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A\ FEEBAS MORALE B T G
ERERLY e )

3.1 SIMPLEH 3 A B
3.1.1 — %3 X Mg _ERiaiEs AR B H kiR

1. TRERER
— 6_u @ 0 (8z)* (82), (82),*
OX ’ oy ] '

< 8(uu)+8(v ):_£@+V£82u+82u]
OX oy p OX ox® oy’ ),
_aluv)  alw) _1@+V(av ﬁvj 1

= +

ox oy poy \ox oy
aeue :Zanbunb +b+(pP - pE)'A%

{ a,Vv, :Zanbvnb +b+(pP - pN)An

[(pu), —(pu), JAY +[(pV), — (V) ]AX =0
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2. FHOTRRKRR

HAAE L T

St s e (D)

(1) BRI E#KR A (coupled method): ANEAEAEATH )
5 ENMRGRRAHENE; DAHEHITEINGEAR
% B ) DA B 1) A Y JE 2Rk PRI T LRI N s H A

GAZY PN N 2

(2) 43 B KA#E (segregated method) : B ESI5 p*,

SfF u R, BV R, REEER)

HE ST

REIEBEMET, (8581550 R A3 B 2

SRR —t, Hjy 5 By SoEAREE L

HHHHHHHHHH —ANERHLT: puw’, v
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XIAN JIAOTONG UNIVERSITY

3.1.2 [ A E S0k R A AR R A B

TRy ZAAS HMAFF B TAE G0
‘5%" 2 ¥ HFAE S ST

1 gzl:J L‘u\ﬁ
1) ERGERRFBHE—NERLE, #LHMWEEE
ST

2) Fg— R KI5 TE R R IRA b R BE J5 Xy
Eh#iTE1E, E5BIERNET, p*tp’, FEXT B
BEE, ut+u’, v+’ iR R R SFHEEK.

2. 3L 25 IR
1) BeE—EER uO, VO3Hae,, a,, a,, b3
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FHRALE Janrbon &)
2) RE—ANEHY p*, (EAAESEL: P iE3E)
3) KFHEHRE, [HIEEES v, v

4) # ur, VEIERT), IREBIESEp’, BREp’
XN, vV AR (u*+tu’), (vi’) R REBESE, Hib
SHENBIEFRE;

a, (U, +U,) =Y a, (U, +U,) +b+ Al(ps + Pp) — (Pe + Pe)]
a,U, = > a,u, +b+A(p, - pg)

aeue:Za nb+Ae(pP_ E)
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%%%ﬁﬁE%E§M%m(%_¢%wﬁ&)ﬂ@,

" A a_A
a (pP pN)i dn_

a

n

5) KB p BEBIEEBEMES;

U, =U, +d,(Pp = Pe) v, =V, +d_(po—py) P=P +a,p’
6) Plu,, v, Kk p*+ o, p R T —BREERITE
3. IR

fBisk 1: p*MILiNE s
g 2: WEE4P s B IEE AT .
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3.1.3 SIMPLER 5SIMPLECH

1.SIMPLER (1980) &% 7T B—MafbiBtik

1) Be—rEESE uO, VO IHEa, a, a,, b3,

2) BREMEEO, VO, FEEREE Y
REMARE R TFERH RN FE, U p*;

(SB2R T BALBxL)
u. _zanbujb +Db ~ —Zanbvnb +b

a-p =agp_+a,p, +ap+ap+b

p— (P ii)AXAh[(pu) = (pu)JA +I(pV), — (pV),1A
CFD-NHT-EHT 9/159
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P > 7 Flok g
FEEAAY HAmArFEH T

ot e w ()
3) RKBDHEBHRE, BHIGEEER u*x, v

4) #u*, VBIER), RBBIESEp’, BREp’
KRB w’ v E (U*+w’), (Vi) iR BT, Hilt
SHENBENRE (FSIMPLE) ;

5 B pRBREEE, EAMEIEE;

U, =U, +d,(pp— Pe) V,=V,+d.(Pr— Py)

6) D, v, T —BIREERAH
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TRY) T FZAAE MARG 5T (GER

2. SIMPLECRE % T 58 —AMHLBRI A (1984)

1) BE—ARES; —
2) BE—AENG; - EERSIMPLE
3) RFHRI;E; —
4) 5SIMPLES X 5:
EREEERTBFRLAHEE Dawu.
U, — ) b= D Al — ) anut+ A(Pe— Pe)
U (8, = 2 3) = 2 3k, —U.) + A (Po = Pe)
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AN U, Uy, BAHRANRE, Rfiks
D2 (U, —U,) THEBRAGBMILLSIMPLE Mg 3 D 3l

T REGHE NS . TRA:
ue(ae _Zanb) — A\e(pP - pE)
0= e P BUBAT Vo= (P )

SIMPLEC
FaJde

A 4 A
de B d, _Zanb | dn B d, _Zanb
SEHISIMPLECH % & IEH T H X
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@) 752324 Reiusi ol (e>)
5) 5SIMPLERX3: p’ AL
u =d (pp—pc)=dAp, U=UT+U’
Vo =d,(Pr—py) =dAp,  VEVEHV
p=p*+p]
6) DA U, v, K p*+ p’ FFIR T — BREEHH
3.1.4 SIMPLEXE % (1986)
SIMPLECH YL iy SL itk i — P 2 R ¥ d Bk
WS, FTAER5 B s m; b % W

REBBER—HARTHE d R, ERERESH
H BB, WAEME B
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THZAAE
FIRIALY

%’i;jri a—hi (@\’

Ak, ¥eFAER U, =d.(pp— pe)=d.Ap,

b

u;\b — dnbApllwb

RAF]: au, =Y a,u_ +A(p,—p)

ﬁ%'

/ﬁL aedeAp('e = Za‘nbdnbAonb + A\EApe

Ape

040 = S a0, + A

f%‘m%’é%td poRB R (ad, =D a,d, +A)

WE TR EGTERET U BEREd. AR

FAR:

“%%ig by
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e ;nzt_.ﬁ‘}‘r—a'l—' 5 14 5

