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1995 /11M000 P33

Currently there exists no single unified approach for efficiently and accurately solving
computational fluid dynamics (CFD) problems across the Mach number regime, from truly
low speed incompressible flows to hypersonic speeds. There are several CFD codes that have
evolved into sophisticated prediction tools with a wide variety of features including multi-
block capabilities, generalized chemistry and thermodynamics models among other features.
However, as these codes evolve, the demand placed on the end user also increases simply
because of the myriad of features that are incorporated into these codes. In order for a user to
be able to solve a wide range of problems, several codes may be needed requiring the user to
be familiar with the intricacies of each code and their rather complicated input files.
Moreover, the cost of training users and maintaining several codes becomes prohibitive.

Obiective of the Worl

The objective of the current work is to extend the compressible, characteristic-based,
thermochemical nonequilibrium Navier-Stokes code GASP to very low speed flows and
simultaneously improve convergence at all speeds. Before this work began, the practical
speed range of GASP was Mach numbers on the order of 0.1 and higher, In addition, a
number of new techniques have been developed for more accurate physical and numerical
modeling.

Approach Used

The primary focus has been on the development of optimal preconditioning techniques for the
Euler and the Navier-Stokes equations with general finite-rate chemistry models and both
equilibrium and nonequilibrium thermodynamics models. We began with the work of Van
Leer, Lee, and Roe for inviscid, one-dimensional perfect gases and extended their approach to
include three-dimensional reacting flows. The basic steps required to accomplish this task
were a transformation to steam-aligned coordinates, the formulation of the preconditioning
matrix, incorporation into both explicit and implicit temporal integration schemes, and
modification of the numerical flux formulae. In addition, we improved the convergence rate of
the implicit time integration schemes in GASP through the use of inner iteration strategies
and the use of the GMRES (General Minimized RESisual) which belongs to the class of
algorithms referred to as Krylov subspace iteration. Finally, we significantly improved the
practical utility of GASP through the addition of mesh sequencing, a technique in which
computations begin on a coarse grid and get interpolated onto successively finer grids.

Condlusions Rel 0 Rocket Propulsi

The fluid dynamic problems of interest to the propulsion community involve complex flow
physics spanning different velocity regimes and possibly involving chemical reactions. This
class of problems results in widely disparate time scales causing numerical stiffness. Even in
the absence of chemical reactions, eigenvalue stiffness manifests itself at transonic and very
low speed flows which can be quantified by the large condition number of the system and
evidenced by slow convergence rates. This results in the need for thorough numerical
analysis and subsequent implementation of sophisticated numerical techniques for these
difficult yet practical problems. As a result of this work, we have been able to extend the
range of applicablity of compressible codes to very low speed inviscid flows (M=.001) and
reacting flows. Our work now centers on the extension to viscous flows.

1163
NoT FRAD ”‘ut»,\mﬁ:'..t-‘m.s:“i:}xt\i.i" B‘LM?,"'

(_.“!..


https://core.ac.uk/display/42782131?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

tHogoaay
€661 ‘2Z-0¢ indy
19jua)) Jybil4 8o0dg |IPYSIDN
uois|ndold |00y ul suoydiddy g4 10} doysiiom

Aa1poy 'H "y pue e[S "D " ‘sisiem "M ‘H

sIdquuInN Yorj [[€ 10)
Inbruyd? |, sorueuA(q pmpg
[euonjeIndwio) PIZI[RIIUIL) B SPIBMO ],

TRITE NiLAT

WO T ||

1164

S



ogouay

9NPBYISs PUD SaAIO3BIqO || 9sPYd
SjiNsay
sSjuswaduPyua pup sjuswaAolduli juaday

SOA09(qO | @sPYd

[ourpno|

1165



H o7ases

s91AQNW LSO

SAUI el SIUIIN0JQNS 6E |
saull ¥8L sau)| 92L'02
S 1IDSY P sajl} €1
alNen pnidUl ) ad
$31AQW SO°L $91AQW 810 $314Q)% L6
S2UJIN0IGNS B8 sau|Inouqns 2| S3U11IN0JQNS 2E
sauj) 8SE‘LE saul| g L'92 sau)| 9S2'E
s311} S1 s31) L L
sq1 dSvo

