Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

— T B R SR A T BN A TR B vk
XM ARAN T HEAE B HREX
A new preconditioning algorithm for computable compressible flow

LiuBo XingPu Ding Song Xie Ming-Jun  FengLin  Shi Xiao-Tian

515 &, Citation: Acta Physica Sinica, 71, 124701 (2022) DOI: 10.7498/aps.71.20220102
TEZE [T View online: https:/doi.org/10.7498/aps.71.20220102
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

BiK R PR Sh GRS AL SRt A5 14 B R AN

Numerical simulation of modal evolution and flow field structure of vibrating droplets on hydrophobic surface

WIFEAEA. 2021, 70(14): 144701 hitps://doi.org/10.7498/aps.70.20210161

NPT R G PAR AR AT
Numerical simulation of gas—liquid two—phase flow in gas lift system

PPz, 2020, 69(6): 064705  https://doi.org/10.7498/aps.69.20191755

A RARR AR T A =S AR

Acoustic cavitation characteristics of bubble in compressible liquid

PPz, 2022, 71(1): 014301 https://doi.org/10.7498/aps.71.20211266

IR )R 55 BRIV S i BB S 1
Numerical simulation and optimization of cooling flow field of cylindrical cathode with annular magnetic field

PFEEEAR. 2021, 70(7): 075203 hitps://doi.org/10.7498/aps.70.20201368

I S COLFEAK P BV A i st A% A
Numerical analysis on flow and heat transfer of supercritical CO, in horizontal tube

PPz 2020, 69(4): 044401 https://doi.org/10.7498/aps.69.20191513

PN AN TR P S R P P R iR A e

Flow and mixing in shock—accelerated elliptic helium gas cylinder process

YrH2E 4. 2018, 67(18): 184702  https://doi.org/10.7498/aps.67.20180879



#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 12 (2022) 124701

—HETR AT B AT E R sh RO T AL B 77 3%

WD OMAD THAD MWED  DHY  wpgE O

1) (PEMRE TS AR, Jba

2) ([ALFMZ MR KMz RE S TR R, Jbat
3) (ACHTUAS R A RB AL HAA FEINE, JL5T
4) (FAFRZECARR 4R, K 300071)
(2022 4 1 J 14 HYE); 2022 4E 2 A 20 HYEIBR)

100074)
100083)
100083)

X051 FH AT R 46 U B B 2 SR A S T 408 Tt 3 76 ) R e R, 66 T R 00 4 1 SR AR, A3 T — Rl A
Mach . BB % 5 . W SR I O oo 2R W TAL B I, o T Rl 5 AR A A R IEAR IR L .
SIS HES 50, IE W 5 %48 L Weiss, Pletcher, Dailey Al Choi BT ¥ET 5, A X AEREAR J7 #5826 /Y W44
PR T BUECR AR R0%, T B B Ar p RS 1, IEAINA B 52 BRI I 3l AN R R R B 2 (8] O A U SRR
PR 22 53 AT B, XT VI Y Roe 8 XUAF i EEA AL TCIR 5 (WENO) 6 2000 SR A g, 20 20 00 it i s 28
B2 s AR5, 5 TR B R A 45 G R T UE S5, 45 R 3R I A 3 12 T LA SE XS TR AR B AN
AT R 48 I sl R Y = RS BE AR, ELIRA L Weiss A1 Pletcher 25 #2 H A% 05 v 58 G- () WA S50 A s 1k

KR PUCBRBOR, ATRARR S, W, BUERY

PACS: 47.40.Dc, 47.11.Bc, 47.15.Rq, 47.63.mc DOI: 10.7498/aps.71.20220102

1 g

WA T2 (computational fluid dynamics,
CFD) &k J12 HERCE SN AL &
1 2 AR AR 242}, il B s AT Ak
ALBR, SRR TS AL AR LR AT RAL
BE A A, oA BR 25 433k (=30 2 )™
2B TRz

Wi CFD MAWTA i, ANTRT R g i ) @i,
H 5 5 At 3 [R]85 H I 45 A v RT3
(IR, o B BN e R AT R4 it s 58 ik 191, i
AR B AL 2 R FH S AT 4 0k 2l 1155 5 3 131, SR,
XA 5 I AR AR AEAR R 22 0], BN, oo P
AR BE A A0 — 2 A5 (A A7 AE ), SIS T

il

IR AP AT AR S B HIE SRS 2 e A3 4 1O,
DAL BB 5 vk AR R R T . B0 e
ORTPRR by eI 5 G108 e e (RIS O ST
SN BRIE 1i  EGE  B, JCIE R BUR A 3k
JSERERE AL, BRSNS 22 RS S0 B 5
MBS RS 33K A AR g O P ) T 121 S A A 2 %
{EIT IR R TARK Y IRIXE.

