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L cavity Length

n Mode Number of Fluid Dynamic Oscillations, 1, 2, 3, ...

M., Free Stream Mach Number

J) Static Pressure

Pr Prandtl Number, 0.72

Q Conservative Flow Variable Vector
Re Reynolds Number, p..V..D/p.,
SPL Sound Pressure Level

PSD Power Spectral Density

St Strouhal Number fL/U.,

t Time

T Static Temperature

Tp Time Period

U Freestream Velocity (m/s)

u, v, w Cartesian Velocity Components in x, y Directions

x, y, z Cartesian Coordinates in Streamwise and Normal Directions

y* Law-of-the-Wall Conditions

Greek Symbols
¥ Specific Heat Ratio (1.4 for Air)
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Ax, Ay Computational Mesh Step Sizes
u, u, Molecular and Turbulent Viscosity Coefficient

§ 1n, ¢ Computational Coordinates in Streamwise and

Normal Directions
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Fluid Density
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Turbulent Kinetic Energy
Turbulent Kinetic Energy Dissipation Rate

Sakar’s Compressibility Correction Function

> 1 e & a4 o

Displacement Thickness

Subscripts and Superscripts

(.), Turbulent

() Free Steam Condition

(res Reference Value

* Sonic Condition; also Non-Dimensional Variable
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ABSTRACT

Analysis for Three dimensional

Subsonic Turbulent Cavity Flow

by Mun, Pa Ul
Advisor : Prof. Kim, Jae-Soo, Ph. D.
Department of Aerospace Engineering,

Graduate School of Chosun University

The flight vehicles have cavities such as wheel wells and bomb bays. 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. Resonance
phenomena can damage the structures around the cavity and negatively affect
aerodynamic performance and stability. In the present study, numerical analysis was
performed for cavity flows by the unsteady compressible three dimensional
Reynolds-Averaged Navier-Stokes (RANS) equations with Wilcox's k—w turbulence

model. The cavity has the aspect ratios of 5.5, 6.5 and 7.5 and W/D ratio of 2,3

viii



and 4 for three-dimensional case. The Mach and Reynolds numbers are 0.53 and
1,600,000 respectively. The flow field is observed to oscillate in the "shear layer
mode" with a feedback mechanism. Based on the SPL(Sound Pressure Level) analysis
of the pressure variation at the cavity trailing edge, the dominant frequency was
analyzed and compared with the results of Rossiter's formula. The MPI(Message

Passing Interface) parallelized code was used for calculations by PC-cluster.
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2 w1 1 U for Au. 1 =0
2 1+5
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G = G for Au 1 #0
A’LL 1 1t
B 1= ) ANE=
) 0 for Au. ;=0
Z+5
Limiter G ¢ 542 t3 2
G =SX maX{O, min[a/, 1| Au 1|, S¥Xo 1 Au
) ) )
Au.
S = Sgn(A i
= Sgn(Au,_ 1) = Ta
> il
>
_ 1 _ At 2
%+i__2[¢c%+%) Am(@w%)}

_ At 2
(%) T2 () A (M)
G;'+1 G’Z , AU . ¢0
AU( 1 1+
Bur=o(ay 2
2 2 0 , Au 1 =0
Z+3
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1. Flux Vecter splitting
A%} B9 a-f%kE Diagonal matricesol ¢ & thg3 & o] 1t}

A =DIU.U U+ Oléa® + &), U= Cl&a® +&7° )], (4-15)
A, = DU, U, U+ Ol +m )", U= Cloe® + )],

o714 C+ 54 9]al Di= Diagonal matrices®] t}.