$91AQN 52
saul| OEr'es
s34} iy

\ O4S /

21N}onJ)S 9jl4 9po0H 99IN0S

e

1166



| _,.,..__A...__..ﬁa.msgm<

uoryeZLIBOUT] 939]dUI0) Pun
sjuaWa[a ()] 3z93xy 03 uondQ onbruyaa) uoauA I xnp} (g
suorjeurquzod (37 [[v s310ddns - UBIqoJBp 1997] UBA 79[dwod
UOTIRATP PAIy3 Ut uonBXB(NY/ IV 103984-Z ‘uorjBzIBaUL] 20y MBwixolddy
(V) uorjezuoye] sjeumxorddy 10308,1-¢ g3umyyds xny
uoryeidajut BIMy-aduny a3e)s-w SuruLiep\-29897S pue ‘1937 UBA ‘20Y
uoneadanu] oE-E SuBI(OJB( pUB SIXN]]

71} 9AIMD INYOULA puB nrY - s[epow soruBuApouLIay}

saunnol SynH [[IYauue], - . armnuqumbauocu pus wnuqrraby

83y 9AIN) WnuUqIIMby sarnxTw ‘AI3STIayd

uorjdo 33 2AIMd Papudx3 JY¥] VSVN o wnuqumbe 7p ‘uszoy ‘Ne-NUL]

S[9poul SITWBUAPOWIAY) sa|qBLIBA 9anLd jo

Ea:nzauo.:oc pus umuqimby o uorjesSajut awyy Jrdur 2 oHdxy

SOTUrBsUAPOuLIdY ], spud sidnmpy -

sumpwwisme ‘qz ‘ae -

3pod awn|oA 3juy ‘purmdn

s[epouwr Ax3sTWayYd “paIAIUR-[[29 ‘2AJBALISUOD A[[NJ

Surysxa 103 5398 uorBAI IdWOD . suorysnba Jo[ny -

$71) 9AITL suoreNba )81 PAPUINXY o (SNJ) 59307S-191A8BN pazijoqeed -

Jo88uBwW I5BIBIVP JUOB PUBIS - (SN'LL) 89%03S-191ABN JaKB(-Uly], -

s91j1adoad jedruayootIday)y :s798qns puB (SNVY) suonenby

10} §9SBQUIEP UONIBIY puB saadg mS_Sw.._oSa N ‘pe3BaoAy-splouday
Anstmay 28l-o3ruy paydnod A . ‘q-g Apeassun pue ApBajs S3A[0S o
Eumﬂ—oﬂnu saanjeoj olsey

soxmyeo] pOpueIXd 7'g UOISOA ISEH

1167



§IUM Ig pue ysTdugy

NI LO1dD3L pue

‘ILSVd ‘deLO1d 10j Hoddng

sanimn Jndno x'1 JSVH ayd
03 SHUIWIIUBYUS 2p sjusmaroldmy o
3eap 29 Yy 89 ‘sayjuenb pajeidajuy
Burssadoag-3sod

suonemI[BI SNVY pue

‘SN'LL “SNd 10} pu3 sures ayj as()
uonaITp ('('1) redoLdo] Aue ur yorew
(SNd) SMo[j SnodsIa voo% Y3y -
(43[ng) smoy} posiaut “Oruosiadns -
:AUBUl 10] PI[BA o

uﬁﬂué.ooanm

891pM8 DUII2AU0I 10j SpLI
[[8 UO SUOIIN]OS UTBIUOD BI[L MBISAY o
(1) suonpoaarp 1eoLdo] oy jo [8 20 Aue
ut pouraopiad 8q ABW JUSWAUYIY
auoz 1ad )29p Indut 2j3uts B saambay] .

