MOE-KLTFSE

THARFHORARE

%—E X %%ﬁﬁ_@ﬁ | RiH JE

W %3208 K REIR 5 30 71 TR SR
PiptFE S TREMAFHERERE
20165E5H9H, W%

(G, Ceowr-cnr 1/130


/
/

L) FFIAAE MOE-KLTFSE (&)

B

$3 E M Ease
3.1 QUICKAER L NP4k

3
P

3.2 SGSD#R

3.3 AN EFMENETEE
3.4 HIFIEA B A ERG-LAEN
3.5 SMAEEEN

3.6 WARAMARMIASER

3.7 HEBRIFAERAN—RSZE
.3.8 STFREMER



/
/

L) FFIAAE MOE-KLTFSE (&)

3.1 QUICK#H 3L 5 A 4L
3.1.1 RN EHEANEEMY

3.1.2 QUICKHEREIE X
3.1.3 4o A R A A EEEBHER

T

3.1.4 NAEKR

Bt EL NN R EUE

3.1.5 QUICKERA WLk =R

3.1.6 iS5 /M4

cro.2HT 3/130


/
/

MOE-KLTFSE

| 3-1 QUICK# RN Riry sk

J

3.1.1 ¥R EEREANEEMH

X 5 A 2B

MEFUER M (stability, economics and accuracy)e

PL.Smith-Hutton|n] 13 & {5 1

HEAR ML Y SE I o

Smith-Hutton [n] 51

RN

(i s

[ /5
A

X Jaliif

M5

HitA4iRENE, &5

2 L B R

| s e i s - I

Y5 320

A PLSE AR, Ry BMAESEH N S5t

EEEEEE

1 H

4/130


/
/

MOE-KLTFSE

SHIAYFL | JAFUD | { ERmhE
/é-: (2‘07.

e Vo= N\
=2y, B /Z=\\
v=-2x1-Y°) LT T3 1

| - [e7SUD | ek
; Ej /;ﬁS;jQ\
(A TRON W
0 {RNAREA

|
‘ AR /4 _[O[QUICK | s
0.6 —0
i&néﬁi% F*/Hi\ﬂ‘lﬁ*ﬁ o0 s, Z N0
| ‘ e ot Bl \\\;&\
Smith-Hutton ] & L e |\

-1. 08 06 -04 0.2 0 02 04 06 038 1

CFD-NHT-EHT X
CENTER


/
/

MOE-KLTFSE

3..2 QUICK# R X
FVME Y — A A b O 22 0 Hml_ 5 R
il 22 1E

b ZE S e

¢e — ¢E +¢P _lcur
2 8

E

6/130


/
/

MOE-KLTFSE

Wt R EIECUR? HEW R B A&

(1)sBE 35,

P RIL% 4] [ % CDIRE A IE B IE : AH4R

Z R EZHrS30b .05 WS HTY DL RN FZ B 1 R

d

/

|

|

%
97474

~

S

ﬂé’%_Fll—q (% _2¢P +¢E) <0

FIE

d — Y S Bh 0EA E
e Al P4 H 35 F B LR i Y] )

wWW w w p e

iz e 5 A A RHHES=R?

L -
E by

w2 k1 |(dy — 26, + @) >0

? 3
.EE

7/130


/
/

(2) —#Ay, Swdhnm AR R RS A ERE

fe-Ft

] <

MOE- KLTFSE

VH

LREREURATEN, B AP O LT AW
l_—'!lﬁ_ﬂﬁﬁuelj\ﬂ:gﬂ‘f’ B ¢P’¢E’¢EE ¥ REE

8/130


/
/

MOE-KLTFSE

e- R QUICKHE RH i KB E

By — 205 + P, U>0
¢P _2¢E +¢EE’ u<0
QUICK#E A B & X (ﬂﬁ)j-iﬂﬁ)ﬁ | #R) , NF

U>0 ¢o = dhiyp =gt —4@% ~2Bpdp)

>0, BIATH P =Pw2 = §(3¢i +60_,—9¢,,)
-1, 1, 1+1,1-2 o -

Cur=

Dy = Pi_1jn| 420 0. = Pi1so
—7 |
u<0, MBIAFR: = -
-1, 0 i+, 142 . T T T e

% g::-_Il:lEI-IJ—EHT 9/ 130


/
/

B IFAALE MOE-KLTFSE ()

" HRBIQUICK# A H B B RBUB I 9 X A JERK

Ivn X FP R & el T iR FiE E X
+ HARERIESR, BEWWRH
N EERRZEAENRE; XNyHHE
ww TwlIE4 (& |2E ‘dl!lﬂltt AR EI']LL%*!EM\ l‘*/R
H.

IR ISP RS I A BRI, 42D [6) Zgk 5 K R *T 18 B
HARERLE, ARNRIEIRBELEXRBIENREE—ER
QUICK TR /E5 [/ 7ry @, 219925 R1G B
;j%o

‘ Hayase T, Humphery J A C, Grief AR. J Comput Physics, 1992,93:108-119 J
10/130

EEEEEE



/
/

3.1.3 “ 4@ A s\ A EEEER

1. SO0 5 T FRAEE M8 TE AR AR

(1) o452 ) S SRS N R ROT 1R, T2
75 o) A S AE R AR i 5 P P A <B AL TR I — A5 R

(X R EPRRIL3E) RERFR, RV ED
SRk O\ YR 5

(2) MORiEE BN 125 “>0 >0
ABPHRERTS, u.>0 - i,,f,,,], itk
5u,<0 %4y; u <05 I_,H: e

gl;l::l:l;l'-EHT 11/ 1 3 O


/
/

MOE-KLTFSE

2. 51 E A E R e e

—e

(1) u.,>0, u,>0 r_-.l -4 _;_ !
b =ad g +ad,+S5 — T
Oy =01P_, + b2¢i T b3¢i+1+ S\;vF BXFERTREAE! (2)

