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Abstract:

In computational fluid dynamics (CFD), great research efforts have been devoted to the
development of accurate and efficient numerical algorithms suitable for solving flow in the
various Reynolds and Mach number regimes. There are indeed two pressure and density
based algorithms. In pressure based algorithms, pressure is used as a working variable.
Unlike density variations in lower Mach numbers, which are very low, Pressure variations
are remarkable. Thus, this method can be used in all desired Mach numbers.

The main purpose of this thesis is the development of methods for computation of flows
at all Mach numbers by extending the pressure-correction formulation to ensure shock-
capturing properties. But this approach used up to now has also problems. The main problem
of this procedure in PISO, SIMPLE, etc. algorithms is their elliptic equation for pressure.
This property is caused the propagation of results in higher Mach Numbers which the flows
have the hyperbolic property.

In this thesis, this problem as the main disadvantage of the pressure-based method has
been solved. The characteristic Variables, together with use of a Riemann solver, which is
proposed in this thesis, are used. The Weighted Essentially Non-oscillating (WENO)
scheme is extended to the computation of transient flows in pressure-based method. A
scheme base on Weighted Essentially Non-Oscillating (WENO) has been developed into an
implicit finite volume procedure. To achieve higher accuracies in convection fluxes, the
higher order interpolations are used. Higher interpolations without boundedness criteria are
producing oscillations in discontinuities, but the WENO scheme has the boundedness
criteria. The other advantage of WENO method compare to the boundedness NVD and
TVD methods which the accuracy is decreased by first order for interpolation in
discontinuities is its higher accuracy in all domains.

Then, the developed scheme is applied to the computation of transient shock-tube
problem. The results of the WENO scheme are compared with the analytical results , and are
in good agreement.

Signature of Supervisor: Key Words:

1. WENO Interpolation

2. Characteristic Method

3. Pressure-based Algorithm
4. Shock-Tube

Date: 5. Hyperbolic Property

Dr. Mohammad Hasan Javareshkian




Jol Juas

&L P



Y Lo jLid o o1 Sy WENO o9, 0 0,5

doddo —)-)

Sl Gl 0SS (g0 g | ()l elpen sl oy g Sl <5 > o (s S¥olee
ST Uy calS 5 oo Jlinl Uy el S ¥l sl bz il ol oy a5 el 3
2 el sl sl baid a5 b 0 5o (g0l Comnl punige p3 il oo plg oliond
DS g b (e Gl oo e rl 5 6)lge 5 (g LILE gl ) gl i ool IS4
S5 Al zalojl SlLeMbl g5, Tmammie J8 das oz U plosigs 3 oezmn slesl > s
Cmoid G135 Sl 4 ol g S Lo 4 (o Lol (g 51 par (g oiilo
s 5y 32y (gl oanliie g (5,50l glallas aile Slallas ileT Jsb 5 cpwizras <uns
050 (o jadsi; sae o Ve ol sl sl ol by clilejl jo diges olsie
oz sl ooz goue o Il amalS 5l b ;00 (ggm 51 [V 0o S92y s (gl
Cdyb g e Gl L ol slanl abgy e Plwe () n sl 65%00 Aey 5 0D 0l 8
sle (B, S 50 658 Gl Olge aojorel 5 09,5 (zsd BB Cd iy S (nl b SselS
il by 4 Jlw ol p pSle Jansliine ¥olae il ol 50 .05, (oo )5 4 alSiuls)]
g oo J> g A g Sgazme Joldl dgaste pox> (dgdowe
S, 09z g (gl dolrs Jlid (gl IS cll> joconl jlis (b > SVl oy IS ()]sl
ol e Grdy o515 by (Fole 4 L) aijlo Y (oYL zlo sae a5 pdy oST5 oYL ol
15 Ll o g1 s b (gl (sl alslas 5 ol bl o iie ,So0 @ 1, Lid cdl> ¥olee 3 )b
S obad el y8 e b an la 0Ly cnl )0 0l 92y OBGl (nl (oST5 BB e slo (L >
2L olr 2 e 5l aleBy) 05t (e ai e SYolas s 4y (Sigy alolee 55
a Olss e Lt JSiie Jo (sl sue sl (g, e 53 Ly 1) sl loles 5 (i g