Burouonbog gsay

ndur 3091100 A[[BoTIoBUAS §39TLIISUO))
suoTIpuod Arepunoq jo A8{dsip [edrydeir)
S0y 1013 PUB ADUIISISUOD SULIOJIJ
U0TIBJUIWNIOP JUN[-U() SUTBIUO))

sMmpows 1SV ®B se pajowodury
dvlINU] 138() [edrqdear)

[spowr mo[pioeq s diaqpior) 103 uondQ) -

SUOIPALIP [8o130] om] Luw

Ul [9poul JT8.qI3[B XBWOT-UIMp[eq

uoroa.LI0d AJIyiqIssaidurod s JeyiBg -
SULI3} JATIIVAUOD Y3

JO JusmIBaL) Paseq-OIISLIIBIBYY) -

s[opow uoryenba-om3 pajdnos-A{[ng «

S[OPOI\ @ouanqany,

saLIBpumoq [BUOZ -

9o8pms pijog -

MmopnQ/mopurg -

:suonIpuod Arepunoq jrordurt

pue 101 dxa JO IS1] 9]qBIIS-13S[]

suoIpuo) gddcm

S9anjed ] POpPuUIIXY 3G UOISIOA IS H

' | [ENL AT DI T T ] [ RE T LRI T UL LI

1168



uonejuswnoog <X

SI9A|OS [9pI9g SShEX) @ Iqoder ‘Jy Jojoeqd £ <K

suoijela)l Jauul 1qoder pue SFHWD <<

Buiouanbag ysoy <<

SMO|4 PI9SIAU| 10} Butuopuoddld <

saAnoalqo | @seyd

1169



0'ZISEH

uoIjex3dajuy amwij,
1qOoYe ooId YiMm [Njos() SO

SAISUSdXoU] AJOAIIE[OY

wa[qOIJ Jeaury Jo
uornjos joexy soyoseorddy

by 10300 A 9jepd) sAoadur]

SUoI}eJ9}| Jouuj

A

1170



5Ol

1,0

Mﬁ&ﬁﬁumnoocwm:_aoeahlll

(fouu] STUWD T) 19008 ——
SO8—

1

Apog junj|g djjuey

1171



02 ISEH __ — __.||||_~ 1JOSO1DY 3

auuy Jqooep g) Iqooep |
ouu] 1qodep 7) 1qoder —

94y Jejnail) J9A0 MO|{ dluosued |

1172



ooy

(dWaYDs 5,80Y)
DINWIO} XN [POLUSWINU 8y} JO UOHDIYIPON

sawayos uoynibajul
aw} poiidwi pup pondxe ojul uoyplodioou]

XU BUluoOIPUOIaId 9y} JO UOKD|NUWIIOS

S9JPOUIPIO0D pPaubI|p-wWwnaijs
o} suolpnba BululaA0b JO uolDULIOJSUDI]

SISA[euy SUIUONIPUOIILJ ul sdajg diseq

1173



Hfogoaay

‘0 = (b)y sondun g = e :ae)s Apedas

4 xe

— + —— ) J-= —— :suonjenbo Jayny

ne AP 114

suonenby I3y (J-7 paUOnIpu0IdIJ

1174



1fogo.ay

20URIAJJI(] BRIV
- uonenbyg aaepm -

o3uey Aupqeig
mordxe-19png

\ - uonrenby 1oy

JpUIMuUMO(],, 19pI0-1SI] purm D IopI0-1S114

_ HdO 31qesuf) _ — d4dO d1981s _

v
SIXY
Liewm3ewy

SyuLId}oo g JILINO

1175



001~

Oct-

1176



NN

N
TR

W
AR
\\\\‘\R\\\

1177



S1e31ai] T8 10§ uondo Junyrun] peseq-omsuLPBIRY)

o] 9eqradng earsseadwod A[qSrg oy,
0880-£6-VVIV 20UaIaJay °g 3Im3rg 998
A319doad 9ousioAuoo pasoadurr oY) YIM I9JIUIT] 8,JBHUSA

