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CELE

ERRIER
%1 3

LA ST L, 63 100027
2 BRI A MR 2B, JEH 100084

S M ERE LR, Jb5 100083

W OE EIE 20 BEP, BRTERESEBEMENKBETE, T ek E R EEeR, x4
BERSEZH/USTZNA. B, EFEAREHAT R0 ERR R A BE T kS, BRTEAE TR

KBTZ N AR B TR E B, KRB MBI TR T 3 2K, B

Helmholtz-Hodge 4> f#2&

BRI BT aRRBRTTENRREEBR I, UMK AT 3 BB RIEMRBL R A
WITERR SRR, BN T R, R T SRR RCR, HRIR s B T ke
[EDRE BE A SR T RME, FFRIIBCA RZFK GBI R, HINA, HBEH I R B LB A Sy s Sl m b, HREE—
R UL HA B R, HE X 3 REE KX E, BATNA, RS ELERE T RAA B T8 BT8R 7%
FAERAR RS, FE R R R R IR KB T AR EIE L ABOR B ARCA 7T RE.

X8 RTE4RS, Navier-Stokes 742, RH 7k, WA, #F Ltk

}

1 51 &

A RGBT DRI A, Ao R4
) BE TR R TR R AR T EBEA R . B
S AR R S AT e 4 0 30 16 4% 0 757 #2 4 40 F fJ Navier-
Stokes J5HE:

E—l—Vp——V‘(u@u)—i—uAu—l—f (1)

V-u=0 (2)

X uw HEEY, p ARG, fAERT (NE
71, BN, v AEEhRERE, ¢ AR, HAF
W p CERKE p . SAEAERBIMALL, A
JE 45 WL 3 B s 1 5 R FR AR TR T I I IR 80, B
FILHAGE - yaY R BB R, SR S M sh
) RMEAE T AR BT 7 - AR WA R B
AEGRShH, EARRARIFER L (DEERES
Tite); NEEmRE, BEIUEE —1 Lagrange T
FIVER, XPEBE ARG, SRR (RN
THRAF IR EGR A AF) BRI L. A R sh
i, SIS R A T K MR E R, B A%

e H 31 : 2005-06-09, f&[E H#: 2006-07-21

T E-mail: liume@cnooc.com.cn

WA, DU AT 48 4% A e AR T B [, A 3 et
JE. WY, T IHTER B AR — A R A
T 7 AR, B R R B TR AR A Y. XM AR
AT ANAT E 45 Navier-Stokes J7 78 i) SR A~ e B
R FH L 388 0 38 1 % R B 9 T R 1 2 £ SR A e 3
WHITTEE. BET, AT 483 i BUE 75 Bk R
AT 45 U 50 1 21 T R

ANAESE N-S iR (1) fijife (2) B—1AE&
PEAR R B 7 R, B PR A B R AR % T R AL A B
B, BRI, DR I S0 0 R o S R I 7 A SR A
RN EEEML: —FfERREEXTX (1) Mk
(2) A BB BERN T HEAT AR, X R B T AR A R
AR R BUE T B—FEBREELTIAHK
R, WETESFKESW, B8 —4A5E I LHE
RERI TR, X RBUE T AR A AR JE IR AR BB U
HE 7.

JE 46 788 8 T8 2 IR B(E 7 2 i B R AR, R e
VLB &5 BBt R TRAT] T 7 B I B BE R 1 8, T HL
TR A B AR LB . X R EA ML, WAT
Rk B2 | wigkb sy B0 . MACH (Harlow
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1965) . SMAC[#® | SIMPLE (semi-implicit method
for pressure-linked equations) 773 %41 10~12 pf &
e i (projection method). H-H 85 7 1% @
ME B N-S IS RJLBHE, AT BUS 2 A
ENME, L TESPZEREERDRE, BN
MR T EAER, FHBRRATREIEET AT E
AWM — P EERETT 8. BOE T, IIRAIES P
71 (fractional step method) 84244 =, (splitting
scheme). REZME R, HAEARRT L, ZFEARM
M, Hh, EARXHGERABETT .
2 BEAENMRHER

BT, &R T ENEARRBR TR 3
(1) AREBUERM N-S TRHE, RIEEL
HPoRE0EUEMES R, B32WE0ENBE
¥, AXRZAEUSBEBEETTE (2) N
FEHOEA (U B ) 8 N-S TRk, ME
Helmholtz-Hodge & & 4 fif & 8, 53BN E
¥ =, ACHRZ A Helmholtz-Hodge 43 i 2% i 5% 75
B (3) BUELL N-S 7 AhEal, #HE—NEED
1) 4805 45K PAY B [V 1 2 i) 37 3 B2 (1 BERY 7 15, ARDCFRZ
A RERESBY 7%, T % Helmholtz-Hodge 43+
B2, AL R DL K SRR SR B R T M E, ¥
SR ERIX 3 RBGY T B RS BUR.