(2) u.<0, u4,<0

U<OBHy ¢  Hu,>OBKE ¢  HHSH

b, =b,d .+ bd+b ¢,+S,; BAFFRHRAE!
(HeHERb BEMF)
u <ORtHy @ 5u>OREy @  fER%H

=a¢ . +a, ¢ +a ¢ +S. BEFERHTRAE!
¢Wa3¢1 2 A F 8Pt Sy (M%EHERBRENT)

30

EEEEEE


/
/

MOE-KLTFSE

3. IS WERR

K bid e L E# RS ST, IR A4
AT FEAR, FQUICKS:

S: = (gl + (G- + C-a)d,

-l 3 3 _b,)g -
S. = (e G-b)ha+ C-b)g —bg,
B A SR

S, = (co—a)d+ (G -a)d+ G-,
el 13- 3 _b,)g -
S, = (ghh 2 + (b + (5 -0k b

% g::-_Il:lEI-IJ—EHT 13/ 130


/
/

MOE-KLTFSE

3.1.4 NABEHEREIRHE:

FEARHNEY

1. U i B g R ) %@ﬁe
= —e #O—
IR KSR, A wpﬁ%]

[(oug). ) =[(pug), )., == [(9).] =[(#).] .
HHE—-PMREHHEHTH R, 3 (14)>0,
(uw)|+1>OIEE;_l£ (1) y (2)_‘[%‘
g, =g 1P +¢ , + (SeJr)i =
4 ¢W :b1¢i + b2¢i+1 _,I-b3 ¢i+2+ (SVJ\F/)i+1

5 o [%ﬂﬁ% ¢, } [ (¢W).% 14/130



/
/

MOE-KLTFSE

FBBE (S)), =(S). » ReFERIE; NWERA:

0
g S, @Q?SA =
h}bZﬂﬂ % 3i+2 T (Sv+v)i+1

o, SR (Se+)i — (Sv+v)i+1
2. B RIERZUEN
K QUICKHF—4N iy’ 2,
d(pug) d _d¢ dg dg

= —(I"—=) =—>(pug), — (pug),, —(F—) —(F—)
dx dx dx° #4

gl;l::l:l;l'-EHT 1 5/ 1 3 O


/
/

I BB BEE:, R QUICKARN i 5t

MOE-KLTFSE

|

A

ApPp =8Pz +3, 4y +D

aE — _ai%FeJr _blFe_ +b3FV\J/r +al|:W_ T De

Ay

a, =

— _aF'-bF +bF +aF +D,
a2|:eJr +b2|:e_ _bZFv\;L _azF\,\: + (De + Dw)

b=-8,F =S, K +S,F, +S,F,

e

CFD-NHT-EHT
CENTER

=+ =(pu),,ifu, >0; F"=0,ifu <0
——‘(Pu)e‘e Afu, <0;F, =0,ifu, >0

1

6/130


/
/

B 7SRArT MOE-KLTFSE (&)
APOWEER: a.=20;a,20; a, 20
W@ F=F,F =F, D =D,

h a. =-a,F —-bF +bF +aF +D,

#a >0F: (b3—a3)Fe++(a1—Bl),l;e/'+DW20
Su>0: (b,—a,)F, +D, >0

BERAF XA U oL, BREE RN, PR
b,—a,>0 —> [a, <D,

B Coren = 17/130


/
/

3. BRZAEXTFH

REREX (1) -

KRR a, >0,a, > 0= iH:

1N

MOE-KLTFSE

a <b,a, =D,
W, LA TE 52 0 4 J

(2

) HIEMRBCINATF:

a >0;b >0

4. R R A R B A 1 RN

a+a,+a,=1 b+b,+b, =1

A LR B 2 R GAR BOLIY , XT3 53R S

WAF.

X _EiR YA~ SR a0 A :

18/130


/
/

MOE-KLTFSE

1. RE#ESEN (8 =0;a,=b;a =b,; b, =0

2. BMOTRERSURN [a <b

a, >b,| [a, <b,

3. $H{E 2R BOE W RN

4. ERHSBEN |a, +a, +a,=1 b +b, +b, =1

$%: a,=0 #&#M: b, =0 Hig Zai =1,
KBHT R RSS!

aZ;M a, =p =1!

19/130



/
/

MOE-KLTFSE

a=a=0b,=b=0 a,=b=1!

0 0
¢e _%%—1 +f§1i +ﬁ{ |+1+ Se+’
¢e=¢.+S§, - W
‘1‘ i

% g::-_Il:lEI-IJ—EHT 20/ 130


/
/

MOE-KLTFSE

3.1.5 QUICK IR A mBEENELTRTR

(1) u.>0, y,>0
1
¢e — ¢i+1/2 — ¢i +§(3¢i+1 - 2¢i - ¢i—1)

1 3
Gy =01 =01 +-(30 —2¢_, - ¢i2)} IR
8 w0 e

._4_.__L...

