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Chapter 1

Il ntroducti on

1 Purpose wf the Stud

Shock -bwawneary | ayer i nteractions (SWBLI) a
phenomena dadbnbeheedasidgn of supersonic and hy
ubi quitousfyowkRretddnt hbeai rbcordayf tj,u nscutciho nass, weil
corners and defl ected control sur f atchees ,v eahnidc | ce
component . I n some cases, the increase in acc
|l ead t o et lod fsdairluwct Jyrld sTai aovee sthioeg tddti rmement al
one easy solution without fully wunderstandi ng
components by using more materials and put a t

this met hocdc oinsp | hiasrhd dtuoe a&a o both cost and wei g

aerospace industry to discover the und-erl yin
boundary | ayer interactions so that itmiemideéaddt ¢
Theirextensive research about SWBLI, whi ch can
turbulent interactions according to the state
of SWBLIiBesvaedhon eiuhemt|l amiteamacodoi ongsr b or

1



the previous studies, | aminar interactions ha
simul ations have been empl psyuwecdht haes maldi amad e a ¢t d
effects Theryewelarch abowusohamhh a eetqeud tle nbara bunm ne
reactisfi@] fSlionwe e itsumrsbtud eedhyc,e anvdempecphaleawstu stl h e ¢
reason of this unsteadiness over sever al deca
is difficult to characterize and predict. Ma n
describe turbulencavehdrmhactre nSmtuimesni tlad ti sthimery
still cannot provide an absolutely accurate r
very active arpuwr poditstei ss ¢ dnresh .s Tlse t o use CFD

Sshocakwvlewundary | ayer interactions process 1in

turbul ent i nteracgand sl isiftsacduisicshetr et méeur bul e

numeri cal simul ati ons, and facilitate future

1. 2hock-TWavweBloeemtdary Layer I nteraction

The interaction of a shock wanvee amrcdu rar etnucreb ui
t he super &folniiAgsh tavisausas! @iiye d 1A9N3 % n i vor d-telirtibe refer e
to thidngegsxakcplidme ior e rst ipvhee n o me ni® & cohvaésd b e e n
yesars the fidisscotdepygoplfehei nThbeat t sacrihces
boundarayn d sawipeer rfslgew ch hseso c ki wt & ecaacnt iboen a speci a

ar S3/Blall ways forms at the | ocation of compl ex



wi nfgusel age jThrectei ameas usual l y sexperrisd ncses edse t
pressenMcedgdsiave transfer, and tdled meep abateifdine cad fs
supersonapgp dilre gthhte d e v el o pamernctr aofdtcdseu gpeeyrpsea nsiocn i
15 The componhent KXd|Foums etllsaey eb ur niendp ibnyg i atnfp a$ h o c k
caushe engine to s ewpraitrbgeiegiffeccndyi Nlee t glsane l t 1 s
a hol e woultdh rhaaunteh sbeul ravgesd e h @ & dX-1t3 6 a | | apart in
[ 6] The offsohpoiccks waves and nb e umadhaa wen | beggoea sea n t
t hr ou g looonutti ntuhoeu s f pstrultpgerressosni ¢ ai rcr aft

The stwady edehere is a numer i dadn sumsuwiapti ofni n
unswept fin is placed in a Mach 2 fHeorwe iwh,i cthh e
i nt er actiinagn btalsgep @ii s otiblp eefcd 9 @AIrchg bt h@ue shock :
the interaction Tihee sSweptmiptheewms thnrselaenaadi ng edge
orthogonal to the surfRagk. dJgofapbhhealtlegsttdesmarntsd
characteristics of the fin and oiurst ertadtyi cam.ut
Wawvleur bul ent Boundary Layertdanhirpifhire i omeaiss nmgce
flow is at Mach 2, anAbButchoembfiiia tsid@pmltganea Mo o baltit o

shock wave at a wavA tamgl espéctappooxhenatt eed 5s 1



Inception Region

\Attachment Line

Upstream : .
P Separation Line

Influence Line

Figure 1. 1: DGemgeraantledd FIVMBY Fii @ | d

Aashaped isgs rfucthme @ rtyertacti on bet ween the sh
| ayer on tfhleo d.re.silt$ 2sfgekcatcikd m ubedti uargef lmeh-s hock has a|
upper shocikntgpot he s p acmrdeséctyi eddl hsedBmookad lgdlee odfr esenc e
the shock hwawhpemes sur éegudadéppait doatei on of atshe boi
showarecircul atni.dnlgré& gad dofioldehfel o wc ulryr edddhhear at ed
regresultthe ismparwawhioh s&otke ups/tseamiifpemrd. or
separation shock turns some of the flow upwa
encounters the horizont al f | oftwr ib e [foéj mpl owtritec hi n v

thirdapmearksal i gn |} &Tehitswot hfilrodw swatsek ebro tst hoort kIl e g
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/ structruertebes redheskseplr ati on shock and this
of semardBhoaw.i 3 lairree gener at ed bhye ifnltoem abcethiionnds t
shock and t h[e9Ail nvMhiossgihd as mocsk atlruct urlee (detgali, |
l ength scal e, unsteadiness, acoosgeomandy t &ed
incoming flow properti es, Adtdh et jgoeanaecrb&lda smigra ut cot u
eb[] 1,lhe pi @s slesmasdeidorhgee p aroat itoho dd owot moalley on

geometeaiyt hfeorr | ami n-Br i at e.fld ¢ifs i eteet ro@2tb £ iNn @ Me n o n

enl strhpee e ssseupraer at adomer eginder lgeemfohy bl unt fin

Main Shock Wave

—
——
——

i
e

Incoming Flow
__—_)

Figurei dgeambDiSdoRk uctur e



Whi | e SWBlmbergeu a2sh st ructur es, WBe | | 2mge® uméa eo e
superasiorncercaef tisnherently 3D. The | aWRJlels th gso rhte eor
concentrate@Domnt Beaqgtuiasns . Wh-R De i hihoenrsa ditrsu ca
significant portion of tWRLIn,ectelses afrac tk ntohwd te dag

t he commonl| yWRic oaurnd eirrelderSent |l y 3D shoul d enc«

interactions. The enti r-2Dbyi otferpactti ares elaa < hp ri ¢
knowl edge for progress in 3D sdiumd ressi.o rHalweivretre
has a few other i mpowh&ng. c Tda@aidnha mrsdis bonudal | as

fl awoundrukéi omst but on the centerl iGmesurnfhaeae.
The fl ow along the centerline that 1 s process
but the flow that travels just merewotbhkse qamids |
remains pupprecsdrsaeapderSMBE Upetis 6insi cpr o duecaedds and
textr eeamglhy val ue of pressumgpi amge srhoesadts phearcef e
[ 1.3Wway from the cantmemlsiime ad h etndeeptamedmde n 1 s ¢
swept downstream, causing curvature in -the se
rotating hoceeshmeedora[tlell ]yandlowrmset rneuamber of t |
decr easecsr emistimgddReyad]l dhemumpetrream edge of t
demar cates thieorprdi,irﬂgat{d[rﬂ]s@]p\laortaet t hat this does
correspond to the farthest upstream extent of

heati ng can oectceurrs suepvsetreatl[almiodfmes d pac at i on wher



devi ati on

from

undi sturb

ed values

occurs

s t

ClassificatWBlnls hawe sbweerti Ip ¢ vb yo uSd ty{ &g cand

The major
c | saisf i
infinite

c

as ginffii md ttisecenmdn @a rméo nee miand niwi hhi e

@aatsiudbrdi vi si on exi s

ts bet ween

di

mens i

ona

interaWBlilonsnrewhechtohe hebBeclk gener :

increases in the generator di medresiacns owo ulOd en
of these i sgeamnerMBdende pI nf t me case of a suffici
the fin'"s | ength or height WBodllldhroeate minHfamge et !
interaction is one in which a change in the s
the interaction properties, such as small pr o
increasMBd, thh«keS a very different structure a

Di mensi onal int@wBhtctiaonsshacbh thesseh8ck gene
scale on the interaction. I n contrast to dir
genators cause a significant scaling of the ir
such as the fin |l ength do not matter to the
compression, and it does nath ldveda hany i oo nwhii e
compression. Although there is an inception z
correspond to any dimension of the fin itself
height, etchangesuht shencuauaovature of the ince
results in a particular curvature of the inte



fin's |l eading edge. An increase | nvatthuirse doifa me

interaction, and this | ength scaling is what

FEgure 1.3: The St r uchteu rSeWBoLfl i bBebbuunl eedndcbel i wi t |

1.3 Computational Fluid Dynamics
Computational Fluid Dynamics (CFD) is the n
and other related phenomena. By using a set

model i ng andf Isdwufleatinrge tehleouCFbomptl @exyygdame tar

application in many d&iercdhersallgong iicnala efrioenladust iscusc, h
automobile design, jet and ther mal flow in er
product . CFD met hodtol digsyc rheatsi zmaatniyo nd i af pf perroeanc h e ¢

but they share the s amer obcaessisci npgr, o didipEn y e @ rdutrri
8



mo diedevel opeadmuwst elrg saigheadpt@iséd) f aces and vol ume
are defjnehe &Neaa of iIinterest is subdivided ir

The mesh may bweniufnarfrm,r nms torru mtonr ed or unstruct u

of hexahedral, tetrahedral, pri $matrti adefpnr amy
boundary conditions, the discreti zasd egaodvye rsntiant:
tamnsteady state. Finally, a postprocetssor i s
visualize a compflledave tdlrerscuglpddutont bod ddmai n.