I gkel AT =0£IAN)/2, 4 W Mach=0.03} 10014 &% Ful7} ok 24

& AAel siRel dedE A dvkety Al g2 GA7] 00 AW 0°]
HA 7] etk ol AL Aol AH wWko] Mach=0.03 1.09] el A

FTokA @tk AS ougtt o] TAlE S5 98], van leer[15]= -ul
A< Flux vectorE 7H‘EL}8} il Liang ¢ Chan[l6] o] # 9= k45 A70s3A
A @2 F7HE e =or 7 oie FuldS e m v
A= i;M +e(a), (4-16)
8( )=£a2—£a+ CSO

a=M-1, M F& M+i(lal<g)elth. sjvpslel Asisige] ghabnele 248

H

Jacobian matrices™ 2% LFx¢ ¥ W& matrices T¢ inverse T '[17]2
=&
A=TAT '= Té(AngAg)T*l: T AT '+ T A T "= AT+ A (4-17)
B=TA T, '=T,(A +A,)T, ' =T,A T, '+ T,A, T, '=B +B"

Flux vecter E¢} Fi= Q9 43 F=rol7] wZol &3 2ol &2 dt
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E=AQ=A"+A)Q=A"Q+A Q=E"+E~ (4-18)
F=BQ=(B"+B)Q=B"Q+B Q=F'+F"

Fig. 4.1 Split eigenvalues of )\fQ
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A Al BEHo2HE oS4 £ F(mixing layer)e] &4F& (spreading rate)
npskE b F7bskel whel At Aol SHEHATH o] mietge] FUkd e g
A& HAE HAEA dREDS AviE EAREA Xebe A mE F2 dEx
Apdolth o]y gk AME L W AFAER St HYFAH dREde] 54 &
s AEE 5 A=E FAS st Aol HAT

Kolmogorov(1942)7} A &2 2 wWF 9 two-equations A A8t} kolmogorov

= 94FE AdYUAE 29 37/ w59 Prandtl(1945)572] 2R 2o A A
gslo] ALgsld . 1 o] Wilcoxt Sarkar®t Zeman® 229 AAZF #3559
o ol Aot Ees Holal AAF fEdd A& Jhed WA (E - w)

RS AAGAT k—w dRFEES vy A3 o] FErt (18]

vr = k/w (4-19)
- B4R 2% ouA
- Ml kg
88_(;5) + U;g—;)] = a%nj 88:10:; — Bw’ + %xj |:(V + O'VT)ST(UJ} (4-2D)

- BAAS R mEwA A

_ 13 _ f_ g _ 1 o1
a_25’5_50f’ﬂ_ﬁofﬁ*’0_2’0_2

b = 1+ 70, | 2,25,
=T = T+80x, 3
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JR— — 2 = —
=00 0 Jo = 12080 . >0 EE
Bwk , and [ = k'?/w
oU; o U; oU; oU;
1(oU  ob) g 1(oG 08U
S FEHEHI SR 76t v5 o] st "k
) 5[] =[] e
pw |’ - Lpuw |’ - Lpvw |’ - Lpww
ok ok ok
Mkax F Mkax G Mkax
p2w | pow | 29
H ox H ox H ox
7S P — 3 pwk
S | (P = Bpwk )7
13 _ 1 +_ 1 9 « 9
% T3 =% Py P =100
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o] 2k 3}

Wl A A (Implicit) B 2 €141 4 (Explicit) 8 &+ 7= &

Al 3 A A

|

el

o] sk 945

dlelg

o

ju

A o gE Axsh 2

B

el

2] A} A (Explicit) W & =2

5}

o

(4-25)
(4-26)

AzLe] ylololal, R,
- 20 -

FSd ek [12]

T
a;

°©

AL

1A,

=

=

I

9Q;
03 Q’ + R7 = 0
ot ’

Qa;

217k iR Azl o
o}, Runge-Kutta®) 91218 A3k A2y e thgel How 47t fr),

Runge-Kutta 4th Order



A 44 HEAL7]HE

Wl gk AN AelE flste]l MPI A2]71He Ab&ste] A4S sttt
MPI(Message Passmg Interface)= H#E Zz v 2d = “wA]x A7 2d
o FFo® dHA Adnt st AYS v ZERAESAA diro] A AT
© ¥E ﬁ]*&oﬂﬁt— ddHer ZrALG Alole] F4lo]l Fasity wAA o4
R Zhzte] wREE A9AHoR mE VA s ZRAZER Y A Al

g 3G A, LA AE Ale]d] F21S 92 HWAXESY F2l(sending)@ Al
(receiving) S =0t T8 els TR ¢y RdS U3kt (Fig. 4.2) 18|14 WA A =
A REE T2 wEE FHE TR e s TR ALV UE 22