(2) u.<0, y4,<0 ', |

¢e = ¢i+1/2 — ¢i+1 +%(3¢i - 2¢i+1 |+2) 1—

N VPV SETR
¢W T ¢i—1/2 T ¢i + 8 (3¢i—1 2¢| ¢i+1) }

%—H@%ﬁﬁ:‘& QUICK _ FUD SQUICK

% g::._r:l;r-EHT f f f 21/ 130



/
/

19744 Kholsa-Rubing

BEIE:

g it

MOE-KLTFSE

| TSI RS e 2 B B

¢eH :¢eL +(¢eH _¢eL)OId

Bt QUICK AL 3R B N FEIR B IE T 3 -

f

UICK FUD UICK FUD yold
VK =g+ (g - g

3.1.6 it 5/ 45

1. %5 2D )i B QUICKH: I I ARBOS 72 ST A
M HEARORBEA KL, MRAERBIE; X134

(1979-1992) HERCHTRHH#M=EAR LT A5

22/130


/
/

2. R EAER W R B3 SR T

B XY R H FUD# AT

i 2 ) BT P SR St RS B s 35

3. BR4-REB05 iR AR R AT SR Y

feE it ARBOT AR ] DAPRIES

3%, H

PR 2 SRR 5 e i 2 W R T B B e e XY

B i kA L

A R, 7SRRI R IR 8 1 R AL -

Versteeg ,Malalasekeraggz=JAn Introduction to
Computational Fluid Dynamics *f f#FEE1R. BT ER

fifte e R4 Hr il Fivon Neumann J5ik, 2 ):

Ni M J et al. Numer Heat Transfer , B, 1999, 35(3):369-388

EEEEEE

23/130


/
/

MOE-KLTFSE

3.2 SGSD#&R

3.2.1 SCSD#&3X(1998)

3.2.2 SGSD#%3(2002)

3.2.3 XTHRAREM ST =R

% g::-_Il:lEI-IJ—EHT 24/ 130


/
/

MOE-KLTFSE

3.2 SGSD#% 5%,
3.2.1 SCSD#%3%(1998)
1. ¥4 Mk _ERCD5SUD
CD: ¢, =0.5(¢: +dy) ToHrEy 8, HEAARE!
¢ = 154,054, u, <0
@, =1.54, —0.5d,,, ,u, >0
T E, (EARAE— RN By Bt HiRE!

u,, <0

Uw >0 _e |
A |
| |

B Coren = ww W w P e E 25/130

SUD.:



/
/

MOE-KLTFSE

2. ﬁ}ﬁCD 5SUD#-HIL R HSCSD

¥ CD5SUDA A # K, PeXu/MNCD 5, Pek
BFSUDJN 3.

¢ = B° + (L B)g°, 0< p <1

,8:1, ¢SCSD E¢CD; ,B O¢SCSD E¢ D;
W RAGER, IR FksPecletyy: £ UF5X Puer —;

iE 1 7 BetaX Il A Peclet n] 40~ Ju 55 Z [RIAE 4L,
W#5 k. stability-controllable second-order
difference—SCSD,

[ NiM J, Tao WQ. Journal Thermal Science, 1998,7(2):119-130 |
B o Z67130



/
/

7= FHIEA ?

B DAER 4 Vi :3/4’¢SCSD E¢QUICK

MOE-KLTFSE

_ 3P tg 1 _ 1 _
%= +7 (154, 0-5%)—8(3¢E+6¢p Ay )

2
UICK
— ¢eQ

A W] y -
MMiX—F

FPEFIRR) o

BEHQUICKHB RAFZHRE (CRHH

SCSD AR HIE: TTHTZEMERITEY,
1833 5 Betafi j] — M 0] DA A R %5 Pk b

B L

EEEEEE

27/130


/
/

MOE-KLTFSE (&) .

R W B, R R
K B gz Beta > 57
3.2.2 SGSD#55%(2002)

iy PM:% W A = P2 B P R

2+ P, RE:
P, —>0,8—1 CD&IE;
2 {
p 2+P

P, —> w0, —0, SUD &1t
[ﬁ%wwé% Eﬁﬂsm |

% g::-_Il:lEI-IJ—EHT 28/ 130



/
/

MOE-KLTFSE

o AR S 2% B S T

B XA E I, XY,28]

45 H BT -

BRXFHEHBetall, HA—ERARER:

2
Hﬂ'B:2+P _)'6(2

— P, = 3—2 <P

HASCSDHy P, =

2

p
+P,)=2;

2

,B Acr_ﬂ

Li ZY, Tao WQ. A new stability-guaranteed second-order difference scheme.
Numerical Heat Transfer-Part B, 2002, 42 (4): 349-365

EEEEEE

29/130


/
/

L) FFIAAE MOE-KLTFSE

SGSDA% =, B4F i
(1) 4XRE;

(2) RAREMEENEE, @EidPecletPekxiiEd
FCEATAH X B I R B g 3 5

(3) 2VHEE_MKEE;
(4) FHEITEEMARK;

(5) SiMikgPecletB ki, iR RERLSUD,
WEREH TR

B BRI, BPCRH, RAIXTSERM#-

CENTER 30/130


/
/

®
w
(7))
L
ar
N4
L
o
=

Lottt

FYTIVRTY

Lttt .,
._.**__*”**wwWﬁﬂWﬂﬂﬁ*-*_*_*_

sbdddbiiiagg

Lot T e,

2akddiddag

T
Lottt .,

sddddddiga

Lttt O

1hdbddbiia

Lottt HHHHTTIT I 44,

Mddids

Lottt

FYYTTCIVRNTY

Lot

siddidian

Lottt .

shdhbhiiLi

ottt s,

FYVILITTIINTY

Lot .

shhdbhddaae

Lot 4,
Lttt
ottt
ottt
ottt
...,~.~%%“ﬂﬂw“‘ﬂ\ﬁ&\‘\~‘.ﬁ:
...;“\\%\\3:: :
. .;:‘\\\\3\3\\\?: =
: ;i»%\\\?::.
..:a%::::::
..a%%?.:;::
.;33:33: _—
R
e
A,
AT
I

To)
—
|
-
LL
o
(@)
W
DL ~
X S
N’ (-
Dg
) &
O o
D S
o =
-
.mm S
5 (N
rOO
mX
O AN
S ©
>
=
(@)
O
(€D)
>
(€b)
el
-
=

F

....,_‘\c““mmmmm“““““uuq“4**~_
i :\\\\%\x\\\::
' :ig\\ \\\\\\\o.:.

