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Nomenclature

English symbols

C1DE S

Calibration constant in DES model

Pressure coefficient

Coefficient of the root-mean-square fluctuations of pressure

about the mean

Spatial correlation decay coefficient in the direction of the flow

Spatial correlation decay coefficient perpendicular to the flow

Distance to the nearest wall
Specific internal energy
Total energy per unit mass
Blending functions of SST
Specific internal enthalpy
Total enthalpy per unit mass

Frequency, wave number
Blending function for DDES and IDDES

Turbulent kinetic energy, wavenumber
Large eddy simulation turbulent length scale
RANS turbulent length scale

Turbulent length scale

Mach number

Static pressure

Pressure fluctuation

Heat flux vector

Q-criterion

Non-dimensionalizing parameter for (Q-criterion

- Vil —



S S s 3 sR

u, v, w

X, ¥ Z

Gas constant

Reynolds number

Strain rate tensor

Temperature or time-interval for time averaging
Convection velocity

Velocity at boundary layer edge

Freestream velocity magnitude

Velocity components in Cartesian coordinate directions
Power spectrum of pressure fluctuation

Cartesian coordinates

Greek symbols

«

G
%

19 ﬁ*

~

o
Amax
5*

5,

3 2 0

R =

Angle of attack

Turbulence model coefficient
Cross-correlation points
Boundary layer thickness
Largest grid spacing
Displacement thickness

Kronecker delta

Turbulence dissipation rate

Ratio of specific heats

Direction of cross-flow

Thermal conductivity, von Karman constant
Molecular viscosity

Kinematic viscosity

Kinematic eddy viscosity

Circumferential coordinate direction

Density

- Vil -



c Ratio of convection and free-stream velocities

Tij Viscous stress tensor

0] Specific dissipation rate, angular frequency(rad/s)
(2 Antisymmetric components of vV U

& Direction of flow

Mathematical symbols

\% Gradient

Subscripts

0 Reference value

00 Freestream value

usw Upstream of shock wave
Superscripts

~ Favre-averaged quantity

— Reynolds-averaged quantity

—H Hermitian transpose of the inverse of a matrix
Abbreviations

BEM Boundary Elements Method

CFD Computational Fluid Dynamics

DDES Delayed Detached Eddy Simulation

DES Detached Eddy Simulation

DNS Direct Numerical Simulation

FEM Finite Elements Method

_iX_



IDDES
LES
PSD
RANS
RMS
SBES
SEA
SST
TBL
WMLES

Improved Delayed Detached Eddy Simulation
Large Eddy Simulation

Power Spectral Density

Reynolds-Averaged Navier-Stokes

Root Mean Square

Stress-Blended Eddy Simulation

Statistical Energy Analysis

Shear Stress Transport

Turbulent Boundary Layer

Wall Modeled Large Eddy Simulation
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TA St ABgole A olE R ol W AL Aol A8

of B2 AAHRD A A= s Aol FAZE A Hybrid

RANS/LES W& RANS¢} LES Alole] #wS wl$-11 olE Z} HWhH g
FHo] HAAXFHEE AAE 7He=z Hz d ug AAZS fsol U
&l RANSY LES thH] 94 S zt= thete] & 4= glom o] 3k o] f

o
N

2 Aol AA B EAG) o el A8 A} wol Fbsa 9
ohoEE mAY R
=]

A% F85 B8

221 AugA A

=4 Navier-Stokes WA A& HZEE o2 & x 7to| A HTL]H

0 0
Lt —(pu) =0 (2.5)
0 0 op 9T
- - — _l_ .
ot <'WZ) ox; (W]ul) ox; ox 26)
2B+ 2 () = L (ur) L 27)
ot ox; J ox; Ju ox;
1 1
o714 E=e+ 2 Uity H=h+ 5 Uitk e @9 ZAHYT UFY A,

o

h=e+p/pe @9 AFT ALy, 7,= HAAE&H @A (viscous stress
tensor), ¢;i= @ fr<(heat flux) WE otk o] F7A19) 4% hH 2y
A FHRFEERY bEe] Hor it

p=pRT=(y—1)pe (2.8)
01:1]-%/‘6] %jﬂ of 1 Tij =
2 duy,
Ty = h 25%—58—%% (2.9)
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o714 S, WH & ®WA(strain-rate tensor)®A] th&3 2}

S.=— : (2.10)

K 2\ ox l ox

1 ( ou, o,

i

S MY ¢ thed 2ol Aodn o7 ke ddEgolt.