Az Wzee] AF Hat

£

rr
poy
o
ok
oo
§2
s
Rui

| Interconnection Network

Processor Processor Processor Processor
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Memory /o Memory Memory I/o

WA Sy Zeady 2o A So] @ol o g¥n i, FH olf
o @7E WA Ay BAe o AbH there
Folth WAA Y 2E9E 44¥ ¥E Z2o

ZzAN 87, JasHodse] vEYa



ga}

EH=A 2
471

—_

s
J[m
el

i

gt 4 Atk A Ao 71HEe] OpenMPE o] &gt Wd Zg o
wA ] A 2dlo] WE HFEAA da ol &Hi = ol
o] oyt ®Hrh dnkAHo]r] wjF ot}

MPI= ‘Message Passing Interface’®] Fo]2H EZZA| A5 Alo]9] F41S ¢3

o

2

oA EFd AFEshe A BEFE(Fortran) v (059 #helH g gl olth
Serial Message-pass i ng

P3 | | || | | |
Process 0 Process 1 Process 2 Process 3

P4 Node 1 Node 2 Node 3 Node 4

Data transmission over the interconnect
52

Process

Fig. 43 wlAlA] A Zzaey 24
Fig. 432 MIPE o] &3t Afts Aok & 5 Uthe Ae Kol = Idolth
shel s g the] ZEAIMA S st o E =0 443t A™-Ya &)
H MPIE o] &3tthd 4019 Z2 AR F 1A|Zte] AdteE Aot
MPI&= Fortran =& C 2 A E WA|A] 3|4 &5 Z2 a7 &2 2
aHEAH e opFdA S thd FHI Axz= o2 A (Source-Code

o] &= Fortrans

B
_>i/
Q‘L
rir
ke
M
Lot
%
Lo
v
&
o
I
e
re
4l

Portability)= #|%3%
o] g3 WHEZg WS LE3A).
2 dA7E FYstdAM Abgd WEAY HiFEe 292 P4 32E GHz

REY

(800MH2z)ES % 27W] NodeZ &83}o] AALS =33} th
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HEAYZ|EE A S5 v
2 AT = 27 NodeE AHE3IA 7Hd E&4< Noded 5 otn7]
flate]l MPIZ7IH & AF&3 Codedl FAIALE A X5 vlulstsith Codedl W4
st& at7] oldel Serial Code® HA3E ¢4 st o2 HHEALE of

ATk 1, 2, 4, 8, 12, 16, 20, 24 12]aL 26t NodeZ ©]-&3}o] 5003] 9] iterationS
2y 7y A ALEE o] Node 7ol e &E9F AlZEHS Fig. 4.49F 4504 gl g
T Stk Fig. 44%= Node 1HS1S Weol Ag £25 12 Fal YA Nodeso £
55 vk g Zolty 2019 NodeZh A= £&7F Al S7kstvt7t 240, 26W =
L7 S #2d F  AAT ol A2 204 Node ool H™ Data $4)
Fo] T7te Qlsto] AxtERT = E s A4 & 5 Ak Fig. 45+ A3
5 434,000712F 685,000712] 27} CaseZ YAl Code? FAAL AHE =5
Hlalstol B Qkth 12 == Nodesoll W& A4 AHE BHAFI ot o] 49l
=

A2 2009 Node® 71202 %w7h webhrl melge #e @ 4
of ME Bt 2000 Nodert AH £E=E 3 5 Yk AL F

A A4S 200 ©] Nodes AH-&stith.