(RIS, AN BT s 246 0 S RSB T 1 AE S PR T AR R ]
SCAARRIIT R, WS RSER, A=A sh 519,
FERLERE, o2 BRI S A7 A B G 1618,
TSRS, 5 2R R RERS A RBOR (3 IR
SIVRUE DT L. 9 7RISR AN AT 4 P AR
Tl I, Faselll? & H i pR &I R E0E, Aziz)
3 1 B R - U PR, AR U 5 LIRS B BRI Ty
PROBOH 428 1 7 R A T A 8, (EL BE T A e X L

* ER ARRIERES (S 11872348, 11802297) A K & GBI A T (HLHES: 2019YFA0405300) % B IR,

T HEEEH. E-mail: xxtshi@163.com
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

124701-1


http://doi.org/10.7498/aps.71.20220102
mailto:xxtshi@163.com
mailto:xxtshi@163.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 12 (2022)

124701

ALFE T ELAES R = 4R S TR 2%, Halrow 1
Wetch?! $2 4%+ H R ic 555 (marker in cell,
MAC), Hirt % 22 U 7E MAC B3 Pt
SOLA B3, M5 vl LUA A AL 385 52 2%
I PR T B85 T 3 21, (R T B ] 25 R = ™
k&, JT LSRR3R 3 IK . Spalding Fl Patankarl®?]
$E VIR R TR 20, (semi implicit met-
hod for pressure linked equations, SIMPLE), iZ /7
B OTE TAWHE TE H 50, a8 1 5 09 15K
fiff TARE T R SRR, ELEE. T SR s
M, Patankarl® X $EH SIMPLER (SIMPLE re-
vised) B3%, van Doormaal Fll Raithby®? $##H SIM
PLEC (SIMPLE consistent) %%, Minkowycz % (0
$Ei SIMPLEX (SIMPLE extraplation) 5%, Issa
7T PISO (pressure implicit with splitting of
operators) B, A THRIE =k sk B 5 e ) R
G RIB BN WCEL. (HIEX T HAAFAR R,
SRR R O, R I (B AT AR AR B A I L
HImfE k.

bR b, AT R AR R T A L ]
HE Y BRARVRRY | AT ArT i AR 2 T R4 Y. i HARZ
g P AR I S A AT 20 1) 1281, i | gl TRE
5 T ARG T R A T AT R 4 U 3l
BB EEARRT I, DR B 3 4 L0 3 35T
J. 408 . B0 A B 5 V6 R TSR AT R 4 i 3 ) A
Chorin®! = 1967 47§ H ke 8L 4 1wt e 5 T 1K
FiUEAR, St Bl TR B AT, 250
— DL L g 5 I HR Bh G — TR R — S AE
BT R AR, SR 1 DR 5 v ) BRI AS 3 E R
T2 ARG FER R . e PR FRUAL BRAR B Y Turklel)
T 1986 AL, HAZ O FIAE T 2802 i [ 3000
I/ N7 R AR R A R 2 5, 1993 4F Choi F1
MerkleB! $2 4 5 Chorin-Turkel E [ AH 0L 14 1E F
T Euler Jy 2R TRAN A B, 5 38 HI T4 s )
AL PR B 2 B Viviand P2 S Ag U S BOERE, 2
TESE s B MIPEAR SRR 58 . 41X Navier-Stokes J7
P2, Choi 5 Merkle® DL & Buelow 2534 $ 11 T %
J& Reynolds FUsZm i BAb RS, Godfrey 45 )
P& R R BEuler A B BRZS A T B HOT R
e/ TCEEPER B Jacobi HEFE, (EATRSRME LAREARGE
SRR T W R PE . Weiss 5% B9 Pletcher A1 Chenl”)
P AR ML AT B, HLRRAR T 3 AR I 1, Bk
J¥Z 8 F FLUENT, OVERFLOW % il 4k

