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Qualitative study of interaction between the shock wave
and two-dimensional turbulence flow by using ENO
numerical method
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Abstract- In this research, interaction of a shock wave with incoming turbulent flow is investigated. To this end,
different turbulent flows with different intensities and integral length scales are generated and impact of these turbulent
flows on a shock wave are examined. In this study, two-dimensional Navier-Stokes equation is numerically solved
using a high order spatial-temporal discretization. For spatial discretization, two different methods are implemented. In
stream wise direction, i.e. perpendicular to the shock wave, a sixth-order accurate essentially non-oscillatory method
(ENO) has been used which is able to capture the shock wave. In spanwise direction, i.e. parallel to the shock wave, a
sixth-order Pade scheme has been used which is able to accurately capture small scale flow field structures. Time
integration is performed using a third-order Runge-Kutta method. Overall, it has been observed that the turbulent
kinetic energy increases across the shock wave. Fluctuations with larger integral length scale show higher turbulent
kinetic energy increase across the shock wave. Further, it has been observed that although the integral length scale of
the upstream fluctuations does not influence the location of the shock, the intensity of the upstream fluctuations have a
profound effect on the shock wave location.

Keywords: DNS, ENO, Pade, Shock wave, Turbulent Flow.



oo g ool (s plo durw

co by 9 Gl ps Eae Sl (S (o g

Slp oy gse s by il 0] rapa b5 Sl
5 Swemnl (S L Gl g JEIN aln
llog U315 0is,S solinal ¥ glo sae b iyt
55 Gl g ol s Jsgtislpn Slilugi b ndseSTs
A30gs oS5 00ls (65, Gllugs a5 0g gloj 5l S S

y S 5 5535 S s Jolows [7] o) (Sam 5 S5
ool 50 oees duslie (gomgd Ll Yol goae J= L
Slys goe Db )93 5 asly b Dbl 4 Ll (gais
5 SetesS| gae 0ye3p 3 ool wlalazdl Al
69y &5 Ll o jo oy Glupd zae b Gy
zeo b (Ve g e Nandds L) olilazdl s, 5 aygly o35G
b 5l 58 LB wds 28 5 el (A 2lo) 558 sl
@ SeiwsST g (Blasdl oy Gl b8 i Gl 5o
sy 330

Sy oo S V] rame 5 (rale (6,500 Gaios 50
Sl peiime Sygo 4 |y SVl (SisST e L
B min 2590 3595 0 dugly (Sialy (B (nl )3 38
37 9 Sl &5 ab alie (b S IUTL s g 288
agfy Sa05 53 Bl pae b ons o gl (Keaji o
S gly SLbl e, &5 4 ol 4 axg L) Sl
Lohs cosl gy ol 5l g wdbior Shgudl s b2 bt
(Al oS 5 lals wols mades s @llao w3, o
Sy Ly oKen e slosg ews YU slaals F oS5 > 3G
23,8 adllhe Sasl ade g il

B oy 4 g0 5 aalllae o (] ]S 5 550
S el Do 30831 (WSS )s 9 Sy zoe
Sz 2ol (LS L oles Spdse Ghae b slayo zoe
W3S IR i s

) byl som g SYolwe gone J> [Ve] oL,
4 S nl (Solai olilendl plae ol aslllas jolais
5 e i ol s bl S las g
(Sl oo 3l Hsee )d Shsdse Glaee aain Job SalS
2l L ly, ml anglie g oanliv L aslllas ol 4o
B9 (293 Sdillae oaies plis (J by s U

(W e 5 J J o e a Slolons 51 L3
adllas jolane @y 1) STy Gomgd WSginl gl SYslas

VE 8 )loid V¥ 8,55 A FAY siawl oslallgss (59 g0 SIS (owdigeo

doddo -
e 9 Yo Sy slalonlsn 4 e 3T Glodle o
Slaphyz S foume | Sliios | ol slasisa
JHas oagay (Jlwe e a4y sl oold Fauw azadl iy
L slaysise pis )3 a5 widl by 5 sl gse
Slodoe &8s jsb @ lgee 1) wese &) Vb Ce
Ble (5955 b ez oSl jeige )3 oy (nl 2 )8 gl
Gl sl s Ty e )l Sdbis Do
pos g dadige L oSl slaygise O Sas (ol dgaze
63939 > 4bd] (g0 AY b lys goe JH S
0sd Y B N0 LS pae el laloglis Sy sile
Sy kSl ol 5 slas gae SN ) USS s o
Sl 4o Iyal el sas ool olis o oSl jeige
haaal oz b glaye gee JFHW goae sileans
ol Syge Delgl Sedioe Dgmine Wz (Ao Dlegge
g5 b ofen Fasl I3 olipr adlhs 4 Sleubre
orme 5 J J o) wg a5 (My S 1.2) Gns o6 sl
9b SVl il Kes 5 J B b5 all [¥]
aSed Gl eoliiul b1y ndieSTS 5 o aw uSgl
) Jo (sl ps gae Culid Julod sl p SS9, 8
oty 5l ool L L] e 5 J J o dhom iz 5o
sl s zoo adlae 4 Glays zoo pfead Yo 4o
Jelos b cligios ol bl wumsls, (My = 2,3) jssd
(e B3 Gl (VL JsFea (VA0F) e, (>
Shlosi 5 iz $55] Wiy Gl Sligios ol 5
ks 95 lagalie jo halS boolren (Salinoge

O odwlie

Seb s
sy

a gole (Fopd iy sl bl

33 il BYs

>
syt gse

L oorleee
Y] SEa B
| 2550 Sk | $959 f sl | “""““ "‘" | © )y | 55 sl
3l

D o Sl 5550 Y P

1. Hypersonic
2. Train

\YY



OlKe g ool G pib durw

0l 9 Gl ps T Syl (RS (o)

& Do 4 Sl OYole Lol oal colaiul s b pyd g0
4 Co ar e e g L olsls Jsbo igdoe Jo ouds any
el oad Gl ce w5 Job wbide Gleie 4 s
O35 S (2 Sl gz e Candy S Sy 5 S ) G
olao dm (g lopeiin U 098 o0 osliinl sy 5 (JB

ILA 4 IRV FOWRWA))