Over the past f eSvt adkesadecguyattihcensNavwhirch ar e
for viscohavél bawent oompupatriadeal | hl ui.Als dtylmea mi
governing e¢gluiart @ alrn sP iafrtee mneonnt i a | Equations (PDE
di fficult t a hocehsHosve vidhme mousnie radd d le r meat hsand svieb i | i
the PD&walsiodd uti on.-StThle®&Nsawni ere di screti zed al
algebraic equations that relate the velocity,
t heysoalrveed iteratively wuntil the solution is
CFD can kedctahbst pot e Vol umet Wmenhod MEFYMEN FEM) ,
antdhFei ni t e Di fference Method (FDM). The finite
for most aerodynamic flows, as it hapean addwar
for high Reynolds number tur bul entc ofnibounwsst i aomd)
[ 20he finite el ement met hodls (nkreEdV) a n isciss saadadloys |

applicable to fluids. Although FEM reqwames s



benuch more st abl e atphparno atchbee rftianiinf &l yrdad wrengett dnred e
compared wi trhegaVMMyerFFEMne mooc ygtas@ fiTTihenme e di ffer
met hot)[(2F3Dt | leimbeesdded boundari et oorr esvéwvlkeamEmin
geometry with high[ 2a4]curacy and efficiency

The ngoesnte r a | form of ,paveéer adithhoggmrlewu@aodn anesd
computational f | huai sd bdeyenna ma xcls.rwi sCsheDdp pipr ofpq i at e
condi[thilons

LQ + FO F'P® in=,t C (1.1)

wheer epresents BtamtBéavarcabVvestive and viscou

andGis a gener al source term.
er g e ru 2} e 0 2}
é u é u é u
érul U . eriLIJ_+ P q l:l B e ZL|1 l;l
Q=¢éru, 0 F° 2 yu+P gy R’ g ti, 3 i E2, (1.2
é u é u
&'Us eM%"'PigU e lis u
ErE H g€ wmh H Q0+ 4G WY

Il n dtheve equeatpresentvy sdenusatyg, the fIlsowf- xompo
moment-mome yt ummoamechtam, rrEspéetrisveloy the f 1l ux
Preftetrtse stat'ai'jcrepfteeri;seurKe,oneckerhrdeeftebrasefﬂhui'dc
speci ficCemathaarhpy,speci ficcbeat amtap prceeftepusrae,
temperature which is deéetvemmibRfedR ifs otmhe deeme c igfai

constamfjtis drme viscous stress which can be exp

wIinN

a -
L, = @gewj TYU ij'd u (13

10



whevleis the sum of dynamic anidTlra ddyrvamicosvity

is calcul atéd |[amw Suwmtdhdarhleamedldy viscosity i s cCé

The Yiosabtsigiyves as foll ow

My = gy + 7

* 14
whePganliae dynamic and turbulent Prandtl|l numb

By solving the governing equations of the f
about fl ow pr opeprrteisessn dseu cehmpes adaimr i tdy,stri buti
met hodsemamedibfei tead e tianpptllriypeddi t i oma$ elawsil ey na m
i many different fields of iheaeesetbeganifolheindwae
dynasmitody f orbuatts vavelrtyi mes daarrécahr bul ent f |l ows a
of fl| awi ghsbrder which is omnipresent and cru
but requirescf irMmipdeeolvse mecmtdescr i bAd tthibaligrh dNReavt o
flui g edoenisn ardii dayé wt oni an fl ows are also topi

fl®dcdmpl ex rheolgogwnt pbyopérfeiceés t heCFrDe saunlatliynsg s

become an i mportant part of the engineering d
per f oronia nncoev e | designs or processes before ma
CFD shows a great role in shortening the inve

from being too GGnkpenetherahdndj sE&®dFt agesd, hasctk

the rekcompoaéati onal pomteirghlay dr @ fhiene k| measnkes ot

11



and convergence. Although computers have becoi
refined volumetric me-$ hegs socw uglud tnea kl ea rtghee aGRD
can take months to finish. Despite these | i mi

aerospace industry today.

1. 4g@nization of the Study

I n order to establ i shnaal yfsoiusn doaft itounr bfuolre ntchee p
Chapter 8thetcomdpwteati onal scheme of the fIl ui
average-8t dlees eevpu a&thi mamre det acloeadebotvhive fben
conservaariebowleadr my a di scussion of the turbul
appr oatcthri feanrann  p rtohIEN@h i agnbde dvearr | raedbd een s tar @ct i or
pr es.elnhteednumeri cal scheme for spati al and terl
equamns based on a finite volume method is pr
equations are also discussed.

I n Ch3aptbe detail s of ,wthh e hplwed idoyanle deex pledrvi amecr
FI ow Diagnostics Laboirwawaemnsiyt Yy AF@i & c e a iy etchi  alt
condsottingen per soni ¢ wi nd phbwgeckicrad mscti btdetsy asmedt i b
and experimantaalkhiced idj@eq tgme rdgVv @go iz atgoe pr ovi de Ma

2 famwmadhienpl ement ati ondiofmecosimphapbegesaemeedy

12



CFD precessing is fulldryd dChEaplideere ¢priorc ¢@hea gtoe rc
vol ume sdroifvand | iosvekd byal pmagdamipinfal yzi g fsevemal
parambBerglhaes. humeri cal P hbeocaunmedtaerrys csoentduipt,i ons, ar
details are introduced.

The SWBLI phenomenon and superasdans cuddedv. ble
results of diffearceatcotmpdbueéctnwieticl os@ressul ts
so t haaptp |tidéceavbi Ireo n méleit miatnadt i ons of turbul ence m
noombstsauwcrlreocmadiengs devel oped t o isthuonwn elh en udmefrfie
Si mun agnd free stream numerical simulation.

The | ast chapteholsaa mapuesesand hd hestfouthueg e ¢

investigated about both SWBLI and turbulence

13



Chapter 2

Numer i cal Scheme
I n this obmptecal theheme is introd8tcekled or
equations. This chapter outlines the Tenasi urt

on governing equédthicombultiomee henmdevlis h Additic
mat hemati cal fluxes, along with discretizatic

di scussed.

2.1 Flow Solver

Th&enasi tumedr d6tow sol ver was introduced b
Computational Emegi Weewviemgi ty o¢nidsnnoaessrsteer, e dC,h ;
FVM schement hartpluse @t imed b8 o deglad memutl tunstructur
conducting their parallel comput @ i greasle fTleonva s
systlemsompr[e2sisin dbd mpr essCapedr2i6mdhaces si bl e, Arb
Mach NO@héand Comprsepedibdse. Muhe icurrent resea
Arbitrary MAMM))eNUu Mmeeptl Gpertss mvar vabl e formul ati o

t hgegover ni ng equatthe nfsMBN wWesaynswthe nh edbleows etdh & os o f
14



that range from | owd&r Ot @Whsbhei eoff Moovehi, o Tmhars i
solutions to hybrid | ar ge-aevced ya gxiSmeNtaavii iecdRAN & E
in a bidloodoktua bun pxcwi.des users more than t
framewoirksl nodengquabledifolnmaSpas m@d&Slcal MedAdapt i ve
model , & MeSmteearr StrelgsykMo delsp oWt |l d &5-vytMoa e¢ qu at
sever al version of Launder &hdmdl&symcolSdnag®ti
model . For dashecemparasdbnwi,th other f| owdsol ver

vari étwyidf fl osw simul ati on

2.2 Governing Equation of Fluid Dynamics

I n computational fluid dynamics, RiveeatgeNum
Navier Stokdst(aRRAMIY)e, Eaddy DIIEBY| atrieonhriee maj o
of approadhugdfud seendd fdrow simul ation. D[R28¢t Nu
i ssed numerically si mul-sattek et heeq utarta nosnidemi¢ n otf h
turbul ence modal ghwWigrkisdose giend r s dheem t it roe rreasmd e
spatial scales together wh®NSt enmgdelt ahisglhéalyesv
present computational power , recent -Ssttoukdeise s
equations by modeling a ipnéaghtei aremafi nt agbudl @®nc
al gorithm.

The turbulence in umnschaesaey ef eadwdiies ft hamed i I3y

15



mean flow in the form of heat, and turbulent
Thti me odcalhee hs mal If etsutg baun ceynset hantfhhdhagpest edd
structure within f1l| ow. This phenomenon is ter
al gori tdhffti miss tentire spectrum of turbul ence. T
Di,shoul d be smalhteelrl cogmpédureat it @amldaf gehet hangeh
range ok wtohret esximbeedltl i NnM@uki ggeree seottivieélee s mal | er
s cal e aendodd eelse d .

Applying an atver talgeS thgkersa tddgounatcihemds . Eddy Si mi
(DES) Lamgle Eddy Si maB@tsiddawvsy e( LskcSa)l es eddi es t
associ amoende nwiutmh and @&@h®8ulbgScablansmbdeetlhDCESG&ndi n
LES apgpgemphdyed epmas$ é€pdddsiceasl et hat Dae dtheenr e s ¢
capacity of r-ecalei hghkhee @& ,genodel penfor ms
separ at ed wfhleommw croenpiacresd t o NRANS hedlestsi, otdhde near
DES BBS nsadred stri ct edyoam dt dgeai eneefniegnrtr d s simakchuse
|l engdt &l a9 men e atl reiss Srt digeke® naBE mpd ®@has dbut i on t ¢
the d@aalge eddi es and al s catbhdeeyl sc @ qugibdidersasic e |
computati onaldt po WalSt holwoengoiegr @ hem tseidmul ating hi g
number|[ 3.0 ows

Appl gi hgl t er i awh opliene euspsoafl @nmhien a rSt de&kwisegequ at i

provi Reyntalves age-8t dllaees eequajtI. D]MBRANRANS)del s a

16



turbul ent scahesNsS adwmi®@BEBREVSe ngpadlhi s model ing
significantly decl i nefBurctomeprumaortea ,o nRANS emrua viedn
mean fl ow that Sshows ednotecrt eqcuwinrsee qaeerrcag ianngd
velocity in st ddaodvwe vielrow RAINBuU Imdtdiedtnud daid emadt Srce
and t her efwoerlrel tplee fmeaws olmas Ibluitmi t ati ons i n sep:
as the iinFogtmahytolae pRAwNGgR gi ng[ P.2pTlidurtehesi s
throw emphasiWavend Bo-hay&@hgthWBLAcamdns der soni
that behavesThe matesitt gpectt itome fl ow field is

SGS modeling is needed for smal/l portions of

2. 2. 1dmeyrmralge-8t lees eequati ons (RANS)
As retga@ahes Cartessant hceooprdaocoanci t-diomens iunmsdle
Reynakveées age-8t dlee@s esyst e[nBg§3jdhat qwer endie vaglpd p ed

i n AMNeegame desfined a

. .= EF
MG medV + i oA —uﬁgdﬁ (2.1)
whe#veepretsh@mttesrnal pointing unit nkW.r nfahle vaebcotvoel

equaprieostenneb-eonser vati veStfookrgms aotfi oNasv.i efrhe vecto

variables is presented as

17



é
éu
Q=ev (2.2)
é
éW
gP
Theomponents af Wwkeéliagi gcasdeopsasse@dd vectors
e rQ
g ruQ +& P
FGr € rvQ +fP (2.3)
e o
é rwQ +ig P
ge +abP Q -aabP
e0
é
e &
L GF € Y (2.4)
.
gQ,
Y. B B
Yy :'%[yx Fy{w ?zy{ (2.5
Yz =IE!ZX 'Ey%/ E-zwzé .
Q=uY ¥ ¥ w, A YRg Baq Bq
wh e raeg 1,b=M7?; u, v, amnidndi cates the Cartesian velo

Y, aznadx i s , rerspaaotdibiﬁ/i,e@ryandﬁ,hat represent the ¢
t hneor mali zed contr @ r evporistdentt ececvegtoor mal t o
face:

Q=hu v Bw 3 (26)
wheaendicates :the grid speed

a={vE V& V&) 27

and the wedtorcolt yvwlfume face has been descri bec
18



V.=V,E v, F vk (2.8)
Theef erengthLgst(he referencer,yalvelbbpofaneasi $ yo
(m) are introduced to normalize the variables
number coul d Reer @i/pm e Meadhwdhs | e, pressure norm
t he heUPpamd t he eatueath eocno mes st

P=rT/ M° (2.9)
wheTe aoathi mendieanpaelrMEUrr&|j ndi cates the referenc
and,a/gRﬁis the reference stpeepenfitelrmdwppas,s Aenr e
the reference BrCh.Bepydeées dbak, ashe particul a
exprasxs=€dC, and the EckardtEnaumhey JM>. describ

The stressEq. peebpdaesdenned

o}

U U,
t,=( m, L 3] (21D
¢ M
whewme epresents they,Maelhewws!| arddwi svciossciotstj t y, C C

denotes the Reynolds stresses.