= —r — (2.11)

¥4 @ Navier-Stokes WA S 38171 A3l 77 (2.12)4 3
2134 oz FA Y= dol== Hi(Reynolds averaging)¥ dH 3t

(Favre averaging)< A 9|3k},

Reynolds averaging: ¢(z,t) = %1 oz, t)dt (2.12)

Favre averaging: b (z,t) = qu5 = L/‘ p(x,t)p(z,t)dt (2.13)
p T

oo pol AAE Aol BT AEsm A WMEEE Sn 2

e A g obeel 4L @ik

p=p+p, p=p+p, q=q+q

-, o, , (2.14)
u;, = utu;, e=ete, h=h+h

A As @2H~@NDAd ALt FEletd v 2> Favre W1t

Navier-Stokes #4218 o =1}{38].

op 4 0 (;J) =0 (2.15)
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2 () + () =~ T (G (2.16)

ot %) j ox; 8a:j 8xj
6B+ (o) = g~ ph i pud
.
8] — (2.17)

Tg: — puu, (2.18)

Boussinesq @374 7Hdel o8 wH Wt Hols= &9 tat
o] Aeldt.

U2 A o5 o] AolHr)
P A | (2.20)
voo2 axj ox,
~ 1 7—»
S (2.21)
aq. L
@IDAY 9w A a4 @ — 2 5 - Gun), & A7 Ba
8$J 8:cj J
5o ot deta dRadel 9k dALES YEH, ofgle} ol
=5 9 J4iF ZHE 52 (Prandtl number)S o] &3l A 4 9t}
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=

o1
(9ZL‘j

Menter[39]2]
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=
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AN L, I A7 koF wo] 8 RN Gaa o] Ao,
Li=pt—,  [,=pt— (2.27)

o, 0,5 A7 k9 woll tek kA el

2(225)8 2220914 BE B &= pajel o3
Jeoli, P= wo AT ¥, Y,
olM, D= ko wel WA Fike ekl o]E 2 ofet o] A
o g},

~

P, = min(P, 10 p B kw)

ou, (2.28)
_QIMtS S —gpk j ij
2 ou;
P, = [2;}5’ S, —gpw( )51]- , (2.29)
Tj
A7 P & WRUA Adgoz AAY ddA die wg

2 oAats] As FRAUA YT B e Avsac
dR A4S 23043 el ARFozA dud U J93 FF

(wake) oA el Azo] 7|AHT,

" % " max [lef), SE] (2.30)
Y, =pf kuw (2.31)

= p (2.32)
D, =2(1—F) L Lok (2.33)

Oy W axj 8£Cj
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L 500 v ok |?
F = tanh{min max| —22 > d p+ - } (2.35)
dw dww Uw,? D w dw
" p 1 ok ow ~10
D, =max|2——— , 10 (2.36)
Opo W 83:]- 83:]-
L 500v, ||
F, = tanh{ [max g fANS Qt ) } (2.37)
d, wd,

N

A7 d,= 7HE 77k BHE7ZEA Y Agoeln, (2.35)9F (2.37)2¢ A

w
R& olgdte] thext gol Atent,

0 —

, 0,= 2.38
a-k.,1}71+0k,2(1_}71) %,1F1+%.,2(1_F1) ( )

a=Fo + (I—Fi)%

(2.39)
B =Fp,+ (l_Fl)@',z

A714 A 18 k—w L FFoln AR 2% ke Zdol T



Uk',l = 085’ Uk,? = 10,
0,1 =20, o,,=0.856,
3., =3/40, B,, =0.0828,

ﬁl) (%,1’12) (@) (%72”2)
a, = |—|— — [=0.5532, a, =|—|— — [=0.44
' (ff N RV V3

F=C, =009, k=041, a, =0.31

2.2.3 DES =4

2 2] obF ZAPH(DES)[19, 42]% hybrid RANS/LES W30l %3l o
x40 Wy F9o vz dF AASF WHolA = URANS(Unsteady
RANS) Rdlo] Abg s & 2Ade di 5] $-A4% 2te] {5 o
Ao A= LES Zdo] #HgHt},

DES Z&ox= RANS Wi Aol HE Lp\E DES o] A=
Lpps = Cpops A, St vlatstel RANSeF LES zho] mdl d3s gt
=, DES 2delA b 7p7ke WwuzkA el Al d,7b Lygkth 2o
2R e A9 LES =2 d3kE,
S04 e RANS =04 LES 2=
7

e

k3/2 k3/2

= e=— (2.40)
Lpans min (LRANS7 LDES)

