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3.1 SIMPLEH 3 A B
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2) RE—ANEHE p*, (EAAESL: P iE3E)
3) KFHEHRE, [HHIEREES v, v,

4) # ur, V'EZIERT), IREBBZIESEp’ BR5p’
XN, v AR (u*+u’), (vi’) R REBESE, Hib
SHENBIEFRE;

2 amd

a, (U, +U,) =Y a, (U, +U,) +b+ Al(ps + Pp) — (Pe + Pe)]
a,U, = > a,u, +b+A(p, - pg)
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d, a,
=2 (0= p) =0,(pp - py), Iy =2

5) B EBEEEMEN;

U, =U, +d,(Pp = Pe) vV, =V, +d_(po—py) P=P +a,p’
6) Pu,, v, Kk p*+ o, p R T —BRKEERITE
3. BINEA LB
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Bk 2: RFREEBIERNEZW.
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3.1.3 SIMPLER 5SIMPLECE 3

1.SIMPLER (1980) &%t T 58— MafbiBtis

1) BE—1TEEE uO, VO THEa, a, ay, b3E;
2) BEEMEE, VO, FEEEE) Y
REMARE R R TFERH RN FE, U p*;

(B3R T WAL ;

0
z%%“b ~_Z%Mﬁb
a,

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

u_

p= (Pe = ’;)AXAh[(pu) —(pu) A +[(pv), - (pv), 1A
(5], Crosren 9/149
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3) KEHEITRE, FHERERES u*, v*;

4) #u*, VEIERT, IRBEBIESE P, BR5 p’
MM UV fE (ur+ed),(viy) IR RESFE, Hitb
SHEHBIEFRE (FSIMPLE) ;

5 B pRBREEE, EAMEIEE;

U, =U, +d,(Pp— Pe) Vv, =V, +d,(pp—Py)
6) DUV, FFET—BRKIERTE.
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2. SIMPLECR/Z T # = MIEBIEM (1984)
1) BRE—1THEES; —

2) B—AENG:; ~[EEASIMPLE
3) KiEHEHHE; —
4) 5SIMPLES X 5.
R EEERFBFLEEE D au B
aU Zanbue Zanbunb_z:anbue'l_p\g(pp o E)

ue(ae_zanb):Za nb_u('e)_l_Ae(pllD_pIIE)
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5) 5GSIMPLERXH: p’ AL,

u, =d,(pp — Pe) = d.Ap,
v, =d, (pp— py) =d,Ap,

p=p*+p

L@
u=u*+u’
V=V*+V'

iR T — B RIEAG

6) A u., v, AR p*+p’]

3.1.4 SIMPLEXH % (1986)

SIMPLECH LR SL Bty — 2 R R EL d Bt E R
HIBGHE, TIDAERA-5 B4 S YR, b HE) R
REBBER—HARTHE d R, EHLERESH
% RSB RHW, A RS-
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R, KFRIER U, =d.(ps - Pe) =d.Ap,
#IBE (U, =dAp,
RANF: au, = Zanbulnb + A, (Pp — Pe)

4 ad.Ap, =) a,d,Ap +AAp,
ﬁ%- Ap, = Ap,, (T BEE)
eA/p/ ZanbdnbA}z/ + A\%M
f%‘m%’%%td B RBOTRRAL: (2.0, =D 2,0, + A

WEC AR ETERZOTABRIKR T, A5
FAF R
‘AL - d TR NIARRRA0
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BIEEANEIEES

SIMPLEC | p*i-rstgse, @it | 2w (Us—U)=0,
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35 P T A B H e )

adiabatic

b li T RN
. S I @
| I = () “
“ Ha » Ezaflow_til? a (3)natura| (4)natura|
(1)lid-driven SLI.II d?l :: convection convection
cavity flow : In a square in a horizontal

1.CPURf[E]: SIMPLER/SIMPLEX > SIMPLE/SIMPLEC

2.f@pE: SIMPLE<SIMPLER < SIMPLEC/SIMPLEX
3.d ff: SIMPLEC/SIMPLEXXF SIMPLE/SIMPLER

% WA T AP RIS SIMPLECS SRR B AR -

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, 20(3/4):320-341
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XIAN JIAOTONG UNIVERSITY

Aboutd U =d(Ap) d T Ap J

Natural convection in a square cavity

42X 42 42x 42 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&3:d kM IE
H p’ ARELHR!