The Jacobian regarding the chamge to the pri

¢l 0 0 0 0
cu r 0 0 0

M=év 0 r 0 O 11
cew 0 0 r 0

gy abmu ab v ab w b
Wher‘:e(uzww2 wz)/2. The preconids tdefnii megd mag r i x

G =diag(1,1,11p) (21 p
19



Whe/J:emin(Mrz,l). Nevertheless, the preconditioning
the flux for thispsitudy, implying the term
The Tenasinogtae nvtebr¥ Bldss cah e mea nt hianspd Ui saepsp It ioe d

gener adl emuenrstt r uct urMéndisgritdhe governing equatio

N=G R O (2.1 B
wher e
T:§|’deV 2.1 %
R:r’j%E Fleﬁ” 8*1@A (215
Rand@dis the spatial components and tNhe tempor a

2.3 Turbulence Modeling

Tur bul ence c| os ugroev eirsmiesgsiemn s apr d Denttdc i n t
sectSpoan.ar[t3 ettt aflor ward t he Detached Eddy Si mu
bet ween BLE® dend, which are devel orpeefdi menmd rhte

Nonet hel esshoWwESt svaalayd v ba@tfteacdhed bBoundarsy mka
situdaBiB8dhs aeoderectot hiSpappheifemwlItehpee dDel ayed D
( DDES) trhhmddisthe ori gi ntad ¢ elmddleszclad et val ue U
grid I ength ahddiftlieowniafi e ath as e sraoptipersesafecnund i n
|l itemTadaewlrmadal e, drevcceloped by N[i4hpi boaadasdgNeldsober

scadsswel | as t urthoulden3iGrBeemdgttehl Wketadwakfe4 2 h d
20



Mentse ST 3KLlir bas |l moackeel exampl es of two such mode

CFD solver s

2. 3.1 RKVNiw Moodxe I

I n thitshdst ady, t wk-wqoaeli ohagplbidd@di ke al | e d
Vi scosi theomedelap,plti es the Bossiness approxi ma
Two di fferent equations rlk)l aatse dwetlol tausr btuul rebnucl ee

(w)yareemp | dwedeavteel oci ty scale together with | en¢

1
Vi scobwdlyocity scale here ks ame the bktdmeaqtth ks o

The modkedl ouvs ememtuiad Mekdpbs cal cul ating thtg mol ec

along with calcul adtiroes =xft esmpecr,fic Reynol ds

t, =28 1%
rﬁ.‘:zt_]-g kg 1y
- 1
SJ- =3 E%C{ 21 B
Y R 2 pq¥ 9K oy

W7 = 855 - 5(80F g (PD) (219
,,7:’_; 22D

: /2__f J
w= maxlF wG, % | 221

f !
. 227
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whermreand denote mean density andi anmgr bapeasentk

. . . 18y pu
mol ecul ar vi s c o scotregpordingly ey (ﬂmaé%j—'aﬁl—wty,s t he
o

conventi onarlatnee athednsstoorgé % t he Wri enspghdeeir f ide | t at,
di ssi Gatindncatebki mhee mtnsbedepigt hs anotdwerl b wll eorsaue
coefficsenobmménded|[ DHh aWNiC @ gi vbeest & £tri noaft i on
shosxé&«parated flows up to Mach 3.

The turbul enclk Kiomgettih;erensrtdayr,di go v pathheedn by

foll owing equations
T _a rk &5
amrkcnz+ Ak @A _gaﬁ i ID%(@\V@S;W brk v (22 3

ﬁtﬁr v+ fir @A = %ﬁ n%iﬁ ‘giv'a%d/o
H N 22 ¥

+v8a Vs, brw, —sER el o+ w,

Oy e

where t hemddiglbudlemmxswere coefficients

B VO (22 %
_1+85¢,,
1+100c

w

b= pf;  &0.0708 f,

W, Ski
i V¥ i i%g

oy 2

22



wh e rwje:,l%j% M v e pr dhe mtatiorsal strain rate tensor.
i 2 . M
(Ll

2.3.2 BSEnagke-daTurbul ence Model

The Sheaeaerss Transport mo ¢ 811 h T osit Mtela apereedd i beyt | M
adv erreesgrua dd cemitn anbty frnheodwmer aorfsport of stthree spsr.i n
't has beeempludysidgnsufluatliyng tbmpblehwlae mth 4f3lpd ws
The bllmrkedtur bul enfc4[43ddhdieclmppl i ed I n itshis r
determined by:

r k3/2 —

: g pd @25

5 5 g =8
frkdv+ AkQ@A =- ( fprts) nk@d@vgs;,y

H
pt Re ¥

Arwv+ fr @A =
1 — =
ol 5 P A

e B hid 19
+V¢%r ., brwe HNg *rwvg sziwfka O@—%%Ld 0 s *
e t Y]

H
Mt

22y
where the eddy viscosity,, parnodd upcrte sosnuy r aetr wdiblud te

exprassed

K
m=Re 2 (22 B
. ayu. .
= max(a1 wF,/2W W’ W %—% % (229
CH
2 3/2
gw=min§§wloflk 23D
c t
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_ma 2( 02rk e e 18 Hy
S, =X %ss L p pOS = L'} (231
ReLé;é 3 ')6 w : Zg X K
pd £i§,a,M & W’ (23 2
|, = Jk (23 B
ngﬁ Mt . |
él, . RANS mode
1
| =
‘ {az*/E: DES mod 23 4
D
| |
& Jk
D, =maxgg,w b gl + MG /5§ . Ecaz o 235
(; DES™ max
c.=¢c T, @& F) (235

herG,=065 D _represents |l ocal masionuM’sdxkte bet w
e=ckw, c,=0.09, a,=1.0, a,=04, a,=0.2, 3 =03lanagd=25. The <cocgf ficie
Cqy apput Il imitations for their related terms
t hesG#odel , the turlpfudreatti dremgas$h maxilmi zkng t he
and ai ms t o ckoamntdr celv ebpht euTaslilgye p 0 @paegratiyn satv ehrutgse g
or | osing the spatial changes due to increase
The blending functri=eanhf*)ak, etankdx’p rFe=dash/d) as
an @ =tanh/’) wher e

éaa JK  500m  @rk s,
X%O%d 'Rer w? 90, q

23y

/ =min

I3 _maa 2Jk 500m
%Ogmd '‘Re 7

J3=0,/(Coes Duf  fi =412 239
24

(23 B



D, =Maxa2r S, %/Tn O po™ 24D
¢

whedei ndicates thesdiostsamnswue fappopel ti leélhg o eomneve | | as
F,is made for r emoivi cdhigcedpda ec a¢uisfeetibdibgybf ggi dd depen
othe origchdBsSDES

The bl endiFpgl &wyisncphoirotmd mt as an i nde-wat br afidnc
far frieglidons dfhé&twmodéimiwbecowneraed t kel)walalnd( t he
model tk-emdsetld &or mr onk, 30h[e3.1ailsl a(ppl i ed for bl
mo d e | constant s k-wmwvehd chwelale eeagaimomyg of the fl ow
f=F,{{1 F) ,whefeand,suggests the generak-ucaosnstant
wel |k-earsegi ons, correspondingly.

The modelf ccrbSeSsk-avnftisakpdr esast ed
k

5.,=085 5, =05 b 9075 ‘b 6809 , di= Suk 241

b \//7
whereas, thef aichteeelf icadpes e sa@astsed

s.,=1.0 s, =0.856 b 0.0828 b 909 , a%= % (24

o

an#&=041i s apimbloitend regi ons. The bobbtpudrabruyl ecnotn dviatrii

ar e

kfarfield :10 3107’ Wfarfield 100 kv @:"O W = C = (24 3

viscous 2 \
rd, {Re

I n order to prevw?Dil idi viihspioosnedbly czoenrtddoorl e oweelruy

iscous
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k200i s forced fdry skni@gnaehttiad ne megr gy of turbul ence
The source termW; creats a sendivity to spatial variations in the strain rate fibve
dissipation rateThis is particularly useful for determining the shock wave locatidfN; is

defined as

&m PS OB
W, = Vet

s 24 %

D

wher e

. 24,
s=/EB/12 B =5 —3—' E (24 %

wherddasandicates the Kronecker delutdevedlnopssontei g
di ssipati onk bount nmaptshoeotnl yauses | ow drag cal cul
exprressga®d be selectively applied.
The source termW; applies realizability constraints to the turbulenoedel[45] to ensure
adequate levels of dissipatiollV; is definedas,
er(w W 0

Wy =maxg———, (24 B
& Dt

where Dt indicates the time step and is the smallest#? 0.1 that satisfies both

Wzgsi 24y
and
w->(& +§)w 3B ) oo (24 B

W; only activates if < . By means ofW;, the turbulence model offers a smooth procedure

for maintainingappropriate levels of dissipation.
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2.4 Numerical Approach
2.4.1 HLLC Numeri cal FIl ux

Hi gh resolution near discontinuities, wher e
i mporftamclenalShecsssslesseco.mel dRsv@mamn apr obl em. Nt
estimations regarding Ri e manmans od ev e fGBuercd mmo n
met hodwdsogiynt r oduke&]ddobwe vRae it requires the e
eigensystem. Rather, themappl soadawvieonodf Haheé ea
l eer )[(HLPEr two distinct contawdtihdeawWes e( dpm@nt
compl et e whaoskteislylsmpggrmur ate results. The develo
follows thoé dqotB4[@FG]i on