6:

SST k—w DES Wi Z@& RANS SST k-w W& =@ DES %
Nog Wgd Zlolth SST k—w DES ZHo| A% SST k—w W9 k
AN GF 2e Y, =pf kwol Fu7t e dew wadd

>
>

s
™
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= pﬁ*kaDES,

L
FDES:maX( v, 1),

vk

Lpyns = C , Lpps = ODESAmaX
Mu)

LDES

Cpps =061, A_. = max(Az, Ay, Az)

A7 A Ly RANS Wi Zo] Jx, O, = w4

Al (local) Ht A=k +4o]th,

2.2.4 DDES, IDDES =4

(2.41)

R 2o AIS AAA7)E Delayed DES(DDES) 2 d[25]0] 7=}
t}. DES tjH] DDES &g Aol =9 WA Atgre AAZE oA LES

il

z2o] des AAANZI7] A8 £A4F sAdA s G

A4 Faol =9 Aok
S 2ALe] Qe L =VEh/fug o3 R
FAUA 24 Vi thgt 2ol mAHE

Y, =pf kw=pk**/L,
oy} DDES Zo] & t}S3 o] Ao Hr}),
Lpprs = Lpays— fqmax 0, Lpans— LLES)

Lips= Cpps hm ax
Lpins = \/E/(C;'Lw)
Cops = CDESJ}?I + CDES,z 1- 5 )
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AZIM h v AR HAd BAE Aololw, Cppg, =078, Cppg, =
06lcltt. A3 A Ags foll o8] f,=00" RANS R=  f,=10]
W LES 2=7F =, o] g9 ts3 o] HeolHt)

f4=1—tanh | (207,) ],

v, +v

Tqg = , k=041
K2 d2A/0.5(5°+ 2%)
1 [ Ou; ou, (2.45)
S= 2855 & =—|—+ ’
K v 2\ o o,
B ! ou, 8uj
0= V20, 2= or;  ox, |

Improved DDES(IDDES)[43, 44]%= DDES®} Wall Modeled LES
(WMLES)E Z &3] LES® RANS 7He] d3S o AAAZ 2d
. o] mElolAE Wall Modeled LES(WMLES) 71'& wgate] o
of W% g A 2ALY dF FE2E e WE AAF
RANSE A &&tal Hlud & 2Ade] i F+x71 AH =
% oJodo LESE 4830} IDDESE 27 £also] FEe1 49
Wbt Aot WMLES® #Hgsla adx @e A9
DDESE #E@th. IDDESIA 29 do] A% L4 et 2

Qe fr}

-
X
rO
fo

o,
fr du X rf 2

)

Lipprs fd(1+f) Lpayst(1— fd) LES (2.46)

Lips= CppsA

A=min{ G, maxld,, h 1, C,=0.15

max max

2 (246)01 4 BE A AFsr },—“_‘— oo o] AoH)
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fo=max{(1—fy), f 5}
f4 =1—tanh [(207'[” )3]

v

Tat = (2.48)
“ RO+ )

fp= min {2exp (—9a?), 1.0}
a=0.25—d,/h

max

71 AFES fpE 03 1 Alelel #He hXwW, #w ZAAME
fp=101 5 Lppe= U+ f)Luns?t ¥1°1 IDDESTE RANSZ 523}

A =Hw, ddeA "el gzl G f, =0, Lyppps= Ligs’t
o] IDDESE LES R== F#aA dd. f,>1—f,°1"d WMLES =
=2 F&sta, LESe RANSS AAl= A A7]e] &) A4 Hc 1

9]o] Ao IDDES REZ Saet) (245249 £ 5 HE =
wop ZAS ALEe Fauid [44]S Fas 4 vk AgE el uhel
IDDES+ 0.5k, < d, =h . AtololA RANS REEZo|A LES R=

A= =[43], o)A dAYAE M G &7 d, =050, FHE
BEHoR Fa¥a d, =h  HFEHE A3 BaEojok e on gt}
[45]. whebA AAEA A= o)y dF F2E AT F ARE A -5
& =] of oF g,

IDDESE =2 34 AxE A TstdA A}Ao] RANS/LES 949&
AR A AgE et gla, AxF s e] WMLES 2718 WA 7]
A %elH s o ® DDESE M3ty = 2p7b A -&w2ololx A=
ow HZFe Y golatAl A& shee FHoR As H
A ”L°1 o] &x i k. Wk B A E SST k—w WHHED
DES w48 A&sto] sllAS st

g&

%2,

°l
7|4

rf
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2.3 SEA % Hybrid FE-SEA ©|&