SIo}TUIT] MON

(uone)syrom sorqders) uodlrg seambar) sMpPO wilSVI o
I'T UOISISA - 308)I2)u] J9s() [eorqdesy)

[oPOW XEWOT-UIMpPTBg 31} 0} UOISUIXd mo[jyoeq s 312qpion

uora.LIod AJMiqissaadmod s JeyjIeg

9UIINOI UOWBZIIIUTWE 3-§ MIN

"] a3y 89g
9)BINIOB SI0W S[OPOW UOTJENDI-OM], pue JTRIQIB[B [[V o

Suropowm sousqan} posoadury

-]

soanjedy mi)\; §'g UOISIOA FSKH

01178



- Yososy

SpIB)) S0URIRJYY PMY pestacy
UOTJB[NULIOJ [891)3109) U0 133dBYD MON
[eNUBIY J98() POsIAdY

Zurdurex dg ewy, / TJD
JeuLto] o[y [enpisay papudxy o
uoTjOUNJ XN[J [RILISWNU 8,80y 10 Xg Adonjuy
sjusmoAoxdur] SNOOUB[[SISIIAT o
] ‘A1)
§0INJ0NIYIIR UIM)( So[g Lieulg ), UOYN[OG PUB PLIY) 418AUOY)
AT[13[) UOTSISAUO)) ATeUurg MON .

| B 6810-26-VVIV 20u219JoY "¢ 3In3y | 99g
: onbruyoa], uoasuldip ay} Jo uonejusmadurt pasoxdury

somyuog mi\; G NOISIOA 5D

1179



105019y | VSYN
+£
0L 0001 01 10
00 i gy 0°0
0'S 406
00l 4001
04l q o4t
+n 3 +n0
007 Jo00zg
10z q oz
S 00¢ .. 008
@Emw-x ualy;) peacadwy o 0 “oge

XBwo] uimpjey posorduwy
XBULO'[ UIMP|RY] [BUISLI)  ©

o4

3-) usLy) [PULSL)  ©
1eM 93 jo mer]

[TeM oU3 Jo meT]

S[OPOJA oU”d[NgJan]J, 03 9peA
SJUIWIAOIdUIT JUIIIY

i 1111800 W [ B 1] [ It

1180



\!

N

[9POIN Xew o] ummpiey 4+
[PPOIN 3-3] USTY)) -3
™R US| ¢

josoly g3 ﬁ VSVN
(U x

0 G 0l ar 0z Yo 0¢- G

T T T T A A e

Qe G gy My 1o

Y e ———

2 ey ) 2 Q/A .

~— 1
N 4

(935~ 9/1.Lel)
1 ¢ jopb

| o

B J9A() MO ] ‘C'9 Yoe\

ele(q 0} uosireduro) ame..m.rm rerd

/

1181



<
=}

-4
et
-t
-t
o
——y
-

UONIILI0d YNM
3-Y 1SI0yWdIg We] —e—
3-Y IsIo0ywaIg Wwe] —up—
815qp[oD /m OTRIqR3[Y —5—
oreIqad[y —o—
wowrradxs o

l,,lllllllllll

UOTIORIIU] J9ART Arepunog/jooys yim
Iy ojul Wni[oH Jo uondafuy renuodue ],

Foarn [ H RN T L LR i L I R 1T

1182



e b LT
=y IWYWA - — -

=X 3oywp —o—
wpeqly URA —o0—
TR 2eNR0PdS —0—
POW-UIW —O—

1183



(samouw) x
80 Lo 90 S0

0 or'l

/L

PUL 2L T 801 901 #0°1 201

I 1 1 1

SN PIZI[OqeIe] ['ZA JSVD - © - -
SN PozI[oqened ZTZ A JSVD ¢
SN 91dwo) TZ A dSVD

o7e1d 9)e[] © 19A0 MO[} g YOBJ 93 10 s}nsax SNJ paaoadury

00000 F7

$0000

01000

MU B S S NS G B A S A S e | V

SN PRZHoqRRR] [T AJSVD ~ & —
SN PRzTHOqRIRJ 2T AJSYVD  ©

SN 2R[dwo) 77 A dSVO

-

1

1184

LU LRI ]