2.1 Helmbholtz-Hodge 98£I % FHi%

B 7 B B i Chorin £E 20 A4l 60 AR
iy 0314 Mpk Chorin A4 B J7 AL R ] 77 #]
EEZRAE-BREE. R, ZE 20 ZHEKEKRIE
B, BUBEE R KM W Chorin i B i Z 4715
%, MIUZRETEMEERBR T B, JHRE T —2%
PR PO . AN BB AT, %k
3k T f## Helmholtz-Hodge 43 2R ¥ 5 J7 155 1) 2 A 5
B R HOR DB

ZR—NHRE 0 AR, BEHGTEATT
e (1) A5 (2), 40, BfE 1A

'U,(QI, 0) = Ug (3)
Uy, =w (4)

A w ABREREE, T D FrLR.
3% Helmholtz-Hodge 40 i g 8 1), (A B K&

5 ¢ AR — TR B — DT (A%
RKEZ A, B

¢=n+V(¢ (5)
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et WL Von = 0. 8 P A ¢ BIBBIHAE R
W BT, WA 1 = P(C). Fike Helmholtz-
Hodge 4MR7EH, WTAES (1) SR (K% Bk,
W A5 BT 90)

uy = P(—V - (u®u) + vAu) (6)

X (6) FEANEENT, 7T LATTEH R u.

T DL =B B B, ok
BRITERG LT, BATES N-S TR (1) 5
P2 (2) AEIS )7 1) B WO BT R B (R — ek, W&
ESU AR

%;un +Vpr 24T
SA@ 4 um) =0 (7)
V-u"t =0 (8)
LR A EHUK
uptt ="t (9)

K Toe = [V (u@w)]" T2 F 5% W AE I} H]
L2 4B BN, T H A Admas-Bashforth #%
K EBHXHE, FMMA Crank-Nicholson #% = B #L.
BT LA BB AE (7) Fasl (8)

(1) B 5 Kb AEE u*

HEMTTRIENY ¢ BB BT B &,
g

u* —u

At

KBRS o, A g B8 2 A
ERL. KEX (10), TEEAE v AT REH,
BRI LLERA

- gA(u* +u")=0 (10)

+Vqg+Tq

u* = w+ AtV (11)

KA A ANAE ER DR R
(2) B b
R #E Helmholtz-Hodge EB, u* W4 AL

u* =u"t + AtVe (12)

oo u™ R ELETIRE (8), T ¢ A % Frak ]
iy Xt (12) PaEsE, HR %) 5F

AtV =V -u* (13)

SUR TS ]
n-Vé=mn-Vi (14)



X n Am s mE, X (14) AT RAREY 6
[IPNERVE S TE

(3) BIED: B3 d B R )

B (13) FAK (14) ATLASRH ¢, 4R /5 78 B35 5 7
KA (12), EHEH LKA

PP =g+ f(9) (15)

X f RERRT ¢ BRAAX.
MNEETTESRHALES, &1 3 PR
DA B BEFN R J7, WA 7 BEAE R 2 [ RO RAR,
KRBT BB . HRNZAEES, BT
JE SR BE MR, SIA TR AT AR, B o) B
B ou MRS ¢, ERDRETZENYE L

A HENTR R A, TR X A T30 A i
WA B, MBI R B B BEXE T 9 (— ek
Y, BTN EAE S ) b A By s B i oRs B, TR
(R 777 1) PR U ME T3 v, BRI, A A SO m ke 50
W1, RS LR I AL 7 RS E). TEiR R B SE T R 2
A B YR AR AT DAE R, S8 BE 7 7E I 18] 5 1o e 2 B ik 3] —
BrRs REEC 2= S BTRE BE, (ELR IR I 5 A Tk 2w
ﬁ’g [16,17]‘

RE R AN —PNEETE, dRE g
Y f KESAE, BRI ORIIRE. 1
W% 20 £, MREFHRAXT LT T KETAE,
P T A BB B AT B =
M8 T ¢ M f HLEREARE 1

®1 g, ¢ M fEARER

q f(#) P
ql. p=0 Ll. f(¢)=¢ Bl. V¢ =0
q2. g =p"~1/2 L2. f(¢) = [177A]¢ B2. n-Vy =0