"

.i\%&:
" :535?//, "
.ottt
5 .:9/1/%55:2.
et

\\{T

il
7/ \\
i

\worgeser

iR,
I

To)

—

I

| -

m

o

o

o

M

(@b

X
| -

Kg

O

D -

oL

O C

S 5

(dp]

5 ™

S

= X

SN

y6

f=

(&

o

(€D)

>

(ab)

| -

>

=2

LL

31/130

EHT

CFD-NHT-
CENTER

B


/
/

MOE-KLTFSE

60 -~
" —
i —ZT"
50 |- o=
ol - e e
2 | R et
D 40 |- ==L
- & 1 T yes— QuiCK
O 0 _._____...--""— - =
=T __ oscillating
s b /=~ solution
%D = -ﬂ'_—;::— _
S [
= [
10 N
- i $GSD
T AR T T NS B T T I N
90.5 -0.25 1} 0.25 0.5
U(1,2)
Velocity distribution along the grid line parallel to
the bottom

% g::-_Il:lEI-IJ—EHT 32/ 130


/
/

MOE-KLTFSE

Example—L.id-driven cavity flow

Relative error

Table 1. Relative error of centerline u-velocity obtained using uniform grid (42x 42), %

y SGSD SUD QUICK CD

Mean error 0.5531 17.1956 7.0363 8.86044

Computational effort

CPU time
SGSD SUD QUICK CD
Uniform grid l 1.1121 0.7023 0.6018
Nonuniform grid 0.5025 0.5309 0.7139 0.7436
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of piecewise linear parabolic approximation)
approximation) (CLAM)
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Yu B, Tao WQ, Wei JJ, et al. Discussion on momentum interpolation method for collocated grids
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3 CLAM (hybrid linear/parabolic approximation)

Defining curve of CLAM
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4 MINMOD (minimum modulus)
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5 MUSCL (monotonic upwind scheme for conservation law)
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7/ SECBC (scheme based on extended CBC)
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8 SMART (sharp and monotonic algorithm for realistic transport )
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9 STOIC (second and third order interpolation for convection)
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10 WACEB (weighted-average coefficient ensuring boundedness)
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11 HOAB (high-order-accurate bounded scheme)
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Review of the Paper entitled

,Refinement of the Convective Boundedness Criterion of Gaskell and Lau*

by Hou Ping-Li, Yu Mao-Zheng and Tao Wen-Quan

submitted to “Engineering Computations: International Journal for Computer-Aided

Engineering and Software”
(Paper No.: EC952)

The paper does not propose a new discretisation procedure, but proposes an original
refinement of a previous boundedness criteria. It is also quite interesting to see that many
recent successful discretisation procedures, developed independently and without being aware
of the presently proposed criteria, automatically fulfil this newly proposed criteria. Thus, a
useful basis for the better understanding and interpretation of the discretisation procedures has
been proposed, which can also be useful for further impggyements.
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Wei J J, Yu B, Tao W Q, Kawaguchi Y, Wang H S. A new high-order
accurate and bounded scheme for incompressible flow. Numerical Heat
Transfer, Part B, 2003, 43:19-41
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HOAB (high-order-accurate bounded scheme)
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3.7.1 Three Basic Questions in the Scheme Design

3.7.2 General Formulation of 2nd-Order Difference
Schemes

3.7.3 General Formulation of High-Order Difference
Scheme

3.7.4 Derivation of Absolutely Stable Difference
Scheme
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3.7.1 Three Basic Questions in the Scheme Design

Many discretization schemes for convective
term are proposed in CFD and CHI. However,
three problems remain unresolved

1. Each scheme is constructed individually, and
In some sense, with some personal brainstorm
and insight(RZ#¥l—3)). Is there a general way to
construct any-order scheme?

2. The upwind based schemes are generally
accepted as good schemes in the compromise
(#7%) between accuracy and stability. Is that

true? Is there a better way?
B s ™ v4/130
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3. Conventionally it is considered that stability
and accuracy are a pair of contradictions. Can we
design an accurate scheme with absolute
stability?

UPWIND SCHEMES: More information from

“upwind” flow direction should be adopted than the
Information of downwind.