Edge is reconstructed on the conserved variables, for example:

Fiwe =F (Upwz, U ) (249

wherein, Ui-y2  as well asUi-v2, denotes the reconstructed conserved variables, subjected to

both the left and right sides of tHe 1/ 2cell edges, respectively (sE@. 21).
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~

g,

S
L U* /5 ]

TN

0

Fi g2t e Schemati cAppf ok hema HBL &iee mann

The HLLC Riemann solvef51] is used to estimate the Riemann solution by means of

analyzing three wave speedS; represents the largest speed wa$e, represents the smallest

speed wave,S. shows contact wave speed. The contact wavesigaratethe two intermediate
state vectors that ard-. and U*R1 which are restrictive byeft as well as right wave#ppling

these intermediate state vecttwscalculate théntermediate fluxesF-. as well asF-r within

these regions, the numerical flux HLLC is described devisl

& F., if 0¢S,
I_’ .
gzt D 200% @5 P
1Fer, if S ¢0 ¢S
b Fe, if S,

By integrating over appropriate control volumes, the Rugiven as
E*L :EL 'S_(U*L GL)
FL "S(U*R D*L) 251
Fr 65,(Ur U
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Some extra conditionsbraaieci mpolsleemt o sol ve th

For pressure and normal velocity
p‘L_pR_p (2.52
U, =ug =

For tawnglme¢i tail es,

Ve =V Vg TR

(25 B
W, =W, Wy =W,
't i s also assumed that
S=u (25 %
thus, is anSestkmawe, fohe nor mailnvtehecst g§r co e

k n o Bymeans of right and left state waves, the intermediate wave speed can be idesntified

g=Pe-P (S 4) A4S W
ro(S-u) - (S )

(255

As it is expressed in theqg. 2.9, one can carry out the flux determination by means of various
speeds of wavesE, and Fr are considered easy to find because the right and left states are

already identified. In order to determine the star region ffux , star region state variables must

beanalypdThe i ntermediate states are expressed as

e
e
e 1
¢ s

m as.-y 9

Uk =71 V, 25

K ng WK (25p
e K
e e 2
e—K+3'H<eS4pK—u
@rK( )é &(S<'q<)u



wh e rKe=eL an &K =R.

2.4.2 Weight e®DsEs $@BNOYBEAdRegc Dot ructi on

The WENO schemes are taken into consideras®xtending the essentially nascillatory
(ENO) scheme that was developey Harten et al[52] in the year 1987. The design of their
scheme makes use of an adaptive polynomial reconstruction for the avoidance of the Gibbs
phenomenon. Th&#' WENO scheme was put forward by Oscher, Chan,Land53] in the year
1994, followed by extension upon the ENO scheme. The key concept put forward by them for
obtaining a higher order approximation requires utilizing a linear combination of multiple,
weighted lower order reconstructions. The use of adaptive stencils provides more weight to the
stencils that have smooth regiomkile the stencilgrocessingliscatinuities or oscillations that
avoided. Therefore, the smoothness of stencils decides the choice of weights. Extensive use of
WENO schemes has been appliedtraictured FVM solvers, but Tenasi is the first unstructured
solver to make use of this stencif& order reconstructiodeveloped byBalsara and Shir3] is

used in this work.

2.4.3 Spatial Discretization

Thi s ussteletsyt ruct ured meamdepedioffi di spavteitah @ o o
me s h i s used cteot eredt eomoddelr plivel dimee s s t he
i mpl e mednettdatbib8s6 |
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Discrethieziewgatri ahl the control volumes is e
v iR 25y
pt
where R indicates the spatial residual, containing each and every contribution from the source
terms and numerical fluxgS5]. fi i specifies thendividual control volume and “F? describes
the change in the conservative variallgsra particular time step. Geralization of the above
expression is mandatory for the purpose of getting the direct solution of theonservative

variables by meaof the following:
kg oo
VM, =L+R D, M = (25 B
Mt A

where M, is a mapping of the conservativariablesinto nonconservative variablspace.
In this study, the governing equations digretized by a finite volume technique. Thus, the
integrals in R are discretely approximated by summing the flukesugheach of the faces of

the control volum¢74].

KA. 1 - 0.
R=8aF ——F gi (25 9
i=1 G & +
where k tepr esmfmmbfeaces on the control volume ar

Hi gher order flux evaluations are achieved by

by

Foo=F + B EC
Fer = Fg +FE%<fL§

wheres a vector ffaoen. the vertex to

(26D
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2.4. 4 Teneptoirzadt iDoinscr
The transient formul-atdensi mpphedd esxccmetmbad s

tapproxi mate the time [dERYyative term is expr
DY’ _Dt
1+q

qn+1 (261
W)
whebD =g ¢. The first order ®@&cCwhiateetmed i oredé
accur aties i @i w=ahbdhoyepresent the present time stép10 shows the next

time step, whered®-10 represents the former time step.

Thtemporal component of the residual <can be
W , 0
T="12 0_— 2.6
1 D (26 2
wh e rqefRdy. u B s tdi tiuntteo Eq. 2. 13
n .9 =1 e 2.6
o 1+qdiD 1+gqg (26 3

The solution variables are assumeavdobmowidbemeonst
integra¢y=sQV. Thus,

mn :Vn+1mn 'lQnDV n

(2.6 %
mn-l — Vn-ll:xgn -1+QnDVn T

Since the value= ‘:l? for each cell is dependent on the value at neighboring cells, the solution must

be determined iteratively.

2.5 Boundary Condition
The application of the Naviestokes equations needs the specification of bourtengitions

for nonperiodic problems. The solution depends highly on the boundary conditions. The choice
32



of boundary conditions is decided by the physics of the problem of interest. In current formulation,
the boundary conditions are implemented implcith order to apply boundary conditions to the
exact point at a boundary, an additional ghost cell is linked with each boundary cell. This inclusion
of the ghost cells assists the boundary cells to be treated like inner cells. It allows the boundary
cell unknown primary variable vector to be calculated with the inner déls ghost cedifill the
outside of the boundary surface &ononreflectingoutflow or supersonic outflow statBourcells
areusedin this case because theventhorder WENO schemasks foreight nodesSubsequent
to that, the outermost cells are copied to ther ghost cells. Moreoversometimes and
accordingly, the velocity continues to follow the similar direction as in the cabe outermost
cellsregarding the ghost cells.

The boundary conditions are shaped with the help of starting with theloeasiform of the

system, in addition to writing the equations in the direction that is normal to the boundary,

QAR (26 5
f
Since A:% is a constantoefficient matrix. It can be diagonalized using tékation:
A= X L X" 26 B

where L is the matrix of eigenvalues and is the right eigenvector matrix éf. Then, the

guastlinear system then becomes:

§+x LAX'l—Ef 8 26y
X'1§+ L, X '1—;? 8 (26 B
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Evaluating X' at some reference state which shows a constant matrix, it is able to place in the

derivative as,

X0, | K'Q g
pt f

(26 D

however, 0 subscript points out the evaluaigmonstant. Subsequently, the characteristic variable
vector W is describedas W = X;'Q, and W could be assessed as dependent on the sign of the
eigenvalues on the boundary for the purpose of computing the vali@swhich are then used

in theevaluation of the numerical flux through the boundddy.means he ghwatr i adll les

2.5.1 I nfl ow Bfoaurn dSu bfsucGnoiecd i [t o6 Bt

The eigenvalues to be wused in /ithe=,/szystem ¢
/l,-= g€ , AhAandg< . The inflow is distinguished wi
eigenval ues t hat!'®airgee nveaglaute vteh a ta nid® it ghes vail we, i
agminegative. The depegldewmdal |vafrorabt at wh d dnmche

exprassed

el gP g &, @,
u .
gé éu u gg@a
& & =43, @77
?4 é u ‘?4--
o éWu Qlo@l
CH A 8@,

whelef=L2-5are the left eigehfireNootres tbheeisnes aarses ¢

ot hreat Ri'xVect@rasn@® i ndi cate the dependent varia

that, a mosb garn iepvta $ auffarhoeno na  fl roeceast tiwdemarme as a s u b s
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Aosi gni Evas uehseiodre of t heAdlda @ f,dbsibbge bdsi crreicpttl ys.i g n

t he ghwatr i adll les .

2. 5L 2f 1l ow Boundarry SQagrnadri$koned ect
The supersiosniacharnaftitoenr iadzdd fbwe ei gemhal ues

dependent v argihaobsktlers tfhoatth ibno utnhdear yashave been ex

ey @P g e,

i G

32 v =43@, (27}
e, 8 ue,.

éo QN U éo@a

8 @ J 8@,

2.3utfl ow BountdarySGpedsbnon Outl et

Theuperoswtnfilcow i s di ff erldnetiiigaetee av pidys iertse avyres  dfl

dependenftangehrastbll e f or tdiiwvwemboasdary i s
@3@3663@
22@ ng@
,Oéu@,o,,'
1, & =83 (27 P
?46 9?4--
,oé/vgglo@l
N

2.4 mper meabl e Surface with Viscous FIl ow
Either Dirichl et bounbdaugmwdaroyndtcdondnt ioan Naru

i mper meabl e surfaicesthins as tvubdyw. o dA rilirawecnhdsietdi o |
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throughousi mihleateindn tr greonred iamdtnes mfpe@madt ur e at t he
T=0o0rT=1lrepresent the wall is constantlneorheat ed
slendition is apwhiichd uibssead hef v é hecADtryoilna tpl et
condition is achieved byveelnofcoirtcyi nsgl bf pseuctttleadt etro
all theetéemere, the foll owiciogn svtheentg.hbTes cahl b

this condition jucscft talteguvarei ablse g afirgdhhm tcloe yb o

¢T, o Te &b

é u é &

b g oug g

€b g e £ (27 B
éy, U vé €&

é u é

éWbl:lWé%

whefb@&subscri pagaiisn @ncreepr esentétairambd feot wé e g &
Ssubscript is a repredeant athilers.of the boundary

The second boapgé#irogldenpred inteiadod e sur face i n v
Neumann boundTahrey tcwoon dNetuinbann n b o u md & rhyia sicess(t l)idtyi ¢
enf or ciqrgadi eretr of or both temper(@auierpiare@d stplree s s

gradient off the wall to be equal to the sour

Zer o gradient
B

0, — =C 27 %
ph

T=T, P =P 27 »
Source term gradient

w_ory @7
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Gr
whefiots ubscri pt denotes the varaindibd webss corfi ptth ed ennc

t he variables of the nod@ridirrasdtolf.y niummberri or o
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Chapter 3