4. Dailey F1 Pletcher(s] & 55 —Fp4H B4 318 H 5
ZE ML G, BB AT DL S A R 2=
STIEFETL, W rT LS A FRAARFRE B (Rl BR Tk 1)
FERL, sesMn] DL SRR AR 25 A i AR
E Y [R] ,

ARSCHE S — B ) AL B R 2SRRI AT
P~ T Mach 20 pREL b FI M, (145 5 #2411
NIPEE— 2D A, ZERR IR (B R hedem) MR
FEPETTEE TSR TS B, I HAE = S R
A (b My fEA RIS O
THAARFER). @ E TR, PR TA
SRR AT AR, Jf 5 HA EARNT L, R IEAR S
I7 iR

2 EABA

2.1 YEENETENRWE
R T AR S PR S AR UL, AR SO AR

HERIC T A0 Jo i 4 A P

R R
L’ L’ L' Ljcy’
w* v* w* g*

U = ) , W= ) = )
(o'} Coo Coo Joo

p* p* e*

b= 27 pP=—— = 2
PooCoo Poo PooCoo
c* T* /j/*

c= ) y M= )
Coo Too Hoo

Hrp, a, y, 2 RERAS [ E AR FR I A A0 hR o0 i
LIRESHKEE; AR v, v, wir R =
AAE BRI T 1) B BEE; g FORE TN ; p AR
R BN R AR TR AR Y B RE B o ARER A
TREIREE; W HFEREG bhne * "ERA =N
i, MR o MUERSEE; T 2.2 Re
SR Reynolds 28, Re = pooCooLl/tico -

2.2 REhEEHAFESA

Navier-Stokes Jy B4 & AR 3l 1 h i d 2L
FIIEAR T RE, B R T AR A o FH 2P i 2 — e
1930z sy T RR . DA =4En] R 46 sh s B
191], 220 SN RN A 7 0 TC 1 A A7 A
@_}_aﬁEﬁ_@fF % _ i (8El, n OF, n aGl,)
Ot Oxr 0Oy 0z Re\ Ox Oy 0z (1)’

124701-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 12 (2022) 124701
= 8 s 1y N 1
H Jza(ﬁné)’inQ’
2 (x7yaz> J
po_P AU
v—1 2

Q = (p, pu, pv, pw, E)"

E = (pu, pu® + p, puv, puw, (E + p)u)"

F = (pv, puv, pv* + p, pvw, (E + p) U)T ,

G = (pw, puw, pvw, pw? + p, (E + p) w)T )
0

T:E:E
E, = Try )

TCEZ

UTge + VUTry + Wy, — 4z

%
I

@‘1

<

UTygz + VTyy + WTyz — Gy

TZZ

UTpg + VTay + WTz — Q2

RN T B i A 3 A

Tik = W [(S;L; + g;f) - §5zkg;tﬂ )
— oT
U= 1) MaZ Pr 0,
Hop i = i), 6, =1, Wi # j, 6;=0; Pr
J& Prandtl #; UK E K=, X TR W 5,
(1) s % RSB R, 2% 2 2
2 br RIL AR TR, BT

aor 9 an  9C  Re

0Q OE OF 0G 1 (aﬁ:u OF, aéy)

o " an T ac
(2)
XH (& n, Q) HhZe AL PR AR,

E = }(ftQ+£xE+£yF+€zG) ;

1
=7 (mQ + 1. E +ny F +1.G) ,

)

G= %(CtQ+<xE+<yF+<zG> ;

~ 1
E, = j (ga:EV + gyFV + ngl/) )

)

1
v = i (B, + nyF, + n.Gy) ,

~ 1
G, = 7 (GE,+ ¢ F, +(.G)) .

ASCRB R TR (2), I T = t, JF 3Ok
AWGIZIT R PR B AR~ 7.

3 AR W A AR
3.1 TAEFE

8 5 TR O 1 T 40 97 B v ok sk
AT R G B, 7 R (AR B 2 gt
(AL BRRIME ), 3362 7 T B 1 M S
R 0L R 4 L 1 T B T LA A0 b A ke
33— ) K, B A i) S 00T T e LA Ak R
AR R AL IR AE 2R e . BRI T BRI X,
(E T3 A IS 5, e JE e 1 e T s B 1
BN 232 U B Ay T O e i
S 3 7 TRUAD B AR A P ) R o o D B 0
Qr = (p,u,v, T)", T LA = 45 7 b BE AT MO AT
B B A 1)