FUD : SUD :
5 = ¢ U, >0 5 [1.5¢,-05¢,, u, >0
\¢i+1 ue < O Ae K1'5¢i+1 o O'5¢i+2 ue <0
(4%),
WW | W | P | E | EE
@ | @
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3.7.2 General Formulation of 2nd-Order Difference
Schemes

In one-dimensional uniform grid system, when
u > 0 thevariable ¢ ontheeast @ and west W

interfaces are interpolated: ;—Egj‘iﬁs—a;‘— %ﬁ
s FEPRT3
<¢ al 1¢ 1+a¢+a|+1 i+1 (1) =] ﬁ“q.l: 15/?\
Pu=a.40 ,tad, +8,4 ﬁ'ﬁﬁ_ﬂ 5% R

™ NEME.
WW W|W V|V P T E e|e EE

(i-2) 1 (i— N (l |(|+1) (i+2)

Uniform grid of 1-D convective—diffusive problem
% CFD-NHT-EHT 96/130
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In FVVM, the integration of the convective term leads to
following expression : O @, — P,
OX |,  AX (2)

Substituting Eg. (1) into the above expression:

% _ ¢e _¢W _ (ai _ai+1)¢i +(ai—1 — 4 )¢i—1 T840 _ai—1¢i—2
OX|.  AX AX (3)

Expanding ¢i_2 , ¢i_1, ¢i+1 by Taylor series at the point i

(4)
£ cromranr RE =k E‘ZZAE&U-IZE(] 97/130
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Neglectlng terms with derivatives higher than third orders, yields:

ai—1+ai +a;,, =1 5 1
1-3a,—a+a,=0 —> % zg’ai—l =19y :g

k7ai_1 +a +a.,=0

The third-order upwind scheme (TUD) IS obtained:

¢==——¢4 ¢ »
4 (5)

b=t 5h
If the thlrd order derlvatlve Is retained in Eq. (4):
O¢

OX |,

3
=(a +a._ +a,+1)gj+(—3a a+a,+1)27¢ %+(7a,1+a +a,+1)2xfi.A;!

—1 -0 =0
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q_,+a +aq,, = 1 1 a

/a_,+a +a,, #0

1+1

5 |
_3ai—1_ai +a;, = O ==—p 3, ¢E’ai—1 :Z_E,am: 4

Then the general formulation of second-order

difference schemes is as follows:

[ 1 a, 3 a;
¢, =ag@ +[Z_Ej¢il +(Z_Ej B
1 a), (3.2
<¢w:ai¢i1+(z_3j¢i2+(4 2j¢i
S
a # —
6

(6)

where d;can be any value but is not equal to

5/6. Taking

CFD-NHT-EHT
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Relationship of the General Formulation of 2"9/3rd-
Order Difference Scheme with Existing Schemes

1 1
a| 1/2 ¢e 2¢|+2¢|+1
3 1 3
_ — b —— o UICK
ai _3/4 ¢e 4¢| 8¢|—1+8¢|+1 (Q )
3 1 3
= =4 —=¢  +=¢ TUD
Ei' E%/(S e Zl Qﬁ E} qﬁ'—l _Flig 1+1 ( )
b=+ (FROMM)
ai=1 e — Yi A i—1 A i+1
3 1
a =3/2 e Sl 4
' / ¢e 2 ¢| 2 ¢|—1 (SUD)
1 1 a

3 . 3 4
1o, I - S_& ), (SCsD)
_al_2 ¢e a|¢|+(4 2)¢|1+[4 2j¢l+1
ﬁé CFD-NHT-EHT 100/130
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f(2-2g. o

It is the first time in the literatures that such

general discretization schemes for convection term is
established!

3.7.3 General Formulation of High-Order Difference
Scheme

By extending above analysis:
u>0

e
i—3 i—2 i—1 i i i+1 i+ 2 i+3 i+ 4
—» . . * * » - .
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{ e = 1ol 2¢ T a 1¢ +a¢ +a|+1¢|+1 8,50, (7)
¢w - ---ai—2¢i—3 T ai—1¢i—2 T ai¢i—1 + ai+1¢i + 8,0,

a¢ :¢e_¢w

ox|,  AX

....... +(ai_n - ai_n_l) t. +( )¢ +( a )¢. 3 +(ai—2 _ai—1)¢|—2 +(ai—1 —4 )¢i—1
AX

(ai B a‘i+1)¢i +(ai+1 B ai+2)¢|+1 +(ai+2 B ai+3)¢i+2 + (ai+3 B ai+4)¢i+3 Tt (al+n B a|+n+1)¢|+n T

AX
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Ax
2!

2(/5

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII;.I. IIIIIIIIIIIIIIIIIIIIIIIIIII X .
1

— O +(ai+1 _ai+2)+ 23 (ai+2 o ai+3)-|_33 (ai+3 _ai+4)+ et n3 (ai+n _al+n+1)+ (n +1) a'+n+1]

03¢

P ETE

2n+1)

(2n+1ﬂ

-n al n+1)+ -+ 3(2n+2) (al 3 al 2 ) + 2(2f1+2) (al 2 ai—l)
e Vi e v Py '>"+'s'@ﬁ+'ﬂ'<' IR

(2n+2)
+(n+1) " a'|+n+1]8 (2n+2)
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The only 2n+2 order accuracy scheme can be obtained:

F(n+4)2@_n+n2(a

i-n

Y 2 2 2 2
|i_1_(§i+_l _ a_|+2_)i_ g iai_+2___aii3_l+ 3 (ai+3 _ ai+4_)i_ iy t n_ ai+n _ ai+n+l) + (n +1) ai+n+1 — OI

GRSV e w e CUE I B ORI E V) R !
| |
I-|_(ai+1 ai+2)+23(ai+2 _ai+3)+33(ai+3 _ai+4)+"'+n3(ai+n _ai+n+1)+(n+1)3ai+n+l :O :
T T T T eeeees T~ T T4/ T/TmTmTmmomTmTmTmTmTmTmTmTmTTTT
_________________________________________ 1
I(n 1)(2n+l) al_n r](2n+1)(al ) a| n+l) 3(2“”)(6\, , al 2) 2(2n+1) (ai_2 _ai_l) :
I_(ai—l o a| ) + (ai+l o ai+2 ) + 2(2n+l) (ai+2 o a'i+3 ) + 3(2n+1) (ai+3 ai+4 ) +...+ n(2n+l) (ai+n T ai+n+1):
H D a0 =0 e
C( D) e T a, e )t 8 (a2 (s a)
| |
:+(ai—1 —q ) + (ai+1 — ) + 2(2n+2) (ai+2 — a3 ) + 3(2n+2) (ai+3 — Q4 ) Tt n(2n+2) (ai+n o ai+n+1) I
)P =0 _ oo :
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If the coefficient of the term ) IS not zero, the
general formula for (2n+1) -order acturacy schemes can
be obtained by solving following equations:

(n +1)ai—n - n(ai—n _ai—n+1)_""_3(ai—3 _ai—z)_z(ai—z _ai—l)_ai—l

a(2n+2)¢

___________________________________22__________________________

—(n¥1Ya . +n’(a ., -a )t +3(a,-a,)+2°(a,—a,)+a,

B T
(n+1)"""a_ —n®V(a  —a ,.,)-..—3*Y(a -8 ,)-2%"(a ,-a,) :
—a, +(a,, —a,,)+2% Y (a,, —a,5)+3" (a5 —an, )+ + 1% (8, — @, 0.) :
m T N '
R R Tl Tt & i e il e |
+@, —a)+ (8, —a,,)+ 27" (A, — &)+ 37 (A — s )+t 07" (810 — Q) :
+(n+D)*"a,, ., #0 I
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Thus we have developed a general way to
discretize the convective term with any order of
accuracy for the FVVM, obviously the first time in the
history of the computational heat transfer (The first
problem has been solved,;

Then how to guarantee the stability of the
discretized form of the convective term?

3.7.4 Derivation of Absolutely Stable Difference
Scheme

Taking the general expression for 2"d-order scheme
as an example. Eq. (6) Is the definition of interpolation
for the interface value.
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Analyzing the stability of the above schemes via 1-
D unsteady convection-diffusion equation:

o, 08 _ .

ot ox  ox?
n+1 _ n — I
. At : +u¢eAx¢W N p[(z¢) (d¢)w] (8)

Substituting Eq.(6) into Eq. (8) for the convective
term and the CD for the diffusion term:

gt — g +u(6ai—3)¢i“+(1—6ai) " +(3-2a)4", —(1-24,)¢",
At 4 AX
_F¢|+1_2¢ +¢| 1 (9)

PAX?
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o analyze the stability, omitting the diffusion term,
for (i+1),(i-1) we have following equations:

gt gt (68,-3)gl, +(1-68)4 +(3-2a,)gl ~(1-2a,)f"

At T AAX
03—, (63 -3)4 +(1-6a)gf, +(3-2a )¢ ~(1-2a )l
At AAX

Assuming that the initial fields are zero and at instant n
There is only disturbance at point I, gin , then for I1+1:

0 0 0 0
A gl N (6a, —3)/:1 +(1-6a, )" +(3-2a, )ﬂ:—(l—Zai)%

A 4 AX

1 08 =1 UAT _ 63, -1 UuAt, |
by =( 1 )( )¢ = ( )( AX)é‘.
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Similar analysis can be done for (1-1);

The effect of the disturbance &' transported

by the convective terms can be summarized:

-

6a, —1
¢Ir:£1 — ( a‘I )(UAtjgin
4 4 AX (10)
n+l (Zai _3)(UAtj n
%‘1 4 Ax )
['At
The effect of the diffusion termis ¢7," = (— )&
- AX

Then the total effects of the convection/diffusion

should satisfy the sign preservation principle:
B Coren = 109/130
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4 (ijgin+( AX jg'n \
o >0 6a, —1>0 3
i — O, > —
< (Zai—B)(uAtj . (rmj . > 23, —3=0 2
gi + 2 gl
4 AX LOAX >0
g -
| 1 a) 3 a
From Eq.(6): ¢e = ai¢i T Z_E/ Rl Z_E ¢i+1
Absolutely stable scheme of second-order accuracy :
( 1 a 3 a
< P = A (Z‘Ej Dy "‘(Z ?j D (11)
3
a >—
2
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Demonstration of Absolutely Stability
1-D diffusion-convection problem with #(0) =1 ¢(1) =2
were solved with different coefficient a, = a,

20F 20} >
—e— Exact
1.8} —*— QUICK —0— Scheme 11
—0— Scheme 11 18Fr —*— Scheme 12
16k —»— Scheme 12 —&— Scheme 13
' —%— Scheme 13 16k —>— Scheme 14
—&— Scheme 14
14F o
S
P . 14} .
1.2} A= P, =100,000 />
/0/’/ 12} >
1.0 -ttt ——=
0.8}
0.8

@D CFD-NHT-EHT Stability check of difference scheme 111/130
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| 3.8 iErEMER |

3.8.1 "Symmetry & odd-order ” scheme

3.8.2 "Symmetry & 3rd-order " scheme and
demonstrations

3.8.3 Computational time comparisons
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3.8.1 "Symmetry & odd-order “ scheme

Numerous numerical practices have been conducted
for different stencils with the same number of total grids
to compare their accuracy, stability and economics.