Wi nd TunnelMoFdaecli |Gaotnyf iaghudr at i on

I n this chapter, the detai lpserofédariihy tpoheg sAcwad
FI ow Diagnostics LaboratorydeeARDLendt atohdrAcabgilr nt
wind esehabl Themeononhfiguration of t haes sweplele saosn i

introduction of the test section and the obje

3.1 Wind Tunnel Facility

The experiments were carrcewi odtThiynenleapSSD)N
situated in the FI| or i-RPlrao pQuelnstieorn f(oFC AAMdPY) a nwietdh |
University (FSU). Theompresseyg aias ptr oap plreadx wn
kPa) from a reseolVomelswhaiTheoSS&ssest asegction
iahés76. 2 mm), cd éwildtlh 6ofmmd ,i mndhé@sBB8BgY hmmj ,
correspondingly. The tunnel was desi gvhaecdh f or
number of 2 approxi mately. The presskrPm of S
whereas the stagnation temperatdhe wasimaitiyt &

accumul ated seeder t hat i s considered as mo d i
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Al kif[s@ 1ajn at generates sanediinngdi manett iednldeest VDiht8hs &
circumstances, the facility is able to genera
for data were restricted to aboactcumdatomandut es,
condensatiolw Seeding airctl es on the test section window
The fin model us¢drboafenhebshodeWBaVvayaasin
alumi num that possesses 37.5 mm height and 72
attack of 15A t hsahto cpkr oadtu c4e5sA ainn oMaddhgux f | ow.
of the wind tunnel occludes the bottom part o

to carry out experiment smowieold sasven.imeFiign &

Fi gur:e T3h.el De moTo gMoruanttigo ®ifro tihre t he Test Sect
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3 30l idWorks Model Configuration

In the physical wind tunnel experi ment, t he
ordered from upstream toedpWwnanstfbhimowbBose des

1. Stagnation chamber: The stagnation c¢chamb
and setl@wi hheial conditions.sdeaed hfel cwwaimbepr,
the nozzle inlet.

2. Nozzle: eTleag anemszltheadancoming fl ows to th
supersonic nozzl es wer-ci vdeersg egnnte dc ownittohu ra  cwohni M €
sonic nozzles were designed with a purely con

3. Test section:imhéehtestesearch i s cahersect ar

and a wicdhtelshef sdpensonic flow reaches the desi

anfdl ownsst o the test section. The fin qtix@reri men
4 . Di ffuser: I nspded dilfdwskeromthee hi gt sec
speed.

For the numerical simulation, the initial fI

velocity, and fl ow ditrrercau gm,t lteni roputdedfer bno un
nozzle inle&€&onsemgmiu@aast pgnati on chamber portio

upersonic flow that passes through the test

(7))

t he diffusert.hedoovemkloirareattalsterhseh oaclkgor i t hm easy

Using a diffuser at the back of the test sec
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pressure of the test section. Thusl,atti®wemsde f f u
the shape of the nozzl e in tdhievewigndngt unnonzezll ei si
this stoeceyeteatfd ow from stagnation state to Ma

3.2 Conbewgrggng NoozrzlteheDeGoingpnut at i on al Domai

Theozzle is the primary component Il nvol ved
velocity. For a supersonic flow,dtlergentzl eom

so that the flow can undergo dcwrsttraamoanf ttih e
The relation between area irnatHdd. tdarkbem [HPeo6p|da c h

This equation showsse cttheo neaflf eacrte ao fo ft hae ncorzazslse o

dA_

2 du
n (M -1)— (3.1

u
Since the area and the velocity arefposvi wiVvée,
increase as the area of the duct decreases an

the fl ow wil/l i ncrease as the areaeofi am&l darnr

reaches a mini mum at eM=hIgdaraweh i tchthr a ast kanroewan caosu It

by the neeeteonabsarea and | ocal Ma@&:®] number
gt
a 3 1 & 2G )
] §1+ag 1 @2 A(u)
A:al 0 ¢ 2 = L 3.2)
K v ¢ ,40-10 5 '
- &, 0 -

where Aist he -seotsisonaA* arseat he ar ea odpecificheatratioz z 1| e
of air, and M is Mach number. The nozzle is designed to create a Mach,Zafldwhec r e s s

sectional area of t he t e ssbthenezzl¢ thraatford giveneMaano z z | «
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number was first calculated. Becauselseous wall is used in thHéow solver, it can be known
beforehand that the boundary layer growth in the simulation would reduce the total energy and
available area of the flovithis viscosity effect decreases the actual Mach number produced in the
test ction. To overcome this, the actual design Mach number is 2.1 for the nominal Mach 2
condition.Assuming g=1.4, Eq. 3.2was utilizedfor M =2.1 to give A/ A = 1.84.

For the converging portion tdreo zwdee sdgsir gmend

fitting the comtiduhmh @dcderdippd,yhomi mé equati on

€ ax 5 .. X&' @ x &
y(X)=h -hgl0ze 5 15— @&+ (3.3

g ¢t = L& =L ¢
wi t hceonstrains

0)=y (i0)i=

¥i(0)=y (0) 3.4)

yi(L)=y (iLj=0
where x and y are the Cartesian coor diionzaztlees,, |
and L is the total | ength converging portion
the convergnogtipPpechn@asond cBhfeismespectively. The

convergingopibs$ ealhonw3®Fi g.
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Subsonic Portion Contour

Fi gwBle Subsonic Nozzle Portion Spli

For the diverging portioownef mehei snpér sberbcy
nothing about thdf ctohneticars pefctt He n dzaA(Mdsow dir
not appropriate, the shock waves will <coal esc
the Method of MCQ)J 6,8k ttead sniilpusien gf otrhes ohyper bol
di fferenti al equations for supersonic fl ow, h
of the nozzle contour for shock fregertisesntroy
as directiemaname val cwailtay,ed at di sAMATCLLAB oi nt
code is applied to thiexpamssiaanc 3n dizoztl dee o(eFg &g .¢ |
process of the Method ekp&harant @aoizginisdso.s HBhe
nozzle that -maahtayng| awhheghnviheh edesi rodd con

Compared witdhenlge hminowzmbm (anot her3.bBy,pewhoifc he x
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utilizes a sharp corner rtadepapoavnisdieon hneo z znli e iiasl
for use in supersonic windteéeunseils.|  Thesbebtas
gradual expansion-leogzhenazd@ha&. Mao&nmegfaveect an

intersect with-saamph eotrhegri oinn t he non

Expansion Section Straightening Section Straightening Scction
r T 1 f

o ’ EE N N
Sonic Line & % % ¥
P

u) Gradual-Expunsion Nozzle b) Minimum-Length Nozzle

Fi g8r@har acltienreiEs pi anc 8ui pnegr $FHlow ¢
The MATLABppovgdmthour coordinates of the di\
nor mali zed to t hai n htrltoeat dihseie rgehit o o altod forb#tl e s , t
coordinates were simply mult-spkeedobydihattehkr

contour of t hetdneovzezdyosny B AFi ogn of

Supersonic Portion Contour Using MOC

2 T T T T
8> (Y SRS SRR S o R il ol s Al S i il SRR |
E =
-— 1 xm‘-.\‘-‘;;:;._-ﬁ;- ................................................... —
: ‘W
2 o sl R |
T 05 RS

0 1 2 3 4 5] 6 7
Length [x/y0]

Fi g3ire Supersbeaei PoNbzon Spline
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I n some cases, thehfbhuattv desc etlrearnastoensi cb aactk tthoe
the diverging portion of the nozzle following
Therefor e, a consteasntiemgeh pesrgivaeanfbobo Rhenth
compressible flow transit from swlkdominc otf o t
sect aroenctigsd gl eches bgodat mpepheas )a.n dT Hosd we h es urofz & d
depends on the heigthhte odonthecurt exsft fsreaxrti oann dvhhb d
depends on the width of the test saceioalclhat
separately, but I n t heTmhea meo mtrowre s&d | ptreeresgea onoge

nozzle is sBo@Wwn in the Fig.

The Contour of Converging-Diverging Nozzle
6 T T T T T T T

Height
=)

0 2 4 6 8 10 12 14 16 18
Length

-6 . i i I

Fig3r®m®onverDgivegNpizrellpd ( wiRtels ey voi r
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3.2 Test Section Assembly

Ther essesc bf ohhe test section model in the CFD
physical imegd8n.ianfehnet t est sectcihersahdsaaowhes ghof
The connection between the nmwizuaiilzeehgeemde rtalt @ othe g
strong oblique shock waves due to the corners
at the inlet of the test section propagate an
fl ow propertiesn élowmveati mqatbelri quhea shock wa
waves can be only weakened by modifying the n
experiments, oblique shock waves exist and ar
bemcuse of the corner and a machaohing tbéenanteek
test secti omnawese p tpbolfsyi.n i oleeed a't the same pl ac
experjtnneenttsi p o fc htahsea yf ifnr oins tShei nnnl et ohHed he t
away from the right assinddeiwaatld ddbfh et liFei gt. dhats @ec t
attack of 15A and is perpendicularly mounted
ha been blunted by anaoafFaGgwiot i praveadi duheofpr®.b
by a sharp point Theéefrisealk i mghewmr chings.sgdr ai o

build the unstructured meshes
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Fi gBr®Bngi neernggig DhawkFin in the Test Se

Fi g8r®h@i mensi on of the Blunted Fin A
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Fi gwBr.@8h@ nf i g wiiatRddodne |
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Chapter 4

Grid Generation

CFD precessing can be divided into three ma
generation, samdl marmemeatcearls setup. I n tiksi s <c¢h
genemnastiedvi hdetundebc mmedhadB8tThe pr oxelsiseuteb ac e
meshesohoddgertird cgewieflaitntowirresenTled eval uati on
guality, which affects the. numerical simulati

After configuring the model ardecS eltiizWdr k ¢n,t ot
el ement c.ompnud att hesmalul dlormendi cibdwWalby Wei mmget he
vol umetri ct hger iTke naacsliveran empl oy numeri cal me t h
governing equati onsi zwhd cihnthoa vaeen bealegie bdriasiccr ed q u
Pointwise softwarpackaadpemsveb éeh wmeidhlei uends ttraicd al
mesh of the compBRobaht whnhaikg hd ogoweai lhdieessy whi ch ar e
f oacccur asel CtFiDon s, by means of struct uraend, un s
ani sotropic tetRrexhedrealhnaxtureudioon botndary | ay
Point wistwrfnécdele generati ombbsugmhiec\hred qiblye a

di scretizationvolfunighter dfclgewmefael dn) i s accomg
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extrusi oxnur ddaocneah en mes hes. Mor eover, Pointwis
parameters to evaluate the qual iatmy onfi nti Im& mmo ¢

angle, which impact the convergence of the | a

4.1 Surface Mesh Generation

Point wi steh ei ndpaotratbase generated by several wi
pack,agewsch as Sol i ITM@eAbnedahd (GATIAS) i s provi i
create connect ohewrFnidgl d o4ntae nsu r tAaicnesse | o fmotdred if
been classified into fouDipend@gi Noszl|l é nl €¢3tOuSE

Fin, whiioniarated by different col ors.