FE)QT OE OF 1 <8EV 8Fu) 3)

ot " o¢ "ap  Re\ o oy
Herp AR Sl R LRI SOUTR. T2 A H R,
HIEH 2/, 5 WHEUE Weiss-Smith %[ )
) 0 0 PT

Ou p 0 pru
I'ys = ;o 4)
Ov 0 p prv

OH -1 pu pv prq
Hr

124701-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 12 (2022)

124701

u? + 02 2
q= 2 ) H v — 1 +q7
1 v—1
9 = Uirg + 62 3
U, = min {max {|U|, ko |Us|} , ¢} - (5)
R S HI 1, WARRAT R R, i E R
_ H
Ur_maX{U”pAL}' (6)

Weiss 5 SmithP #1E S H W U, &R T
RERETE Ma BRI, LEF0A0 B B 30 5l A o sk 2
RAS, MAE Ma BN, NI FEA WIPE. A,
TR S 5, BT LR U, AN TR 5
HEEu/ (pAL), XFBRGITEY HBAEHI Dy 35 H %
[ PR/ INAE L T 2 A EE Y. X R B S A REAE
MRATHETEN 3.2 5.

Pletcher-Chen 7 [ BT

{2pc 0 0 opr
pcu p 0 pru

Ic = , (1)
Opcv 0 p prv
QpcH -1 pu pv prgq
Hrp
y(y—1)Ma? +1 1 v—1
$pc = 2 = 2 2 (8)
VU] VU] ¢
Choi-Merkle % [ (331
1
u
BMa? p0 0
I'cm = v 9)
pr 00T
_H P
BMa? pu oY ~v—1
/\q:t
\
~U
T PEe
yulU
A =
yoU
T + gy pvé€s
UH
= pl&H +ul)

BM@% = min {cz,max {CQM(L2 <1

1 — Mag?
* M%ZO Ma2>,k22|Uoo|2}}. (10)

May 5&57% Mach 0, k, /&5 80, i K 38 &
B, May B 0.5, ky 7F Euler J7FERTHL 0.5, 7€ NS J5
FEETHE 1, XA A TR E s B mRE . %
ZJE Choi 5 TurklePU 32 H ), HAE R 2 Akt o 5
SR FUA R R AT S, X BMa,? S 1Y
N A

3.2 HERGESH
SRR HALI, TR (3) W%
9Q 0Qr OE OF 1 (9E, OF,
S o taet o = me (ot ay ) D
F (1) 245570 30 2 W B BB BL Qy 5 B Y
B

0Q IQr OE 0Qr OF 0Qr
oQr Ot aQr 0§ oQr 877
1 (OE, OF,
= e ( ¢ + o ) . (12)
il
oQr ~1,9Qr 1 ,0QT
e +PFP A o€ + P Bi&7
Py (OE, OF,
_Re< T an) (120)

Hrpspfadsie Q FI5taAcie Qr iy Jacobi A4
M

Pp 0 0 pr
Ppl p 0 pru

Py = . (13)
ppv 0 p prv

ppH =1 pu pv  prq
LA E A AR R € T ] R 843 H AL BT S
IR IR R S

P&y —%

pusy —%
o | (14)

p (U + &) T

p(&yH +0U) —pTUq

124701-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 71, No. 12 (2022)

124701

Hrp
U=&u+&o, q=(u?+2v%)/2,
= jpl) S+ (15a)
B = A AL, AmnAE = . (15b)
Cn
ATLISRAS Pyt A BRFIERR Ay
Mo =U, Asy=U % Ce. (16)
Feli, ¢ =2,n =y
AM2=1u, Agga=uzc. (16a)

A RGE H R A B O R A MIPE RN, 2
u— 0
|)\max| . ‘U| +c N 1

Cn = el = T =1t (1)
AN 5 T 1 AR BB, A
h
h= DAt Amin At = = (18)
A0, 2 SRR IS A I s ] R It 4%

(R 25 2 A 25 R 2 H R O, X 25 7 R AR Ak AR
KR, 5 S04 B PR 40 Py, NI Choil!,
Pletcher™ Fl Weiss®0! 5 42 79 F AL # y2: 45 321 1)
FRIEARARA AH A B2 =

2
1;fui¢(wﬁﬁ)+@9—muy (192)

ot fIE5CTF Ma [ pREL, BARBEFPTAL BEIEAAS
—FE, {H % PR ECER S Ol AR R AE AR B e B T E . LA
Weiss-Smith &2 R i)