T -V =7 (AtVp")

ba I o B2 TR VAL B =S

ZIRE| ¢, R f ZEFREZEMLE, =
By 45 FE F) Helmholtz-Hodge 43 i 28 85 77 8 7] DLAR
#og f1f B, REHK 3 K (1) ¢ =0,
f(¢) = 1 = 0.5(wAH)A]p; (2) ¢ = p" /2, f(¢) = ¢;
(3) g =p" 1%, f(¢) = [1 - 0.5(vADA]p. % ¢ =0
I, S5 R 3 B2 3 i Sl i 7 AR ORI, e
BT ERATE BT g #0 B, WK
A 73 5 B 77

(1) =0, f(¢) =[1 - 0.5(vAt)A]¢

Kim il Moin 753 B8] B KB H 310 E.
Kim F1 Moin A F#y28 T Chorin K8, {HEAf
fERBIE TR (10) BT B BET (¢ = 0) Tl
AIRERER G 3R HTshE TR HEER T E 130, #
JEE B+ AT BT PAAS B2 73R 22 16 5 W, 3 i f H 1)
WG R AR T Hm R, B, ATk
5w ZHrER,  Kim F1 Moin BAHRAHE 1 H1
Bl fEA i R G L R4, MR EHES T o
KA R 44F (1 H 1) B2). &L Tannelli fil Denaro
INA R B2 53R A RE A 3 B2 35 iR B B RS R, AT
BT — A EREE I R A4 D)

up = [<1+”2AtA> <1+”;“A>u”]b+0(m3) (16)

HRZRAF LB 2, LRI PR S REOHE

KAg, BRI BA R KK N A

2) g=p""'2, f(¢) = ¢

fE3X 207 % A R MR van Kan?% 1 Bell
SN PU TR, van Kan 4 T Lk BERIE F7 RS B
W, K g =p" 2 B 5 R REEGNTEF,
5 Hp ) o 37 S B L SE M RS, BT wt KA
ZUATECRA M B1 . Bell FAWAH T4
BAR, A TR &R IR, ZEX I e 4k B _E 4
# T Adams-Bashforth ¥ 3, SEFH 92 —Fr Go-
dunov J5{# (unsplit second-order godunov methodol-
ogy), 175 L 5 AT LUA RO B0 T W B o B
ML, ST EE SRR, &—FNAHTIZE
PR g7 p (22~25],

(3) g =p" 1%, f(¢) = [1 - 0.5(vAH)Alg

FE M G5 RT NI RS B, B3 Brown 25 A 1261 3
A, Bfq=p PR f(9) = [1-05(vAt)A]p, R
R BB S A4 #F B, i mT DA 75 53 BE AN R ik B
—HrAE R

M4h, Guermond Fl Shen[27 0K N-S iz

u+Vp=-V - (u®u)+vVxVxu (17

XA R T =S, T B oy 3 mkg X i As e
PE.
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2.2 ERADHEHERFE
829 WEHFHHIMBRB G PISO
(pressure-implicit with splitting of operators) J7 2%,
REFHEFTERMIE. Dukowicz il Dvingsky??
WHE ADI B4R TjEE, RET —fEHHEE X
. ZBREERNHET AKX, Perot® | Quar-
teroni % A 21 FIH LU 43, dt—BRETHTH
24774, Henriksen fil Holmen33! FH LU 4&, &4
EAMERX, RET - BEANETFSRITE.
E—ERE X ¥, HFaR078e IR RARETT
HEE S T R R R R B R B

SCHER I ST T N R, (HEAR K
SRR R B, S 2 A 3 SR P A AL 4 2R o B s )
FOSR . ZEMCAX LA LU 43 A, K el 5 3428
B 5 7 0k f ) 3 S B R SR o I 9.

