensional
tandem cavities flow (Total =512
time=5.2, Sampling time=0.65,
z/D=15,4,5, z/D=029)

Fig. 34& 9% % 339 #%52 %2l ur9se FFuidol 4U5S ¥
A Aol 2P ZRE AFE e Y97 2w e gFgde
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7b vEbe, Fig33B)H)ANAM = 329 welf% 543 A limiting stream
lines7} YEl= AL 2 4 o
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Fig. 34 Streamlines on the floor of tandem cavitieg(_Total time = 104 |,
Sampling time = 1.3, y/D=0.0)
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Fig. 35 Density contours of two dimensional cavity (L/D=3,1)
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Al 3 A L/D=5% 1, W/D=19 2443 34U 5% o|FTFHT

L 4AA % 3AxZ

- L/D = 5, spacing = 1, L/D = 1 (Open Cavity)
- Zo|(D) = 1bmm, Aol(L) = T5mm, 15mm

Reynolds No = 4.5 X 10°

- Mach No = 1.5

AAVN(L/D)7F 59} 1o]3 7+A o] 1, Zul(spanwise ratio, W/D)7} 141 35&
Z33t X A4S FPIJT. AL FERTE L/D=3Y 99} vl

2 AFAVEH GRS 9% 271892 AT e MBY FEOE, Az
B AT A(esiduals} 2 APl G FH B FAFFHE 5L W)

N Ao, T A9 FF Alele AT dF F£XF B FEUEA
T, THYEAE T oE39 {E5EFS EASIAY. ol A4 93y
Fig. 373} Fig. 383} & AAAE FAsA
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Fig. 38 Computational grid for the three dimensional cavity
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of 180x40x40, A WA FFHol= 90x30x20, T HA FF2o] 20x30x209] 2=}
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Fig. 39 Residual history for two dimensional cavity (L/D=5,1)

|
i
0]

3-DM= 1.5, Re = 4.5~10°

| 1
& &
o ~N

|
»
©

Residual
o

1
[¢]
-
o} VTI]ITT—TTIITITWIIITWTllTIIrTITIITYITI

-5.2
-56.3
54 (S N ) (R O W W LA S T S| TSN G [T
’ 50 100 150 200 250 300
t

Fig. 40 Residual history for three dimensional cavity (L/D=5,1)
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Fig. 399} Fig. 402 23193 3349 $5Y W AW g Xzl
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2. L/D=5, Spacing=1, L/D=12] o]lF5 & %9 &34 A3}

Fig. 41& FX A @ AFHE 73 Aol dish 4uiste s 337 9
dl FEAe gHHHE A5 AXE RAFn Sl ol @ A
A FEe F4utds @ F WA 59 Tdud F AHANM HASEA H]
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X

Fig. 41 Sampling position of pressure data (L/D = 5,1)

23} @ : First Cavity z/D=2.5, y/D=0.0
@ : Second Cavity z/D = 6.5, y/D=0.0

3x+Y @ : First Cavity x/D=25,y/D=0.0, 2/D=0.5
@ : Second Cavity z/D=6.5, y/D=0.0, z/D=10.5

Fig. 42, Fig. 43 217} 231903} 32k 359 2 2 A Y Ao @& ¢4y
NEE g9 Fig. 419 fAoA FHF aefZoltt. AL A WA FF OA
H(FSutholA e 4 wstE Jebd 3oz, AL F ¥HA 35 @AAH(F
Gutehel A 9] g uists vehd Zlolth

Fig. 428 B9 tgwistFr) Tp =158 Fig. 399 Fx2odx)2 FF7]|9
dAEe AE ¢ F AeH, 4YHAEZY AT & ® F IFY AFFI7

H K8 A e RAE A ¢ 5 A
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5 = 4.5*10° | ————— 1st Cavity
xD =2.5,6.5, yyD =0.0 — — — — 2nd Cavity
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Fig. 42 Pressure history at the bottom of tandem cavities for two
dimensional flow z/D = 2.5 and 6.5 , yv/D= 0.0

