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l 4.4 CLEAR Algorithm l

4.4.1 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?
E-E g:z._:l:l;r.EHT 30/158
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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 management of the solution of the
pressure correction equations.

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

4.4.2 Basic idea of the fully implicit algorithm—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).

E-E :::l;z-.ll':lEHl;l'-EHT 33/158
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4.4.3 Basic numerical steps of one iteration in CLEAR

The basic numerical steps in CLEAR algorithm:
Step 1: Assuming an initial velocity field u®, v0 ;

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*,

Vil
I% CFD-NHT-EHT ( u—t Iﬂs I I\/I P L R ) 34/158

CENTER



ﬁff’iﬁ/{% MOE-KLTFSE *

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 =Vn+0,(Pp = Py)

~ % ~x

where Yy, and y,, are actually representing the
effects of the neighboring grid points,

and re-solving pressure equation for the improved
pressure field based on Ue,s Vp :

dp Pp :Zanbpnb +b
a: =(pAd), a,=(pAd), @ =a +a, +ay+a

CFD-NHT-ENT b =(p u A, —(p u A)e +(p v A —(p v A 35/158
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Step 5. Improving the velocity to obtain the solution
of the present iteration.
ue:u +de(pP_pE) Vn:V +dn(pP_pN)
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.

This algorithm is called CLEAR-standing for
Coupled & Linked Equations Algorithm Revised. The

pressure equation are solved twice in CLEAR.
(G, CEnnurr-enT 36/158
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4.4.4 Improvement of the robustness of CLEAR

Numerical practices have found that the above
computational procedure is less robust than SIMPLER,
probably because its too big change between the

solutions of two successive Iterations.
In order to increase Its robustness, apart from the

underrelaxaton of velocity which is incorporated into
the solution process as SIMPLE-like algorithm, a
second relaxation iIs introduced in the determination of

the pseudo-velocity in the correction step.
1. New equation for the pseudo-velocity in the correction

step.
E-E CFD-NHT-EHT 37/158
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The discretized momentum equation with
Incorperated underrelaxation procedure is :

a
_eue = Zanbunb +b+(pP o pE)Ae +—aeue

o o
Replacing u and u® at the right hand of the above

equation by u* and rewrite into following form:

* 1_a *
Zanbunb +b+—aeue
U, = & +d,(pp —

e

Taking it as the second pseudo-velocity
based on u*,v*,and replacing Alfa by Beta

CFD-NHT-EHT
CENTER o0/ 1 8
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* 1_ * * 1_ *
Z a u. +b+ —'B a,u, Z a v, +b+ —’B av
e AN p

ae /ﬂ an /ﬁ
The improved velocity in the correction step is then:

U, =0 +d,(pp = pg) Vo =Va+d, (P — Py)

where the coefficients a,, a,, a,,, are determined based
on the intermediate velocity u*, v*.

2. Analysis of the role of the 2nd relaxation factor

Beta occurs in both denominator and nominator.

The effect of Beta in the denominator Is predominant.
(G, ConmurenT 39/158
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* 1_ *
Z anbunb + b + - aeue

Ue:

a,l p
Beta ), denominatort, hence peusdo-velocity
Betat, denominator | , hence peusdo-velocity

Since U, =l]:+de(pp— Pe) Vi :\7n +dn(pp - pN)

For a certain values of u and v, decreasing pesudo-v.
will leads to an increase in pressure, and vice versa.

Thus: B l l’]:,\'}:l AD T_> pf
s 1 Ue, Vi ¢ Ap | —> p]

Beta can be regarded as a relaxation factor for pressure,
and the larger the Beta, the smaller the pressure.

E-E gl;:l‘-.llh_lEl-ll;l'-EHT 40/158
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Recommended value of beta:

V. is underrelaxed heavily , p
< o<
—0.5,0<a=<05 can be a bit larger;

1.0. 0.5< o <1.0!V-isunderrelaxed mildly,
P TTT T T T T T Ipis also in middle range;

D
1
A

—>1 When iteration is difficult to converge,
pressure should be underrelaxed heavily.