Fi gude T4h. e sc&itfiion of Model Surfaces
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The points deitsetrbny mtetdie o falnidsy bsyp egeedb me tSriincc ef & anti
experiment focuses dvaus e sSopeecsompceseablee ¢ab
of the model) should be smal/l enoughatnhad ¢ a&aptu
shape of thé®©tpgeowmeseyi mhleaitti dosnialetc uocfat eve Howeyv
popultahbe nmes hd produce t dd emagreyn de lasomdesntys iinncr e
Si mul atwiotnhautmei mpr o.viQaonstihdee rsionlguttihoen f | ow f i e
Mach=2i n the test section, theomawvectges sipmcambmagu
along t hTehesuadmwer.gi ng part of the nozzle <cor
becausei ateeilfnégpavt r ansoni c at the throat of t he
the outl et hagvecanpearseadnewistphactilme test secti on
cells generate smoothly between different por
caubgda huigne grundp $rpaalclsenggt spacing is defined
fin beecraespoints are needed at the front of
Additionally, the | eading edge of the fin nat
better accuracy foFi ddscholwisi fjther alhoe kb ewaween
the blunted head( lcedmme cltl¢ PiogMB8FEmeomaesbi ng det

di fferent portionsTabé. 1 he model are given in
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R

a) The Separation of the Connector of

Blunted Fin Apex in 7 Points

Fi gul®Bhleghpr ov erheret

b) The Sep

Blunted Fin Apex in 11 Points

Fi or Aptetxi rCg

aration of the Connector of

52

Sur fDaoareai N me s h g Vol ume Gr
I:,OrtioAverage §T-Rex bo Dy |T-Rex bo Dy
connectgqg condi't condi t
ma e |
I nl et 0.120 Mat ch Mat c h
Test S 0.050 Wa | | Wa |l | 1.0° 10°
Fin (b 0.007 Wa | | Wa | | 1.0° 10°
head do
Fin (o 0.007 Wa | | Wa |l | 1.0° 10°
domai n
Outl et 0. 055 Mat ch Mat ch
Tabl e 4. Tehseh PDnegt cagi Misse saly re it o nMo doefl t
The high aspect rati o -Reenxi scoetlrlospiicn cRed il rst, wiasli
meshing the domains to r esoilntee rtehee thil aycha icrug .v a't




Dyrefers to the TIReixtil alyespaciThg ag@f otwhd r at e of
algorithm are -Regdlvwapgisilgegshengtt hg @omains. The
the i1initial-Repakcangr ©f & hTéakhd TH iug 488ts dvebs | trfee T

effects on the unstructured meshes of the dom

Growth Direction
10

—
NN T
i 5;;%;’: i

g

NN

%

No “Push Attribute” The generation of anisotropic cells

Fi guBdh&ener afniomno t6d bdoms cDomai n Meshes
The i nl ets uanada eccuiVid ttedttihoi ¢ h  @GPsuessh tAEt prui sbhu ftehceo u s
boundary attribgtied tthhe ms udrhfeaowe |l grmeds and conr
t hwol umBReax cboundary conditions. The Push Attt
connectors that have the MatcAttoiumdtey tthads

the inlet and outlet connectorsvolaumemmaitc hpadi

4.2 Volume Grid Generation
After gener ati sgr fddboea meshmepuhtéadri oxntad u lddo mae n

di scrwittdiEedent types oc¢ompltlasti At avlliiid rmaisnt & e
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di mensi onal space dferiemtteeodalsityn it rog tthlee r ewsrefaa ce
fully encl|lDomai nvsolaume .t he face ori bept bt ochk ars
Showm Ftihgd.Al4. bhe surfaces have been highlighte

and the face orientation has been chosen to p

Fi gude T4h.e Generation of Block for Vol
The igyilbdui gener ati ng -Rex sloa yerps )c wietlH sa (sTpeci f

a constantogcowther ahe appmdprhean euviisgoiusot

cells to occupy the remaining space in the vo

TheRelx | ay@gresnearated by piling up the anisotr
el emeontmal to thepdemchaich theoboemndiBlwmos d agreirs @atc
cells are continuously produced tghroovi dhh ratspal

the maximum | ayers are Dy eaclhded.er mh & ¢-mghibhatae & d

boundar yorlyayferronm hvéhi t e[ &®9]Fl ui d Mechanic

C,ru.?
=f o U £Wal| (41)

wall 2 ! fric

ru,L _0.026
Re=— — G a7 !
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= 4.2
Dy Ufricr ( )
Il n the aboWweactigseaat inobbennsi onal nor mal di stance
as
U..
Y+ — frlcy (43)
m

wheUeis the friction velocity at the nenarest

is the |1 ocal Kinemartval we sdiosti atyeoft hder dd ali u

convergenddecsatuscey t he friction velocity which

to calYCcwalpueh¥ " waelade requires an iterative app
For sim(p:lgiicsitryecommearadcecdepgtmib@eeltesolution | eve
physical wind tunnel experiments, the superso

r =0.9525kg i’ , U, =514.0068m /5, a= 257.0034n ¢
L=0.072m, T =164.44 , P 4494G 10 Pa (4.4)
m=1.846310° kg (m sp

Substititivnag utetheand the supersonic flow param
initi alDycpmacheagdset er mined a

ru_L

o

Re= =1.909565 310

(4.5)
Dy =4.12935 30 m %6275 ®in

I n t hi st hreesienairtciha | slal®iinchgs, i sheb b gémllgser t han
cal cul ation to get nhoaryee rl aryeegriso ni.n Tthhee gvrioswctohu sr

| arger than 1.25 to prevéapitghayefstheomebvVersi
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than that of the initial cel |l aGR =125 t hiThey |

appropriate growth rate to improve grid qual:.
1
Growth Rate= GRX' (4.6)
wheFel5and=2aruesed foroft hfiisnetgdiyd | evel . Thus,

in this resedrheh biouwnadpual ctomdl .tliDpghi®ramgentehati
T-Rex | atybgeo s ume pges d nhthleatbé .. 1 Mor eover, the advan

T-Rex | ayers adalbéd.s2t ated in the

T-Rex Layer|Val

The Growt| 1. ]

Max Laye 10C¢

|l sotropic 2. (

Collision 2. (

Ani-lsoo B 1. (

Maxi mum A 160¢(

Centroi 0. 1

Tab#e2dvamm@red er-RakafycsresTer ati on i n Vol ume G
TheRelx Lanseropped atwhttdiet hecat henmaxi mum | ayer
ani sotropic cells violate the advancemd grider
gener at itdnResho Itehyaegr s coul d grow correctly near
of the testdbsbowsomheFdgfference between the
Attribute. The hRu sviho | Adnter righduibdengigne t he sur f ace

allow for the creation of the anisotropic cel
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Fi gube T4h.e I nl et Por ttihoen PGQrsihd sAtwirti hb/uwiet h

After the generati®exol apeai spiropiecteelrhder

popul ate the remaining space. The size of the
are constraiffeudntt éaglo,u gwh it chhes pheed ipfistyoea shahxes mu m

size of el ementen.ungbGaghoswbec tsmalinngeg t o def i nce

supersonitoonagroh a&ahd size otfhd edowrhedratl a efli

oD.imh This method emBorebet hat Eerewt fantar Bas
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Figube Wpeplicati dtoBeod Ce®DUIB IO & aglepbSicz e
The vol ume grtihdrswdagrlei achgeaedombinati on of d
which are prisms, peyl r eanmei ndt $s&7 saknody st etthrea haeeidfr faéd r
dirsitbuting around the fin, where green el ement
red el ement sFage8 tmadd cahedr dlhe. transformati on

tetrahedr al cell s abPyrtahmardsem@dedgnhh®Rakapde héa

extr (pgii smasred r acheeldlirsa.l
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Tetrahedral Cells

Pyramids used to connect prisms and Note: Yellow arrows represent the growth direction of T-Rex layers.
tetrahedral cells

FiguBd@hdr.ansfor maAnii sontCd btimemo t rCep il ¢ Leada dBlrugnt e d
He aidn t he Grid Generation
Not i cé atrhcaaesleed mo d el i usatinger i sgabmlerr ama@adn pr c

par amenterrsduced in this setheohinTbhe theftcehtde
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characteristics of the model to macohamnzea
numeri cal computation cost and timmee $dwerqalal
of grids are area ratio, mi ni mum included an
centroid skewness.

The area ratio is the ratio of areas abet wee
vol gme sl achi eweyd pboyi nitnss enrotrimal to the domain w
spacing and growth rate, the | arge area el eme
than the small ameaeebhéemeskesewedhtcehl|l sordeconn:
to forestall atalree ahirgah isok euwpneasos ,5 1 s aaegptoaabl e
and values up toprni0Osdaemiace @i oHobMeer eirn tstkkeewed ¢
exi st because small dni cf rf eear seen ceexsp gbireet mwiteieeanla lteyl cetnrisel
area ratio of fin and test sekitgamiddoimai ma x h an
areaocsurn:n the outlet domain because of matc!|
and ou#tlisahtcawiXosh amesh btldfeowse si dewall s use the
extrude ntomenaé¢ xsttrcodpdsigawnover |l apping the @wtrusi

shown Fiimgl0 Me
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case is always problematic in CFD because th

di scretization to guarantee the validity in t
Ssi mul ati ocansv erreyq us meel | i niti al-Resxp alca ynegr si n( beoxutni
howevesggmeat ati on along the sidewalls increa
using the same magnitude value of i nintglaels ss.pa

Poi nt ws glei tc athnhe connectors and recombine them
in cells isl axger mehuntl AtTiIYiks approach does not
the failure of the grhied dgoemae rnast,i otnh.e Wiaexnii rawens |

about 159A while the minimum includEdglalngl e i

The minimum angle is | ocated at the middle of
theume | gr imdx,i mumei ncluded angle is about 179/
corner ofheheotsndrewvafhiss i s caused by the dif
spaci Rgexofandd average spacing tcefr mda @ame@&Rddr s i

extrusion in two ouwrédd?2shpwi aggei aegt eonsl | Bi di

relmottom corner of the fin.