AL PAQE S

1185



L

Jyosowy

uojjejusLio
19doud ssjueienb osje |im uoneuowojdw MaN ¢

abue. sadoud sesjueienb uoneuswejdwi Jusaunyg o
uoniuljop >..mv::on jeuoz ayj jo Juswisuljay <«
Ajjeoiydeub apy uoneosyioads uonipuos Aiepunoq leal) ¢

suoiypuod Atepunoq asimuiod 10) poddng <

1SVd Ul punoj jou sainjes) sisyo 13s 16pmm Jnopy ¢
suniope|d xiun Auew uo pauoddns [Ny oW ¢

1SV Se [[om se adejialu) 1asn JNO JO s <«

IND ZA dSVYDH J0j Moddng

1186



Jyosoly B3

\

-aseqelep juaiind o} 193lgns sPpow
A11SIWIBYI PIjBA JO UOII03]as 3y} mojje AJuo [[Im doep1dlu]

sannuenb weajsealy ||e ajejndjes o1 A|qe aq ||Im ddeudu] ¢
aseqejep
[ED1WAYD-0WIBY} dSYD 3y} O} SS829Y <«

S91IEPUNO( [EUOZ PUB SUOIHPUOD Aiepunoq
asimjuiod apnoul 0} papualxa aq [IIMm Bupjoayo sany ¢

uonuyap Buiouanbas ysaw ay} Jo JuswduULdY <

("Ju02) IND 2ZA dSVH 4104 Loddng

1187



_ wowob«ﬂ

PLD-RINWN YUm uni o} ajqiedwod Ji ayeyy ¢
swajqold auoz-ijnw 10} sanijiqeded alopy ¢
Buiouanbag ysapy papusixg <«
buiddals awij jenqg ¢
sanbiuyosa} uonelal) Jouuj ¢
Buiuonipuodsaid ¢
PUOD-NINN ¢
swyioby uoneibajuj swij panosduwy <«
UONBAISSUOI |eqolb ulejuiew 0} saXN}} 1994100 &
S3LIEPUNO( |BUOZ Je SaRINUIUOISIP Julod Ysaw 10) MO||Y ¢
uonejodiaju] |[euozZ [BJdaU3K) IO <«

sainlead 0'eAZ S H paroadx3

1188



Josoy B>

2-1Ing suollpuod Azepunoq paziieaul jo Aleiqil ¢
suonipuon Atepunog noldw) <
[opoW M-} S XOOHA\ —
S|9pOW Mau 3|qISSOd ¢
aousnq.in) pajdnod Ajny 4O Aj@sooj] 1oy uondQ ¢
Buljepop @sus|ngqIn] <«
poylat S UOIMSN 10} UOIeI3|809. UOSUDYIS —
uolloe sseuw Jo meT] —
anbiuyoa) uonnjos Aisiwayd wnuqgijinba maN ¢
Ansiwayo pajdnod Ajny 4o Ajesooj 1oy uondQ ¢
Buijepop Alrsiway) «

sainiead 0'sAZ S H paroadx3

1189



eiqelewl] || eseyd Yogoley :| ejqey

yoday jeuld Jeaeq
uoday reuy esedeld

spoday Aueieng) Jeaeq
Buruoday

SHNSay UONEPHEA PuB dSVE) JeAleq
80D SV MBN e1epeA Aisnosob
Buippaqus3 ysa yim JSYD Jeaeq
sonbiuyoe | Buippequi3 ysey weweidw|