% CFD-NHT-EHT 18/45
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3.1.6 B IERER MG —RIERE

EHBIERENITEPRT UGS AR :
1. Fifit 4 (Prediction step): 1—3, HEEKRU°, O,
B U™, v --- R B0 BE R T A
2. BIEX (Correction step): 4—6, ANy’ , HHIE
REFEERU, vo 15313 B MR IEE -
XA _ER UM R, PifhSRIEHAE—K,
BB T— B E, NEHREO B R RE-
1986442 i Ky PISOFLIL MIBEF T IR IE, E—

EFE R Bk 7 Rk R BessiE
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3.2 PISOE ;Z5CLEARE N4

3.2.1 PISOZ 2L

!

3.2.2 PISO&H: 1Y 3L 20 B

3.2.3 RIE %L B % PISOW S it: iy 55

3.2.4 CLEARZ J:py A B AH

3.2.5 CLEARFEZHMEH 5i)ie

CFD-NHT-EHT
CENTER

HAaAFEH IR @
HEHRELTRE \&Z

20/149


/
/

3.2.1 PISOﬁ{ﬁﬂﬁﬁﬂi A

—BHih, WPRIE; EF—RKBREPRE— 1M
IE 5 e g B AR L By B, 12788 B i 2 IR B AL O
BB ESRTIE; WIbES)LRRIE T 2B
538 R i 2 R B 5 20 B S H R T .

3.2.2 PISOH : iy 3Lt 20 B

174525 : 5c£&FSIMPLE
Rk HIPISORIEHHIFF S, RSP HERAFTFR N
aeu: = Z a‘nbu:b +0+ Ae ( p(k) pl(Ek)
anv: = ZanbV:b +0+ A\](p(k) pl(\lk)) (1)
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B (2) WA (1) , PRBATEZHE:

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

a,(u” —u") = Al(ps — Ps”) — (pe — pe)]

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

Ke(ur+u” ), (v+v 7 ) RN FRRFIETTE:
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# ‘;:‘f’xj‘:}‘éi-!' E,- I '

[(ou), —(pu), JAY +[(oV), —(pV),]AX =0 (i%,mltﬂﬁ)

BEs

a,p =acp_+a,p +ayp +a;p +b

a, =a. +a, +a,

+ dg

aE :deA\epe aVV — dWANpW a'n = dﬂA\'On aS — dSA\sps
b=[(pu’), —(pu)JA +[(pv'), — (V). 1A,

KIF

HHHHHHHHHH
EEEEEE

EHBIEETER, HE

—RIEZR

Ll':l:l .

|

C=u;+d, (P —Pe) Vv, =V, +d,(pp -

Py )
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aU _Zanbunb+b+p‘e(pP pE) (2)
3.8 " HIEX: PISO:H

BoIX— 2 Rt Je R ) ™ i BB g e v,
R KR B e R E, B X 2 s & 5.

=D AUy, b+ A(py - pe) (3)
o= 28V b+ A (e — Py)
B, R (3) W (2) , BRTECH:
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B)) FFEAA fxag-;.matwaﬁ; -

8, (U, — Uy ) =2 8y (Uy, —Un ) + AP — Pe) — (Pe — Pe) pE)]
J’ | = H1 IR "pp | pE
uezz- nb(unb_ nb)+A\e(pP_pE):/ae

RO v —S[a, (v Vi) + A (P - P/,

N

R TBRBEEBIEXN UV, B
ZORM L o v R R B EE, BE—IER:
cu -cu. +cv -—-cv. =0
Huoueu” SR, T KR
8,p_ =) a,P,+b
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XIAN JIAOTONG UNIVERSITY

3.2.4 CLEARSE = pyFE 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)

2 2 x4 i R =
FAA1¥ z?iﬁjr@m%z@

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 20/149
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HAAF b 1A (@\
HEHE STy )