2.3.1 SEA 39 3% WA

1

24 U S Asvle] el thie] FREETL Fofs
59l b4 el 1970l Lyon S[331] old Aleksl o]Eow
N, $Fmadel 2o dqaTaREe] nFas Sgale] A9l w0

&8t AHEE 5 Sl

SAA A|A @AM (SEA)S sfAstazt st S o2l 7he st
BA] 2~ ¥ (subsystem) &2 Ul o] FRA|~EE Alole] AS/AE
UAl B3PS e omi Zp Al 2"e] o 8 JAAE A AL &)
FAl2~"e] oA E G383l ThA] o] YA ZRYE 1 A A" &
5/ E s Tl Aot Fig. 212 F /M9 AAdd sFEA~9 3H
o] 39 55 #AE FAZ oty ZF FFFAIAFE S 9 9E WAL, &
AATIAY, A" vE sFAa"E wsd & Ak Fig.o 2114
. ;< 24 stAader wdds 99, 0, IO,,,= 2

A RN 2 E S, 1, T0,,& A28 Abelol A o] 53

Subsystem 1 Subsystem 2

g U

Hl,out Hz,out

Fig. 2.1 Power flow in two subsystem SEA model

Be AAH BANA TEALYES B Fo) UhE BE Sy
el Ao 7

goz FAHH, ols dFALHE =94



HFAzd Rego) gtom mdadyn, SEACA sHEA 2 7ho] g
Kl A Fae Mo T FaLE e TAAE Abo]o A

I = w(n; B — n; E)) (2.49)
Nnij = N.nji (2.50)
SR Az ol AR E e e A5 ol FoiAw,

11

i, out

=wn, E (2.51)

k k
szn_ﬂzout+EHi,j_Zﬂjz (252)
i#j i

4714 NE SEAsEe #A Fas e £Ast A% BE 5
olul, B aRAsTGA NS A% e
Fohg, pE R 2AAS pE AT EAAFIY. A249), (2518

(2.52)° dldstH ofefe] AS der.
0, =wn,E+w Y 0, B —n; E) (2.53)

(253)419] 3 F WA F2 Fhet) AL A dUA = A=

F N AW BAE 25008 ol gate] the 7ol ®A
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(2.54)
(2.55)

N,

— Nji

N
£,
N,

NL (nij

k
17 ]
k

wn; B+ w EN?%(

= w[CHE}

I DAPS

-

Hi,in =wn L +w
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al
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. ook o <R
Q T How e
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= B = RF A ow Py
T B <X ™ CIC

RPN
A

=

[}

3 ol A

S

°©

=

=

Al =€l 3k SEA

Abol o] o A X (junction)

_22_

< "
— K

o5&

T

ol M =

H
H

|

o]
FE-SEA



SGRA 2R AHE g AFAsE AAGAY Wl vehin
sppAzglel AAG Agshes 9 fob ol geshe gohel wAE
f=Dq (2.57)

7|4 DE 4 AAdPdoeltt. 25742 o2 o] BAlE § 9t
frev: dirq_'Dq (258)

714 D, & ZHSEF(direct field) o] 54 ZFAyDoly, f = @&

& (reverberant force)°]th. (2.58)4& (257 tl9)shH,

freo T =Dy q (2.59)
TZE == 9k 23 ABE == j Alolo] A#TAE v o] &
Al €T,
AF . AF
SZI(I - _(m)lm(ﬂ;{zr> = E’qiqj' = _(m)lm(G(%)) (2.60)

A71A H, 2 A ¥ 2(receptance) JHolH, EBe FF A 2~H 9
AEAUA, G= Green &7, r= AR 09k jAkole] Ad, we 4 F
Al2~"lo] B= W% (modal density)o]tlh RE UEE o

o
Foed ng A% wEe] £ goHt

ol
Lo
-111

_23_



E
Ej] Wiy E -

J

Ej
N +wEi(77i+77dz) e + 1157

2,1
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Hzezxff Z Im {‘Ddzr rs}(‘Dtot SE’ZUL‘ D;)t ),b
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Fig. 3.1 Hammerhead launch vehicle configuration (Model 11
configuration of Coe and Nute [7])

AR 57 (wake) G5 Al TAL

= [e)iRe] 1 O %
A FH GGz AL AxE g&H R &E3tr] 98l Fig. 3.3 4
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Fig. 3.2 Geometry of model launch vehicle [22]
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Fig. 3.3 Computational domain and zones for mesh generation
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dE A 5S hybrid RANS/LESE o] &3}
AR Fah7] gk 7 7R f38e] Alite] HQ st o5 Zbzbe] A4t
Aets A ARE 2 AR = g hybrld RANS/LES AXFS ¢
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=il
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rlo
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Table 3.1 Computational mesh information used in the present study