BB HOE R N-S 72 (7) F7FE (8) #
TMBE, AT HESEME, ERA EE—SRN
MR, R EMIAFEMNBE Gq, BREEHL
R&AAE B TT A 'S U BE B X

&SI -] oo

eV

Issa

1[ VAt
T 1+ —

- n _ n+1/2
Ar 5 L] u" — [D(u®u)]

by, by REBAFEAFTIAKIEI. X+ G, D
L 2514 B OB BB, BRI Laplace 7. [
FB2H—HE, HBqg=0m, AEEHNOBRITE;

q # 0 W, WY EHETE R ITE. X (18)

H I R BOHE PESEATIEAL LU /3

A Gl [4A 0 1 A™'G N

[D O]_[D —DA‘lG] [0 1 ]N
A 0 1 H,G|
[D —DHlG] [0 1 ]_
A AH,G
[ ] (19)
D —-D(H,-H,G

K Hy, Hy H A7 L ZEAR (19) &, R
(18) m EA43 Wi 25 K fi#

o ol ][]
(20)
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1 H,G ynt! _Jut 01
[0 1 ] [p"“ —q] B [p*] )
EY % 5
Au*=r —Gq+b),

DH,G(p"*" —q) = Du* - b}, (22)
un—i—l —u* - HQG(pn+1 _ q)

W% Hy, Hy 5t A7 SERRRE AR, aTLE
FIARNFEIE FAS F A BE 1 BT 40 3k K. BAR K (22)
e L EHREITEZ AL, HR, HTEEE
R AR T A B R A, Bl R BOE R
EAETHRER, BHIELHRRBH T L85 T
Helmholtz-Hodge 7 2R T BRI A T A%
#, X5 Helmholtz-Hodge 7 MR T2 ANF
B, AN, BM4FR H R AT DU (B AR BB I
B, FERAAB XA, XA ET 5
RITEWMAA—RBOETTENRE. BN¥EE =
SR X T T B TT IR T A BB BB 9T T4k B4~40l e
ATTRI B TAE, SEXEANT] E45 N-S TR # TS
BT, B AR R RO e, T AR
BHET DM G, #7155 BEOY B RO (1A 13
FORAGE 2 WHREE S B, WICHR [37]). X T
S RETT R, ) BT A B LR RS, AT
F Rung-Kutta J7 LM A fE 4. e FEm M5
B, AHERBL, AR T (A% BT
Wi ab ), eI E 550 (22)  (Hy = Hy = 1-dt)
R AT RE B T KT B AR G e,
fifr] &8 T Temam BIREBE 7, WX RIHAT
THRKAH, BRI ZMER. R8T it
Ah, XWTFEIMEIESF Tk, 8 %55 mH S 8o
VCHEC ) R I, 53] T 4 BAHA K R B IETT 3%
(EHER A TTE).

2.3 BEMESEHREEFE

B, ASCHEHRIET Gresho & 1142 pyik o
B S, 1 T R s e Bl |
AR AR A, S —dagHn
A H 5T RB KRB TR, FRA ELL B 7
FEHITRR. FATEER: S X 3 AR A AR R K Ho A
BAEKAE, RSN TR N-S TR
kBl S, AR E B T B R k
MrelE T kB B ok R SR N-S R k
Mricfl. EERETRES TSR, B3 —4EN
JEU4f Navier-Stokes 77 F2 3 fffr BL i) %7 1 it 4 23 77 72
4.

B4 al,p (1 <n), 76 t = " MAAEA, $AT



(1) HE—MEHES ¢, HEFRREG o

ou*
ot

¥, SBAE AR B A

=vAu*—Vq-T,, (23)

(W) = @", ul =w+ Ve (24)

A (23) HHT T, AR H SR AL
(2) HHFEIR R ¢

V=V -u* (25)
LRFHA
Ogy O
on " on (26)
(3) BT EFE
R
u=u*-Vo (27)
BRFMEA
Up m=w-n (28)
5B E
9
P=a+ 5 —vAd (29)

EBEK u, p B N-S T2 KT U

(4) FA ¢ ="t s, EH (1) ~ (3).

CHR [43, 44]) FIEH] T A TS B B
L Navier-Stokes 77 22 B i M A5, R ¢, ¢ W
js

q = aop" + oy Atp" (30)
V’I/J = At{(l — ozo)Vpn—F

%[(1 — ag)VAVP" + (1 — al)V;bn]}b

(31)

XHF g, 0 ATEAERAE, Bk, W2 EBARAFR
BB T —REA B R 7% R
EERAKA B EBE, BAREE B TE A
T T 5 Helmholtz-Hodge R Bt5g 7 I BEATXT L, 3K
1 3 BB R 7 00 3 Rl B B K5 F 2 2.