FHRALY e )
B BN AR RSB REm; ERSIANTHK
BE: |Ap, = Ap,, | B AEER 4 5a I 55 —MBLSE

SIMPLEXEIX BT H TR T
(1) BB EHW, V°, HHERHa, b
(2) Bk p* ;
(3) RFABHYHGE, BU,V;
(4) KR ditE, RERBEHBIETRE, [’

(5) Hp’ BIEBE, Bu’ v;
(6) DL (u*+u’),(v:+v’) (p*+tp WER AR B R HIE E L
5Kh, FRT—BREER (0 AMELFAH) -
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T F L BAS HAAE 5 T A :

3.1.5 PURPSRIAAESS MRS T WStk A b

Hik F-AHEE | BSARBERE

SIMPLE | p*jisrsifiise, i _0d — A/
& 1E B k3 AR il Zanbunb d,=Ala

P 41 A B -
S LR R S au, 0.0, = A/a,
BIEBAMEIEEN
SIMPLEC | p*isritfise, it | 28w (s —U) =0,
BIERYGE, HENK de =Al(a, —Zanb)

SIMPLEX | p i, i | ap.—ap, sk de

ZIE B, HE
CFD-NHT-EHT }%i Eﬁﬁ%%m;m ﬂ Bg M%;g :/l\ﬁ%%é nﬁ
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XIAN JIAOTONG UNIVERSITY

(8

\

i LA 1
H Ii 4‘> 'in _T_‘)\ l
. AN (2)flow in a
ith
(1)lid-driven ;ﬂgﬁ;'t
cavity flow expansion

% WA T X A~

MMt F E T
HKHEFELEEFT

b4

adiabatic

(3)natural (4)natural
_COIWGCUO“ convection

In a square in a horizontal
cavity annular

1.CPUR}R]: SIMPLER/SIMPLEX > SIMPLE/SIMPLEC
2 f@ . SIMPLE<SIMPLER < SIMPLEC/SIMPLEX

3.d ff: SIMPLEC/SIMPLEXH

~ SIMPLE/SIMPLER

(9

\

% WA T AP RIS SIMPLECZ Stk RE s AL -

20(3/4):320-341

Zeng M, Tao W Q. A comparison study of the convergence characteristics and robustness
for four variants of SIMPLE family at fine grids. Engineering Computations, 2003,
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At FH A2

FAraxy HEHRELLEE @

Aboutd U =d(Ap) d T Ap J

Natural convection in a square cavity

42X 42 42x42 82X 82 82x82
SIMPLE SIMPLER SIMPLEC SIMPLEX SIMPLE  SIMPLER  SIMPLEC SIMPLEX

d (10,6) 05927 0.5927 2.964 2.928 0.2981 0.2981 1.490 1.474

d (20.20) 0.5960 0.5960 2.980 2.979 0.2975 0.2975 1.488  1.488

Natural convection in a square cavity

42X 42 82X 82
SIMPLE  SIMPLER  SIMPLEC SIMPLEX  SIMPLE SIMPLER  SIMPLEC  SIMPLEX
d (12,7) 1.929 1.930 9.643 9.525 0.9999  (.9999 4.999 4.976
d,(22,22)1.874 1.873 9.368 9.265 0.9612  0.9612 4.803 4.798

BiAFE SIMPLEC, SIMPLEX&¥:d kM IE
i p’ ARELHR!
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3.1.6 G IERER —MBS — BRIERIA

IR EE R H P RAT A AR -

1. W4k (Predictionstep): 1—3, HiFER UL, VO,
B U™, v*,---15 2038 B S TS (R

2. BEIEH# (Correctionstep): 4—6, fEHp’ , BHEHE
FEFERU, V. -3 B IEH.

XFA_ERURP R, Bifh ESRIERIA L —K,
BRI T — BT, BRSO R R BT R

19864F 4% it P I SOFIE NI T HIRRIE, 1E—
SERE B _LOHE T HIR et
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3.2 PISOE X 5CLEARE AN

3.2.1 PISO& By A |

AE

3.2.2 PISOB.E: Yy L) 2P TR

3.2.3 BRIE %L B %P ISOW s it: iy 55 il

3.2.4 CLEARB i3k A A8

3.2.5 CLEARBIZHEHI 58
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HHFHELIEEFE @
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FHEALE R s @

St s e (D)

[ 3.2PISAmmBLCLEAREEAE |
3.2.1 PISOH Ly FA B A8

—BHilh, MPRIE; ER—IRRIEPIRF—MEIE R XM
XF D YRR, 2 B R B I B A R s B anik
HESE LB IE W] 2 8 X 4 ot [ Bl /2 Jo B 5 S B S AEL G B

3.2.2 PISOB B i) 3L i 25 R
17458 534 FSIMPLE
RHAPISORBHMFS, KIS HERESRR:
a,U, = D 8,Uy, +h+ A (p” - pe)
a,V, = D &V, +b+ A (pp — py’)
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 ERYIR B R 2 kB B E TR, (R R

2.5 —IEX: EARFSIMPLE

B

}

=1y}

BORU* v B0 R Sk gh B E 5 R -

CFD-NHT-EHT
EEEEEE

a,u, = U, +b+A(p, - pe)
(2)
aiv —Zanbvnb b+ A, (P — Py)

?%’tﬂéﬂt, Ei'ﬁ%ﬁ IR : DA RIS RS

%R p*=p®+p 7 FI BB R Urr, v

T30

i HLAR R0 B _E— IR B v B R

REVEE
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& £ LHF 5 1

B (2) B (1) , PRTMATEZHE:

2, = 2 Uy +b+A (P, pe)
au, =) aUuy +b+A(p;” - p”)

a,(u” —u") = Al(ps — pp”’) = (pc — pe”)]

u p; P,
AU, = AP, ~P.) U= (P, Po)
av, = AP —Py) Yo == (P— Py

Keur+u” ), (v+v 7 ) RN FRRFIETTE:
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[(pu), —(pu), JAY +[(pV)., — (V). ]JAx =0 (FEZsHE)
Er

a,p =acp_+a,p +ayp +a;p +b
a, =a_ +a, +a, +a.
3 =d.Ap. 3y =d,Ap, &=0Ap, a;=dAp,
b =[(pu’), —(pu) JA +[(pV'), — (pv'),]A,
RBENBGIEETER, HE -RIEDRH:
U, =U, +d,(Pp = Pe) Vy =V, +d,(Pp — Py)
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O ——— e
X—H R R R, Bz ETE:

aU _Zanbunb_l_b_l_Ae(pP pE) (2)
38 _RIEX: PISOE

BoX— Bt Ja B ) o i B A U v, [
REEKE b e B, B e Ltk sl & 5 E.

a,u, = a,u, +b+A(ps - pg) (3)
o= 2V b+ A (P — Py)
Auidil, #R (3) B (2) , BRTHECH:

CFD-NHT-EHT 25/159



/
/

Z218xy Arara: @
a, (U, —u;)=> a,(uy—uy,)+AL(Ps —Ps)—(Pe — Pe)]
a = HII0 "pp | pE
Uy = D 8y, (U, —Un) + A (Pe — Pe)l/ &
R v = [a, (v Vi) + AP - Pl 8,

N

R TBRBEEBIEXN UV, B
ZORM Ly oo v R R EE, BE—IER:
cu -cu. +cv -—-cv. =0
Rurrr=ur+u” ERN, A7 BHE:
8,p_ =) a,P,+b
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o~ FEZAAS #L; ﬁ‘}‘—'ﬂ'— %IJF (7=

REOTHEARR, {HIEG b -
b=T, T, +T, T,

ﬁtl:' T — Zanb(unb nb) ]T :C_n[zanb(V:t:_V:b)n]
*E P Jﬁ%_%@& F Ry R
ue _u:*_l__[Zanb(u —Uu )+A\e(pP pE)]

4=

Ve = Ve +a_[zanb(vn _Vn)+A\1(pP_pN)]

3.2.3 BIEZ B H X PISORLIE W SUHE: Y 55 0
— A IEZ B W], 55 =20 B RS sRAS B 2
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P oF A 25 =3 o,
4 N ;&ia X"g :#l:_mzt.:ﬁ"}‘—?— J:j,;l 7?}_ {@\
1

9X10~°*

5X107°

1X107°

1 2 3 4 5 6 7 8

9
SRANBERYK (B H 3 BUR KRB )

PISORZNZZHERAERIESHLHE. B1E
KRESCEREALK FIABNEMESKRIESHLHEZ TE
IERSRE AR
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3.2.4 CLEARE /)7 FE AH

1. Efforts to overcome the 2"d assumption
1) SIMPLEC by van Doormaal/Raithby (1984)

2) SIMPLEX by van Doormaal/Raithby (1986)

3) SIMPLE-with Date modification (1986)

4) Explicit correction step method by Yen and Liu(1993)

5) SIMPLE-with Sheng et al. modification (1998)

6) MSIMPLER by Yu et al. (2001)
All these variants can only partially overcome the

effect of 2nd assumption.  Why?
CFD-NHT-EHT 2 9/159
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T F L BAS HAAE B TAE GRS
THXEAE HHHE ST @

Analysis: When the update of velocity is conducted
along the line by adding a small correction to the
previous solution, this assumption can never be
overcome for the practical management of the solution
of the pressure correction equations.

T A

' Y,
AyJ w. P e 1y 2-D staggered grid

[ QA

S Y

OX, OX,

CFD-NHT-EHT
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At F H T A

TALALE HFHEE TR T
> - T T T 1 T _"'—\
U, e Mee Mee 0 L L D
W4 P | E | EE | EEE | EEEE |EEEEE ' l N\
~ ____._l_.___l___._..x_____._.._'__.._._____..___'__.___..._..L____..\

a,U, = D 8,Up, + A (Pp — Pe)
e
(8Ug)ee = (D @pUn, + A (Pp = Pe))ec
N
(8,Ug)eee = (8ol + A (Pp = P ))eee
e

(aeue)eeee = (Z anbunb)eeee +

(A%(pP o pE ))eeee
Finally the pressure corrections at all points in the

x-direction will be involved.

CFD-NHT-EHT
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o o g (L)

In years of 2004 and 2008, our group developed
CLEAR and IDEAL, respectively. Both versions
completely delete the 2" assumption, making the

algorithm fully-implicit.
2.Basic idea of CLEAR

In the CLEAR algorithm, the
Improved pressure iIs solved directly,
rather than by adding a correction
term to the intermediate solution;
velocity Is improved from the updated
pressure—a key point of CLEAR

(Z G Qu,/BY8H,2004).

32/159
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To implement the above idea, following steps are
originally designed:

Step 1: Assuming an initial velocity field u®, v ;
and calculating the coefficient of the discretized
momentum equation and pseudo-velocity:

Step 2: Solving the pressure equation and
obtaining the temporary pressure field P ;

Step 3: Solving the momentum equation to get u*
v (A EFESIMPLR)

CFD-NHT-EHT 33/159
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Step 4: Recalculating the coefficient of momentum

equation and the pseudo-velocity U ,V based on the
Intermediate velocity solution U ,V , and the

improved velocity is expressed by/[ 5 B4R 1 B I }

U, =ue +d,(p, - p,) V. =Van+d, (Pp — Py)

7FH {BPH R
RSB IEEZ

where u: and \7: are actually representing the
effects of the neighboring grid points, and re-solving

the pressure equation for the improved pressure field

based on Ues Vp Which can be derived as follows:

CFD-NHT-EHT 34/159
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oD\ TR EBAS HMAAE LG T o

a pP:Zanbpnb+b
ar =(pAd), a, = (pAd), a, =a. +a, +a, +as

b=(pu A), —(pu A), +(pV A), —(pV A),
(the improved pressure is solved directly)

Step 5: Improving the velocity to obtain the solution
of the present iteration. B
ue:u +de(pP_pE) Vn:V +dn(pP_pN)
(velocity is improved from the updated pressure)
Step 6: Returning to step 1 and repeating until
convergence Is reached.