8,
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6.
5.
3
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Fig. 4.4 comparison of relative
performance

_23_



W 635,000 grid points
434,000 grid points

1400

1200

[=] [=] [=] =]
= & =) fut
@© s =+ &l

[eESENN

Number of procs

Fig. 4.5 comparison of processing

speed

- 24 -



27 e] =g o] &3 HAH | At FE7F &QlE nodesi= 20tHelth o] 20tH €]

BEsE el oY Azt ot B AfeA: g

19 15
K 18 14
17 13
16 12

S =|N|w

a8y FES B A¥E Fig 473 2o 52 293 o] 2719 ZONE

a1 Zb7be] ZONE2 20(5x4)¢] NODEZ uH Atk 0~19+ ZH7He]

CPUR &5 o] Aol 5= RS ongith. Al4ltE = &A1= ZONE 1o 474
abo] ¥ & o2 ZONE 27} AlAbE o] 7t}
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3

T T Fedds #HFES] Ao r FAHAS Fete] 1 AdE v
sttt LA §5 e 5S40l AN F8 Al Aol o Zor|(L/D)st
FH(W/D)7F A g9 F82 S oud s mA=Ad il
ot i T AA(DL/D) 25 T 459 drty AA & S 1AL A
(L/D) 55 7 757} & freol oAws & vA=A o s Lopr iz o

ol Aol A AMEF WA EHS Ahuyja & Mendozal917F A3 A4S nte
oz W2 WeldlA el Hew, o= Choi & Kime| < AW &= H=
g G A T TEe o A gad 2ol A Ho A

- L/D =25, 55 65 75 W/D =2, 3, 4,5
- Zo](D) = 508 cm , A°|(L) = 12.7 cm
- Reynolds Number = 1.6 x 10°

- Mach Number = 0.53

Inflow) | U Outflow
—»
~D 2 \/7
D
1.
Fig. 59 Schematic diagram of cavity configuration and

computational domain
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[e=]
=9 A AN 7} 25004 75717) =
TEol Zu|y} 204 58 W= HASS

ol

tfate] Table 51% %ol

ekl 05302 AAea 34

ok, AlZBI(L/D)7F 55014 7.5

Q]
=

A4 S, ol mE 9ol
Re=1.610° 91 A$7} a4 =0,
CASE L/D W/D M Re
CASE1 2.5 2 0.53 1.6 X 10
CASE2 55 2 0.53 1.6 <X 10
CASE3 5.5 3 0.53 1.6 X 10
CASE4 5.5 4 0.53 1.6 X 10
CASE®6 6.5 2 0.53 1.6 X 10
CASE7 6.5 3 0.53 1.6 X 10
334
CASES 6.5 4 0.53 1.6 X 10
CASEl1
7.5 2 0.53 1.6 X 10
0
CASEl1
7.5 3 0.53 1.6 <10
1
CASEl1
7.5 4 0.53 1.6 <10
2

Table. 5.1 Numerical condition of each case

_26_

o

o,



A2dARTE R A=A

oH

ARTR e NRAOE §E Wl vE G W F A0E dgEE
Fol MuaAs $Eo o 2 sdd AR 5

S7b e drsh ARF ARl v 42
Slol A WAFHE FAFeIG A

%_
23 A Aokon] TEe FF LEL upisA R FES

r

o

)

fu

E

N

i

fu

_O;PE

y&ﬂ_l

o g o
o AN rE

Fig. 5.10 Computational grid for the
three dimensional
calculation

Fig. 522 &% f& XS 913 329 AAAY dFE BAFa Aok TF
A5o] Jya v 9 W Hto] Azts FEd] dPAA FAeH, 3 A
v (=y/pr/u)E F 001~15 A== HEFS AREeHA] Fa AF AMS st

t}. Abdol-Hamid, Lakshmanan and Carlson[19]¢] Aol oJstd & whe] g oS
Fete= freolA A AAF Y 7 100]8t ol B3 23E BHoFes S &
T Utk AW AL Zol(D)e] 8ulE FATE ARkl ok ALk

< FQstr] fste] 2 Aol AXAE HAESLY], 3akde] A9 22 190x70%50,
70x50%30°] t}.
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A3 A FEAA BASHE #F L 2% A4

1. 759 ¥H 7
Gharibe] 2gS &3 dd F&FsY JHE T2 dd F59 fE
& Bl3= Steady mode, Shear layer mode, wake mode°]t}. dHbd o g2 FF ol 7ol

H 7} S7Velal w7 ARl el %59 E=7}F steady modeol 4] shear layer
mode®, shear layer mode®] A wake mode® W3}A %= 73Fo] vrebdrt [7]
Fig. 5.4[20]+= steady mode?] streamline®] HE| 24 FEFo e} 9 Alo]d

aagol A3 doluA ol A3 ol WA ¢m o) !