4.4.5 Computational procedures of one iteration in
CLEAR

Step 1: Assuming an initial velocity field u®, v0 ;
and calculating the coefficient of the discretized
momentum equation and pseudo-velocity:

gl;:ll-.:lEl-:;l'-EHT 4 1/ 1 5 8
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1- 5 1—
0 0
. > aUy, +b+=—"a.u, 3 D aVo, +b+—,6 a,v,
ue — Vn —
a lp a, ! p
Step 2: Solving the pressure equation and

. ~0 ~0
obtaining the temporary pressure field p° , Ue, Vi

are in the source term b;

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

*

v,
Step 4: Recalculating the coefficient of momentum
equation and the pseudo-velocity ., \N,: based on the

Intermediate velocity solution U ,v , and solving
(G, ConmurenT 42/158
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the equation of the improved pressure p; where
In the source term b is calculated from the improved
pseudo-velocity (. v, -

Step 5: Improving the velocity to obtain the solution

of the present iteration.

U, =Ue+0d,(Pp— Pe) Y, =Vo+d,(Pp— Py)
A

whered,Is — —
a,la

Step 6: Taking u, v, p as the solutions of this iteration,
returning to step 1 and repeating until convergence is

reached.
E-E g:z._:l:l;r.EHT 43/ 158
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4.4.6 Discussion on CLEAR algorithm

1. In one iteration two pressure equations are solved,
while in SIMPLER one pressure equation and one
pressure correction equation are solved. Hence the
computational costs of CLEAR and SIMPLER are
more or less the same, but the improvements made are
different. Obviously the improvement in CLEAR is
better than that in SIMPLER,;

2. In one iteration the coefficients of momentum equation
are calculated twice: one for solving the mamentum
equation, the other for calculation of Ue,Vn , not for
solving the momentum equation. Thus the increase in the

computational cost Is not significant.
Iﬂ_||:| CFD-NHT-EHT 44/158
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4.4.7 Numerical examples of CLEAR

Example 1
—n— SIMPLER
100 | —e— CLEAR /w

TIME,s
L—'— >
qﬁ

10 Lw
0.1 1 10

Example 1:Flow in lid-driven cavity (Re=1000)
5, S = 45/158
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Example 2
1000 ¢
—=— SIMPLER
—e— CLEAR
"
SIMPLER
0 100} JT) -
I_ o—
10....| L L a3 3 321
0.1 1

Example 2: Heat transfer in a sudden-enlarged tube
5, S = 46/158
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Example 3
100
' _a— SIMPLER
—eo— CLEAR
“zf SIMPLER
=
CLEAR
(0] P Y S
0.1 1 10
E

Example 3 Flow in lid-driven annular cavity

(5L, Ceaurr-ent 47/158
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Example 4

1000 ¢

—n— SIMPLER
SIMPLER [*~CHEAR

y
100} CLEAR +—=

10 raaal 1 e a3l 1 P T T A
0.1 1 1C

E

TIME,s

Example 4: Flow over rectangular backstep
5, S = 48/158
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Example 5
100 ¢
- —=— SIMPLER
—e— CLEAR
SIMPLER
'\—’./‘/-
u;j- 10}
= | ——— CLEAR
1 2l 2 2 r 2 a2 a aal
0.1 1
E

Example 5: Natural convection in annulus
5, S = 49/158
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TIME,s

SIMPLER

MOE-KLTFSE

SIS B A

CLEAR
—n— SIMPLER
—e— CLEAR
10 1aaal MR R A T raal
0.1 1 10
E

X7 NN -

Example 6 :Natural convection in square cavity

CFD-NHT-EHT
CENTER

50/158



MOE-KLTFSE

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, non-orthogonal
coordinates has been made, and the same results
have been obtained.

However, the robustness of CLEAR Is somewhat
Inferior to SIMPLER!

E-E gl;:l‘-.llh_lEl-ll;l'-EHT 51/158
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4.4.8 Comparison between SIMPLER and CLEAR iIn
curvilinear non-orthogonal coordinates

Lid-driven flow in a tilted cavity

E-E gl;:l‘-.llh_lEl-ll;l'-EHT 52/158



MOE-KLTFSE

£ =30 ,Re=1000

—a— S|IMPLER
—O0— CLEAR
1000F  SIMPLER
|2 -
F_
CLEAR
100 L 2 aal X a2 3 a2 aaal X a2 a2 2 aaal
0.1 1 10
E

Fig. Comparison of CPU time
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The smallest angle at which SIMPLER can work is
30 degrees;

The smallest angle at which CLEAR can work is 5
degrees !

@Dcmm.m Fig. Comparison in non-orthogonal coordinates £4/158
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At this angle the grid lines of the two coordinates
are nearly parallel, showing very good robustness!