Par ameters Domai n Vol ume

Maxi mum inc|159.009|179. 17

Mi ni mum inc/l.019 0.013

Tabl e 4VMe4x i mu i andruan vAdgitle t he Gri d Gener at
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Fi gud &l h4da x i nfuLneaf ntM) n i npuRm gnhctl )LAdilgtl Bt he Domai n Me

Max. Inchaded Angle

Fi gu 2T Mei s ir oomf a tLAreg Ceel | s aRedBadtG@meer Fionf. t he
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Anot her quality criteria, the centroid skewr

Centor ARG
entoid Skewness1- max&-—-0 (4.7)
Al ¢

FiguBll Hudt Caltalichedar nvglc s o ae dsfdirad imCee ldntCt 0 h e
FacentCroi d
whedd s cteidce nor maf i 8e atovoencnaemcdicded ¢ n t a nadihce
facent(rroiigd).Vadl. les rang&kefwpomoO l(rnfeolboimmesnee dc el
to keep the value below 0.8 for good grsids an
showRri g4 .t he centroidtohddelwvamedasr od. mosThefextr
centroid IskbeMnoesg!| lvea si tuated at the corner o
meshes, durgngehbeavobomei f the anisotropic <c
overl aps anothbe artsofReapil ayeel) sl apsotl pT @il ¢

fil 1l tthheetb ghagps squeezed to el ongated tetrahedra
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Fi g u d4eT Mei sDt ir oolf kb ESw@edl | s

Through the discussion of gridargegbahi g, quhaeée
The area ratio in,vwhbimah ni aIMbteeheesswor sl Ibe .l hocaowneb r o |
a maximum includwti3aoegl einesitdheer apte@v8EAmum i ncl ud
angle greater than 178.5A. Howeveirnt esmoenic thiigrh
sidewall s which hawversetl gbhendul @aft d omnddet and t he
that have the centtbad 6k8wpess gceapy a very

t heentire volHemec em@asdedires igdoea rdoeed of . hi gh qual ity
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Chapter 5

Numeri cal Si mul ati on

Af tbeuri | di ng t he& udleu npetorciecs sgersi of numeri cal s
in this <chapter. The numeri cal par ameatnedr s s e
foll owed by the discussion of the simulation
therdtseed governing equations &tceornastiidveerleyd tao
achieved when the ctdfctudratmwmiserasr eofcointver @tein
mentioned in the previous c¢ hahpiteavre dctasee sa.b sTohl uust
the valid numeri cal Ssimulation result i s obta

iteration period or under an acceptable toler

5.1 Numeri cal Simul ation Parameters Setup

The Tenasi sol vel v &Rse ysnrapvles yaegde btt dllag s erequat i
(RANS) and somestp dreamgtbern dhumdr i cal simul ati on
i mportant procedure because an appropriate co
t hneat wtr lssei mul ,dut om$ so I mproves the accuracy of

parameters i nvolavoelda g si ftihed sii mud aftiivoen categori
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algorithm, Turbulence model, Run control, and
Theaep®rsonic flow conditions used in the num

Ref er enc 6.9585kgn/s'i t vy :

5

Refer enc é&ldeeBok(idalyso the velocity of the flo
Ref er encC®07/72mengt h:
Reference 16é4 er at ur e:

Ref er enc eddpi® dGNs brr e :

Reference mol 8@ ltakg (mfscosi t y:
Some of the important parametems (lEgidmd€2or s
Tenasi flow solver are |isted as foll ows:

FIl ow rlerghinterrary Mach

5

Solutionlapgocithm:

Number of sweeps in th® | inear solution al gt

5

I nviscid flux JacoAppnoxiomptue alaoonbimandod:

5

Tempor al accuracy (fottdere accurate simul at

Number of Newtonb5steps per time step:

5

I nviscid flux dHdamguudasicoert meahodn

5

Hi gh or der i nvVesnckiadt af kl ruixs hcnoannt rloilnsi:t er

WENO hiogher sbmuderons:

5

Viees gradienWsi gbhmpdt heash: square

5
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The s i mwtl ialt ii ment h kWiv | ntoodxe |
t ur bul e nTchee ndoedtedli.| about the
respelcyt.i ve
Wi | cke w mo d:e |

Number of-itemn@&@®romssb

Appks mean field generation

and tkheek -Mlb | e ndec

tv @orebeuné & B Eset wmo d €

sourgesterm for

Ussa |-addg simulation vari ayteison of t he

k valfuwe tthiemer uinnil.i-Gad i zat i on
wvalfuwea tthieme uinniltG.ad i zati on
Bl endckedlk -wt urbul ence model

Number of-it end@d®ross b

Appks mean drietlidomesnource term foyesuse

AppdHshe compressibility coyesction to

AppHBshe pressure dil atat iyes
k valfuwe tthiemeiutni al.i-eat i on

wv alfue t-thiemer uinniltG.ad i zati on

Coefffi@ewn etnie mean f:lel0d generati on

Sestorce fRudc®Oi on
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5.2 Boundary Conditions
For #fhenien <ciadewal It heofditvlkee gd ammgyv enrogizinge, t he
test section and t hsel ifp,n wiusrcfoasse,§ haad iéa beaatt i dca swve:
set al-argsth@he total pressure of 9B35K633. @ePa
as the inlet condition and the back pressure
For t-bbsnhaale surrounding cases,arseébe het hom
slip, viscoss,Treadaismiafgqacewalalrd.i *8bhde atl|l owedi r e

set alwamgsthe x

5.3 Simulation Details

Most of the simulation cases in this study
computation power and cans bpee o nd¢. gnHaoateesrstsaesdt hh y
the numeri cal si mul atiigdhhnsPeaCempnaimicter mrd LUuB U KR Q
( HPfICQ uinnd Auburn University known as Hopper. Ho
and each node has 128GB of memsr/ CP&MNd Zhé Hgs
decompasceack ablatcore receives a@pmwBmadéxi matdelry t 200
optimal run speed.

The numerical thiemAlMAtpieed ®rensidyg sttad ee stod hultii
the basi canfdlhew mei akdcluvbecapt ure unstendy hph

operation process of t hesdssteeatlyr sstt abedert hiet
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comput adi pneyenftolilnosw eddd igihyie titghre f | ux oevabuawvieohn
solutiCompared with the higher order schemes,
hi gh ti@smgpup aglelnyer ate an approxi mate mean f | ow.
iterati oresasomeaeadt ef iael d atd tolid ebe @i mreined aa f | o
i mprovedrtdeghet @dhat itempouatl atsvbeadypebsht ens
establish,t Raendfelictowm cf domdddarc y s ifmgvtei rilet wtr @ i ons w
10 | sonbkbatersatutoitldiez edi snulFatri aumsteady simul ati
107 s. Overall, the sioniuktahseeencpubdede skepaaaher
firststoeraddegi snubtaé i on,s tseeacdoy idsniodr &deerr e nt, eonrpdoerra |

accuracy (unstesaédyg ostdamepibesail mualcactuircanc,y (unst ea
and WENO higher order ssbleuetni odnesmosnishté&ladtheedo ni,n v
converpgestoar yt hree numeriltaad Isd earul @nt elo e nwcleidsceisn
showlke residual of al I10%ahmrde er ucnass eWE &l Bl gshrganl | telr
or d®nd utpiroonc¥ehdds | cke wt ur bul ence ssthaceisimptaybeé dheer

MentSeSST ur bul ence model c bietod isteh e tShBeE n snweiretdcsh mo r
parameters to control, and inappropriate par e
numericalnzlompubaedswder to show the feature ¢
iterations are used to t iNod iawe rtahgaet o abteau Pftosrn o
are an average of 500 i magessd akresuermd nIIE forf am

tinkert her nolrerer a fusamk trhéeéephysi OabHexpleai men:
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averaged results ar.e Trhaasl ty mehaceadmgi nluenefrii ele
simul ati on nmeemaws e nadfl ntitmeee cOKD sprocess, the n
averaged for 5,000 iterations so tIbBel0saverage
ComparedPWienhloptkbes,uPttl¥e CFD results nsdrmnbeneon
rees t .

The Residual in Simulation Processes

T %In-TunneI Menter SST Model
#1—|n-Tunnel Wilcox k-fomega Model ::3
|__Farfield Wilcox k-fomega Model |

Residual

10'57 I \ I \ I i \ | I
0 0.25 05 0.75 1 1.25 1.5 1.75 2 2.25
lteration x10°
FFgure 5.1: The Convergence Plots in the

I n the numeri cal simul ation processefsogr ther
steady stasechBimbatatpooabl ems co,wmlndd ke edeatdg wisd
of the CFL number prevents the pr-&gA&M £r amOg
CFRAMP = 1,000, and CFL = 2.0, whi ch means 1

number | inearly from 1.8 $bo®hB8libneTifoeb det ai | s
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Det ail s l A unnel Ca{Farfi el
Turbulence Mo Wil ckew | Menter | Wil ckew
Grids Size 02120 021 4d °1.331d
NumbeNo €9 r)fgsse d 9(180 9(180 9( 180
CFSSTART 1.0 1.0 1.0
CFRRAMP 1,000 1,000 1,000
CFL 2.0 1.5 2.0
Ti me Step (s 107 107 107
1*Order Steady It 60, 00C 65, 00C 20, 00C
2"Order Steady It 65, 00C 30, 00¢C 5 000
1°Order Unsteady 20, 00( 10, 00( 10, 00(
2Order Unsteady 7, 500 ( 10,00 5 000
WENO HiOgherr Sol ut 47,50 0 45, 00C 20, 00
Number
Tablle Betails about Numdroirc &li fSiemwelnat iCars el

The siionu |l Bt me

sol utiutbmiss t i me

unsteady Tkhatuotal

mil g0t

simul ati onssewmer ayseatlbawe

opermdtiwnrsk asnpoengyd t ahrech ecsrea rsa

sieceomala$eew tbodn

there are some fluctuations i n t
cluster. Heavy 1/0
computation node
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Chapter 6

Results and Discussi on

The rfersmmmeri cal simul ations i ndmredahagldy 2 end
meansx afmingri ous fl ow chavaktoerxdgitn agtstidie@mms ch ya s
t htteotpalesantdédteemperraraherthreoreel ocity component
si mul at iaocre rceognptabnee d s wir eddf vtahleu ewei xnpde rt iwsmenmbiges
Pl en®pVWVi méotrhovdal i dati on