X _the U
xl_LT)’ - LT)’ ul_CS’
p=—, T = — e =—,
Po y—1T; %
Ho' pice Yoo o
(F ¥ 7)) OVolae Ojso 4 oS SVoles amy (e 9
AN ROW
dp a
= —— (pu, )
T ox, (puy) (
d 9] 0t;;
= (pw) = —5— (pu; + péy;) + =~
J0E, d aq;
- ___ [(E N L
d
+ —(u-r--) )
ax] L*)

LY o] Sgs o cin x5 (B) SYolao &g & 35 SeS Laily,
c (% 20y 20u )

Tij - ﬁ ax] axi 3 axk Y
u adT
a RePr dx; ©

LX) g o ciy po3 (F) dolas & jg0 4y jugiy, sas a8
PocoLo
e= "
Ho
Soze ol am Gen e 50 o5 5B 56 alie 5l o
Iy o] gl e yo(V) aoles

*

p=——->pT )
S5 ine dmle —Y-Y

coon 93 Sl 50 Gl s mae ol ren slapl 2 awais )
5 Sy Toe p o oz Sel plobid LB g g0
phs 2 G gileainnS a5 Glapo zoo b sl cux
Slo ) 093 Slegile Slpz

\YY

b A 008 S (sl s mae b samgs (Suasl B
S8 eolaiul 80 sl s zae culs o glp oSS
JB lare zoo 5l jome 10 Hoks 9,500 el pad S
Do odslive

wr & DY Ken 5 grale liiss adsl o
widl by g slays oo SN 50 Gl zae bl
R & peliees (g5leancd g, 5l eslaul b Ll axsls
Slays goe 49,55 0 53 (Fes Sip il Skl Sl

G g0 Sl gl OYolee  ols i o
gy b somgs (SRSl B puyn jslie 4 oSy
L @Lmsi..n.w—‘ by 699y9 40wl 0ad > lay s
Sype Oz Cwsomb o slalazdl ool 69, 2 Glaye
oLl Gl Blite Jl ezmes Sl 48,5 )3 4z g
b Syl el odd (g p 5 S Eae S s,
oals ooliiul (slay o Zoe s o jelain 4 CSlgSS e
oo byt Sl fog (Sed Geizmen 5 (53955 Ll S
G 90 b aS pl oezg bl oal and 315 4y gl
Sl g o 5 AT (St oy Gl Goy
Jleel b g5loans ol 5o (5 055000 o 51 sl (oo a2l
apad ool gos U caws Y g5 0 byt jo clolecél aglas
o GBS (nl )3 Bas a5 5,5 S8 b e Ol
o o 2l slayd gee 4 oholizil o5 S aS
)8 Ao ol e o sy 50 (Seid] )3 1) ey

Gilwals 31 coliiwl b goue Jo uigy-Y

pailowo (GOAL
WSl SYoleo 1Y

g 50 Sl )3 S sl sl E¥oles oSl E¥olas
oS Slatie 1o S¥ole aible piuaSTs 5 pilo e
Siledie g g peies Djge 4 lh lepite
b s 313 GLaS (sl 77 gVl Wi oo Jo (AL

1. Vortex stretching

VE 8 Lo Y 5,55 A FAY Situsl oslall§ed (g0 SIS0 (otihn



OlKe g ool G pib durw

0l 9 Gl ps T Syl (RS (o)

5| ol a5 s sove s )ls fiiayz 5 fiane & sle
Loas ails 5la goae bl asiie u glakaai ,olie
Dysvar] sl 55l (Vo) doles b 40 oS> Yol

flu,u,u,...)=fw V)
355 n sty 251 05 el Gy 655 IS5 o5 S
DEAY F] Ggs atsg (V) dolee S50 4

Wt =G ul g ulul ) ()
e Gy So Ol G gl g e )L slap s S8
ol 6503 5l sl yS s

ol 5l dlie cpl Sl yo a5 ENO g, el S5

ol e S 5l Sl sl iy el eals soladl
lime laps goe yeiend loghs, plo 51 o1 &5 (b,
G Jb el b SKiwasl 5l joe )0 Cdo ad o Lad> wiS 0
3y Sgzg Sl ! o9 o dnzl o 5f/6x PIIPS VNS
9 LD) 05d 005 u i oo b dakin lopiie lop i oS
Sygo & lall 5l alie 2 ol SKee b (133 o, San
sl solal Gl 6lp pes Liog, e 08 w5 ailSlas
P9 Slr8hlie S (pegee a3 I e Sl o0
See a Ll el cal sald eolanul cewal b=
DFNAY Y] 095 o pumads (25w g0 4 (V) ol

fo=ff@+f@ on
iy (V) ol Sjge 4 f 7 5 f o)l o5 Sl
Dys-av] wgs

o (f £ ad) ()

2

Gl S8 BB el X gz o Ul + € lode peuSleaaS
olie ells £ a5 598 e Jols il 43325 ol b a5
s ol e daiiie polie gl)s fT g St dakin
99 ;2 Al gl (cuslie Sz 50) CawdVl L= S,
DS o0 )8 eolaiul 550 S Bt
e Wgdise o3l lis f U F Ty Frailse 95 40 basl o
IV Y] o5 0 005 oy (VF) dolas & jg0 a3 |, f

of _ fiv172 = fi-1/2 0%
0x ly=y; Ax
Sed o Ay (V0) dobre jgo 4 oo (LG &S >
[ys-yvy]
r
fronp = ). e =jmfliml 0
m=0