Fig. Grid linesof =5
E-E :::l;z-.lr:IEHl;l'-EHT 55/158
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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 11: Application examples, Numerical Heat Transfer, Part B, 2004, 45
(1): 19-48

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
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4.5 IDEAL E3%

4.5.1 Analysis of the weakness of CLEAR algorithm
4.5.2 Basic features of an ideal algorithm

4.5.3 Solution procedure of the IDEAL algorithm
4.5.4 The first inner iteration process

4.5.5 The second Inner Iteration process
4.5.6 Three kinds of “iteration” in IDEAL
4.5.7 Discussion of the IDEAL algorithm

4.5.8 Application examples of IDEAL
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l 4.5 IDEAL Algorithm l

4.5.1 Analysis of the weakness of CLEAR algorithm

It can be seen that the robustness of CLEAR is
somewhat worse than SIMPLER. Then what is the

reason?

This issue has attracted researchers iIin the
International community. For example, CHENG and
LEE iIn 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.
E-E CFD-NHT-EHT 58/158
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Lid-driven cavity flow, Re=1000

10°

- — SIMPLER
........ CLEARER

- e

k=

g

SIMPLER }

) CLEARER |
| CLEAR
1 F . | . | . | . WIIQH . | H&T

0 200 400 500 800 1000 1200
lteration Number
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They attributed the oscillation of the numerical
solution during iteration to the fact that in SIMPLER
the revised velocity Is composed of two parts: a major
part—intermediate velocity u*,v* and the minor part

—corrections u’, v, while in CLEAR the corrected
velocity is :

ue:E+de(pP_pE) Vn:%_l_dn(pP_pN)

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.

E-E g:z._:l:l;r.EHT 60/158
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They proposed a combination of SIMPLER and
CLEAR by computing the revised velocity In the
following way:

u, =’ +d,(ps - po)+d,(p, - pp)

Vi =V, +dn(p; o p;)+dn(pP - pN)

where p’ Is solved by the pressure correction equation.

This revised version 1s named as CLEARER.

ChengY P, Lee TS, LowHT, 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 is 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!

E-E CFD-NHT-EHT 62/158
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It gives us a hint: a perfect algorithm should
possess following characteristics.---from PISO

4.5.2 Basic features of an ideal algorithm

An‘ ideal algorithm” should possess two 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.

To achieve these goals, in every step of iteration both
pressure and velocity should be directly solved, no any
correction term should be involved. ---from CLEAR

E-E g:z._:l:l;r.EHT 63/158




MOE-KLTFSE

4.5.3 Solution Procedure of the IDEAL Algorithm

| Iteration process of IDEAL algorithm |

4

—.| Previous iteration level —| Current iteration level

Next iteration level |.—»

I %

The first inner iteration
process for pressure equation >

Solving the
Momentum egs.

Il

The first iteration step

v

The second iteration step

v

The second inner iteration
process for pressure equation

Il

The first iteration step

v

The second iteration step

¥

iteration times are greater than N1

Repeat the iteration until the

Repeat the iteration until the iteration
times are greater than N2

CFD-NHT-EHT
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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”* ;

The second inner iteration process for pressure
equation is to improve the velocity fields such that the
mass conservation can be 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!
5, coren 85/153




4.5.4 The first inner iteration process

],
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D aVy, +b
a la,

U™ =0 +d, (pr™ - pe™)| |0 =
Vv, =V +d, (P - )| [Ve =
2, Pp™ = D) 8, Py +b
b = (p0°A),, —(p0°A), + (07" A), = (p7°A),

zanbufﬁvi\' "B R )
a,la, N %

|

the first
iteration

step

.

J

‘ SIMPLER uses this pressure to solve mom. eq.
- BT
a u. " +D
u;}I’emp _ l]ePTemp n de(p;emp _ p'éemp) ljePTemp _ Z TZ ;ba .\ L Tﬁiﬁﬁﬂ@ﬁﬁ
Temp __ yPTem Tem Tem ~ Ptem Zan V;’temp +b the Second
Vi i =Vi i +dn(pP P~ Py i VnPt b= 8: /bOlv >| 1Iteration
DI = 2, Pl b step
b — (paPTemp A)W . (paPTemp A)e + (pVPTemp A)s . (pvPTemp A)n <
CFD-NHT-EHT N 1* ....... 66/158
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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.