For simplicity stencils are presented for e-interface
atu, >0

€
i—1 i i i+1 i+2
* > : . .
Four-grid stencil of e-interface for Non-Symmetry Second-Order(QUICK)
24

i—1 i | i+1 i+2
* * i * *

Four-grid stencil of e-interface for Symmetry Third-Order (TS)
@EI O NHT-EHT 113/130
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O

i—1 / | i+1 i+2 i+3

Six-grid stencil of e-interface for Non-Symmetry Third-Order

e
i—2 i—1 i i i+1 i+2 i+3

< Six-grid stencil of e-interface for Non-Symmetry Fourth-Order

i—2 i—1 i i i+1 i+ 2 i+3

\ Six-grid stencil of e-interface for Symmetry Fifth-Order

For the three schemes of the six-grid stencil of e-interface
the required computer spaces are the same, because all the six
grids have to be reserved for storing information.
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Through numerous numerical simulations it is found:

1. For any stencil the correspondent scheme can be
absolutely stable if the coefficient d; satisfies
the condition obtained by the sign preservation
rule;

2. With the reduction of the non-symmetry in stencil,

the effect of the false diffusion decreases.

3. For the same problem simulated, the schemes
having the same number of total grids in stencils
require almost the same CPU time.

We thus propose a new idea of constructing

“symmetry & odd-order ” scheme:
% CFD-NHT-EHT 115/130
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By sign-preservation principle the “Symmetry and
Third-order” scheme is absolutely-stable when

[ (2-64q) (21-18a,) (6a, —5)
=g AT g et g e
(2—-6a,) (21-18a.) (6a, —5)
1P = g et A e
a > g, =13/12

12

® .‘IN- ® Ie @ @

-2 1-1'" 1 ' i+l 1+ 2

Full stencil of the absolutely-stable “symmetry & 3'9-order”schemes
Followings are some simple demonstrations:
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For lid-driven cavity flow at Re=3200. 5000, 7500 and
10000 with 24X 24 grid system:

60 —
55.-188ICK 11:ai =5/6
L —*— Scheme 11
| —— Scheme 12
T =7 Soheme 1 12:a, =11/12
45 b —®— Scheme 14
—X¥— Scheme 15
ER “[ —o—scheme17 QuICK || _7:¢ I
14:a =13/12
30 |-
| 15:a =9/8
25
20| 16 d = 7/6
15 1 o 1 o Q o 1 o 1 o 1 o 1 o 1 o .
3000 4000 5000 6000 7000 8000 9000 10000 11000 17 . a — 5/3

Re
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Table Computational time at Re=1000 of “symmetry & 3rd-order”
and “non-symmetry 2"9%-order” schemes (Grid 42X 42)

0/ 0.1 0.3 0.5 0.7 0.9
[ 11 343 15 8.3 4.2 2.6
12 242 14.9 5.1 4.3 2.6
S— 13 243 15.2 8.2 4.5 2.4
S
C 14 24 15.1 5.1 4.5 2.6
15 338 15.2 8 4.5 2.6
N
e 16 242 151 8.2 4.5 2.5
m 17 347 14.9 8.1 - -
e 7 41.1 17.4 9 3 2.7
— 8 39 16.8 9 3 2.8
0 37.8 16.6 8.8 3 2.8
\ 10 34.1 15.6 8.0 49 3

/

>Sym metry
3rd-order

non-
> symmetry
2nd-order

Jin WW, Tao W Q. Numerical Heat Transfer, Part B, 2007, 52(3): 131-254
I% crp-ndtizdd/ W, Tao W Q. Numerical Heat Transfer, Part B, 2007, 52(3): 255-280 §18/130
C
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3.8.2"S-T " Scheme and Further Demonstrations

The third order accurate scheme Is absolutely stable but use
the same stencil grids as that of QUICK scheme. Taking the
case of a =9/8 (>13/12) as an example, interpolations are as:

19 9 1 7
——— A +—@d, +— . +—
U, > 0 4 72@ gﬁ’ 242E 79 %E

19 9 1 7
Ue<0 ¢e=—7—¢ﬂ£+§¢£+aﬁ3+ﬁ@

19 9 1 4
=—— @ + =G +—@ +—
u >0 ¢w 72% 8%/ 24¢P 72¢E

W

19 9 1 14
=——¢. +—¢, + —@, +—

Symmetry In
grid position!
Not In
coefficients

W
® 1
ww W

.Ie.
P | E

CFD-NHT-EHT
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id-Dri i S&T
1 .Lid-Driven cavity problem
T ]
1.2 4 1 . = Benchmark
. ) 044 .Tm, ——CD
1.0 4 . 1
- Benchmark 03] %
0.8 - 02 o
0.6 - 0.1+
0.4 0.0
5 > ]
02 -0.1—_
1 -0.2 4
0.0 - 1
3 03] Re=5000
o 64x64
-0.2 4 n \"\.\.. —’_i_"-'f’-' Re:5000 -0.4 4
1 S 64x64 ]
-0.4 4
-0.5 4
rT——T— 77 71 T T T 1 1 1 V-7 T T T T 7T
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 08 10
v : : . . . 0 . . . : .

Computed velocity along the line passing through the geometric centre
of the cavity at Re=5000, 64x64 grid system.

U. Ghia, K.N. Ghia and C.T. Shin. High-Re Solution for Incompressible Flow Using the Navier-
Stokes Equations and a Multigrid Method. J. Comput. Phys., 1982, vol.48, pp.387-411.

E. Ertuk, T.C. Corke and C. Gokcol. Numerical Solutions of 2-D Steady Incompressible Driven
Cavity Flow at High Reynolds Numbers, Int. J. Numer. Meth. Fluids, 2005, vol.48,pp.747-774
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10
03; 77777777
0.6
04
02;
OD;
024

VR N

128x128

Re=5000

0.5
0.4 —
0.3 — y
0.2 —
011
0.0 —
0.1 _
-0.2 _
-0.3 _
-0.4 _
05 -

-0.6
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=  Benchmark

Re=5000
128x128

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Computed velocity along the line passing through the
geometric centre of the cavity at Re=5000, 128x128 grid system.