The major assumption made in the SIMPLE-family
Is totally discarded and a significant acceleration of the
convergence speed Is obtained (1972-2004).
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P cFE £ Sk o P N

(RY) T XIAE RAHEE TR B
HEINEE T 2
. ________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________|

This algorithm is called CLEAR-standing for Coupled &
Linked Equations Algorithm Revised. The pressure equation
are solved twice in CLEAR.

Numerically CLEAR can still be regarded as the
Prediction—Correction method. But correction is conducted
oy directly solving a new pressure rather than by solving the
oressure correction equation .

Numerical practices have found that the above
computational procedure iIs sometimes less robust than
SIMPLER, probably because its too big change of p between
the solutions of two successive iterations. A second relaxation
factor was introduced by Qu to enhance the robustness.

CFD-NHT-EHT 36/159
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3.2.5 Examples and Discussion

1.Numerical application examples of CLEAR
Example 1:Flow in lid-driven cavity (ReleOO)U
. |

balll
—u— SIMPLER /
100 F —eo— CLEAR

»,v /

ngf E ZHL
= 1—0(
e a=0, E =0;
a—>1E—> o
10 .(.)71 . 1 e .....1.O : %%ﬁiﬁg,
£ Time step multiple,

CFD-NHT-EHT
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Example 2: Heat transfer in a sudden-enlarged tube

1000 ¢

TIME,s

10

CFD-NHT-EHT
CENTER

At FH A2
HKHEFELEEFT

g

“—.’.’) .

— X
—ua— SIMPLER
—o— CLEAR

SIMPLER
CLEAR
o1 1
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PN = b g BOAFF S LA GES

Example 3 Flow in lid-driven annular cavity

100
| —u— SIMPLER
—eo— CLEAR
n
=
= SIMPLER
CLEAR
0.1 1 10
E
CFD-NHT-EHT 39/159
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Example 4: Flow over rectangular backstep

1000

—u— SIMPLER
SIMPLER —e—CLEAR

1<

_y ;

100 ¢ CLEAR

10.....! M M PR S R | M M P T
0.1 1 1C
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100 ¢

10

TIME,s

Example 5: Natural convection in annulus

—u— SIMPLER
—eo— CLEAR

SIMPLER

~
—

CLEAR

0.1

5IR, =16

At F H T A
HEHEANELEZET

&
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TR FEEBAS MAAF T A GES
ZPLALY e )

Example 6 :Natural convection in square cavity

SIMPLER A Y
100 }

0
LL
= CLEAR
l—
—u— SIMPLER o N N
—e— CLEAR
10 e aal . PR | . PR |
0.1 1 10
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TN\ = kx g 4 HAAEH TAE G
THXEAE ot e w ()

The six comparison examples in orthogonal
coordinates with staggered grids show that ratios of
ITER and CPU times of CLEAR over SIMPLER
are.

ITER=0.15~0.84; CPU=0.19~0.92

Saving in CPU time is very appreciable.

Extension to non-staggered grid, and non-
orthogonal coordinates has been made, and the
same results have been obtained.
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TN\ = kx g 4 HAAEH TAE G
THXEAE ot e w ()

2. Comparison between SIMPLER and CLEAR In
curvilinear non-orthogonal coordinates

Lid-driven flow In a tilted cavity

gl;l:':-_::lEHl;l'-EHT 44/ 15 9
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[ =30 ,Re=1000

—a— S|IMPLER
—Oo— CLEAR

1000t SIMPLER

Time/s
[

100 ra sl . a2 aal . I 1

CFD-NHT-EHT
CENTER

HKHEFELEEFT
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{R)) T H XA HORFLE b T AR

The smallest angle at which SIMPLER can work is
30 degrees;

The smallest angle at which CLEAR can work is 5
degrees !
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At this angle the grid lines of the two coordinates
are nearly parallel, showing very good robustness!

Grid lines of IB =5

———

——

However, generally speaking the robustness of
CLEAR is inferior to SIMPLER!
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. | |
2. Discussion

1. In one iteration two pressure equations are solved in
CLEAR , while in SIMPLER one pressure equation and
one pressure correction equation are solved. However, In
CLEAR the effects of neighboring points are taken into
account, leading to a faster convergence rate of CLEAR.

2. In one iteration the coefficients of momentum
equation are calculated twice: one for solving the
momentum equation, the other for calculation of ue,vn ,
not for solving the momentum equation. Thus the
Increase In the computational cost is not significant.

3. The robustness of CLEAR needs to be improved.
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3.3 IDEAL §%

3.3.1 Analysis of the weakness of CLEAR algorithm

3.3.2 Basic features of an ideal algorithm

3.3.3 Two inner iterations in IDEAL

3.3.4 Three kinds of “iteration” in IDEAL

3.3.5 Application examples and discussion
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3.3.1 Analysis of the weakness of CLEAR algorithm

The robustness of CLEAR Is somewhat worse than
SIMPLER. Then what is the reason?

This issue has attracted researchers in the international
community. For example, CHENG and LEE in Singapore
University presented following analysis and proposed what
they call CLEARER algorithm.

For the lid-driven cavity flow they recorded the
convergence history of SIMPLER, CLEAR and CLEARER
and obtained following results.

CFD-NHT-EHT
CENTER

@

50/159


/
/

B FEEBA #ogpAtF 5 A2

Lid-driven cavity flow, Re=1000

| | | | | _!

10 'g
- —— SIMPLER
-------- CLEARER
e L b CLEAR1
3 e CLEARZ2

g SIMPLER }

CLEARER |
0 | 200 400 | 600 | 800 | 1000 | 1200
lteration Number
CFD-NHT-EHT 5 1/159
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They attributed the oscillation of the numerical
solution during iteration to the fact that in SIMPLER

the revised velocity i1s composed of two parts: a major

part—intermediate velocity u*,v* and the minor part
—corrections u’, v’,

U, :i:_l_de(p;D o pE)
while in CLEAR the corrected velocity s :
U, =Ue +0d,(Pp — Pg) Vo =Un +d,(Pp—Py)

where the two parts of each equation are estimated
In the same order. Thus any oscillation In pressure
will lead to the bumpiness of velocity.