A2 = u,

1
+ 5\/(1 — MaW52)2u2—|—4MaW5202, (19b)
Hrep U [ (5) =
MCLWS = % (20)

4 Mach BUR/N, REAFARAK SR BECRAFZEAH T 1Y) &
PR N, WIPERS B AR, 254500 BRL(E 31 1R o PR
HITE 1 < Cy < 2 . Ry el a5 R 4k 2 R
(AT 5, TurkleP Xf AN BESH5I AT (10) =X
AL BR 7 . (HAE, K2 (10) 20ALHR S A RRAE AR
BEAE Ma 1) sRELET, 1% PREE Mag A% B ANT]

S, XEPECYHEE T Mage B, F8 505 #2 15
Aob B 5C A FAL B ) 5 BE A6, W RE S BUR 2
K.

XTI, AT T — o i AL B B, fifif5
D5 AR L A T B A T AL B2 0] ) B T e
FEiE— SRR T RRE R G S5, AT HE il sk
ORI HINAE B AFAOKS B R e k.

3.3 FFAIEEERESY

TurkleBO B ¥E Wiess-Smith HHF4 36 ZLad
PARSCHE, 30— 500 12 5 P4 B R 1 R 3
P, HAERE BRI

Cp, (0 p
Qur l ST A~
B 00 T <62 Cp>
Cpo (6 p
- QTuru 14 0 u? <C2_CYP>
Tur — 5
C, (6 p
D 2(5-£
oo S5y
§ Ma?[(6 p
O H -1 m n 2 5 (02 C'p>
(21)
A
1 1 /56 p
Or=———5——|—=—-—=1, 22
M BMa,? 7p<02 Cp) @2)

o & AR SR A 5 LR 58 1Y 0—1 ZIH] Ay i 4K
BMa? [] (10) . ASC3Z Turkel 51 AW SHL 6
B &, BIATETT BREL by, by FI 02, X6 KA £
& e AR AT AR AL, DT AT SE S
AL HE RS A IR, BB T

.QL 0 0 PT

by
(QL_@ML?>U p 0 pru

I, = by
(QL_CQ]V[L2> v 0 p pPTV
QrH -1 pu - pu pTU2 +v°
(23)
Hrp
2 = 021\14L2 + c_ ! (24a)
M, = min{max{Ma, e, }, 1}. (24b)

Em IEIL:IBjjlt ML =0 E/(J—/I\/J\i, ZIKS‘CEX Em = 10 6.
%+ Reynolds BUEUIN, W75 BRIIHA /N T Jm 3 4 #

124701-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 12 (2022)

124701

R, TR s PR O G i R A8 AT S, SR IR
My, BREHDETE, I 2RI SCrh DA O Dl
T, Fefb o Bes it =

1) M, pREAE (0, 1) o9 g =4 ¢

HELEpREL, H M) (1) = 0.
|

2) Yz — 0}, My(z) — 0; My (1) = 1.

3) #5 My < p/(peAL), W My = u/(pcAL);
M, = 1R N M, =1,

HR A5 LA b J5 U0 AA) 325 1 4 (24c) 20AY My, R,
Hrr e, [\ (24b) =

ML:max{min{max{Ma\/1+Ma2—Ma4,5m},1} K } (24c)

by, by 725 Ma AHICH)RRERL, AT LIRS ) DA AH
8, FEARSCHEL by = by = b, HAKIA

b=2B - M? —1. (25a)
N T AR I — 2L AR R NI, 7 v i i
JE R E TR, A

. |>\max| -1
Ma—0 |)\min| ’
| )\max | 1 | )‘min | 1
Ma > mag > 1i, =1+, -1
@ > mag > 1H ol ~ T U Ma

1) Y Ma =01, B=0; 24 Ma = may I,
B=1.
2) 24 0< Ma <may I, BIEXKT Ma ™4

B 2D C) SRR |

Ma™ ™! /mag

" pcAL

\

3) B'(0) = B"(0) = B'(may) = B''(may) = 0.

4) 7E4> Mach BGERIN, T 202 A3 > Ao >
[ Al

5) F£ Ma < mag IF, BER A3/ 9, [\l /A2 70
SIEET Ma W BAJHEEIE, S8 PREL.