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

:

d>E. 1Y

5Y,

Fig. 2-D staggered grid
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HEHELERE

i&iax% miAAE L T2

> - T T T 1 |——""'|—‘—_"_\

l Lle1 __:l’_lee | Yoo t Ugoee _.:_ ' . __,{; . ;

wl » - E T EE | EEE | EEEE 'EEEEE ' l N
Z ____._l_.___l__.._..x_____._.._'_._.._.____'_..___'__.___._._..L_____b

aeuc; — Zanbu;]b + A\a(pP o pE)
7N | -
(aeue)ee = (Z AppUnp + A\e(pP o pE))ee
N
(aeu;)eee = (Z anbur'1b + Ae(pP o pI'E))eee
e
(aeuc'a)eeee = (Z anbu;}b)eeee +
(A%(pP o pE ))eeee

Finally the pressure corrections at all points in the
X-direction will be involved.

(G, Comwrer 31/149
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By FHLAA BAAE L TH

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
and velocity are solved directly, rather than by
adding a correction term to the intermediate solution
—a key point of CLEAR

(Z G Qu,JB¥5 H,2004).

(G, Crmwrcr 32/149
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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:

0
v Zanbv,?b +b o = Zanbunb +D
=
a a,

n

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

Step 3: Solving the momentum equation to get u*,

Vo (L FEISIMPLR)
(B), croswmenr 33/149
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TR WAAF 5 LA

HEHELERE

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

U, =Ue +d,(Pp = Pg) Vo =Va+d,(Pp = Py)

*

where ;, and \7* are actually representing the
effects of the neig?\boring grid points,

and re-solving pressure equation for the improved

~*

pressure field based on Y., v, :

(G, Crmwrcr 341149
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8, Pp = D8y, Py, +0
ar =(pAd), a, =(pAd), a, =a. +a, +a, +as
b =(pu A), —(pu A), +(pV A), —(pV A),
Step 5: Improving the velocity to obtain the solution
of the present iteration.

U =U +d(Pp—pe) Vo=V +d,(Pp —Py)
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).

(G, Crmwrcr 35/149
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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 by directly solve a new pressure rather than
by adding a small correction value .

Numerical practices have found that the above
computational procedure is 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.

CPDNHT-EHT 36/149
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3.2.5 Examples and Discussion

1.Numerical application examples of CLEAR

Example 1:Flow in lid-driven cavity (Re=1000)

b I;Uﬁd
—u— SIMPLER -
100 L —eo— CLEAR /"w
Kl v |
= L
I: X, u
o ﬂ
-7 04
E = -
10 aal 2 R | 2 P TR | __'CZ
0.1 1 10

% CFD-NHT-EHT 37/149
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Example 2: Heat transfer in a sudden-enlarged tube

1000 ¢

TIME,s

10

CFD-NHT-EHT
CENTER

g

“—.’.’) .

— X
—ua— SIMPLER
—o— CLEAR

SIMPLER
CLEAR
o1 1

HAAF b 1A (@\
HEHE STy )

38/149


/
/

G 54 d L) BAMEE IR R
“S%AX% HEHE S ELS (@

Example 3 Flow in lid-driven annular cavity

100
—a— SIMPLER
—eo— CLEAR
0,
=
- SIMPLER

0.1 1 10

% CFD-NHT-EHT 39/149
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Example 4: Flow over rectangular backstep

1000 ¢
| —u— SIMPLER
SIMPLER |—e—CLEAR
y
g 100f  CLEAR |
= =
10 PR | o o o PR | o o o X a2 g
0.1 1 10
E

(G, Crmwrcr 40/149
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Example 5: Natural convection in annulus

100:
—u— SIMPLER
—eo— CLEAR
SIMPLER
'\-_——././-
|.|UJ)' 10
= CLEAR
1 el a a a MR |
0.1 1

% CFD-NHT-EHT 41/149
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Example 6 :Natural convection in square cavity

SIMPLER
100

!il’r‘y,,",. ’/” l‘;,ﬂ “/.

0
L
= CLEAR
|_
—u— SIMPLER
—eo— CLEAR
10 el a e a2l a a2 2l
0.1 1 10

CFD-NHT-EHT
CENTER

‘_5 \' "-\,-..' l"\ ) Lx‘f) re

42/149


/
/

Pal ZAA) RAMFH A G0
‘5%")(% HEHE S ELS (@

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.