VE 8 )loid V¥ 8,55 A FAY siawl oslallgss (59 g0 SIS (owdigeo

S8 Tgo 2 ogee S )T

e gy Sy e il Jo ln o U,
S0 a2y aey ol o gob; wYlie ol "\Ls‘d.gj.\é z9o
4 e &S ganzex il glasds (VA ze Jle 6l )
oo oslinal o] 5 allie ol Slasloes 5 5 00l U35, o
Toe u.._é)f LS‘)'! &...»)Lf LgL(buij) ol o] 2y o
oSl SYole 4y s (e slop i 9,5 Aol glayy
b né ol 5l Glaebl bty el cnl ool
J> Lo 1515 b mls (698 sl re zae ln onlply amd e
Yol sl Slars zoo innd slaby, Ned o Sy
laisy ol bl ool o >hb by sslslin s .
$978 A ddl o DYoleo 4y sl Cx i) o5 0 S ddlal
IV agt Jol> (a5t (s sl 51 limedel 45

awdd 4 b Glps goe pRed lagty) dxey
SYolre (o, >0 )lul Codgame el asul as
55T 92 eSS, Aolie 5lo )| wpd oo iy Sgame SIS
059 9T Wolaels Sl lays e Bye 5
Jols oylsebsl b el 5L Blal (VAVA il 5 laxle VAVY
a5 1) Shyl S¥olee 5l pmlie Su5d U by a3
009y el Cewsy (blad] glaspd zoe Koo Ojle 4ol
a5 v slaty) 4 d9de by Slays zoe s
osliiul Sl ¥olao jo z 5 )L slop i o @ sl p
Jolis Vgons 5 slop 3 Ty o fuilinl sloty, 29 n
ooliial i 4t ye oy gy 3l 398 ol 53) wiline (635 0
1Y) (sl o0

Se B Glaps mae pd by dbes Sdid> o
Sy gslslin alsles ay el Lo slae 3 5l oS o g

DVEAY ] 808 0 axzl o (A) sliy gom
Ju 0
—+— =0 A
ot Tax/ ™

B R Y A ORI
e (1) dolae Djgo 4 |y Sl G By 055 —uSd
Lve-ay o] sgs 0 005

fiv172 = fi-1,2 @

Ax

1. Shock Capturing
2. Pade

\Y¥



OlKe g ool G pib durw

0l 9 Gl ps T Syl (RS (o)

Sope 40y 5l slapS Sjge 43 50z e S ol
DIVara] ses o olo (7 ) dola
4—-—a
, as = )
3 T 12

(j=46N=3) Ll bls lp (7o) dolas 5

1+ 2a4
a2:—

3 Oeizred YU dlolas L0l 0 00 )5 4 Y Hlnag sl )l
4 58 e B sl Wi oo ool slace Job
b sly Ghle wb oslin 8 Sl jo 0ph ad
4 yemme Olle cpl el aing OYolae U 0gd aliisl g5
Gy a5 Gl sesee ol ileatenS Lol
EWIN L GWRUCE SV SREL O RV FPL Sl N R WP g
Lol a¥olas el NIVYY] 098 o Lid> 55 by, (5 ,kd

DIVrr] acsb o (VY LYY GV )) S¥olae & g0 4

' ' _5 +4‘ +
2f1+4‘f2= fl fZ f3; ]=1 (Y\)
As
Fragra=320 j=a o
As
' ~ ’ ' ~ (f4_f2)
f2+a1f3+f4=a2A—S
(fs — f1)
~ S =3
+a3—As J Y

u.a).u YY) aolss gy 4.:&3 3&2 3&1 LgL&b)...u.a
Dyl ses o

o ltam 1424
M= 0 BT 3

5ot 0 (Y%)
=713

by J=N—206 N b ¢y aeliv gloo)le
LDU a3 oy, lowes Toss & Yolas s gl 09 oo
O] ey gl (S) eoisS Lo 5l aisd e wles
oolainl X cyz 0 e e bl Aol o e
DIV sgi oo andgs (Y0) dols & 90 4 45 095 o
af 1 of
ox ~ h(s)ds

WJ J) ek @ 3l el h(s) = dx/ds &5 >
s Jols bly o colaiul o)90 (b9, a5 ols slas (144Y

o)

S8 o) e 0 oolaiul 550 SVoles sl 1l |y il 4 e

Yo

S8 skl 5550 By (nl )o abl (n e Olge 4 aS
Sygo 4y a5 Cel [ oasas lis fI,m] 5 5,5 o
DY) s o iy s (V) ol
fUl=fi+Lk—-1] -
fli,k—1]; k=1,-,r %)
ws) | U’"‘ﬁ) u.)‘ ) LS’&A s.o-m.uO Mfo RS- N QLMAJ 7ras
“ “ \ .
Ol o)l w sl o 4l ey pen SIS
ol oS ol Gleiee YU dolas 890 j0 A (Gl csle
a8 o Lo, 1) (Vo) doleo 5Li 0,50 (5,550 a5
Sgiher pative (V) aolee awy ac(s,m) cuyo

Dsvy]
1 s+rms+m

c(s,m) =—(m+1)!z l_[(—P+1) %
l=s P=S
p#l

o Tom dedioe 0033 g drale b Sy cups ol
ool Sye0 i od.;)l.o..i) &A—A—u lej.a G{h.;.'a.a dwg
SBl gy e &5 Gloy 4y ob (59, 0pS (o0l B
DA S U g oo ol (V0) doles o7 o w39 o0
Dl Caons k5l B0 4 e e 0 el o slhe jlude
S iy e 4 S i=j 1L =5 b
Jlesl (VA) dolas dhais b yd g 06d g0 £900 (SewsVL
Dyl ogs o
i=i—1
fIFILEN > Ifli— Lkl k=1...r (A
OO% Shgdie e 4 ib agpe ENO 5l Godew (ol o
el 00l ool gl o Zoo 1 dges S y0 oo

Sl pé 9o b Silge Cur-T-T-V
kol oay g, 5l WS Vsl SIS i acule sl
ooliiul coul oud ools anwg VW] J J Ly a5 oad
Aoles abewy a4 ColeS aSCl o 3ie dgl 0ed o

fjl_l + a1]c]" + ]c]"+1 = (f}HA_Sf}_l)
tag (fi+2 = fi=2)

As A\

1. Essentially non-oscillatory (ENO)

VE 8 Lo Y 5,55 A FAY Situsl oslall§ed (g0 SIS0 (otihn



oo g ool (s plb durw

s by 9 Gl ps Eae S HWl RS (o)

INAAL
(V) dolee lawg oads by Sgame B! g, sl p
Sedse ole () doles &jgo 4 ouls 2ol zgo due
INAVAY
K'As = 2 (a, sin kAs + a5 sin 2kAs) )
aq + 2 coskAs
Tye oo &S alr s oo lis ) S b, cBs Y S
aS 09 ax g el oo annlie )] 585 jlade b o @

s . e 2
dsjjjauLo.me| °"\‘;‘[°"“)r’5°“'.“)‘°&w°c;‘):' k

59 ol 95 s <85 Glls Jloges 00 wed o canlive
T b il Sty G @i e sl GBS
30 B agye b cde 4y A A e 00y g, 5 sl

DY a] el onss solial YU zgo slac!