6) £ Ma > mag B, ZER A3/ Ay 9, [Nl /M2 93
IE T AR ZTAEFER Y A3/ 2, |\l /A2

7) i B sREFEA AT, Ma = 0 1 Ma = ma,
RRFIT DR A AR A 2218, AT 3 B o 7EAIE Mach
BRI S Ak R TSR0 A AR T 1 2R A A

8) 5 (24c) iy My, VL, A /5 SCrh O
Cy B RIFRDLIE.

FRIRLA b 8 ZR4OK, ASCHIE 1 4 (25b) Uiy
B R

B=max{

Hor mag & 4 8 B EG ng, ng IR
Cp W8 T B Bk 5)—7) PR, AL
AT REAITRAEAR 22 57 B/ Dy, I 5 A0 B A RFIEAR
TR A3 > Ao > [Ny, TP RRABMAR /N TS
B, HEdE:

ny =0, ny=4, C, =05, mag =173  (26a)
WIRFE A A 20, Al L4

=1 ny=3 Cp=1, mag=173  (26b)
PRAL B MR AT UL 1(d). 38 5 /] s 55 n] A%
R A AN
PP [1+b(y— 1) Md?]

(y—1) M.’
AT U, T2 A AT SR R IR A Ak R B TR

[ Tii| = >0.  (27)

1
Ma™ — Ma - mag™~2 (mag — Ma) 4+ C(mag — Ma)"*’ } 7

(25b)

|
THEAARER [P EUN CR AT, 0 SR ] 15 P S 4 ik
B @R, T LIEE may = May,, (K
Mach 2 SCEHT A THE).

34 ZFHWLEEENFERS

34.1  4FAEAEAe T AZ AR P

TR E A HTIZA BRI A R AR R . TE
THEHRZRARAR R (&) R, RAE TR, SRIVES T,
WAL S Euler J7 REAVEFIEAR:

/\1,2 = U, /\3,4 = U/ + Ogl, (28)
Hovph O A O P R 331 R
2
U = WU = BU, (29a)
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1 SARBALIT )G WRHE RS N TR BUCEE MR, U= (A+A)/2, C' = [A=M|/2, AT EHLHE) (a) 5
HEL Cy; (b) DHEESE U (o) P73 O (d) B pREL; (e) A SCTAL 45 3 A R A AR
Fig. 1. Characteristic system of the governing equations obtained after different preconditioning: (a) Condition number; (b) pseudo-

speed; (c¢) pseudo-sound speed; (d) function B; (e) the eigenvalues obtained after preconditioning in this paper.
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WA PREL B A1 M, P85, B3 I Weiss, Pletcher W1 < Ma < mag I
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Teg5 /0, BIE Ma AR/NBIIHGE, SPRE0t T 1. SeiiF ¢
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® 1 BUEM- ST Z ] R 2

Table 1.  Errors between numerical solutions and exact solutions.
k t z=102 z=04 z= 0.6 z=0.8 z=1.0
exact solution 0.89253 1.0425 1.1925 1.3050 1.4925
100 3.9029x10° 1.5695x10°° 2.5871x10° 3.4728%10° 4.2505%x10°
0.5 errors of no preconditioning 150 1.1399x10°5 9.3383x10°6 1.3694x10° 1.8359%10°° 2.2459%10°°
200 6.7822x10°6 4.6281x10°6 7.3170%x10°6 5.8126x10°6 6.0973x10°6
errors of preconditioning 100 3.0175x10° 9.8264x107 2.2705x10°° 1.8797x10°6 2.8140x10°°
exact solution 0.52790 0.53622 0.54454 0.55286 0.56118
100 9.3060x10° 9.3411x10° 9.3782x10° 9.4174x10° 9.4586x10°
0.04 errors of no preconditioning 150  5.5757x10° 5.5289%10° 5.4841x10° 5.4415x10° 5.4010x10°
200 4.5265%x10° 4.4483%x10° 4.3722%x10°° 4.2983%x10°° 4.2267x10°
errors of preconditioning 100 3.9460x10°¢ 3.1288x10°¢ 5.5530x 107 2.5512x10°¢ 3.1288x10°¢
exact solution 0.50692 0.50894 0.51096 0.51298 0.51500
100  4.0176x10* 4.0335%x101 4.0494x104 4.0652x10* 4.0811x10*
0.01 150  2.6008x10* 2.6108x104 2.6208x10* 2.6308x10* 2.6407x10
errors of no preconditioning
200 1.9108x10* 1.9178x10* 1.9249x10* 1.9319x10* 1.9389x10*
100 3.3569x10°¢ 2.2214x10°6 7.5880%10°6 4.8149%10°° 6.3518%x10°6