However, for some cases the robustness of
CLEAR is inferior to SIMPLER!

(G, Crmwrcr 43/149
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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.

% CFD-NHT-EHT 44/149

CENTER


/
/

2)) FFLAA WAL TA R

Tao WQ, Qu ZG, He YL , A novel segregated algorithm for incompressible
fluid flow and heat transfer problems - Clear (coupled and linked equations
algorithm revised) part I: Mathematical formulation and solution

procedure ,Numerical Heat Transfer, Part B, 2004, 45 (1): 1-17

A B 2(10)

Tao WQ, Qu ZG, He YL, A novel segregated algorithm for incompressible
fluid flow and heat transfer problems - Clear (coupled and linked equations
algorithm revised) part I1: Application examples, Numerical Heat Transfer,
Part B, 2004, 45 (1): 19-48
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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

L S = 46/149
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3.3.1 Analysis of the weakness of CLEAR algo-
rithm

The robustness of CLEAR iIs 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.
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Lid-driven cavity flow, Re=1000
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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, :u:_l_de(p;D o pE)
while in CLEAR the corrected velocity is :
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.
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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 maore correction
step implies a better satisfaction of both momentum
and mass conservation!
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From CLEAR and PISO we can get a hint: a
perfect algorithm should possess following features,

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 level as possible as it can.

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

(3) Inevery step of iteration both pressure and velocity
should be directly solved, no any correction term should
be involved.---from CLEAR
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To realize above idea following iterative procedure
may be adopted:

| Iteration process of IDEAL algorithm | L=

"——--~
A S
R

/" To get best p* ™ 11 " To get best ™ .
,/ N / velocity \
; .
/ —.| Previous iteration level k\‘—> Current iteration level |=/| Next iteration level |- \‘

]
7

. F —————
Solving the H’I The second inner iteration |
Momentum egs. process for pressure equation

Il

The first iteration step

|
H i
1 |
I |
1 |
1 I
i |
1 I
\ I
1 ]
U \ !
\ 1
\ 1
\ 1
\ ]

The first inner iteration
process for pressure equation

7
/

1 \
I \
I \
I \
I \
1 |
I 1
1 1
I 1
1 1
1 ]
i I
i I
1 I
1 I
1 ]
\ 1
\ ]
\ 1
\ J

The first iteration step

v

The second iteration step

‘ v '
/
\ /

The second iteration step

\ J
\ ¥ ¥,

Re‘Qeat the iteration qn'til the Repeat thé iteration until the |terat)on
iteration times are greater' than N1 times are greater than N2 /
U4 \ Y4
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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
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

CEDNMTEWT SAHAD
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3.3.3 Two first inner iterations in IDEAL

1. First inner iteration

W
Z a Ut Two

\

a,la,

1BLE W) BEA)
L

D> avy +b ”

the first ite. step

a,la,

U™ =0, +d,(Pe™ — Pe™)| |0 =
VIemp — \7:1) + dn ( pgemp . p1|\'Iemp
A
8, PE™ = > 8, i +b
b= (pi°A),, — (PI°A), + (pT°A), — (pT°A),

) SRR AL S5
BELEREED 2N

‘ SIMPLER uses this pressure to solve mom. eq.

Ptemp
~Ptemp __ Z ananb + b

n

V =
a,la,

b — (IOGPTemp A)W . (paPTemp A)e + (pvPTemp A)s . (pVPTemp A)n

>

Temp __ ,PTemp Temp Temp
Ug = U, + de ( pP o pE )
Temp _ PTemp Temp Temp
Vi =V + dn ( Pp — Pu
Temp __ Temp
aP pP - Z a'nb pnb + b
CFD-NHT-EHT
CENTER

N1* ....... .ODbtaining p*

S BRHIED J
e =& —— ||| TR

the second
iteration

step
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Taking the last solution of pressure of the 15t 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.
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2. Second inner iteration

~ i 1L g
Temp Temp Temp | 1 Z A Upp T mwﬁﬁﬁﬁ
(el =S R
— 2l )| BFE
Tem Tem Tem | ~* Z anbV:b + b —
VP =V +d (pp™ - P V, =
| a, la, > -
8, Pp " = Zanb Po "+ the first
/17F * * i _ iteration
/| |b=(pa"A), (20 A), + (07" A), - (p7"A), ” | step