CFD-NHT-EHT
CENTER

52/159


/
/

P oF A 25 =3 o,
4 N ;%ia X' ;#l‘--;,ﬁ:ﬁ-'}-—} —%:I.#}_ {@\
1

They proposed a combination of SIMPLER and
CLEAR by computing the revised velocity In the
following way:

Uy = Ue +d,(Pp — Pe) +d.(Pp — Pe)
V, =Va +d, (P — Py) +d,(Pp — Py)

where p’ Is solved by the pressure correction equation.
This revised version is named as CLEARER.

Cheng YP, Lee TS, LowH T, Tao W Q. An efficient and robust numerical scheme for
the SIMPLER algorithm on non-orthogonal curvilinear coordinates: CLEARER.
Numerical Heat Transfer, B, 2007, 51:433-461
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Our preliminary considerations

Even though CHENG-LEE’s revised version
possesses some advantage, our consideration would go
another direction:

Since the introduction of the velocity correction
components makes the algorithm semi-implicit again
and 1t iIs our believe that semi-implicit poses some
limitation to the convergence .

In the PISO algorithm: one more correction step
helps to improve convergence; One more correction
step implies a better satisfaction of both momentum
and mass conservation!

From CLEAR and PISO we can get a hint: a

perfect algorithm should possess following features,
CFD-NHT-EHT 54/159
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3.3.2 Basic features of an ideal algorithm

An* ideal algorithm” should possess three basic
features:

(1) The initial pressure field should be close to the
final result of the current iteration as far as possible.
---from SIMPLER

(2) The final velocity and pressure of each iteration
should satisfy both the momentum and continuity
equations as fully as possible. ---from PI1SO

(3) In every step of iteration pressure
should be directly solved, and velocity Is
Improved by the updated pressure, not
by adding a small correction term.

g::-_:-_l:l;r-EHT ---frOm CLEAR ‘ 55/159
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To realize above idea following iterative procedure

may be adopted:

| Iteration process of IDEAL algorithm |

Previous iteration level \ @

Current iteration level
IIFL&LLLLLLLLLLLLLLLLL'I E EEEEEEEEEEEESRN

To get best p*

Finishing onefjouter iteration

The first inner iteration for
Improving pressure

il

The first iteration step

v

The second iteration step

v

Repeat the iteration until
the iteration times are
greater than N1

CFn-lll-rr-ﬂ-lT

K.---------

Solving the
Momentum eqs.
P W

[ f—

IS S S-S S-S SSE-E-E-EENN-EEEEE NN

V4

Next outer iteration

To get best velocity

The second inner iteration
for improving pressure

i

The first iteration step

v

The second iteration step

v

Repeat the iteration
until the iteration times
are greater than N2

&
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The purpose of the two Inner iterations are
different:

The first inner iteration process for pressure
equation is to get a good pressure field for the solution
of the momentum equations, simply speaking, to get
the best p™ ; ---Multiple prediction

The second inner iteration process for pressure
equation is to improve the velocity fields such that
both mass & momentum conservations can be better
satisfied. The improvement of velocity field is not
proceeded by adding a small correction term, rather,
the updated velocity field Is obtained via the improved
pressure field. ---Multiple correction

NS
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3.3.3 Two inner iterations in IDEAL
1. First inner iteration

1B S B33 BEAT)

5

MAALE S T AT /{::—Ej}\
HEHE LT O/

the first iter. step

u;’emp _ ag + de(p;emp _ pgemp) q° = Zanbunb T S
e
a,la,
Temp _ =0 Temp Temp
v o =v'+d — 0
n n n(pP pN vozzanbvnb-Fb >
3P — > 8, P b =Tl
J
~0 ~0 ~0 ~0
b=(p0"A), —(PU"A), + (V" A), —(pV"A),

N TR RV AR 7 T
BELEREED 2N

‘ SIMPLER uses this pressure to solve mom. eq.

S mmmm}
e =& =L | WA B

u;}I’emp _ l]GI:’Temp n de ( p;emp _ p;emp)
Ptemp
Vo' =0 4+ d, (e = ) |[9R = 2. BV +D the second
a, la, iterati t
s pgemp _ Zanb p:ﬁmp b Iceration step
~ em ~ em ~ em ~ em ~ ~
b:(puPT pA)W_(puPT pA)e+(pVPT pA)s_(pVPT pA)n ueTemp :u§+de(plemp— pgemp)

CFD-NHT-EHT

CENTER

N1....... -« Obtaining p* to solve mom. eq.
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Taking the last solution of pressure of the 1t inner
Iteration as the p* for the solution of momentum

equation;

Solving the momentum equation to get the

Intermediate velocities u*, v*;

Based on the intermediate velocities u*, v*
conducting the second inner iteration.

CFD-NHT-EHT 59/159
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2. Second inner iteration

- 1 1 [ ga=
Temp Temp Temp | i* Z A Unp + mmﬁﬁﬁﬁ
w20+ d, (P - P 0= H, TR
| el Ay A ﬁﬁ,‘rﬁ
! D a vy, +b R
VTemp — V + d (pTemp Temp ~: _ nb * nb
I an /(ZV > i
oo Tt the first
— — — — iteration
/b= (pT A, = (AT A), + (0T A), = (o7 A), /| step
53 I CLEAR takes the results as the solution of
= velocity for this iteration and goes to next teration.
? a. u —
‘I‘E u;’emp PTemp +d (pTemp p'éemp) l:IPTemp Z f; ;ba N Hﬂﬁfﬂ BQEjJ
Wi TR A5 B 3
Temp PTemp Temp Temp ~Ptemp ananb +
Vi +d, (Pe Uy = P >| the second
a8, pr™ = a, pr™ +b iteration step
b= (,OU PTemp A) (,OU PTemp A) n (pVPTemp A) (,OV PTemp A) L/ ugemp PTemp d (pTemp p;emp)