v Lo jLid o o1 Sy WENO o9, 0 0,5

S5 Sgmrg Koy Adobes asy ,Ltd ols L3 o a5 Mk 5| Sy aill o |, (ol adl
el b, o mon-staggered) ol Jowe SO jo 6o ,m g Sl Glaprie 40,5 0 05d
oS Lo it pla jlaz ;o Sl JLad (ob 90 e a5 09d (oo DL L2L ) S 5l sgace
s sl 098 (e sliiul Sy (gl 45T ol o) 5 (les Sl Olg (el e p0 il
staggered) ce w5l lyome slo 0,5 o Lid 0,5 0,33 b JSiee ol . [Y] 0,5 ooliiu
Lo psio aSdy G 00 buls 4t staggered 1 jglaie sgame <l o) [Y] 048 oo B,k
Lo 46T 13 sy wosles oxiye lall Sy gl e (lyy g om0, sl la 0,5 1o
Sloml cel Jos ol 8 Sgamme oox gy 50 (995 (o 035 (el 3550 50 jLad 5 oLl
Lole a5l ool by JSiion (sl Sgime a9, 50 [F] 995 oo oz so 6,128 cloyloge
ooliiwl ot o 5l oz G g jLid sloaie ] 0 4T 005 0 )b s (Staggered) sus
|y e o oS JStn el 5350 Ll Joe o ol Suzmay (s1lo 00 Lol St
SYolas ) jLsd (Il oy, 5l sgamme slial (g, 00,5 Bk S0s sle o) L oly (o0
;L [0] (Chow) g> g Rhi€) 4, i, 5l eoliiwl b sgame pm> by, 50 [V] oS (0 B>
P a8 pole 5 000l o0 Jo (e )Lid Gl sl IS g 05l (o0 00l bl )l e s o
5 (oot 1ot 1) aasuiie (sl eitia 3o a8 5 it pos Ll 0 plinl Jona o0 oS
Al dalgm oold isgi pad ad jo aS eall plodl layy livss J>
L Jobow 0525 53, plomly Moz (ned «SYolae (55l atnnS 5o (Lol St (e
2,5 dle |y olomly Doz (S 8o b sl Lwl) cpl jo sl jglome (slo 0 )57 51 ool
= b Jol adpe S B L sl ) il hals 2o (28, VL L gove (s )lk cnl 2 ogdle
PSIVL e (slaty bl aios o 500 iy s 0 it sl pluol 5,0 1
slool wad sla GLol,F 53 (S jub llogi Conl Sae ail 4Ll (FALS 3gamme Carsls



: Lo jLid o o1 Sy WENO o9, 0 0,5

9 QL?U‘ QBJ.-?LA J_,oLD.: 9 QBJ.-?LA rg._>L> )Q é\j o ¢\j|)| QL“") J..> 2\4[.: » QS’YL’ USQ le.% Q“5)

il 0als 0010 drwgl yieS dgame sli>l o b gyl .l odls ools Ay

s aS 05 b (oo Yo 280 Sledhy; algs @ yomie Loyl 4y (SOS Sgamme plsS oo
Sleyy =l s (o )] Glog adgs g sl 438 el 9 wad lo (LolS o 1) (9>
) Canl O le 00lS Bgue

(TVD) JS olpis hals (bs, ()

e loged lyie oo (g loga 514 (NVEF) ous s o jsite (ge¥ge 8 (g, (Y

S oo oolial (NVD) 0 ams o

(ENO) lug ¢ GIS ss, (F

(WENO) (555wl b Glogs e Bl g, (F
A 2) Sl 00l Lo duadiine gl o wlul WENO 9 ENO s TVD YL slo 009y
(Sl 05 JB 5 ol 5 adsl slo yusite o
w3l S5 )0 Sgamme w40 2l Sl J S sl WENO i, aslllas ol o
G50 @l b nioy o515 w5, s Ll o sl by 0 ol b 5 098 (o 00ls anngs L jLid
WY, Aty — V)
i pole 10 az aSLl (golanl JgalS (63519580 )0 drwgl e & ALLAT Avs Aw Job o
il 3 45 Eal (CFD) sl alome ¥l Saaliys apaz (gls a5l ol 51 (5o il o jalls

» PEilesl 5 (25 SLeMbl 05 1 5 (5 il et el 0357 (53b5 Sy 90

5 ul_:).> Jdzi a5 00y g el u..q‘).9| Je o L@‘j SleMbl 53lw 0,00 o8l 5 &l ool



Lo jLid o o1 Sy WENO o9, 0 0,5

Jims oz blme Joo 53 Wbl (J5 025 )18 anlllas 3,0 Slolne SVl Salis 3,0
sy ade Lyl o ab aS Lol JSiw dw diiwd axlge go0e s glp olo (g)lgi0 b 5
slagle

ol ot Saezn ()

Ol awaie Sawsn (¥

cgode U lo oy, oo solatdl g s luly «cds sgas (Y
ol 3l Jiims dlass 0 a8 il 8y i ki ol 5 bl é (aly sledly > 25T
oy s SYolne dy zliml o ol (6l wbodlie aulin Lawsss ool 9g3g 4y wlilazl woeu
4S5 JlS oae o gy o drwgi p Bas ggeme )0 g Wigd Jo b a5 Wil b 4 atly
el 35 pae 0Bl ALEIS 1) masy drels Ky o 5,18 ColB