CFD-NHT-EHT
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1.2 5

1.0 +

0.8

0.6—-
04
0.2—-
0.0—-
024

-0.4 4

-0.6 t——7—— 1

256x256

Re=5000

0.0 0.1 0.2

0.3

0.4

-0.6

0.5 4
0.4
0.3 —
0.2 —
011

0.0 4

01
02
03
04+

-0.5 4
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=  Benchmark

Re=5000
256x256

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Computed velocity along the line passing through the geometric
centre of the cavity at Re=5000, 256x256 grid system.
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The relative error between numerical solutions and benchmark

MOE-KLTFSE

solutions of V velocity at Re=10000 with a 128x128 grid system (%o)

X CD [QUICK | ST
0.015 | 13.23 | 811 | 7.04
0.030 | 12.09 | 657 | 5.49
0.045 | 11.81 | 6.18 | 455
0.060 | 1057 | 4.74 | 1.79
0.075 | 953 | 357 | 0.75
0.090 | 9.16 | 3.30 | 1.69
0.105 | 9.26 | 356 | 1.39
0.120 | 9.44 | 3.78 | 0.93
0.135 | 952 | 3.84 | 081
0.150 | 956 | 3.89 | 0.83
0.500 | 23.98 | 40.62 | 36.65

CFD-NHT-EHT

CENTER

X CD | QUICK ST
0.850 9.44 3.36 1.36
0.865 9.47 3.41 1.37
0.880 9.50 3.45 1.41
0.895 9.65 3.59 1.28
0.910 9.91 3.97 0.61
0.925 0.78 4.26 0.41
0.940 8.00 2.66 104
0.955 7.34 1.35 2.59
0.970 13.97 | 1251 11.84
0.985 23.23 | 32.47 | 31.27

Averaged
relative 11.35 7.58 5.48
error

123/130
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Average relative error comparison
Gird system of 64 X 64
QUICK —32% more accurate than CD ;
ST scheme — 22% more accurate than QUICK
Gird system of 128X 128:
QUICK—33% more accurate than CD scheme,;
ST— 28% more accurate than QUICK scheme.
Gird system of 256 X 256:
QUICK — 38% more accurate than CD scheme;
ST— 33% more accurate than QUICK scheme.

At Re=10000, for gird system of 64 X64 with a ST scheme,
the average relative error is 14.86%;To get the same results with
CD, the mesh has to be refined to 128 X128 .
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40
30
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20
30 4
-40
-50
-60
70

s Benchmark
—— QUICK with a 128x128 grid
TS with a 64x64 grid

-80
0.0

X

T T T

0.6 0.8

08 -
07
064
054
044
034
02

0.1

0.0

MOE-KLTFSE

»  Benchmark
—— QUICK with a 128x128 grid
ffffffff TS with a 64x64 grid

0.0

T T T T T T T T T T T T T T

0.4 0.5 0.6 0.7 0.8 0.9 1.0
X

0
V velocity and dimensionless temp. along the center vertical line

of the cavity at Ra=10°

D.C. Wan, B.S.V. Patnaik and G.W. Wei. A New Benchmark Quality Solution for the Buoyancy-
Driven Cavity by Discrete Singular Convolution. Numer. Heat Transfer B. 2001,Vol.40, pp.199-
228
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800 - 114

600 /1 _ _ 1.0
| — QUICK with a 128x128 grid 09
ffffffff TS with a 64x64 grid a —— QUICK with a 128x128 grid

L 2 L — TS with a 64x64 grid

0.8 -

200 0.7

0.6 -

> 4
01 © 054 \ -
200 4 041
] 0.3
-400 02 ]
Ra=10’ 01 Ra=10’

-600 ]
0.0

80 - 4—or—1bm—mr—r————TT—T——T 7T o1 Y777

00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 o4 05 06 07 o8 09 10

X X

Fig. V velocity and dimensionless temp. along the center vertical line
of the cavity at Ra=10’

Solutions from QUICK with 128x128 grids are almost
identical to the solution by ST(TS) with 64x64 grids.
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1.2 -

A Benchmark

—— TS on a 100x20 grid Computation on a
T QUICK on a 300x20 grid i}

grid of 100X20 by
QUICK can not
reach convergent
solutions . A 300
X20 grid must be
used for QUICK

1.0 -

0.8 -

0.6 -

D

0.4 -

0.2 -

0.0 -

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

D.K.Gartling. A Test Problem for Outflow Boundary Conditions-Flow Over a
Backward-Facing Step. Int. J. Numer. Methods Fluids. 1990,11:953-967
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3.8.3 Computational time comparisons

Lid-Driven
Re=5000
128 by 128 grids: QUICK—102s. ST— 108s.
256 by 256 grid: QUICK—814s. ST— 835s.

Natural convection
Ra=10°
64 by 64 QUICK—15s. ST—17s.
128 by128: QUICK—152 s. ST—220s.

Flow over backward-step
100 by 20:  QUICK —Divergence! ST— 0.7s.
300 by 20 QUICK —3.3s. ST—2.7s.
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Following conclusions can be drawn:

1. ST scheme can provide more accurate results than

the QUICK scheme with unconditional stability while it

consumes almost the same computation cost as the
QUICK scheme.

2. "Symmetry and Odd-Order Schemes” possess higher
accuracy, absolutely stability and acceptable

consumption in computational source.

Then a simple question may be raised: why we
should still insist in the adoption of the upwind-based
schemes?
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