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Ave. 1.12 — 1.117 1.074 — 1.117 1.073 1.1178
100 Max. 3.53(0.143) 3.5 — 3.47(0.125)  3.5305(0.1426)  3.579(0.13) 3.441(0.1333) 3.5387(0.145)
Min. 0.586(1.0) —— — 0.497(1.0)  0.5850(1.0) 0.577(1.0)  0.528(1.0)  0.5852(0.995)
Ave. 2.243 — 2.243 2.084 — 2.254 2.155 2.247
10°  Max. 7.71(0.08)  7.71 — 7.71(0.08)  7.7084(0.08353) 7.945(0.08) 7.662(0.085) 7.7971(0.750)
Min. 0.729(1.0) —— — 0.614(1.0)  0.7282(1.0) 0.698(1.0)  0.678(1.0)  0.730(0.995)
Ave. 4.52 S 4.521 4.3 S 4.598 4.352 4.537
106 Max. 19.72(0.038) 17.0 — 17.46(0.039) 17.5308(0.03768) 17.86(0.03) 17.39(0.04)  18.451(0.035)
Min. 0.989(1.0) —— — 0.716(1.0)  0.9845(1.0) 0.9132(1.0) 0.903(1.0)  0.9983(0.995)
Ave. 8.8 — 8.806 8.743 — 8.976 8.632 8.951
107 Max. —— 30.0 — 30.46(0.024) 41.0247(0.03899) 38.6(0.015) 31.02(0.02)  40.3234(0.015)
Min. —— — — 0.787(1.0)  1.3799(1.0) 1.298(1.0)  0.997(1.0)  1.3893(0.998)
Ave. —— — 16.40 13.99 — 16.656 13.86 16.589
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Ra Nu  3Cik [13] SCik [16)  SCHK [14]  SCHR [15) SR [17] SCHk 0] 3THR [10] PFV
(FEM) (DSC)

2x107 Max. —— —_— —_— — — 48.84(0.015) 39.343(0.015) 51.919(0.0116)
Min. —— — — — — 1.437(1.0)  1.106(1.0) 1.5705(0.998)
Ave. —— —_— —_— —_— —_— 19.97 15.46 19.9390

4x107 Max. —— — — — — 61.69(0.015) 49.908(0.015) 68.190(0.008 3)
Min. —— — —_— —_— —_— 1.59(1.0)  1.245(1.0) 1.760 0(0.998 0)
Ave. —— — — 23.64 — 23.96 18.597 24.1092

108 Max. —— — —_— —_— 91.2095(0.067)  91.16(0.010) 68.73(0.010) 99.824(0.008 3)
Min., —— — — —_— 2.044(1.0) 1.766(1.0)  1.428(1.0) 1.890 0(0.998 3)
Ave. —— — —_— —_— —_— 31.486 23.67 31.0589

(a) Witk (b)

(d) 4R 4L

Bl 8 72 9k a) U5 it 8 JE A B Rayleigh(Ra) B Ak, Hi AU 12 FIKIK D Ra= 10°, 10%, 10, 10°, 107, 10°

SCHR [116~118] FEPU B o0 AT FRAKER PVS
55 Level-Set 4 Jit J 1l o 54 J7 1 180131 A 84 1)
BT LA B A B i e wy A O ) 8 e U
), TR (RiA 4 % 1) P AN AH
PR (B4 2E FE 10 97K 1H) R F2 (Rayleigh-Taylor A