CED-NHT-EHT N2 { Obtaining u,v of this iteration 60/159

CENTER = BVM=meeleeccooe


/
/

e o B o i
TRY) T FZAAE MARG 5T (GER

Taking the last solution of pressure of the 2nd
Inner iteration to improve the solution of velocity
such that both the mass conservation and momentum

equations are expected to be satisfied quite well:

~PTemp

U

U, e +de(pP_pE)

~PTemp

V

Vi N +dn(pP_pN)
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3.3.4 Three kinds of “iteration” in IDEAL

1. The 15t kind: Outer iteration (for nonlinearity)
controlled by ITER (iteration number), to up-date
the coefficient of momentum equations;

2. The 2"d kind: Two Inner iteration (for pressure &
velocity) controlled by N1,N2, to find a good initial
pressure and to obtain a velocity field which can fairly
well satisfy both mass and momentum conservations;

3. The 3rd kind: Inner iteration (for solving algebraic
equations) controlled by NTIMES in our teaching codes,
to solve the algebraic equation by ADI with block

correction technique.
CFD-NHT-EHT 62/159
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3.3.5 Application Examples and discussion

1. Conditions for meaningful comparison
~ (1) The same discretization scheme;

_ (2) The same solution of the algebraic
Comparison equations;
conditions < (3) The same under-relaxation factor;

(4) The same grid system;
-~ (5) The same convergence criterion:

o MAX[I(pU"A), -(ou" A), H(pv A) oV A), ]

Mass ~—

O
MAX{a,v, —[> a,V, +b+ A, (Ps — P11}
RSVMom = = purzn
MAX{Ja,u; —[> a,uy, +b+ A (P, — P}
RSumom = " 2

CFD-NHTEHT PUr, 63/159
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2. Application exmaples

Problem 1: 2D Lid-driven cavity flow in a square cavity

For Re=100 ~10000, grid numbers = 129X 129 ~

260 X 260. ol
Wy ] e
T7
IR
L
g
L_&J i L
CFDNHT-ENT 64/159
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At FH A2

Grid | Re
Comparison terms
Numbers 100 400 ({1000 3200 5000 (7500 10000
IDEAL 2.89 2.39 2.03 |-- -—- S
Time(s) SIMPLER/7.92 [7.35 [16.14 |-  |---  |--- |-
Ratio 0.365 0.325 0.126 |---  |---
$IX 52 : | IDEALL. 234 (184 (163 |--- - I -
teratlon . IPLER1264 [1152 2604 -— |- |- |-
Numbers
Ratio 0.185 10.160 0.063 --- -—- S
N1, N2 used i
IDEAL 4,4 4,4 4,4

P N
( \
=)

=

65/159


/
/

P~ oF L =3 P N
4 N T F XA ? :ﬂ.‘:_a@ﬁ«}-s— E’kl A (@ \
XeANG1ACTONG TnIvERSIY FEAE L D)

Re

Grid

Comparison terms
Numbers

100 ‘400 ‘1000 }3200 ‘5000 ‘7500 ‘10000‘

IDEAL 118.95 13.57 12.64 — |— — |—

Time(s) SIMPLERS6.7 46.9569.7 |- |- — |—

Ratio 033410289 0181 - |— |—
IDEAL 499 356 B34 — — |—

82X 82 |Iterati

- leratoni PLERBITL 2623 BO11l — — - |—

Numbers -
Ratio 0.157.10.136 10,085 |--- —— I
N1, N2 wused in 44 M4 4 - - L L

CFD-NHT-EHT 66/159
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Re

Grid Comparison terms
Numbers 100 400 1000 3200 5000 (7500 10000

IDEAL, |C C C C C — e

Time(s) SIMPLERD__D__0ND___ 1D ___D N
Ratio 0 0 0 0 0 — e

a0 x| JDEAL I [ [ [ € - |-
130 IMsMPLERD D D b b - [
o Numbers

Ratio 0 0 0 0 0 I
N1, N2 wused in
IDEAL

5,5 5,5 55 5,5 5,5 - |-

centER 67/159
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] Re
Grid .
Comparison terms
Numbers 100 400 (1000 3200 5000 (7500 [10000
IDEAL |c ¢ ¢ ¢ ¢ lc c
Time(s) SIMPLERD D D D D D DD
Ratio 0 o 0 o o b D
260 Lo IDEAL € 6 e e c ¢
260 CTAONSIMPLERD D D D D D D
Ratio 0 ©0 0 o o o D
N, N2-used g 10 110.10 110,10 10,10 10,10 [10, 1010, 10
IDEAL] R

CFD-NHT-EHT
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(@) (b)
Predicted velocity distributions for Re=1000 and gird
numbers=52 X 52

(a) U component distribution along X=0.5;
(b) V component distribution along Y=0.5.
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1.2 — 0.8 —
[ Ghia
IDEAL

0.4 —
U 0m
0.4 —

‘08 T ‘ T ‘ T ‘ T ‘ T ‘ '08 T ‘ T ‘ T ‘ T ‘ T ‘

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Y X

Predicted velocity distributions for Re=5000 and
gird numbers=130X 130
(a) U component distribution along X=0.5;
(b) V component distribution along Y=0.5.
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1.2 0.8 —

] Ghia
08 IDEAL
0.4 —
0.4 — )
U om
0
-0.4 —
-0.4 —
'08 I ‘ I ‘ I ‘ I ‘ I ‘ '08 I ‘ I ‘ I ‘ I ‘ I ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Y X

Predicted velocity distributions for Re=10000 and
gird numbers=260 X 260
(a) U component distribution along X=0.5;

cronmT-EnT (b) V component distribution along Y=0.5. 21/159
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Symbol Type Grid Numbers
06—  —@— Time 52*52
—— Time 82*82
- m-@-- Iter 52*52
--H0-- Iter 82*82
04
Ratio
0.2
0 | | | | |
o) 200 400 600 800 1000
Re

Ratios of CPU time and iteration numbers
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IDEAL

0.0002 —

0.00015 —

RS

RS s 0-0001 —

SIMPLER
***** IDEAL

(a)