Loy 3 al g30e Slsle (305 golasdl 5 (5ol s cs3ae (o9, o slolons |
b (oo Bl R o )lse caley b

L83 a0 yidey Slawbre e o5 5l eolaiul ()

YL AT e CBo L ol 9,0 Jge,8 5l eslasl (Y

A bylas 5 4K sty i 5 429 Jlto jsb & aSed ol om0 (F

Sote Sl 9k 3l ot walys Slasle &e ali8l el YU slo (b, 5l plaS” o sl Ll
D9 oo pll (oriwy GlaE>S Y Ao d 12 10 39290 slo g,

o=l et 9 Sy i il 0uls 00ls Axwg g sboul (goue alide la by, Liwl, ol o
D50 dn oS gl gl SYolae sl e, (nl IS 058 el (G35 sl owileBly g, o s,
el 5

Du, 0
W(p———-—o, —pB)dV V=)
[Wip=) == 0y~ pB) -1

14 J



Lo jLid o o1 Sy WENO o9, 0 0,5

el 2y Spe (e Sl Sl &S Sl G5 9l o) 5 e S Bl o &S

Oou, Ou, ou
% = PO+ M ox,  Ox, ) ox, ! (=1

J
aiged lp sd (oo ol gae o s, ) (Fslie b JS8 Wl bl 2 (0-)) Al o

g W s 81 g a8 15 Sgamme sly ol g, oV = N e oLl USs mls 1, W, 51

o | ‘W:é‘()‘c’_)‘c’o)“j‘)o LSL’JQ é"l_’)j‘EQE) ZQWU'LB) ‘\)5..3’5 uL?L».:‘ Go=1 c.)..>|5

39— Sl—by; 3 ptee SLSS 5 (S Sl sl solitul sgu oo o 9 5l Sl
B30 49y (s 00l bl (oo Wil st dlone &5 Sleile j0 lapsie polie (Db gx b 00
acily o YU go0e i slls ey ol 45 il o (UPWINA) Cews¥l 4l 4 o 3]
Sles oeld g HYBRID)o jue o le Sla g, (oae isu jalS L 2ol sl
315 399 Ly, oyl o Vb goue g lul wix o [7] 5 [F] o @l | POWER-LAW)
Py el 3l 990 YL A pe (b (1550 Sleeds) (nlpli s (oo s (0L g3 i3y s
s Cowd (sl s o g CandYU alais 90 alwgs 3,658 Lawgs sgw a0 <30 L QUICK
ez 5 o ] o sl 19,57 Lasgs 1500 pgus adipe (hs; [V ojled gz pe 5l J& 4 ] el

A ojles

09y b @ o 65 380 @l (IS jsb 4 g oS oo )5 oammg o0gazme 10 Ly (0l

u_m dde 4§ LS’LA) 5o ool sois S92y (Y ‘J..;)L) ‘;w J?‘ 4\4..:).0 Cowd yl.: AL

4S le o o J 0jem 0 (Soped e Dllugh sl S5 oSGl (i 4 plbmlr Cod)



v Lo jLid o o1 Sy WENO o9, 0 0,5

G S YL dde sle (is) 50 Sllus 5l 6 xSele sln anad slo (Lol 5 L oj95 5 )0
:)'lM)gcafxysaéag@mosogtwﬁxlomgﬁ@.pdu@,&'
(Artificial Viscosity) cgias 498y (og, -
oaiS dgaze sla yug, -V
el pgo £93 5 Bubod (] jo eolaiul 050 (yhg, a5
S wgd (oo Ll (goue JLban a5y 0SS G egian A jeSins s, 0
Sl @ Jsl 4 e g YU as e )Ls S 5l gaus jo poges adlal iz as (L ol Jleel sl ol
GO iy (g late wad gla Lol S gile anh s a4 b g, ol Jg il o go0e

ST 3game Couols o5 Cal oladg 3l esliul sl sladlsz (5051 Gy g o,

ghe o @3 o)l ledy,y cnl jo wiS 6T sl (b e Sllus 5l wlys ge 5 W)l
sbml Cudgasme (5 ladie a5 HLE oS Sgae SU o 8 4 L) Sl Jokw 4 (53959
Gl g 05 se oolaul Ll 3,8 Sgazme (gl 4 oledyy alez jlaiS oo Mol ST o
5 ENO Loy 2 U3 sl g, s NVD) asmy s oo Jlogei sy 5 (TVD) S @l s

2ok o« WENO
Oedsl 45 05 oo slo s, 5 CBC (SuiiSogame jLre 5 oud any (o it 50508 9
sle oLy 6l 0, lawg Lo s g b slo by slp of 9 S 9 069 awgs )L
= el 5o (Glg e Ghgy s el gy (ol [V o led gy 5l J&5 ] b @il ool