R

e se odliinl g pe gy S5l Sloy 6 RSUIS
S sl DAL g pom 450 00,08 bsS S5y, Uig,
8 eslizl 090 (0, Uy, Ep) dlae ol sla it (s,
Sody/dt = f(y,t) dolee slp a5 Sy 0,5
B open 5 4l oo mmali- (it BP9y Se 09550
5 YV YY) cVolee &ygo a4y g,y ol s p tpgg @ty
Dyarax] el s

8 v
Yn+1/3 =Yn t+ EAtf(an tn)

1,0- T T L L '[ L . 'I T T L L I L T 1T T 'l T 5 1 7 a

- ASJ?J;J\J’ :

[ = sl e 3t -

0B tesd e Biie -

- —— h

06— - ~ -

£ F \ ]

n AY ]

= L \ 4

= 04 A

L \ 1

\\ ]

0.2 \ 4

C \]

N 2 TP B B A

0 0.2 0.4 0.6 0.8 1.0
kAs/m

[V] i 4 p0 00y gy o 0o ol ge sae ¥ S
1
yn+§ =n +ZAtf(antn)

VE 5)loid ¥ 8,55 A FAY siawl oslallgsd (59 9o SIS (owdigo

A By i 4 (TYTY) 5 (V) sloddols wijls mas
el e g an
ooliiul pgo Biduw dulors (gl (spalice 00,88 sl g,
(] =3G6N - 2) S bl o a5 OY¥oles ol 09 oo
Lyvery] el (Y7) dolee & yg0 4 Sgi o0 ool
fi+1 = 2fi + fi-a

fj_l + blfj” + f1+1 = b, As?
fivz = 2fi +fi—2
+b; As? %)
Ngdoo wlas (YY) dolee &jgo 4 by 9by a5 Sl>
Irav.y]
(bl — 1) 10 — bl
. _10=-b, (YY)
2 3 ’ 3 12

Ay CBS Azl 0 Wigd oo 0ol )18 11/2 by ke
DVry] wloe oy i

ey @ SVoleo s woslie e Sl sk o
DIVXT] 008 0 aing 1) 0 S5 (YR) 5 (FA) &Volae

fi +11f, =
13f1 =27f, +15f3 — fu =1 M
As? r

fi +10f; + f5 =
12(fs — 2fo + f1) N
As2 ; J=4 v

ez g e 288 Gl oy 4 (YA) 5 (YA) &Yolse
e plo o a8 bl olp plie sloo le e

Conds @l OYolas s o 090 0 ADg Wl
Sile 5 ogdge Jo CSlpSy Al (o ped Gide (o
bl (55, pgo e o0y5] ey @l h(s) s
S)pe 4 A5 Spdige oolitul Glyr Cuxr 3 CSES
Divers] ol (¢74) doles
Pf_10% hof )
0x%2 h2%20s? h20x
Sl bl o by gis aulxe gl oolaiul oy00 (o9,
Sty i A3 pe B3 o Spign Sl 5 s S 2B
$lp 65 dowg 0l PNl Zoo Sus g 4,68 6T ]
CrS Bt a4 ax g L oS o ol 3 baasio cds coas
Skl cwlike®™ 5l ole Ll J> ¥ ol
T 4 o gove Grie S
Syl ab eads Mol zae sas g cenlk 5l b k).».v.uo

Sl wald 1 Oy, <l pSelwlk ak (Sss

Sl salgs axs ik'e

\Y§&



OlKe g ool G pib durw

0l 9 Gl ps T Syl (RS (o)

obz obml Tl el sll el e glaps
ol ol Npdie Ghstia obyr dsms 5 Slugal
bl 6l eibio i oSl (Sole sy b allis
olory e jslaie cnl slp adbigo Ghgtiie Sl 5 s,
b e pl el 285 )15 )2 )00 (Sl o 50 A L
Zlsdl s o SVl slooge alei ] awais  Folu 5424
o7y shrb 5l Ssdes Jols 1) (Blasil 5 (9l sl
5 283 Gl sl by bz ool ey dleas sl Lk J>

S oo elin jlns (g00s slals, Coxo
Sy Jolis o 0 3 IS 55 Sl zee sl b ol il
oS 35 4l 5l (S130s hawgy a5 il o jlid 58 4l
Wl Ll s oy lp ol jo cal oad las jlad
Omb )L Ll Al g F Wy b jLad 55 4l polis

ps =1.0 p1 = 0.125

V,=1.0 V;=0.0

P,=1.0 P, =01

ye =14 y1 =14 \r2)

13 Ghgy 5l esliiwl b JE> (sl ool sy gt anslis
obej o Ghlos Jo g alali Ve b (A a5 e pleg g
b s ol il el o ools iglad ¥ S5 58 = ¥
Ty Je o Jlad Gl plag pae ohg a (Ll S
3 olemedl 5l am all o oo gy S Wb sla s
Ty SN S ein @ om0 by Como

Sedoe a1y Sedie bz g s

CERENNURE
bbb ol oVl Sl jo 555k alo S
sk ol Yol 380 > a4y S cewl wls F S
5 oSand b cnl o ooy S Slaie o
(VA 5 G)am 5 5k ol S0l (62 (oSSl ol

3. Energy cascade
4. Chaotic

\YY

5
+ﬁAtf(Yn+1/3:tn+1/3) v)

1
Yn+1 =Yn t+ ZAtf(yn' tn) +

3
ZAtf(Yn+2/3: tn+2/3) AR2)
Ded g0 iy a5 (YO) aolee &g 4y gloj slopls a5

8
tn+§ = t+1—5At;

2
tn+2/3 = tn + §At (\ua)
\ VoL . . <
Spaze i) 5 (S golwb w5l ple Sb el
Sgazme el 3 3ls 000 l, S5 o)l Dlawlow sl Ko
DAY Y] 35 0 <10 51 e & CFL sae oo