1.05 1st Cavity

— — — — 2nd Cavity

- !
-
. O09F
o o
& - 1
0.85 |
i
)
0.8 r
0.75 |-
o i) L TP (R | SO VR R i s L L FEEES S I |
%00 210 220 230 240 250
t

Fig. 43 Pressure history at the bottom of tandem cavities for three
dimensional flow z/D=2.5 and 6.5 , y/D=00 , z/D=0.5
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Table. 29} Fig. 449} Fig. 45 23] 35 3z 359 FAFFHFE
7] 9]13le] SPL(Sound Pressure Level)Zto.82 Ful4 EA1-S 43 1@ o|t}. Table.
25 ANANN(L/D)7} 59w Xin Zhang & Edwards[7]¢] A3 Z7}¢} Rossiter2][1]o]]
o3 &3 AHE 24T 339D FEY ALHAHS Hng Fo|tth Xin Zhang
& Edwards®] 28 A3+ 3.48kHzo)1l, RossiterZo] <3 Ay 3.2TkHzE
Jetdz ok agln £ dFeA FAEHAT FIAFFase 22l 5L
3.47kHzo) 1, 32 3% & 3.2TkHzZ Xin Zhang & Edwards®} Rossiter2]of 7zt
dAste AS & AT

Fig. 44 2319 359 FoH5EA A8E HoFc a#dLo|x, Fig 45 33
4 359 FoF E4ZHE HAoFE 2 =Zolg.

Table. 2 M=15 Comparison of Dominant Frequency (mode number n = 2)

e Xin Rossiter e
L/D=5: 3.48kHz 3.27kHz 3.47kHz 3.27kHz
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Fig. 44 SPL distribution for two Fig. 45 SPL distribution for three
dimensional cavities(L/D=5,1) dimensional cavities(L/D=5,1)
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Fig. 46 Streamlines of two dimensional cavities (Total time = 15)
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Fig. 47 Streamlines of three dimensional cavities (Total time=16,
z2/D=1.5)
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Fig. 51 Density Contours of three dimensional cavity (L/D=5,1)
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Fig. 52 Computational grid for z-y plane
(W/D=2.0 ~ 5.0)
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Table. 3 SPL(dB) distribution of dominant frequency for each spanwise ratio

oD | w/D=1|w/D=2| W/D=3| W/D=4| W/D=5
2.9kH: 113.9dB | 107.5dB | 99.5dB | 104.0dB
5.6kH: | 1290.0dB | 124.7dB | 1215dB | 1138dB | 123.5dB | 124.4dB.
8.7k Hz 125.5dB | 124.1dB | 120.7dB
11.0kHz | 116.6dB | 105.5dB | 104.8dB 109.2dB | 104.5dB

Table. 32 ZH]o] )3 FXFF34 S SPL(Sound Pressure Level, dB)[19]
pe g Fste Uehd E2A & FFA Ho ¥3 SPL(AB)E S Addes
EA)SH Tt Table. 3-8 BW Zu|(W/D)7} AAC(L/D)Rt AL e FX4)
M FEe SPLEko]l HASHA vehvde & B F glon, Zulrt Aguin
o AojAd Zolwrake] SPLEto]l ¢-ASHA YEues RAE B F Jduh B2 F
HI7} 71845 2.9kHzo) 9] SPLEte] AA #asichst W/D=50]4¢A 2}
e AE B F Yon, 8TkHz9e Fui7p F7hstel] wrel SPLEE o
Z7}8itkrt W/D = 503 %E SPL3te] AlgkA|&= 2 £ ok a8y Zo
Fohr ] 5.6kHzet 11.0kHzt)q& F4aF =7|o] BAIRLe] SPLEHO

AHF e FAY 5 Uk

PAKS

N2

u} 3k

H
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