Jol 45 0 sla Db (49,0 sl aad sla (Lol 5 50 (g, ol jo 0l (v 2 o e bl



Lo jLid o o1 Sy WENO o9, 0 0,5

5 4ol sl e 13 g (nl 0sd (oo oolanl YL A5 e olsgyo slo g, 5l s (2l 50

Dy (o0

5 by ol s sl [4] (Harten) cijls Lwg )b sl (TVD) S @lyois (talS b,
D ez il 8 a] ol onds ailf el dy 0515 Sledl 2 ln o5 Lo JSz slo o 65!
LS by, 50 0 ools b i S L Jlid 02 )sSl )0 [N ] LS lsz 5 (qunre fonsgi o
Jsl di e 4y L 5l S st sl ol 30 280 il gla (LolS 50 (TVD) IS jeis
Ol )0 09 (omad ool Wb &5 50 ob (59,0 5l el (Lol S (e o &Blg jo il oo ialS
Sgdme Je (old 0a S Sgisme g Cudgase (] ST (o0 i (Sle A g9 s,
245 oo Jlee! harmod L minmod ouiss

4SS TVD yNVD l—is, s, WENO 5 ENO _Slug e BIs sleds, o
o Lo (Kol )0 S (oo psS Jsl e (o9, 4 Vb Ao (b 09,0 leeds o (SKwgeyl
ooz 5lls 55 WENO 5 ENO glo g, oS o 08l YU aipo b 09,0 slads,
03ls o9 g0 Jmad jo 1 0 LS Blsim b lpdg, cpl il oo (TVD) JS @l s rals
2,5 Ol Doge il @ Glg (oo 1y 00l plmil Ly cpl )0 &S (gl w50 vl

YL &5 e 8o slo yog, [VF] o VY] VY] il en o (Harten) 5ls VAAY JLo o
cds 3 TVD cools o alin opl jo a5 wisls «l,l 1, ENOg UNO ()lug g csleSs
15 ol ¥olas 5 olis ISl c¥ole U sl s Ll Y dpe b o 2ol den o 51y,
155 Y &5, ENO s, [V0] (Yang) 5 128+ Jlu ;5 ol oas 4l Lis JS> el
(Splitting Lo WS sjlulaz j oslizal L1, ¥ &5, ENO [1#] (Yang) ik 143\ Lo

5 (L10) oJ VA2F Jlo ,o ol )18 soliwl 8,90 bue JB> jo Jol <Volao > sl Flux)



1 Lo jLid o o1 Sy WENO o9, 0 0,5

g 0s Sgliie g laie ENO b lo 1ol 5 drlos 3956 40 a5 |, WENO s, [VV] o, San
5 (Pereira) un Y497 Jlo o aisls @l b JBs ogy 50 0,5 (o0 colwl JSj9 polie
drwgs ol la by sl e jLad o ysSI G 0 |, ENO ([VA] (Kobyashi) oal.s
Lol &l 1, ENO-Pade 5, [V4] (Huang) Sile 3 (Wang) Silg Y-V Jlo o .sols
,0 a8 POWER ENO g, [Y+] (Maquina) LSk 4 (Serna) LGyw Y--¥ Jlo o
Lo JE> bs, 5o oz 00nS Sgame ) b og Sglite 6,laie ENO Lo 5sl,S dslone

ol &l

ot Sl sl o 28,8 1S @y g b Senliyognl o 3l 5 conl supir 3, WENO
JL S 69y = gl olocel 5l g 0pinS o 1) o aw Jol by Ve oV Jlo o Sz g
5oy ol Ken il o 1) WENO o Slee 5 255,5 55kw 4o WENO S8 4 ol
il s Yoo b Jlo yo i Sen 5 s [YV] wis 57 5155 oKaia YU Sds ¢ b ue o
s ENO (35, 50 ;0 LRAE2822 il 398 isdnl 69, 2 1) ndy o515 Sesliognl oloyz
WENO a5 00,5 5,559 aisls slosl flojle o a5 S5 g 9gasme o> 2> ,0 WENO
5 S SgdS VY] il o0gs Liu culs, 0o ENO o Shee a5 iz o conl 03,5 Joe o
830 hsdnl Js= LLL See ;05 ol ile and sl 1, WENO g, Y-8 Jlo 5o Ll

Iv¥las s 5,155 1, oelhe gl g wsy IS 4 BAC3-11 Sl >
L sz sle ol 5l oy 4o sl [, WENO (3, Vo0 Lo 1o S 5 o) « Slse
oo L g sl sl i (gl 1) uS gl = 500l dlolas 457 00,57 (ol SB09 58 1 (s,
S S sam dw by Grizes 05 (o > sl Wolie SO Wl = SVl gy g5

S50 1, HB-2 Jos 59, = (So—o =l bz oeiren s ONERA-M6 alie U s, 23