ROCILS) J5, FIR7AE I8 30 (i 4k g st i 26
WAk 12 4 vh i A8 T 3z ) FiAL g #E, DL A
11 I 3 86 BE AN 1 51 DR B 1) Marangoni %o it 25 B i
WO A T A8 B AL FUS R e R, RS T
Wit (Re = pUL/p), HAAE (We = pU?L/6)- I 57
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) 2 DR R Sl K SR K ) RS g T
K S R I RN B T — FHAS AL TR R R A A A, 3 S
S AR U AH A, 28U, T T 5 5K 5 7 i HAH R B X
— Benchmark (A #8, fl AT FH AT PR AAAR DU B KG B2 A0
71 PVS-LevelSet # & Hykvh 51 T0 5 9K 8l 5 E i
(B @5k 2, 80 1) XU B ASAH ¥ P AH L 30, S e s
LT AR AL B0 1 JE 5L R0 R A T AR 3 AR S O A
1A 2 5 A OKs W5 A9 81 36/ — > Benchmark
) B, kg 1 A O BOAE SR 5 B — Rl R 4T ) 5
TEAL L, PRk 3 4 o 1 v G V1 A P A R T B 4 B
() B AR A 75, ANl AT] 9F A 41 H Tt b g
(RVEN B 45 3. SCRik [115) 38 7 — R 7 &,
Yo mT 4 NS 7 FEALIW) 3l 5t FHRE it 5 2 2 ik —
B X MBS, 1 % o] K45 SIMPLE Fk Jj1& 1E 5 2
U — B a0 R MBS 347 BUE B s T, F5# H
JE I8 1E J7 F2 B HUR /S B RS FE R PVS; NS —
Bl X MBS 5% 1E S35l X PVS #5455k
HE4T T Bumps SEMIEN A (RIW . 25, 5
) VR RIS Mo BUN 0.5, 0.675 A1 1.4;
FE 7725 2, BE TR 5 55 B0 o0 A1 (1) F 5 45 8 5 S
kg IR — S ISR R A AT T L i
ARG, AR S SRR AROR, DR T A
ELFEURE R, 1% VR R 1t — 20 19 S R R .

SCHR [107~109] X —4E Roe #6218 7 T #0{H
s EA, 4 R E R A CED PDS N

ou 1 1
ot j " Fx(hj+1/2 ~hj-1p2) = ReAx?’
1 1
- WUj4+1 —Uj) — Uj — Uj—
[Gu’j+1/2( 1) Gu,jq/z( i = Ui-1)
(60)
Hr
1
Rjtr/2 = ) (fj+1 +fi - |aj+1/2|Aj+1/2U) )
1
fi = ufs Ajrrpu =i — (61)

(f 1+ f)a A 7é 0
Ajy1/2 = { T R (62)
a(uj), Ajy12 =0

B BE RN B I CFD %2 627
G 6 1 R n
w,j =1 VTR eu ; j )
J+1/2 + mzz:l (n + 1)! ( g+1/2SgnuJ+1/2)
R . Pj+1/2uj+1/2A$
€Ujt1/2 — T

Hj+1/2
(63)
Sk [107~109] FIH PDS (60) 7151 T Burgers
5 P RO A0 PO R0 K ke 1) — 4 v] IR 4 3l (5
AL M=2 F1 4), TH L W] 4 Roe # 21 £k 3) 5
¥y PDS B AT HEAA YR & 10 P 5, Bk 50K FE Jon)
B 5y PRI L — 4 Roe ¥ A7 W 5 1) g 3k
P2, R 0T K U o PR AR I AR SO B,
TEWBE A Sjogreen Ji sl I VE S, BT 1) 2 B0 R
P A B0 T UE S % 081 fi PDS T
(1) e ok A S vE 3 e e
SCHR [115] X F i T %) Navier-Stokes(RANS)
Ji R A BRARAR B L, SRATES 4 TR
SR N AUSM 264% A i) AUSMPW . #%
P42 GAT T HEIRS ER, IEW 4.3.4 A
4.4 FPTIR, $RANE R S J0 R S 0 DL &
TR FE AUSMPW s X 18 X g —
O*u 0%v 0Pw 0%k
) BI¥E N T £