(10 T Ak B 3 T LA PRAIEAS JEE 114 [a] I 52 B i Ak 2
I DR EANAR P ) JE S s FEAR R A TSR ] ¢ =
100 T, {5 T4 37 125 HU AR AL BRAS 2] 0 B (R AEAS
FEmn 2 1—2 NG B—E ATt E], 2 ¢ =
200 I Z2 R I THAL B A it RRS BE A S ik B ¢ =
100 A Za) et FHTUAL BEAG RS L. 24 & i — 200/t
PIAL B OR BN, DRI 2(c)—(f) T LAY M
Wb H, TIAL B AN A SRS SAOHE B S Sk SR A
SCHYTAL BT 1 BERS AL ARIERT BE RO R, 3238
HIRCR.

5.2 FERERBFRE

— KR LSRR B A K T, M ZE Y
ST R AR R, DR S
AR, LISRA ) 3N 2 25 UEA T 0 4N
1k, B RFEE v, = 0.1, FETHKAY Reynolds
W Re,, = 105, B A R AL LA K H T Y
JE3R, A RIS R 180x50, Hidr o 77 ] Ky 1 5) [
W, y T MBEE v NI, WA R
95 1 )2 MR EE Jy 0.002, CFL = 5. & ks
Ja, EH x = 0.8 AbAYHEIE w b y WA, IS
Bulsius HEMENTIEXT LG, 3T HZESRIE 3 Fas, i

(42)

AR ST AS B (A WA S BE [R] Weiss & Smith
F1 Pletcher & Chen J7 & X} b an & 4 Fras. 7]

UL, AR SCHYFAL B 7 345 2 ) BUE % 5 Blasius
AR IR 4 AT UL, ARSIk BRSO IS b
F Weiss & Smith #1 Pletcher & Chen J5 .

5.3 ZRETEIKED

R BRI R —H K 1 (A AR
ToEk) MIETE A1, PG Mach 20 May = 1,
T Lh uy = 1 BB M 4715 3), Reynolds &5 714
100, 1000, 10000. TH5-RIAE K 60x60 B H Lo X Fi
AR5 5] WA - 7E BE T B S %%, CFL = 100,
Ay A SCTRAL $E: FIT Weiss & Smith il Plet-
cher & Chen FiETFRE MR, K 5K 7 &5
PP SUE 1T 3 1 23 N R A R, AT DLW SR F,
25 W () JUART O BRF I 77 A — S R, FE R £
B 7= A= AN B /N I S5 4 . B Reynolds X7
B, KL iz i) 25 s L oL B 8l JIEER /I
RZHIE K, 24 Reynolds BUCh 10000 i}, 22 £t
V= — AR EER . [/ 8 AR SOKE 53 E bt
2R I TR 5 ] 22 E A I TR SR 1T A L,
P& 9 2 =it B A AL BAHE X6 L

I 8 FNIEL 9 WA, AR SCHRE A T A ff
W% & T Weiss & Smith #l Pletcher & Chen J5 ¥
(I P A5 1 ARG FE T LU AT 228 SCHR [46]). AR SO
T B RS R B e — 2 i 2R T A
(Reynolds /N ) RO B i, 35k 3¢ A SCA% =X
AT LS BR80T L) i A P i R AL
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20F (a) —— Exact solution
r No preconditioning at t = 100
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— Exact solution
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— Exact solution
No preconditioning at ¢t = 100
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— Exact solution
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Fig. 2. Solution curves obtained by numerical solution and exact solution curves:
5x10°% (e) k= 1x103; (f) k= 2x10%

(a) k= 0.5; (b) k= 0.04; (c) k= 0.01; (d) k= 5x103; (e) k= 1x10%; (f) k= 2x10*
(a) k= 0.5; (b) k= 0.04; (c) k= 0.01; (d) k =

1.0

0.9 10~ 1k — The new method

0.8 — — Pletcher & Chen

0.7F 102 ¢ ---- Weiss & Smith
o 061 3 )
3 x 1073 E
S 051 %

0.4} T 10-4L

037 ® Blasius's soluti

0.2+ asius’s solution 10-5 L

—— Numerical solution
0.1 f,
0 - 10-0k . . . .
0 1 2 3 5 6 7 8 0 20 40 60 80 100
n Iteration
3 Ma = 0.1 B30 FU 2 5 3 ) i BE 31 T B4 SR B s

Fig. 3. Velocity profile of the boundary layer flow when Ma =
0.1.