@b Y

g Sl eel Censy mls gy @SB ol o
@d0e il Slooslial boazasl by bolayo
Poy ksl Sz dal Sedoe aSloy s
Toe Ao Alae VT Cond )5 g Fgmnals adliy 5 (Slwlons
J> b osel censs @l 5 956500 S8 (o) 9550 laups
alee woar 4 V-V el o oed o0 anglie Jdo
sk oS o jlogdge wiBlon on S peks als S
— 29U sl Gloy C8s il a9 008 bl sl
5 oo 5l plpebl S 5l an st e eslinal gSi
T SN S pepn a TET Ced i) S8
2 Sgb e 4By (gam 93 Sl yo wdsl by g slayys
S5y 2 Slerd T30 b b eanlic Bas ad ol
2 el ol i b oizes 5 Blazel obyx
SBbo0 (sl pS T oo

(81495 30 Alg) 35 gl Alolza )Y
0O gy SES pwyp a Gy (pl b ojlil &S jeblen
la Stogls peas jo ol Ul izeed 5 la)ld dnlone
J> 2 i gl Al 33 o 0pi00 aSloy
Ol wdbige Sl gl dolae (S e slop i Cewys

1. Convective
2. Viscous

VE 8 Lo Y 5,55 A FAY Situsl oslall§ed (g0 SIS0 (otihn



oo g ool (s plb durw

s by 9 Gl ps Eae S HWl RS (o)

Se g0 03ls (FV) doles &)y 90

w = 2SinxsinyF(t)z. AD)
Siloyne 5 00,5 pll Glp (S ysks alsyS U=
IVVY e T ssi oo oolitl wsSamh 2ol ool Sloj s
3 oSl gl SYslee (go0e by, < gy n sl
Loasl N gley )0 S ssksd als S Gl o 9o >
oad Jo wgliiie (550 Ll ph jo Ve e dae 5 ¢V 2L
ol

IS 50 el oo 00,61V Jgaz 50 (g 5lwand sla sl b
dlio oo b gove 5 o cdo 0wty 50 ¥

Sl 0

ok Al 5 ileancs sla e b Y Joua

\YA YA Ym Ym A Voo <Y

(@)
oo Jo -0 odow Jo -l a5 euls anglae § S

VE 5)loid V¥ 8,55 A FAY siawl o3lallgss (59 9o SIS (owdiho

B
F o # 43,0 ENO g
- el

0.8 B

0.6 B

0.4 |- 2] 4
C 9 ]

[ B
"!JJJJJJ' 1 I T T T T T N T T T Y T 1
03 i} 1 4 [ o 1z

X
el o b (JEs Ol Jloges (goue Jo annlie ¥ SO
t=Y loj o

Syse ey dw 3 1) (B Glyr ()5 s ek Glel I e

PV =Wr,w) ce,m dilie aw a5 wols JI,8 L)l
Sl (YY) dolre & ygo et =0 lo;

u = Acosaxsinbysincz,

v = Bsinax cosbysincz,

w = C sinax sin by cos cz. (v)

‘;o.w}.u doleo 5l

Sam 90 580 > 04l oo ooliwl Aa+ Bb + Cc =0

4 Sl glad a o098 o &Il (YA) dobs & jge 4

Qé)jT Cowdo 51,.VV= 0

Nl el x,y <21 o )50

u = sinxcosyF(t),
v = —cosxsiny F(t), (YA
cl F() =e ™ a5 Ll
9> > o [va] ks el e oS s L
@@l @S A=a=b=T1b 3Ly o
ools L F(£) =1 —2vt + 0(t?) jobs w0 Oypo
Deben by (Jelos S (nl b (93 Cillae 59l
pioge Aolre )0 Cepw Jo KL L p o JLid las
el (YA) dolre g0 45 a5 0yl oo Sy
p =§(cos 2x + cos 2y)F2(¢). *9)
L) LV =VXYas 5 6ks aloS J> oby> &b
sl (F4) olae ©jg0 4 Ve js S 0

y = sinx siny F(t)Z. )
@J;S@Lz)ll)w=VxV454:w)5m,Uu¢a)yé4e

VYA



oo g ool (s plo durw

co by 9 Gl ps Eae Sl (S (o g

T S5y & Lslups goe » dgee Sz o Slilaxe))
aasein Job 50 b b e il 31 ol g oo @8y sl o
Job DRl b G o0 095 oo ity 4 (Son
o2 S ke Jlake o datiin Job nl 5l lalazd! aasi

s . . ,2
s oo (L ) (Joz g, U
65, (D) olalezal Jsb Gilde olois S A S5 50
w2
Syse (s zoe b Shlge Cuz o claleéh v )y

JOMPLER SN PUT:

— N —

|
[}

£
]

U

2 0k g Grizmes  Gliwlre lab I (Ssled & S
5yol8 (5355

hw M
15 125
14 123
13122
12 121
11110
10 115
9 1.10
8 1.05
7 1.00
6 0095
5 090
= 4 0.86
3 0385
2 085
1 0.84

Flo olase jo wlalaze) gangs slbo,guls £ S

Yva

90 > 5o axibl bz 9 Gl pd gao S50 -Y-Y
T ]
90 Jhgie lie Jlie Sl (ST (o) p 4 Ceon3 (nl o
oy O JSO 0gdoe 4oy LSS Glps gae g sOn
axgi Wb e oo i 1) gom g0 > o Al Sl
2 Ol (8,5 a5 )0 CSESy b ol Bodiod jo aS cull
el oad B S a0 gam 50 Dy 4 0l Z S
5 Oeme daie Jsb LU Ll obyr oo)8 aaal ol
Redier 0l 0)ly CewdVL f dwgey yob 4 Gene (55
Sl yiys alsbes go0e > 5 osliad | olalezil ol
ol sl eslanal b .o.).T‘_,’,o Sty Sedgh-epliis gl ol
oSl wsllas (63,1 5 daeivo b b Slilazél byl s,
Iyl sslos pdy
Al ez by a4 aasl bz ileand o adyl i
Glays goo b UL ol pbz J> 4 pdhyy Slley
O 5 Sl aals b alyl b > o ol o] o cenny
S D ygea lal o anals oyl o Cawny axan] b > alice
gl e y lacesdse don ;5 (s350e larS oo b sum
4l 4y )0 slgen Slps Toe e 9 S9dee (B0
Sebgo 03l piacw 4 adyl Jlade flge 4 Slasle
el 00l 00l ¥ Jeaz jo (giluand 4y by sle gl )l
el ool eols las Flo alazél lawe £ S o