PR o

o

bof 2

o

do udt
o

o

O
ol

o

N

R 1l

T Atk o] H 3t steady mode®] A§ frsol ¢ FHASRE
5]

WA s s,

Fig. 5.11 Streamline of steady
mode

Shear layer mode?] X9} streamlineS Fig. 559 Zth Lo A Avkzo] &
At AgFol7t Slde FRAI FEe Ui e & o FVF AEFe ER
A FEos Qs ¥ T fEo] wg =Bkt 8 A

F Ut} olAL FFeo Zol7l FolA vortex’}t leading edgecl 9] shear layer

oA g WolA e wF waehx %aby] ol e FFeIA WA
= ogdel e 19e Fig 5614 AuE 5tk ageld mt A o]
AR Ao gl WA ks AL HA T & 9
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Figh.12 Density contour and Streamline Fig, 5.13 Acoustic fields of shear layer
of shear layer mode(Case 1) mode(Case 1)

Figh.14 Density contour and

Streamline of shear layer Fig. 5.15 Acoustic fields of shear

mode(Case 10) layer mode(Case 10)

Fig. 572 Wake mode ¥ W FsulF9 HXe} streamlines R+ 19
t}. shear layer mode H.t} U streamline?] Ao] ZHsla E#3tH FF W<
F &l 3 2~370¢] SR M E coupling¥l o] 3 deta e AS B ¢ Atk
ol e AF At Hgeta thdd dFORE ko] wWEE dd B
FEs|A] i g 5o yWiE o7t AY S T Hes mA st ¥
28507 A5 7] gt Fig. 582 wake modedl A9 2dS HAFE 1
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Fig. 5.17 Density and Streamlines of three dimensional cavity flow(Total
time=12.366, Sampling time=0.308, Z/D=1,X/D=3.75)(CASE10)
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Fig. 5.18 Density and Streamlines of three dimensional cavity flow(Total
time=12.366, Sampling time=0.308, Z/D=1,X/D=3.75)(CASE10)

Fig. 511 Fig. 5108 2& caselolil #& F7]19 ANzitA o= 7/D=15°]1
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o7} X/D=11.5% el vtz Qe Feli-o fot &2l F8° &8
=0 Hor Fsh= As = 7 3

iv) t=187.366(H) : f+&2 3 F7|7} & F t=175(A)d wje} H22 BFow
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Mendozal9]2] 23S &3 U2 F& Fi5Y 49 S vuE SRy F
Ahuja®t Mendozal9]= 2 3¥S %E3le] 953Hze FH% Fa+Z 139 tH(g.
5.13). M=053, Re= 16><10 L/D=25, W/D=20, L/W=12518]3 1=12.7cm¥} %<&

Z7<2 CASEl1Y x4 73”151’ A= Fig. 5149 Y. o] Ahuja%t
Mendozal9]e] A## & FxoEA, FAHHS T FIEv FIHRFE
903.753HzZA] Ahuja®t Mendozal9]e] A& A3 g3} ¢4 o] 54%H =] =

o7} vz As FIstd=d ol A2 Aol & HoAY= AS welEh

+12
2.0x10" ¢ 3D, M=0.53, Re=1.6*10°
160 |- E
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o 1ok 16x107 ot o v [
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Fig. 5.19 SPL distribution for three Fig. 5.20 SPL  distribution for

dimensional cavity[9] three dimensional cavity(CASEI1)
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Fig. 5.21 Residual history for three dimensional

cavity (CASE1)

B

Fig. 5.22 Sampling position of pressure data

A : Downstream Edge X/D = 55, Y/D = 1.0, Z/D = 1.0, 1.5, 2.0
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B : Bottom X/D = 275, Y/D = 00, Z/D = 10, 15, 20
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:Cé
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o
Lo
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el Wei7F b =2A vEbde Fu[(W/D)7F 4.00] HH thA] FH][(W/D)7F 2.0
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Fig. 5.23 Pressure history at the three dimensional cavity

downstream edge
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Fig. 5.36 CSD Distribution for Fig. 5.37 CSD Distribution for
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