No. of divisions in No. of No. of
Mesh near-wall zone cells in total No. of
o near-wall nodes total cells
nx nr n Jone
360-deg full 240
960 80 . Lov| 18,432,000 | 22,675,053|45,363,904
(coarse) (AB=1.5°)
40
coarse 960 80 (A6=1.5°) 3,072,000 | 5,163,263| 6,960,880
. 120
60- |medium_T 960, 80 (A6=0.5°) 9,216,000 | 14,499,103 | 20,220,107
deg 40
mesh|Midium_L| 1,650 125 | 077 o) 8250000 | 12,223,251 15530920
. 120
fine 1,440, 125 (A6=0.5°) 21,600,000 | 31,842,812 | 41,377,800

[ S

360-degree coarse | hlesh

e

b
2

W

60-degree coarse mesh

Fig. 3.4 Configuration of computational mesh
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Fig. 3.7 Expansion-shockwave and shock-induced boundary
layer separation (Exp: expansion, S: shock)
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(b) SEA model

(a) FE model

structure model, right: acoustic

Fig. 44 FE and SEA models (left:
model)
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Fig. 4.7 Fairing inner surface SPL reduction at target frequency
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Acoustic Load Reduction in Launch Vehicle
Payload Fairing Using Turbulent Pressure-

Fluctuation Prediction and FE-SEA Hybrid Method
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Abstract

Launch vehicles are subject to airborne acoustic loads during atmospheric
flight and these effects become pronounced especially in transonic region.
Since the vibration caused by the acoustic loads can results in malfunction
of payloads, it is essential for success of flight mission to predict and reduce
the acoustic loads. In this study, a series of design/analysis processes has
been compiled for predicting airborne vibro-acoustic environment inside a
hammerhead payload fairing and reducing the acoustic loads by acoustic
blankets and Helmholtz acoustic resonators.

Acoustic loads acting on launch vehicle during atmospheric flight are
mainly due to the pressure fluctuations inside turbulent boundary layer and
they can be predicted either by a semi-empirical model or by unsteady
scale-resolving simulation of the Navier-Stokes equations. In the present

study, the turbulent boundary layer parameters necessary for the semi-
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empirical prediction model were obtained from the solution of steady
Navier-Stokes equations. For this purpose, a RANS analysis has been
performed around the launch vehicle at a transonic Mach number of 0.81.
The presently adopted Robertson’s semi-empirical power spectrum model
predicted lower level of pressure fluctuation than the experiments.

The Improved Delayed Detached Eddy Simulation(IDDES), which belongs
to the class of hybrid RANS/LES method, has been performed for direct
evaluation of the acoustic loads on launch vehicle surfaces. The characteristic
features of the acoustic loads acting on the hammerhead launch vehicle at
transonic speed have been investigated using the result. The comparisons of
time-averaged surface pressure distribution and root mean square of pressure
fluctuations to the experiments have revealed that, as far as an appropriate
turbulence scale resolving mesh is used, IDDES can provide reasonably
accurate pressure fluctuation in turbulent boundary layer for engineering
purposes. The IDDES provided improved accuracy over the presently
employed semi-empirical model at the expense of increased computing time
incurred by the hybrid RANS/LES flow analysis.

Coupled structural-acoustic analysis was performed using FE-SEA hybrid
module of VA One and ANSYS APDL to predict the vibro-acoustic
environment in the fairing. In the course of coupled structural-acoustic
analysis, acoustic blanket and acoustic resonator were applied as the passive
acoustic control system and their effects were investigated to access the
validity of the presently developed design/analysis processes for acoustic
loads reduction.

It has been found that the IDDES can be considered as a more accurate
option for predicting airborne acoustic loads on the launch vehicle at the
expense of increased computational cost over the semi-empirical method.
Considering the results obtained from the present study, the processes which

have been developed for the prediction and reduction of airborne acoustic
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loads inside the launch vehicle fairing are expected to be useful in initial
design trade-off phase as well as in the detailed design phase of a launch

vehicle.

keywords: Launch Vehicle, Hammerhead Fairing, Acoustic Load Reduction,
IDDES(Improved Detached Eddy Simulation), FE(Finite Elements)-
SEA(Statistical Energy Analysis)
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