Wls wlalezd! Glase 3500 ooalive a5 job oles
5o aS Sged 4o e o e el A8l axgs
sy b el oad ity olalizdl (ST lays zee
slops goo 5l am 5 JS gl sue ol oo Shsdie
L gdge onl bl DgeFsam (eSS Ll b Gl
Sl )0 (2lrs gae 380 i o g0 by, U

OLbLsi] aascdn Job I -)-F-¥
8 ey 9550 (D) slalizél Jsb (wbidie 51 i3 ol )9
ol e olalesdl 55 glaie cnl gl 0pS o
V S j0 4 jebjlen .ol ool pudaii (695,9 ;00 =+/)
Slars zoe 3l hges 5o CoeS nl Jlaie 35 cvmline (g o

U7 a5l e d Gl b eppizman S o Iy L5

VE 8 Lo Y 5,55 A FAY Situsl oslall§ed (g0 SIS0 (otihn



oo g ool (s plo durw

0l 9 Gl ps T Syl (RS (o)

Shom s ol laal (Job alle (331 L ol e
oles 5o 2015 4 £, aanin Jsbo (sl (siene )
Sluys oo oS 10 Gl Ol pmis a5 398 o ali>dle
KYIRY

Loslaye zoe 2wl (A amlie slp ol o
Vo S )0 gam dn g o 90 DI o sdae (L
oud sdaliv slay s zoe o ;o olilisdl Lad Ol s
Ao a5 ail allls dzx g el oals &l [v] LI
a5 jsboles ol Jloy (6395 ;0 Oldpolie b by pxie
S sloadlie poled wodoe ab>de S5 nl e
Slure g B S her 65 by oaladl
b oo Ll

107 T T T3
I=Ay 3
" — — — — =I0AY]
we Vo UNE!
1=30M54

o =40
e 1=50Ay

O T

=)

%

~ I
Sl

n

ST 555 53, A ol ol 19SS

8 [ L] T T L] | T T L} T l LJ T L} T 'I T T T T I T T T T i
£ —@ E

F - () ]
4= . (w'?) -
3f e
2f E
N — 3
0 Coov v Lo by v o by v o by gy g

o

5 10 15 20
z/Xo

n
w

Flo b las s zoe 5l Houe jo wlilazel Gl Ol s Vo S0
[¥] vio

VE 8 )loid V¥ 8,55 A FAY siawl oslallgss (59 g0 SIS (owdigeo

Sl gl el L Y Jgur
N, N, L, Ly M; Re Pr
YT Y Ymo MY Vo ¥

—

[

[

[

|

T

ay ~ |
BE=
il Lt

Ell

o

=N
=N
n
<
N
n

Q
(NS

6.5 7 75

v 5, alazdl Jsb abie S A S

3 ose 50 38 ConeS ol Jlade a5 09l o aa>do Toaze
_l fZ

0% i a1 G aglio 0 S o I inlEl (sl 2o
d ol 3L as 0,8 dasde sl co yuizmen il 5 Sz oS

odd &y 2l zae ) u? siles a5 v iy lade

b oo ol 15 5k asa
IR emyp e Sxanl (IS 58l 6oyl 1A IS 0
J5 @5l )L, sl e amline a5 jsb les el azd S
@il Slie Vol %‘0? 8, Lol Sletee
oo Lol ol oo l3l s zae 5l e o lalaxdl
Bl e zoe gy Cmpd a5 (Suidl 655 peuSle

YA~



OlKe g ool G pib durw

0l 9 Gl ps T Syl (RS (o)

L0 L

2
q{)
©

¥/

Finax
>

0

ol bl bl b b o bon b Lo

05 0 05 1 15 2 25 3 35 4 45 5

£ e 5551 4 ot 35l (AL (50 o 133 WY S

G131 bl (6531 or 3o 39 on 0altn 45 ol lon
5 Sy 393 e a4l =V zoe Jsb 0 5 wboe
S oo RelS 4 g9 p0 ke (ol

Jsb 4 e Sle cilizel (65, (e oY JSS o
sl lad (695,90 Sladl (Job b s a2z e
oSl Eady O 45 wmsoe ol UK ol o oud
5l e oo @8ly lays zoe 55, o5 Slolasdl oad
Sy g0 Ol iz s ool Slilizé] amsiie Job
WS god et g Sal ol lazd] Job bk 1581 L

0.5415

0.541

0.5395

<

0530 e bovn b o b Lol o b Lo
5 0 05 1 15 2 25 3 35 4 43

w

£ b & o 3Sle AL (5,1 0l5e e WY S

lalasd G J1-Y-Y-¥
& Bl Job elke (R8s S L i ol 59

AN

(g Sl S8 6labl s 4 cils ax g wob
Lol Ol 4 gmad Jlws conles Sl w3, o
Sl )0 Gt (RIS (Glke a ol bz
olbalecel Olsz g jWen, sae Flo sae L8 5l (oL >
Selus jo Glodes sl Wiy oo b> cawsVl
bl Glosgls plo ooz g b wled sbml (Sgdae L
or Oz g e e 50 0 )0e (hz G 9 se
o olalezél s a5 o5 abasde lgoe [V] ge jo ou
Gl Ve ojled JSC5 9 A 0jled JSC5 50 Slarpd mae 250
Jhan s Ole 4 esee ol | oYL S
Slurd goe 9 Shgdie Gl (S, edes Clhiogas
sl o allie slal 31 s

2 hase P el il Sl V) SO
1045 ek les el ools &l | daseine Job Ol ki conm
(a5) U3 salesel (655 Coms g0 ali>dla JS5 ol
SR L atlige 9oy 5l 555 o)lsen (42) g50 o
S5 Sl 03955 o (D) o3lazdl Jsb ol
G b wboe (205 (2) zoe w5 (gh) S8 suled!
b ooleie GRIBIL G g dwp 093 Jladle (n S
5 g0 Rl & 500 S Gl (ool