(5L, Ceaurr-ent 67/158
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CFD-NHT-EHT
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4.5.5 The second inner iteration process
1L pe=
Temp d Temp .~ Temp | Z anb mwﬁﬁﬁﬁ
u™ =0 +d, (p; ) Ie 2 la, . H, FHRR
o Y av, +b LS
V;]I'emp | _|_ d (pTemp Temp \7: _ nb “ nb
I a.n /Olv > -
a p;emp Zanb plgmp +b the first
s — — - — iteration
/| {o=(p0"A), - (00" A), + (P A), - (pT"A), /| step
5 SIMPLER takes such results as the solution of
2 this iteration and goes to next iteration.
s
;‘_;t uTemp PTemp + d (pTemp pEemp) l]ePTemp _ Zanb nb \\/ Hﬂﬁﬂj HQEjJ
- a2 % b ViR B 3
Temp PTemp Temp . Temp ~Ptemp ananbem +
V, +d (p Pn Vnt b= an/av > the second
a,p™ = a, pr™ +b iteration
b — (pu PTemp A) (,OU PTemp A) + (,0 PTemp A) (pVPTemp A) % Step
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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)

E-E g:z._:l:l;r.EHT 69/158
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4.5.6 Three kinds of “iteration” in IDEAL

1. The 18t kind: Outer iteration controlled by ITER,
to up-date the coefficient of momentum equations;

2. The 2Md kind: Inner iteration (for pressure)
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.
(G, CEnnurr-enT 70/158
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4.5.7 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.

(5L, Ceaurr-ent 71/158
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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.

In IDEAL algorithm the convergence and stability
of iteration process can be controlled by adjusting the
Inner doubly-iterative times N1, N2.

4. The IDEAL algorithm can be regarded as a multi-
step solution algorithm In both prediction and
correction stages.

CENTER ret "'58
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4.5.8 Application Examples of IDEAL

~ (1) Discretization scheme;

(2) Solution of the algebraic equations;
(3) Under-relaxation factor;

(4) Grid system,;

« (5) Convergence criterion:

ns  _ MAX[l(pu’ A),-(pu”A) +(pV A) (v A), []

Mass ~—

RSVMom —

o

MAX{lanVr? - [Z aner?b +b+ A, (Ps — Py)II}
nb

RSUMom —

2
pu,

MAX{|a,ul —[> a,ud +b+ A (p, — pe)ll}
nb
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Problem 1: 2D lid-driven cavity flow in a square cavity

For Re=100 ~10000, grid numbers = 129X 129 ~
260 X 260.

L
L

H u=0 .

(5L, Ceaurr-ent 74/158
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i Re
Grid .
Comparison terms
Numbers 100 400 (1000 {3200 5000 (7500 {10000
IDEAL. (2.89 2.39 2.03 |-- _—- — —
Time(s) SIMPLER[7.92 (7.35 [16.14 - (- |- |-
Ratio 0.365 10.325 0.126 |--- — _—- —

59 X 52 : | IDEAL. 234 [184 163 |- |-  |— |-
teratlon c VIPLER1264 1152 2604 -— |- |- |-
Numbers

Ratio 0.185 0.160 0.063 |--- — _—- —
N1, N2 wused in
’ 4.4 4.4 4.4 |- -—- -—- -—-
IDEAL .,’—’H’—
|J_°_r‘|:| cenrem 75/158
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Re

Grid

Comparison terms
Numbers

100 ‘4[}0 ‘1[}[}0 }320[} ‘SUUU ‘TSUU ‘IUUUU‘

IDEAL 18.9513.57 12.64 — — |- |—

Time(s) SIMPLER56.7 146.9569.7 |- |- |- |-

Ratio 033402890481~ |~ |- |-
IDEAL 1499 B56¢ B34 — — |- —

82X 82 [Mterati

ss2of Mterationic o RB171 Be2s POl — L — |

Numbers -
Ratio 015700136 0.085 - [~ |-~ |-
N1, N2 used mu4, PR VIR PR N N S

E-E CFD-NHT-EHT 76/158
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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_D__ D D - |-
Ratio 0 0 ©0 0 [0 |- |-
X IDEAL C € € € | |- |-