# 2 ¥ DPM1, DPM2 S54& 51K 8%
TR E I BB T EARE, HRY ¢ &K
XHFER, £ 2 FIATHR%&MHE L Helmholtz-
Hodge 28 242, 5 DMP3 M LLE & Gresho
REBR T - 32 B FWE N EHARE
2AE:  Gresho jfid—AN 7 Poisson J7 2 K K
E77, MHRATRA—MRETT R E B E ST

*2 3 MARKEEN

B s . -
DPM1 0 ALY |2pn=1/2 — pn=3/2 4 VTMApn—l/Q
DMP2 pnfl/Q AtV[p”*U2 7pn73/2]
DMP3 2pn—1/2 _ pn—=3/2 0
FEX [44, 45) B, BBE| TEHEERF T EEE = VR LS 5 B A 147) B30 007 M 20 KE B ) 7 v £

W S RS BE B FE 0 24, R 3 T AH O P B BB AR
.

ERERKE, AXEERGNELEBFTTES
Minion MR IE J7 ¥ (deferred correction)*®] £ i
KA E B T ik ) B R 2RAUK), {HJ2, Minion Jf
A R — v S v [ AR T R AN T R A
GGHLp

3 B¥

ERRE S

PR T5 R T BRI E 7 A, R Bg T R

A fE Bk [1648~500 Fil E A 4 H1i (normal
mode analysis)[!726:51~55] 28 3k [55] % fEE 7 vk
FIIE RS 43 Hr 2 B AR LB S HEAT T 20 A, FE 42
By AT B R IR R 22 04 (431, A mRo i
TR R T — MR, ATEER T BAEE
i, X7 ¥k R RE X 5t LA R 1 BOE A% AT 247

T B8 404 19 RAE, IR K208 7 B B 4518
BB RAR. HEEAKNLERE: BT ENS
VIR 35 Lb 5 2 B sk B Rl (16174851520 g i v 49 B
BRI, AR A AR, MR ) Y
] b BB R B T A Rl A & SR AR B i R
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RS B IR R ARTF.  Brown 2 A PO fE—A> 2 Ji A
AL,y A RMMAR e ERA, R
FENBAS XS 2.1 BRI BEE T ESTT
aHT, SREY (1), (2) WR BRI,
HENHIAERB I AERE, REMIR_E T HEE
FEEEA BRI A, B (3). &k,
Guermond il Shen(5® j@t i B Alit, RIEFEE 3 K
BRITE, E—RtEEA, KETMEEEL RE
3/2 W KERE, R T BUEL RIGBUE. AXEEE
R AR TR 22 A AT BB 45 R ITUER, 2 P
Y5 B B BN R ¥ B R R (4544

4 FRIE

FEAS AT I 46 50 B B SR A R o, R BEAI K
TR, RV 2 RN AT 45 3 H B 7 ik 3L R R
R, BRI mAGIsh. W A, R Tt
HCR, B ITE AR BT R sh, JoH R
A W AT R4 s B — RE 7%, HA R
JZ HIN A

SR, B E T A A o B A ST SR
BEHIR T W8, FHARMIAA R E G R. B
A, PO T 23 ARG BE A5 B R IE s T8 B I [R5 L
A SR B Ry, (AR —BOR B TR E B kg
B KER BT 5EE I R B TR w5, =
B4 A AR R B 2 A A R A B R E
W, BRITEARNENGNE, SEENRE A —
WrRERE. BAIRME, T REELERIE T B S TH
A TRBATA BT, X8 A B T8 X 75w
M — 2o BN, BATSEUEN] H AT E AT
30 AR W AR N A SR AR N, AT DU 3 H IR 5
1 B BRI SR B B ik AL I, K
Je R B A BE B BERY 7 IR AE B8 B AIBOR B #R R AT fE
.
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Abstract Because of the decoupling of the velocity and the pressure computation, the projection method is
much more efficient than the fully coupled procedures. This notable advantage has attracted great attention,
and many improved projection methods have been developed during the past 20 years. The projection methods
are currently among the most popular methods for solving viscous incompressible flow based on the primitive
variable formulations. According to their processes of construction, the projection methods are classified into
three types in the present paper, namely, the Helmholtz-Hodge decomposition projection methods, the operator
splitting projection methods and the local continuous projection methods. Their development and solution
procedures are introduced in details. From the solution procedures, it is found that the velocity-pressure
decoupling makes it difficult to analyze the accuracy of the projection method, which has often been a subject
for debating. Generally speaking, high order convergence in time for the velocity can be readily obtained, while
the computed pressure is typically only first order accurate in time. However, by comparing and analyzing the
three types of the projection methods, we show that the local continuous projection methods make it possible
to develop high order accurate projection methods both theoretically and practically, which may clarify some

misunderstandings about the accuracy of projection methods.
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