30 el oolizel 655 cons logad VY USS o
(D) plazdl Jsbo ooy g2 551 &2 Gl

Jsb ;0 mpeuidle colacel g5, cwl oals ools lis
sl 00 Sl g po 65531 Olgie 4 I = Ay aasin

7 BT T I T

9,4,

Ls B bl b b b e oo d

05 0 05 1 15 2 25 3 35 4 45 5

> gge ) dm g 8 (LA (655 S logei 1) S5
clalezel Jsb obie

VE 8 Lo Y 5,55 A FAY Situsl oslall§ed (g0 SIS0 (otihn



OlKe g ool G pib durw

0l 9 Gl ps T Syl (RS (o)

L5 slaye zoe 5l om 9 8 (655 o 058 0 Ll
oanlie 8 mls b awslie o b oo (ilblo ulidl
Hesle gy 65,108 I il olalecel Gul aS sed o0

Al oo dazin Job b aslio jo laas
S am 5 (05) Jd (S2asT 6551 Coms Jaged VY US40
ools ylas (63459 yo (0) Lwles! 65,5 cons p (g2 zse
3 J..j ‘_g')"‘J.Il Cnsd ég....a‘_,’_a odsliv a5 )919 QLQ& el 00
g S p 395 ke (e84 B sl oo GRS il zge 5l am
cde a8 o Gl 4 g n 0 a8l Lbjlade cpl e
ol Jlesl s a8 s o plels alecel e
g oy poade sl oY 655l Dl (63955 o (sattive

10" E \ \ — 3

E =01 3

2L — — — — =02

10 ? — == =03 é

F =04 7
10" ————0=05 o

E — - o=06 3

10" ]
s N\ AT 7

o, 107 & NN, ]
R4 F //L \\ \ E|
6 AN \ 3
10 AR 3

F [ \ N\ 3
e P T o
B VT E

10 _ _ _ _ _ - 2
107 E

E ‘ ‘ El

6 6.5 7 7.5

Seasl 6500 9, Lolacel o550 J1F sl

LT o

2
b
o

7/

;
5

T T T I N A A A
0.5 0.6

)
G i
ST

ol
o

(o)
e 2 e 3 an g B (FaT (5] S Jlgei VY S
Slolacel 5,1

VE 8 )loid V¥ 8,55 A FAY siawl oslallgss (59 g0 SIS (owdigeo

orn (@) Gzl g3 Gl L= 304y ol
L ocal ool osls olas VE SS o a5 jsbijles 09 0
e Lo waen, VIR, W [ I ARKCRA R R
Slys o p Gebie & 5 e Sl Gl OB ailess
DS oo petd by gLl jo all e
R vlzi";m-”‘-"' &35y 0 Sl 5b 5 V0 JSs e
didon lade F My a8 5 5 aaxde (e o Sl 00
lam ool olalicel aasin Job Gioldl L caesS o
slab>de LB 4k 4.,?)\4.5‘ ‘?b awlio 0 WS

il S sS

107 T \ T3
F — =01 7
C — = — - 0c=02 7]
L ———= 6=03 ]

, c=04
107 ———- =057
E ———es - 6=06 7
r N, ]
L ’j/;(/ N ]

£an A
| :10*‘; (\ \ \ \"\ =
F S U R E
| . \ . |
O _ Vo \\‘; ———————————— —..1
777777 \ \,\ e |
W E " T - S T T T T T -]
10° El
E | | E
6 6.5 7 7.5
X
2 Hlasel x5 H .
U gy, oolandl g3l S Sl

10° T T T T T T T T T
C —— =011
r - — = - 0c=02 7
L - c=03 ]

=04
[ ———= =05 |
LT e - 6=06 |

TN T~
A I

I e e
=~ L ’7”\ T~ =
r N —— ]
E- 7 ——1
10° 1= =
T N T T ST R R AR R
6 6.5 7 7.5 8.5

X

on Oy Saisl JS 555 69,0 S1NF USs e
el Lo,i (65,0 anin Slade 6 Liuldl b ol a3 )5 )13

obyz sl ;00 GRlBIL 58 Gl s goe G wileo

YAY



OlKe g ool G pib durw

0l 9 Gl ps T Syl (RS (o)

P35 4 ye Frie slp ooy Oyl 3 Lozl
Obgs Og (S13 gy »0 e fle i pd
(m/s) bugn Sgo sy

(M/5) gz yo S0 C pos

(/7Kg K) cob)ladjansg slo S oy
J abis jo f Al anls

j ki s f ol

Jakaii > f &l pgs i

Jokw ad j +1/2 )5 goue L

/= syl 4520

5 St Slaike i g a4 S g x :dx/ds
h(s) g=2e

h(s) Eie (regs

(M) 240 o0e

(M) outs 2ol zge sae

(M) (5355 wlalecsl Jsb ol
(N/m?) jLzd

(N m) Seadl stz 5 oo ol iy
(N-m) el cqz o oS L

sl Gl e oy

J/K) o951

(8) ob;

(M/s) pli cuz )0 Sy Slilwgs

x,y (m/s) slcgs o ey

(m) pli gz ,o S Slake

(N-m) Js 5,

OYoleo ;o colaiul slp az e Job wlis
(m) ]

x,y (M) ol ,o Jsb als

Sl paz g0 cewd YU Flo sue bavgis

X,y Sl o bl sl

(J/kg-K) ;5 oy cubs

&z jeh sue

(K) ¢ cslos

(m/s) pli cgz 5o bawgio oy

(/) sy Lol ol 5 s o

YAY

Slys g p Grbie o5 Suadl ol anin e
ools Hlas VA USS jo a5 wib oo ¥l O asliél Lol
clalizzl @il Gl b a5 spd e disde ool oud
WS oo &S5 0l Cewd il S 4 Gla S Ee e
e o] a5 a4y 609y o wlslemdl cad Gl b
St Seb 5w oe g Gl Seb ) e Sy
Sgdise s & fil S yd S Glare b Gkl