Fig. 4. Convergence histories of the boundary layer flow
when Ma = 0.1.
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El 5 Re=100 B BZ WL E  (a) AT (b) Weiss & Smith 777%; (c) Pletcher & Chen 77 1%
Fig. 5. Velocity streamline diagram of cavity, Re = 100: (a) The new method; (b) method of Weiss & Smith; (¢) method of Pletch-
er & Chen.

6 Re= 1000 B S I El  (a) KX H I (b) Weiss & Smith 777 (c) Pletcher & Chen J5
Fig. 6. Velocity streamline diagram of cavity, Re = 1000: (a) The new method; (b) method of Weiss & Smith; (¢) method of Pletch-
er & Chen.

B 7 Re= 10000 B By ZS BRI IEl  (a) 43CTJ5 4% (b) Weiss & Smith J5#; (c) Pletcher & Chen 77
Fig. 7. Velocity streamline diagram of cavity, Re = 10000: (a) The new method; (b) method of Weiss & Smith; (c) method of
Pletcher & Chen.

1.0

0.6} (a) — Re=100 [ (b)
Chia et al.[47] r
0.4l —-— Re = 1000 0.8+
® Chia et al.l*7] L
0.2 —— Re = 10000 7
< 4 Chia et ali7] 0-61 % — Rle =100
3 = Chia et al.l47]
~
s 04 p 04l —-= Re = 1000
' ® Chia et al.l[47]
—0.2} — Re = 10000
0.2 F A  Chia et al.l47
—04f I
0 L
ol
0 0.2 0.4 0.6 0.8 1.0 —-04-02 0 02 04 06 08 1.0

x u/ug

K8 ARSCHAL IS DB S A (a) KPR ERYEE o (b) T E PO BRI o
Fig. 8. Velocity along lines through geometric center caculated by the new method: (a) v-velocity along horizontal center line; (b) v~

velocity along horizontal center line.
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Fig. 9. Convergence histories of the the laminar flow in a square cavity: (a) Re = 100; (b) Re = 1000; (c) Re = 10000.
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Fig. 11. Convergence histories of the two-dimensional bump flow problem under different Mach numbers: (a) Mag = 0.01; (b) May =

0.05; (¢) May = 0.1; (d) May = 0.2.
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Fig. 12. Mach contour of the two-dimensional bump flow problem, May, = 0.05: (a) Exact solution; (b) Weiss & Smith; (c) Pletcher &

Chen; (d) the new method in this paper.
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Abstract

Low velocity flows often exhibit incompressible properties, and one of the most prohibitive aspects of these
problems is a large number of computer resources required, including both CPU time and memory. Various
numerical schemes used to calculate incompressible flow are constantly updated to accelerate convergence and
reduce resource occupation, but incompressible flow is an ideal model for studying theoretical problems after all.
In addition, it is a common phenomenon that high-speed and low-speed flow regions exist in the same system,
and the influence of heat and volume force cannot be ignored in some cases. The artificial compressibility
method is based on the idea that the numerical algorithms for compressible flows are used to solve
incompressible flow. The system of compressible flow governing equations at very low Mach numbers is stiff due
to the large disparity in acoustic wave speed, u + ¢, and the waves convecting at fluid speed, u. The
preconditioning algorithm is effective to change the eigenvalues of the compressible flow equations system so as
to remove the large disparity in wave speed, and the essence is to multiply the time derivatives with a suitable
matrix. A function in low growth rate with Mach number as a variable is used to construct another new
preconditioning matrix. Compared with other matrices of Dailey, Weiss, Choi and Pletcher, the new matrix can
well improve the stiffness of the governing equations and the smoothness of eigenvalues in all-speed domain. A
one-dimensional numerical example shows that the preconditioning matrix has ability to improve the efficiency
of solving low-speed flow problems. These preconditioning matrices are extended to two-dimensional problems
to simulate inviscid flow passing through a pipe with bulge and viscous flows passing through a flat and cavity.
The results indicate that the new matrix has not only better accuracy but also higher efficiency than Weiss’s
and Pletcher’s.
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