B 20 (n 52 o 02 o

BRI Guj, Gojy Gujy Gejy Gy T Gy, EH
w,v Fow K 3 AN IEAZAARR T R 7> i, e Mg
I,k 0w SR T R TR i BN L RE R, axX At
FRI R EII HA R (35) M. HIGECE NP R
FE. SCiik [115) A AUSMPW A% 3 3% 3 5 4 ) (1)
R PVS, Al = 4 &5 R AR S A TR A WA T T
DLR-WB A& A H# (My = 0.7533) 5 B
(—0.304° ~ 1.230°) ZEii, AUSMPW $tshidl X PVS
55 AUSMPW A% xCAH EE, BA (2 M ook 7 150k T
HH Y DLR-WB 7 ih 4, J& i AR 77 &
L AUSMPW (140 {H 25 1 15 S U0 B AF AR AT, 2
DLE 9 FE 10 s, B9 FTEL 10 H 6UGS(6 Bl X
1 (1A% 20)-AUSMPW Bl X 24 PVS, DLR-WB &
[ DLR JF R I3 S A4 (WB) B, J5 55
NASA #EAF WB FrAERBIRL. SCHR (107, 108, 115] X}
— 4k Roe # X, RANS J7 P41 B HL AUSMPW #% x{
()42 2 T AL), K 280 P 00 B IR B R B MBS ik A
AFY. [ 45 5 T4 bR KR, G0 SR 3 T AR 4 YT PTR; 7
R SCIRI7 23 s F A I O, I S0
TIUES L MBS 3fe LU N ¥ 48 2 5544 & 25, Tk —
4k Roe #%:UF1 AUSMPW 4% 3 [ FEBLITUAS /5 AT ]
el IR B, A% 2 b KRR R 4 IR AH
I (P38 2 sl BRI R 2 6 s 2O B FE T O Y
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NUMERICAL PERTURBATION ALGORITHM AND ITS CFD
SCHEMES"™

GAO Zhif

LHD, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China

Abstract The numerical perturbation algorithm presented by the author is to couple fluid dynamics effects
with mathematical basic schemes (MBS), especially with the most simplest MBS, i.e. the first order upwind and
the second order central schemes for the Navier-Stokes(NS) equations and convective diffusion equation. As a
result, many new schemes are obtained, i.e. perturbational finite difference scheme (PDS) and perturbational
finite volume scheme (PVS). The main steps of constructing PDS and PVS are as follows: the flux and coefficient
of convective derivative in MBS are reconstructed as power-series of grid interval; by splitting resultant scheme
above and operating the splitted scheme, the high-order fluid mechanics relation is obtained; the variables at
upstream and downstream nodes are expanded in Taylor series; by eliminating truncated error terms in the
modified differential equation of the reconstructed scheme the undetermined coefficients in the power-series are
determined and finally the PDS and PVS are obtained. Formulations of PDS and PVS are product of MBS
and numerical perturbation reconstruction functions, that are simple polynomial of Raz(or AR, ), where Ra,
and A are grid Reynolds number and grid CFL number, respectively.

PDS and PVS and the original MBS utlize the same nodes and are nearly equal in simplicity But PDS
and PVS have higher accurate and larger stable-range than MBS. For example, the most simplest and the
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most important six PDS and PVS for the convection diffusion (CD) equation are : sixth-order accurate upwind
finite-difference PDS, dual perturbation (DP) fourth-and eighth-order accurate central PDS, dual perturbation
third- and fifth-order accurate (interpolation approximation) finite volume (FV) central PVS and sixth order
accurate upwind PVS. This six schemes are absolute stable or absolute positive and are non-oscillatory schemes
for any values of grid Reynolds number. In one dimensional case, this six schemes are TVD scheme for any
values of grid Reynolds number. However, the same order MBS must use multi-nodes and oscillate on coarse
grids. PDS and PVS can not only be directly used to calculate flow, but also act as a basic or starting scheme
for reconstructing high resolution scheme by self-adjust numerical dissipation. The above six PDS and PVS
and others have already been used to calculate incompressible flows, compressible flows, mass transfer and
Marangoni convection in the cases of a falling drop, two phase flows and others, and some excellent numerical
results are achieved. For example, PVS solve lib-driven and buoyancy-driven cavity flows and result in several
new Benchmark solutions. The numerical perturbation algorithm and corresponding schemes are also called
Gao’s algorithm and Gao’s schemes. Several subjects worthy of further study are discussed. The present
method is also suitable for reconstructing MBS of other mathematical physics equations (such as the simplified
Boltzmann equation, magnetohydrodynamic equations, KdV-Burgers equation etc.) with coupling dynamics

effects.

Keywords computational fluid dynamics, numerical perturbation algorithm, mathematical basic scheme,

perturbational finite difference scheme, perturbational finite volume scheme
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