L B R B o B e e B

0.575
0.57

0.565

0.545

0.54

0.535

ST

(e}
&z Jsb & poujSle (Suasl (6551 OIS e VA JSB
lolece! 6550 e p

Sy azs -F

L ogaw g0 cdl> jo S gl pol OVoleo Gudow ol 4o
Sz 5o) Ui A e Hlugl e (SIS glags; sl eolail
Lo slse Sz )0) G Az ooy g (Glapd oo » dges
g aasin Job b colizel 609)5 ol J> (Slaye z5e
Cadirmly 30 01 89y Slure gae Hl 5 adg Oslite 655
T Sy el Glz Fl prmres ol ssslie (>
Job Gl L ol csalie (85 13w n 950 Slrs
goe 5l om g B (Sl o3 e oaland] aatis
O 9 Sy 393 SSTas a4 Ul oo il 8l ol glay o
SiA RIFIL s (J o S e a5 @ g5, 55
Jdsb ol sl Gl cons (nl 609y olalazél
2 el r-’l%s’ Sol Jme 59, 809)5 Slilicél aasine
4 Sed Jow g3 lalazdl 550 GulB L & J
WS g0 S8 Gl S Gl Seos

Jj‘ 4-:‘)'“ d""*"" Lﬁ‘)‘.’ °'b Q)L:.C )° Lb)"'a‘)b all a2 1a3

VE 8 Lo Y 5,55 A FAY Situsl oslall§ed (g0 SIS0 (otihn



oo g ool (s plo durw

0l 9 Gl ps T Syl (RS (o)

[8] Hussani M.Y. Collier F., Bushnell D.M.,
“Turbulence alteration due to shock motion”,
Turbulent Shear Layer/Shock Wave Interactions,
Berlin, Springer, 1986.

[9] Meadows K.R., Kumar A.Hussaini M.Y.,
“Computational study of the interaction between a
vortex and a shock wave”, AIAA Journal, Vol. 29,
1991, pp. 174-179.

[10]Rotman D., “Shock wave effects on a turbulence
flow”, Physics of Fluids A-Fluid Dynamics, Vol.
3,1991, pp. 1792-1806.

[I1]Lee S., Lele S.K., Moin P., “Direct numerical
simulation and analysis of shock turbulence
interaction”, AIAA Paper, No. 91-0523, 1991.

[12]Sinha K., Mahesh K., Candler G.V., “Modeling
shock  unsteadiness in  shock  turbulence
interaction”, Physics of Fluids, Vol. 15, No. 8,
2003.

[13]1Shu C.-W.,Osher S., “Efficient implementation of
essentially non-oscillatory shock-capturing
schemes”, Journal of Computational Physics, Vol.
77, 1988, pp. 439-471.

[14]Shu C.-W., Osher S., “Efficient implementation of
essentially non-oscillatory shock-capturing
schemes 117, Journal of Computational Physics,
Vol. 83, 1989,pp. 32-78.

[15]Shu C.-W., Erlebasher G., Zang T.A., Whitaker
D.,Osher S., “High order ENO schemes applied to
tow- and three- dimensional compressible flow”,
NASA CP 187562, Also ICASE Report No. 91-38,
1991.

[16]Shu C.-W., “Numerical experiments on the
accuracy of ENO and modified ENO schemes”,
Journal of Scientific Computing, Vol. 5, 1990, pp.
127-149.

[17]Lele S.K., “Compact finite difference schemes with
spectral-like resolution”, Journal of Computational
Physics, Vol.103, 1992b, pp. 16-42.

[18]1Wary A.A., “Very low storage time-advancement
schemes”, Internal Report, Moffett Field, CA,
NASA-Ames Research Center, 1986.

[19] Taylor G. 1., Green A. E., “Mechanism of the
Production of Small Eddies from Large Ones”,
Proceedings of The Royal Society of London Series
A-Mathematical and Physical Sciences, Vol. 158,
1937, pp. 499-521.

[20]Chorin A. J., “Numerical solution of the Navier-
Stokes equations”, Mathematical & Computational
Applications, Vol. 22, 1968, pp.745-762.

[21]Kim j.,Moin P., “Application of fractional-step
method to  incompressible  Navier-Stokes
equations”, Journal of Computational Physics, Vol.
59, 1985, pp. 308-323.

[22]Fathali M, Lessani B, “Synthetic time-dependent
turbulent inflow generation with prescribed length
and time scales”, European Journal of Mechanics
B-Fluids, Under Review.

VE 8 )loid V¥ 8,55 A FAY siawl oslallgss (59 g0 SIS (owdigeo

[1]

(2]

[3]

[4]

[5]

[6]

[7]

(Slg e

o053 (ple,S Lo 14

(N/5 M%) ar o (Soolips 4255 Ko
(M?/5) Sslorom 42555y %
(kg/m?) J&= p

(N-m) 34,9 wloleze! g5, o

() b o5 At

B gin ) 9 L gl

Jloy 6

o2 gz 5 Sloj bamsgia O

Mg O

HF-YEF-

¢ gy d Sl sae CFL

s (5338 (55l DNS

Obess Os SIS s, ENO

Ol yass Eg0me caims rals TVD

&l -#

Lele S.K. Larsson J.,, “Shock-turbulence

interaction: what we know and what we can learn
from peta-scale simulations”, Journal of Physics
Conference Series, Vol. 180, No. 012032, 2009.
Mahesh K., Moin P.,Lele K., “The interaction of a
shock wave with a turbulence shear flow”,
ReportTF-69,  Department  of  Mechanical
Engineering, CA, Stanford, Stanford University,
1996.

Lee S., Lele S.K., Moin P., “Interaction of isotropic
turbulence with a shock wave”, Report TF-52,
Department of Mechanical Engineering, CA,
Stanford, Stanford University, 1992.

Lee S., Lele S.K., Moin P., “Interaction of isotropic
turbulence with a strong shock wave”, AI4A4 Paper,
No0.94-0311, 1994.

Hannappel R., Friedrich R., “On the interaction of
wave-likedisturbulence with shocks-two
idealizations of the shock/turbulence interaction
problem”, Acta Mechanica, Vol. 4, 1994a, pp. 69-
77.

Zang T.A., Hussaini M.Y., Bushnell D.M.,
“Numerical computations of  turbulence
amplification in shock-wave interactions”, AIAA
journal, Vol. 22, 1984, pp. 13-21.

Mahesh K., Lee S., Lele S.K., Moin P., “The
interaction of an isotropic field of acoustic wave
with a shock wave”, Journal of Fluid Mechanics,
Vol. 300, 1995, pp.383-407.

YAY