Iteration SIMPLERD D D D D L o
Ratio 0 0 0 0 0 --- -

N1, N2 wused in
IDEAL 51 S S" S ST‘ S 51 S Sa S i ——

130
4130

Numbers
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. Re
Grid i
Comparison terms
Numbers 100 400 [1000 (3200 [5000 (7500 10000
IDEAL C |c |c ¢ Jc lc c
Time(s) SIMPLERD_D_D D D D [
Ratio 0 0 [0 o0 o o o
260 x| . OIDEAL € c |c c ¢ &
260 TAONSIMPLERD D D D D D D
— Numbers
Ratio 0 0 0 o0 o o o
N, N2-used o 06040.10 10,10 [10,10 [10,10 [10, 10110, 10
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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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‘0.8 T ‘ I ‘ I ‘ I ‘ I ‘ '08 I ‘ I ‘ I ‘ I ‘ I ‘

() (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.
5, S = 80/158
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1.2 — 0.8 —
] Ghia
IDEAL
04—
U 0om
04—
-0-8 I ‘ I ‘ I ‘ I ‘ I ‘ _0-8 I ‘ I ‘ I ‘ I ‘ I ‘
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
Y X
(a) (b)

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

@DEE‘.T{‘:.I'E“T (b) V component distribution along Y=0.5. 81/158
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Ratio

CFD-NHT-EHT
CENTER

Symbol Type Grid Numbers
06— —e— Time 52*52
—m— Time 82*82
- | ——=- Iter 52*52
-— -~ Iter 82*82
04
0.2
0 | | | | |
0 200 400 600 800 1000
Re

Fig. Ratios of CPU time and iteration numbers
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0.0002— |
Ik
0.00015— ' SIMPLER
RS Rs 0.0001; !
mass |
"
5e-005 '\
oL | i |
0 1000 2000 3000
Iteration Numbers
0.0002— | 0.0002— |
I 11
0.00015— . SIMPLER 0.00015— ‘l SIMPLER
1 U EE IDEAL IRV EE IDEAL
- I - I
Sumom 00001 — Synom 00001 | |
| I RSu—momen ) ! RS
5e-005| | 5¢-005— | V—momen
(b) o - \ N
0 1000 2000 3000 0 1000 2000 3000
Iteration Numbers Iteration Numbers
R Fig. Convergence history at Re=1000, 52 X 52 83158
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RESELTE
1e-006 — ﬁgﬁ&,ﬂ:
B IDEAL

8e-007 RS,

6e-007 —
Rs |

de07 /mﬂﬁﬁﬁ}

2e-007 —

0 | | | | |
0 500 1000 1500 2000 2500

Iteration Numbers
Fig. Convergence history at Re=10000, 260 X 260
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>0.5—

1 r 1 rrr
0.25 05y 0.75

(a) Re=1000, 52X52; (b) Re=5000, 130X 130;

(c) Re=7500, 260X 260;

(5L Seonwr-en Fig. Predicted flow fields at Re=1000 to 7500 85/158
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Problem 2: 2D natural convection in a square cavity

U=0 V=0 adiabatic
L, ‘

< C
I
o o

< C
[Tl
o o

LU Ly =Uin
H T T Hz V=0 —)
i N ﬂ:o
Y,V ‘ oX
H, 1Y, v
X, U X, U ‘ U=0 V=0
< . Ly LR |
U=0 V=0 adiabatic
W

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

Uu=0 V=0 adiabatic

Problem 4: 2D natural convection L | 7
IN a square cavity with an y
Internal isolated vertical plate L %
U=0 V=0 \:/diabatic ‘
86/158
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Problems 5: 3D lid-driven cavity flow

Flow configuration of lid-driven cavity flow in a cubic cavity
5, S = 87/158
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& U from get
U8l 4 v from met
05 — u by IDEAL
' - === 1vhy |IDEAL
0.4 —
-
= 0.2 —t.r "—"-.,_
a 4 —d
= e ~- ¥ 3
:f' ‘h"", 4
= 074 . A
x‘ j‘
04 - "y
-0.6 —
0.8 —

-1 -08 -06 -04 02 0 02 04 06 08 1
Levelocity

Comparison of velocity profiles u and v along the central axes
on plane z=0.5H for Re=1000
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200 181 182 20 181 | 182 | 484
100 - 100 -
80 - 80 -
60 - —o— IDEAL 60 - —o— IDEAL
. — 5 SMPLER| | +.. 40 — o SIMPLER
Time ™ e Swpec | TMme T — A SIMPLEC
20 — + PISO 0 B — + PISO
10 - 10 - = =&
8- 8-
6 T T T I T T TTTT I I I 6 T TTTT 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 ek
E%ﬁﬂﬂ% (a) Re=100 %‘; *:J': 3&998? (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=32X32X32
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181 | 182 181 | 182 [ 4 ] 585
1000