Buouenbag paoidw) yum dSvo seateq
Butousnbag yseyy eaardu

SYNSaY uonouN4 [IEM JeAleq
9UBINGIN | 10} SUOOUN [[BA Juawerdw

SNOJUE||oSIN

uonezifeuobelq yum gSyo) Jeneq

Swie | oueuAq pni4 jo uonezyeuobeig epo)
AiSIuByD MON Ui JSYD JeAiteq

wwobny Ansiweyd wnugynbs wewsidw

Ansiwey) petdnog Aesoo? wewsidw
swiuofiy Ansruey?) Joj 8pog emonnsey

Ansiwey)

Buuogipuooeid MeN Y dSYO Jealeq
xuley Buuonpuodsid elerdiuo) epod)

Buluonipuooed SNCISIA JO LORENLLIOS J6ANBQ]
Buiuonipuooeid SNOSSIA 104 UOIRESEY WIOMed

Bunonipuoosrd posiu| pasidwo? Jenjeq
JauonIpucoald PrsIALf Jo Sseulsnqoy eacidwj

Buuonipuodeud

S¢

ve

114

cc

0

61

81

Ll

91t

St

vi

el

gLt

OLI6 |8 [Z |9 |S |¥ |E

10B]JUDD JO LE]S Je}je w..:co_z_—

1190



1JOS0.IaY V

L

sanpqgedes auoz-pin ¢
SNd Buipnjoul ‘Buiysiew aseds ¢

s|opow asuanqIny
areridosdde yum [ppow jeaisAyd sa)o1S-I9IABN |Ind ¢

swiylo6je buipds xnjy ‘swinjoA ajuly ¢
sjepow Ai;siwayod pue soiueuipowiay) pazijesousdxy) ¢

dSVO jJo }seg 9yl «

Abojouyosa}
J9A|0S MO paJinioniisun

1191



}JOSOIY

L

eipayexay
pue ‘swsud ‘eipaye.)a) ‘sjesaiejipenb ‘sajbuery
Buipnjoul sadA} swnjoa jonuod ajdiynw 105 pyoddng

uonesbajul awiy JuaIdIYd 10) spoylow uonexejas uoidwy ¢

Swiid} SNOJSIA Jo Buljepow ajeinsose pue
Koeinooe |eneds 19pio-1aybiy 10§ UOIONIISUOIDL 10BXS-) @

Abojouydsaj JaAj0S
MO}4 painjoniisun juaiino Jo 1sag 9yl <«

(1uo9) Abojouyosa |
I9A|0S MO|4 painjonJisun

1192



ing

N
S
= O
© =
= (C

N
QS
Qo
T
QO
L
‘a)®

3

IAVAVAVAVAVAVAN g
PYAVAVAVAYAVAYA
QAANAND

B TAVAYAYAVAY ) g r 0, 0
AP, WAVAVAY, 4 0
KKK Y
SOEOECIINA

PesAVAVAVAYAY, Y ol
PAVAVAVAVAVAYAV, S\ “\‘; X
PZaaYAVATATAVAS Vo O

T W W W, M e
SISSAIEIIS

AT A, -
T AT A

=
eV

ANZAVAVAVAVAY
POYAYAYAYA

o AYAYAVS
B AVAVAVAY.
P

Y-
YAVAVAVAVAVZIV4 ' N
h"""""""‘\ ' ‘y‘\‘ “; o
PANAVAAVAVAVAN 00 01

[N AR
SYAVAVAVAVAVAVA " '
SABOODRI
<IPRANSA PR
< ORI
P AVAVAVAVAY, V0
AYAVAVAVAVAVAN,Y'; "«t WD
PZeaYAYAVAYAYAV, N\

X AeroSoft

1193




I

1194



S30BJ (000°00€
SIPY 000°0ST

PLID LOSH

1195