53 | SIMPLER-Tike takes such results as the solution
5 of this iteration and goes to next iteration.
= > v
;I‘dﬁ: u;’emp PTemp +d (pTemp p'éemp) aePTemp _ Z anbu;b \\/ Haﬁﬂj BQEEjJ
— a, la, 4 ;}E
Temp _ PTemp d Temp Temp ~ Ptemp Zanbv:gemp +b m&ﬁm E
Vi +d, (pe =T, >| the second
8, P =Y 2, PR +b iteration
b — (,OU PTemp A) (,OU PTemp A) + (pVPTemp A) (,OV PTemp A) o Step

(5L, SEnpwrenT N2 {Obtammg u,v of this iteration 57/149
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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, +de(pP_pE)

~PTemp

V

Vi N +dn(pP_pN)

(G, Crmwrcr 58/149
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3.3.4 Three kinds of “iteration” in IDEAL

1. The 1stkind: Outer iteration (for nonlinearity)
controlled by ITER, 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, to solve the
algebraic equation by ADI with block correction
technique.

cro. 2T 50/149
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3.3.5 Application Examples and discussion

1. Conditions for meaningful comparison
~ (1) Discretization scheme;

- (2) Solution of the algebraic equations;
ComP?‘”SO” < (3) Under-relaxation factor;
conditions (4) Grid system;

« (5) Convergence criterion:

ne _ MAX[|(pU"A),-(ou"A), +(ov A) -(pv" A), ]

Mass ~—

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

(5], crosummanr Pt 60/149
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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.

Uig=1| V=0
W] T e

T
< C
Iy
oo

I‘Dl
jor)
=
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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

CFD-NHT-EHT
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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 63/149

CENTER


/
/

&) FFxaL miAAEETA R
%"’(% HERELTRT \@/

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 - |-

L S = 64/149
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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 x| MDEAL I | [c |c c 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
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(@) (b)
Fig. 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

‘0.8 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

(a) (b)

Fig. 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.
L S = 67/149
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Fig. Predicted velocity distributions for Re=10000
and gird numbers=260 X 260
(a) U component distribution along X=0.5;
B, e (b) V component distribution along Y=0.5. 68/149

CENTER


/
/

FHIAE HAAE L 1A (@

HEHELERE

Symbol Type Grid Numbers
06—  —@— Time 52*52
—— Time 82*82
- m-@-- Iter 52*52
--H0-- Iter 82*82
0.4 —
Ratio
0.2 —

Re

Fig. Ratios of CPU time and iteration numbers
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Fig. Convergence history at Re=1000, 52X 52
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Iteration Numbers
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(a) Re=1000, 52X 52; (b) Re=5000, 130 X 130;

1

>0.5

(c) Re=7500, 260 X 260;

(5L, Compuerent Fig. Predicted flow fields at Re=1000 to 7500 71/149
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Problem 2: 2D natural convection in a square cavity

U=0 V=0 adiabatic

| L,
u=0 u=0 .
V=0 V =0 ‘ /Center line g—l{('=0 V=0
LU T U=U;,— F\/,
=Uin aoU _
H Ty Te B v=o 4’) Sx 70
— o
Y,V ‘ X
’ H, 1\(, v
X, U } X, U U=0 V=0
. f 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
&8
< C
55

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
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on plane z=0.5H for Re=1000
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(04
200 181 | 182 E = g 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 - N - 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 W8kt AN
E b (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
. 1000
500 - .
300 - —6— IDEAL . —6— IDEAL
Time A —+H— SIMPLER Time 300 - —+H— SIMPLER
200 - TN —#— SIMPLEC —A— SIMPLEC
—+— PISO ] —+— PISO

100 - 100 -
] 80 - -5—0
70 T TTTT I T T TTTTT I T T 7\\\\\\ I T T TTTTI I 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=82X382X 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