SIMPLER
***** IDEAL

RS

V—momen

Mass |
SIMPLER
5e-005 —
) \
\
R | i |
0 1000 2000 3000
I DEAL Iteration Numbers | DEAL
0.0002— | 0.0002 — |
i ‘I I
0.00015 | | SIMPLER 0.00015 — |
A U EE IDEAL | -
RS mom 0-0001 — : RSy mom 0-0001 — !
| RS N
i u—momen
5e-005—{ | 5e-005 — -
! !
4 1 i
B) \\\ | | | oL
0 1000 2000 3000 0

Iteration Numbers
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Convergence history at Re=1000, 52 X 52
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>0.5—

L B By B B B B B B B
0 0.25 05y 0.75 1

(a) Re=1000, 52X 52; (b) Re=5000, 130X 130;

1

>0.5

(c) Re=7500, 260 X 260;

CFD-NHT-EHT Predicted flow fields at Re=1000 to 7500 74/159
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Problem 2: 2D natural convection in a square cavity

U=0 V=0 adiabatic

| L2
U=0 u=0 .
V=0 V=0 ‘ /Centerllne gil{(':o V =0 ‘
: D,
- auU _
H T Te B v =0 ) N =
¢ ﬂ:o
v,V ! SX
H 1Y,V
o XU U=0 V=0
e Ly Lr ‘
U=0 V=0 adiabatic
W

Problem 3: 2D laminar fluid flow over a rectangular
backward-facing Step

U=0 V=0 adiabatic

<c
&4
<cC
s &

Problem 4: 2D natural convection A .
In a square cavity with an y J
internal isolated vertical plate L %

U=0 V=0 adiabatic
W
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Problems 5: 3D lid-driven cavity flow

Flow configuration of lid-driven cavity flow in a cubic cavity
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Comparison of velocity profiles u and v along the central axes
on plane z=0.5H for Re=1000

0.2 —

04 -

-0 B —

-0.8 —

0.8 —

0.6 —

- - vhy IDEAL

& U from gef

4 ¥ from Ref
u by IDEAL

0.4 —

0.2 —

-1

-0.8 -0.6 -0.4 -0.2

0
Levelooity
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(04
200 181 | 182 E = E 200 181 | 182 | 484
100 100
80 - 80 -
60 - o IDEAL 60 - — o IDEAL
Time 401 —5— SWPLER || 1 40 | — 5 SIMPLER
1 —A— SIMPLEC - A SIMPLEC
20 —+— PISO 20 - " o —+— PISO
10 - 10 - - avj
8 - 8-
6 T TTTT T T TTTT I I I 6 T TTTTd I I T T TTTT I I [T
56 20 30 50 100 200300 56 10 20 30 50 100 200300 500
E E
IDEAL W&kt AN
E b i (a) Re=100 %g *:J'zflﬂ AT | (b) Re=300
i 0.998

Comparison of computation time and robustness of IDEAL,
SIMPLER, SIMPLEC and PISO algorithms for (a) Re=100
and (b) Re=300 with grid number=32X32X32
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181 | 182 181 | 182 a4 ] 585
i 1000 -
500 - i
300 - —6— IDEAL . —6— IDEAL
. —H— SIMPLER | |+~ 300 - —H— SIMPLER
Time 200 - )\ —#— SIMPLEC Time —#— SIMPLEC
—+— PISO ] —+— PISO
100 - 100 -
i 80 - =5—0
70 T TTTI \ T T TTTTI \ T 7\\\\\\ \ I T T T TTTI \ T
56 10 20 30 50 100 200300 500 56 10 20 30 50 100 200300 500
E E
(a) Re=100 (b) Re=500

Comparison of computation time and robustness of an ideal
algorithm, SIMPLER, SIMPLEC and PISO algorithms for
(a) Re=100 and (b) Re=500 with grid number=52X52X52
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3000 181 | 182 181 | 182 | 585
2000 -

—©O6— IDEAL
—+H— SIMPLER

2000 - — A SIMPLEC
—6— IDEAL —+— PISO
. —H— SIMPLER | | -
Time —A— SIMPLEC Time 1000
—+— PISO ]
1000 - 800
800 - |
] 600
T T TTT I T T TTTTIT I T T T 1T I I T T T TTT I
56 10 20 30 50 100 200300 500 810 20 30 50 100 200 300
E E
(a) Re=100 (b) Re=1000

Comparison of computation time and robustness of an ideal
algorithm, SIMPLER, SIMPLEC and PISO algorithms for
(a)Re=100 and (b)Re=1000 with grid number=82X82X 82
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Reduced ratio of computation time of IDEAL
algorithm over SIMPLER, SIMPLEC and PISO
algorithms at their own optimal time step multiples

Grid number 32X 32X 32 52X 52X 52 82X 82X 82
Re 100 | 300 | 100 | 500 | 100 | 1000
Reducing ratio | a5 16/ | 35196 | 33.506 | 35.3% | 40.3% | 45.9%
over SIMPLER =70 =70 70 970 970 >0
Reducing ratio 0 0 0 0 0 0
CerSIMPLEG | 540% | 46.9% | 50.0% | 45.3% | 51.4% | 56.9%
Reducing ratio | o, 10/ | 57306 | 33.8% | 33.2% | 38.8% | 43.0%

over PISO

@
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Problem 6: 3D flow over a back-ward step

y
u “%{/\r )( ‘ Walls
i# [ ‘ 77777777 B ] X
u ! / %AH ﬁ% Walls
Z ‘LJ

—
e

30H

!