Fi el dv\eireswi iosn alfpoptirhCGEdpo spt ocesasdmsgal.i eMhwbnl e
for the r eqgnuunmeermecnatd nabf natd hygsairsmsloant itolne rdeastud tsset
al so eandaptedASkAB Tlaerteveo metoiricdeast a8 xdsatac (L dn
using the python scriptthleaaskxt fadqie)spdnuteitrt s ddt
data afterpdsse FiDn @ offrhaemt Hiogk &t \hieevanal ysi s i s
a cubpgconi,isdwhntdiicealr aagiean tdhfe physical experi me
has a height of 29mm, a width of 16mnmmnd a
Omm, and 16mm away from the bottom paiamxti sof t
respectivel y. cllreecgioocna tfioorn tohfe tdhaet a extracti on

(Left), and the planar oblique #hos&s wakheoagh
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CuUbriecgi on, which i s ghto)wn Nmt it chex afhragt.i nGotée qsrRiisgt
the data set from phytshiachaeb o e 8 p 8 nd steaslylsitsehee dd iif
numeri cal simul ations, and t lmceo oRIdV nGdafea tstysd e

numer mghadt stomesvehpas i son

Mach Number =2

The oblique shock wave

FEgur ®a®&madl Regson of the Numerical Si mu
The discretetdangiat aher batea the fi guMASLAB t he
The i nterpolapil oyedceti moad hasgblaatdigom sbiag ti nt er
whi ch omas odCfFyom the numerical simulation of
/-t ructur e ofs tohbet aS WERLdl, u dvhn acth®ii g The velocity
stream rMaah€ B,e swhtimohi g#i8ny/s. Because of the obstr
the obliqguegesemheadttdivey s eparati on | ine i s curve
greem portion is the trandgomitch@.tegtihen.b dun darny bl
thin in the supehisesonhcckoesstobnthe boundary
oblique shock wave. The main obligue shock wa:

wawvencowant ethe triple-poiuct ufre@r wif mej hdechvé&n\VéBLrie a m
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i mpisngdee penslurcfudae of the fi n andntdeerfedercmsh etnh e

fin and the bottom surface.

Figure 6.2: The /D8mounsturme¢ei oh ohet 8WBLI fro

Si mul(@itdomant i on: Z=0)

6. XTumnel Case kUwiTongbWMedale

Figu6e3 showsatohfe sugher §l oormi dtensdtclh.e¢ ofrhe tai l i ng v
form at ehkheelde aodi ntghe t op swo iftaeocee wsaamidinigee ifnign .
consdd aihmegi on near ftalte imdcaertsis atndirigggn pe mo del
Because of the obtrgamrbhbektedvntrgdi ghotemwal | of
t he t esSti nsceec ttihoen.shock wave i mpinges and affec
fl ow nreiagh td dosfal tl her itsuesnted e r f ape odnd hwo rttuenxnees

gener aitretde radnidnogg eet hetrr edmeo dowme obl i-mues shoe k
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region.

./ 1.00E+00
-

| ~220e+003
\
‘

Pressure[Pa]
1.00E+005
]

(a) The turbulence streamlines in the test
section

(b) The front view of streamlines

(c) The tailing vortex on the top surface

of the fin

~ 2.20E4003

Figure 6.3: Supersonic FIl ow Wstl ckeamMoidreds i n t

By usi mxgk-WimbdeHe 3IDusture odgentheat StiVEBilsly t he
demonstrated by mesaunrsf aocfe st hien vFe lgavcaiéthy4 2i sffoh e w v
514m/s . However, si nicse at hei sschaorstikingpwavde e n t of f
properttess diffi-suttate obpdiweeshhegké waalel o
t ®ldm/s. aRhemaladaer value of velocity is selecte
The -struicg wimieo Fiby 6 .h4 eesuadlacresi smhere the mai
wave and separation shockswawpéjgnteme arrearpretsen
red, vyell owsurafnac g,r €ib@asriessptuirsialcye.s s epprarplte @oI
and the portion under the separation shock wa

Wit hshdhek pwapagatyofrrom the fin toward the ri
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size HbBEtt hRienaumreases.

X_Velocity[m/s]

m 480

[

M 200

Figure 6.4: The Structure of the B¥%WBhy @eheon
k-wModeél-Sor f ac¥asl odi tXy)

Di stributions of t heardpirfofve rdeendt bfyl o vh achped ri accet «
direichi onsdheoow ttohe growt h pgdroct¢hseanenf tMdeeBWBL h
k-wmod.elThe di stxdibruetcidonmm onfe nttheof the velocity,
density, and the té&mgebfabur €i grebpbeséngedbi @,
Fi gll6.Fil@. FOLBFi . 6. 14 ,anki Flipg6r. d6Ep T o &V exled oyi. t y
dstri baowanin Fig.666pr asaddgioilodd.u s@frfe idoenvel op me
of the SWBLI ddamarmncsturraet,eswhtircen b.dhav ibomungdhaown oi

dark red region on the |lefrepandt § heheo®rmaaigre sk
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the separatiTlhreeglloowkh swaeam of the maehosihbyg k
region swhtiedhbnyi nahtee r ear shock wave and.slITihg sur
separation r edieolni pileaignreem s e st avm d sh ihlt ahoelchvslee d
l ocation. The thickness of theseilgoufhdaraywthitaehgiensc
back to the thickness upst.ream of the shock w
The tot al pr epsrseusreen t deiBs, tirfiibguitg 60.n8s, h saan dh-i Hihg .
pressure region behind the main shock wave. T
obvious, afpédacfpmrems sturee t r i plme ad winmt tthe tstee alro
wave. With the devel opmanxti sohetésepaeparani babl
The densi tyhdwm tRiidgh.u#i.gn 6 .nHd2sx aRkdegms it £ 3r egi
behind the mAnne % thotduesnilate,yw .wheigatoni s rel ated to
t hsel i pleign@®n)] aeatetdhe momudtiimgr edxsad s excltamgy t he
Theempedasurebeseononetid nFiFgg. 6 61sbh,eaamd ghi g .
tmperature region behind t he enxatirne mele ohp kgrhvta u e e
regooaurs i n the s ubostamint nroewghtioicthgnuesaira atéhéee r ma |
| osodhs t hes asucda€ed by Itthea sSWH bsld&F.islgdgqwrFi g. 6. 1
Fig.teatl6t he -ttempemat bni g hr egi on i s separated i

portioal bByowempelavare(theFiyeld.owd, iFieg) n6. 15,
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X-Velocny Distribution at z=3.25mm (m/s) X-Velocity Dlstnbutlon at z=4.25mm (m/s)
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X-Velocity Dlstnbutlon at z=6.25mm (m/s)
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X-Velocity Distribution at z=8.25mm (m/s)
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Figur e-vé | bRiisKy ii muttiheen S WRBTLuln noefl tChaes el nSi mul at i
Wi |l ckew Model(a) Z= 3.25mm, (b)) Z= 4.25mm, (c)

Z=7.25mm, (f) Z= 8. 25mm
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X-Velocity Distribution at z=9.25mm (m/s) X-Velocity Distribution at z=10.25mm (m/s)
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X-Velocity Distribution at z=11.25mm (m/s) X-Velocity Distribution at z=12.25mm (m/s)
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X-Velocity Distribution at z=13.25mm (m/s) X-Velocity Distribution at z=14.25mm (m/s)
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Figur e-vé !l 6 ciisky iiDnu ttihcen S WRBTLuln noefl tChaes el nSi mul at i

Wi |l ckewModel(a) Z= 9.25mm, (b) Z= 10.25mm, (c)

Z=13.25mm, (f) Z= 14.25mm
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X-Velocity Distribution at z=15.25mm (m/s) X-Velocity Distribution at z=16.25mm (m/s)
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X-Velocity Distribution at z=17.25mm (m/s) X-Velocity Distribution at z=18.25mm (m/s)
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X-Velocity Distribution at z=19.25mm (m/s)
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Figur e-vé !l @ciisky iiDnuttiheen S WRBTLUln noefl tCaes el nSi mul at i
Wi | ckew Model(a) Z= 15.25mm, (b) Z= 16.25mm, (c

Z=19. 25 mm
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_1P0ressure Distribution at z=3.25mm (Pa) _ , -E)ressure Distribution at z=4.25mm (Pa) _ ,
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Pressure Distribution at z=15.25mm (Pa) Pressure Distribution at z=16.25mm (Pa o
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Figure 6. 10st Prikmla#dthees SODVBTLUI N noefl tChaes el nSWinmucloaxt i 0 n
k-wModel(a) Z= 15.25mm, (b) Z= 16.25mm, (c)

Z=19. 25mm
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Density Distribution at z=3.25mm (kg/m3) Density Distribution at z=4.25mm (kg/m3)
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Density Distribution at z=9.25mm (kg/m°) Density Distribution at z=10.25mm (kg/m°)

-10 -10

16 16

1.4 14

> 1.2 12
1 1

0.8 0.8

590 600 610x 620 630 (a) 590 600 610x 620 630 (b)
Bgnsity Distribution at z=11 .5mm (kg/ms) I_D1§nsity Distribution at z=12.25mm (kg/ma)

\ 16 | 16

14 1.4

> 12 12
1 1

0.8 0.8

600 610 620 630

" (©) " (d)
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k-wModel(a) Z= 9.25mm, (b) Z= 10.25mm, (c) Z

Z=13.25mm, (f) Z= 14.25mm
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Density Distribution at z=15.25mm (kglm ) Density Distribution at z=16.25mm (kg/m3)
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Temperature Distribution at z=3.25mm (K) Temperature Distribution at z=4.25mm (K)
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Temperature Distribution at z=9.25mm (K) Temperature Distribution at z=10.25mm (K)
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Temperature Distribution at z=15.25mm (K) Temperature Distribution at z=17.25mm (K)
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6. 2Tumn el Case k- -BTemleldence Model

Fi gud7e Gupersonic Flow Streabll e medki-nMdadel Test
Th et rseamlfi sugher §l ormi derssdachieeomme been sh7BwmilarFi
to the numer i ctaWsd ks ckenwr madihten twwsilnghg vortexes f
edge and on the top swoacdédammedmwddoenishtgr aiinne.d Tihne tvh
near ®Bhe frae®i ntesrbatndtieg dr agBe mmaygu & ¢ eo fmotdred .o b |
wavestreramarlei e®s cdedvathoedi slatde wal | of the test
shock wave impinges and naif letdesat he atbhbee nrdi agonhyt
sidewal | of t he tunmdl trhieaatdu nthert deed opr esug &
i nt erdni tnagdlem cheeirt. i on, kieke- imbdertdegrovi des a bet

othe turbulence inupbeotbmnshocKhwaver aasdeshe
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