CFD-NHT-EHT
CENTER

Grid number 32X 32X 32 52X 52X 52 82X 82 X 82
Re 100 | 300 | 100 | 500 | 100 | 1000
Reducing ratio | a5 10, | 39196 | 33.506 | 35.3% | 40.3% | 45.9%
over SIMPLER =70 =70 70 970 970 970
Reducing ratio 0 0 0 0 0 0
CerSIMPLEG | 540% | 46.9% | 50.0% | 45.3% | 51.4% | 56.9%
Reducing ratio | 5, 10/ | 57306 | 33.8% | 33.2% | 38.8% | 43.0%

over PISO
78/149
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Problem 6: 3D flow over a back-ward step

“%{/\ry )( ‘ Walls

u¢ et : N

3Hv / %AH ﬁ% Walls
Z‘iJ

—
g

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 . —a#— 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
] \ \ T T T 17T \ \ T T ] \
081 2 5 10 20 50 100 200

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 20X20 160X 41 X 41
Re 100 300 100
cff/ee(:usclil?/lgprfltzi; 92.6% 49.6% 50.8%
cff/(ae(:ljsﬁipﬂgpfltzig 79.1% 69.6% 75.8%
Reodvliecri r|;g|’srgtio 43.1% 46.5% 36.3%

CFD-NHT-EHT
CENTER

82/149


/
/

(P 44 HAFFEITA [
5%"“)(%. HEHE S ELS \.\@/

Problem 7: 3D natural convection in enclosure

"

Adiabatic walls

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

/z/. wAdiabatic walls

Flow configuration of natural convection in a cubic cavity.
L S = 83/149
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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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Comparison of
computation time and
robustness for Ra=104

with grid
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181 | 182

3000
2000 -

1000 -

800 |

300

200 -

—Oo— IDEAL
—+H— SIMPLER
—4— SIMPLEC
—+— PISO

\
3 6 10 20 50 100 200 500
E

Comparison of
computation time and
robustness for Ra=10°
with grid
number=50X50X50
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Problem 8: 3D flow over a back-ward step
with complex structure

. @ 7 ﬂ ; Wall

‘ H/3] |
el I =¥ . A
v - )4
/ 54 Ls Walls
10H
15H
45H

Flow configuration of laminar fluid flow through a 3-D duct
with complicated structure
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181 | 283 ] 585 | 686 181 | 283 585 | 686
1900 1 —o— IDEAL 1000 - —6— IDEAL
i —H— SIMPLER 900 —H— SIMPLER
700 - —2— SIMPLEC 700 - —#— SIMPLEC
i —+— PISO ] —+— PISO
500 - 0|
Time Time Tt
300 -
300 -
T TTTTT \ [T T TTTIT \ [T TTTTTI \ 7\\\\\\ \ T T TTTTI \ T T TTTTI \
08 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
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| 283 | 585 | 686 181 | 283 ] 5&5 | 686
i —6— IDEAL ] —o— IDEAL
5000 |
i —H5— SIMPLER 5000 —H— SIMPLER
3000 - —#— SIMPLEC 1 —A— SIMPLEC
—+— PISO —+— PISO
~ 2000 -
Time
1000 -
700 -
600
400 T T T TTTT] T T T TTTT] \ FTTT T T T T T !
080 2 5 10 20 50 100 200 o& 2 5 10 20 50 100 200
E E
(a) Re=100 (b) Re=500

Comparison of computation time and robustness with grid
number=190X29X?29
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Flow configuration of lid-driven cavity flow in a cubic cavity

with complicated structure
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u-velocity
Comparison of velocity profiles u along the central axesy
on plane z=0.5H for Re=500.
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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.

% CFD-NHT-EHT 03/149
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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 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 (1)

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
P E(12)
RO Y IDEALSFEHNL N2 H 18 B % Y ]
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At ?%Wﬁﬁﬁ@%ﬁ'fﬁz&@ M WBUE T %
() a,+a,=c ¢=10-11; «,=0.7-0.8
(2) SOAR method (Optimized and Automated Relaxation Factors)
(Numerical Heat Transfer, Part B, 2000,38:309-332 )

(3) FURA$E 1] 7772 (Fuzzy control) (Numer. Heat Transfer B ,2004,

46: 301-327)
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Weight: 1,480 Ibs (Fuel: 265 Ibs) Flow-Through
Max body width: 23 inches Inter-stage
Engine flow-path width: 9 inches
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