Flow configuration of laminar fluid flow
over a 3-D backward-facing step
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181 | 283 | 484 181 | 283 | 484
300 300 -
1 —6— IDEAL . —6— IDEAL
S —H— SIMPLER —FH— SIMPLER
. JZ —aA— SIMPLEC . —#— SIMPLEC
Time 1% ] Time 100
30 : 40 -
] .
10 FTTTTT I T TTTTTT I T TTTTTT I T FTTTIT I T TTTTTT I \HHH I T
061 2 5 10 20 50 100 200 500 061 2 5 10 20 50 100 200 500
E E
(a) Re=100 (b) Re=300

Comparison of computation time and robustness of IDEAL,
SIMPLER, SIMPLEC and PISO algorithms for (a) Re=100
and (b) Re=300 with grid number=80X20X20
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4000 1&1 | 2&3 | 484

2000 - — o— IDEAL

—+F— SIMPLER

Ti SIMPLEC
'M€ 1000 -
800 -
600 |
400

] \ I \ \\\\\H \
081 2 5 10 20 50 100 200
E

Comparison of computation time and robustness of
IDEAL, SIMPLER, SIMPLEC and PISO algorithms for
Re=100 with grid number=160X41X41
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Reducing ratio of computation time of IDEAL
algorithm over SIMPLER, SIMPLEC and PISO

algorithms at their own optimal time step
multiples, 1.e., optimal underrelaxation factor

Grid number 80X 20X 20 160X 41 X 41
Re 100 300 100
Ei?uscli:/lgprfg; 2.6% 49.6% 50.8%
gxtee(:usczlil?/lgpﬁtzig 79.1% 69.6% 75.8%
Re:vliecri r|;g|’srgtio 43.1% 46.5% 36.3%

85/159
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Problem 7: 3D natural convection in enclosure

"

Adiabatic walls

Heated wall
T=T,
(T=T Cooled wall
i (T:TC)
H X

/z/. NAdiabatic walls

Flow configuration of natural convection in a cubic cavity.
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Temperatures at the plane z=0.5H for Ra=10°, obtained
(a) from reference , (b) by IDEAL algorithm
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300 181 182 3000 181 182
200 n 2000 _
| 100 - —o6— IDEAL 1000 - - IDEAL
Time 80 - —5— SIMPLER | 800 - SIMPLER
i —#— SIMPLEC i SIMPLEC
] ] —— PISO
30 - 300 -
20 7 T T T T 17171 \ T 200 - ™ S O
6 10 20 50 100 200 500 T T TTTTT I T T TTTTI I T
3 6 10 20 50 100 200 500
E
E
Comparison of Comparison of
computation time and computation time and
robustness for Ra=104 robustness for Ra=10°
with grid with grid
number=30X30X 30 number=50X50X50
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Problem 8: 3D flow over a back-ward step
with complex structure

% <—>‘ Walls
Uin {\ %

/ 5H Ls Walls

15H

45H

Flow configuration of laminar fluid flow through a 3-D duct
with complicated structure
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161 | 283 | 585 | 686 181 |23 585 | 686
1900 1 —6— IDEAL 1000 - —6— IDEAL
] —B— SIMPLER 900 - —F— SIMPLER
700 - —#— SIMPLEC 700 - —#— SIMPLEC
1 —+— PISO ] —+— PISO
- 900 -
Time Tt
300 -
FTTTTI \ [T T TTTTI \ T TTTTI \ 7\\\\\\ [T T TTTTTI [T T TTTTTI \
08l 2 5 10 20 50 100 200 08 2 5 10 20 50 100 200
E E
(a) Re=100 (b) Re=300

Comparison of computation time and robustness with grid
number=150X20X20
CFD-NHT-EHT 90/159
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181 | 283 ] 585 | 686 1861 | 283] 585 | 686
—6— IDEAL l —6— IDEAL
—HF— SIMPLER 5000 - —F— SIMPLER
—— SIMPLEC 2 —#— SIMPLEC

—+— PISO

—+— PISO

08 2 5 10 20 50 100 200 o& 2 5 10 20 50 100 200
E E
(a) Re=100 (b) Re=500
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Problem 9: 3D lid-driven flow in a complex cavity

Flow configuration of lid-driven cavity flow in a cubic cavity
with complicated structure
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3.Discussion of the IDEAL algorithm

1) The pressure and velocity equations are solved by
Inner doubly-iterative methods. Thus it is called Inner
Doubly-iterative Efficient Algorithm for Linked-

equations (IDEAL)

2) The conservation condition of mass and
momentum is almost fully satisfied at each iteration
level, the velocity and pressure under-relaxation
factors may be set to a quite large value and need not
to be adjusted. A value of 0.9 (and even 1.0) for both
the velocity and pressure under-relaxation factors

can be used.
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3) The inner doubly-iterative times N1, N2 need to
be adjusted so that the conservation of mass and
momentum can be almost fully guaranteed at each
iteration level. In our study, the inner doubly-iterative
times N1 and N2 are usually set as 4;

For some situations such as very high-Re/Ra or
very fine-mesh flow cases larger values may be needed.

Wang (E4& ) et al. proposed a self-adaptive
method for adjusting the values of N1, N2.

4) The IDEAL algorithm can be regarded as a
multi-step solution algorithm in both prediction and
correction stages.
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Extension of the IDEAL algorithm to 3D, body-

fitted coordinates and compressible flows have been
completed.

Sun DL, Qu Z G, He Y L, Tao WQ. An efficient segregated algorithm for incompressible fluid flow
and heat transfer problems-IDEAL (Inner doubly iterative efficient algorithm for linked equation)
Part I:Mathematical formulation and solution. Numerical Heat Transfer, Part B, 2008,53(1);1-17

A B 2(10)

Sun DL, Qu Z G, He Y L, Tao WQ. An efficient segregated algorithm for incompressible fluid flow
and heat transfer problems-IDEAL (Inner doubly iterative efficient algorithm for linked equation)
Part II: Application examples. Numerical Heat Transfer, Part B, 2008,53(1);18-38

Jin-Ping Wang, Jian-Fei Zhang, Zhi-Guo Qu & Wen-Quan Tao. Adaptive inner iteration processes
in pressure based method for viscous compressible flows, Numerical Heat Transfer, Part B,

2018, 74(3): 603-622
HEFF Y E(11)
RO T IDEALBIEHNL N2/ B 1 B B ] 3
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(2) SOAR method (Optimized and Automated Relaxation Factors)
(Numerical Heat Transfer, Part B, 2000,38:309-332 )

(3) FEEA 4% 1) 77 95 (Fuzzy control)(Numer. Heat Transfer B 2004, 46: 301-327)
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