500 -

300 - . —o6— IDEAL —6— IDEAL
, —H— SIMPLER | |+ 300 - —+H— SIMPLER
TiMe 00 BN\g_ e Sipec M —=— SIMPLEC
7 —+— PISO

100 - 100 -
] 80 —5—0
70 T TTTT \ T T TTTT] \ T 7\\\\\\ \ T T TTTT] \ T
56 10 2030 50 100 200300 500 56 10 2030 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
20007 —6— IDEAL
—H5— SIMPLER
2000 - ——aA— SIMPLEC
—o— IDEAL —+— PISO
: —H5— SIMPLER | | —
Time —#— SIMPLEC Time 400 -
1000 - PISO 800 -
800 - |
| 600 -
T TTTT T T T TTTT T T T TTT T T T T T
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=82X82X82

E-E CFD-NHT-EHT 91/158

CENTER



MOE-KLTFSE

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 52 X 52 82X 82 X 82
Re 100 | 300 | 100 | 500 | 100 | 1000
Reducing ratio | a5 14/ | 39194 | 33.50 | 35.3% | 40.3% | 45.9%
over SIMPLER =70 =70 70 970 970 970
Reducing ratio 0 0 0 0 0 0
Cer Il Eq | 540% | 46.9% | 50.0% | 45.3% | 51.4% | 56.9%
Reducing ratio | 5, 1o/ | 57306 | 33.8% | 33.2% | 38.8% | 43.0%

over PISO

CFD-NHT-EHT
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Problem 6: 3D flow over a back-ward step

. "@/r ~ Walls

ﬁ Walls

30H

Flow configuration of laminar fluid flow
over a 3-D backward-facing step
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181 | 283 | 484 1&1 | 283 | 484

300 -

—o— IDEAL .
—+H— SIMPLER

—o6— IDEAL
—+H— SIMPLER

100§ —A— SIMPLEC Time 100 | —A— SIMPLEC
30 0.
] <,
oY
10 FTTTIT 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

—©o—— |DEAL
—+H— SIMPLER
—— SIMPLEC

0.81 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
Grid number 80X20X 20 160X 41X 41
Re 100 300 100
oer SIMPLER °2.6% 49.6% 50.8%
oF\{/z(iuSCIiIQ/IgPTItEi(C): 79.1% 69.6% 75.8%
veriso | 48 465% 3.3%
96/158
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Problem 7: 3D lid-driven flow in a complex cavity

Flow configuration of lid-driven cavity flow in a cubic cavity

with complicated structure
5, S = 97/158
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1 |

09—

ol | e &P
0.7 — 4 O SIMPLER .

05 Lo |SEHIAIR

e LA 7
04 kgt
03 - ﬁé?
02 -

ul RIS FE

0 | | | | | |

04 02 0 02 04 06 08 1
u-velocity

Comparison of velocity profiles u along the central axesy
on plane z=0.5H for Re=500.
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181 | 182 | 484 2000 181 | 182 | 484
10005 —6— IDEAL —o— IDEAL
| | —B— SIMPLER 1000 4 | —3— SIMPLER
- | —A— SIMPLEC 4 | —=&— SIMPLEC
il 500 | | —+— PISO
. 300- _ i
Time Time B
200 -
100 - B
80 100 -
] 70 7
T T 17717 I T T T T TTT T T 1T T TTT I T T 1T T TTT
7 90 20 30 50 100 200 2 4 6 810 20 40 608000 200
E E
(a) Re=100 (b) Re=500

Comparison of computation time and robustness with grid
number=52X52X52
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181 ] 182 44 181 | 182 484
S — | —e— IDEAL
— 5 SIMPLER 2000 | — 53— SIMPLER
+| —A— SIMPLEC | —A— SIMPLEC
o —+— PISO | —— PISO
Time Time 2000 -
1000 -
il 1000 -
600 - ]
7\\\\\\ I T T T T 1T 700 I I T T T T 1
4 6 810 20 40 60 80100 200 5 7 90 20 40 60 80100
E E
(a) Re=100 (b) Re=800

Comparison of computation time and robustness with
grid number=82X82X82
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Problem 8: 3D natural convection In enclosure

Adiabatic walls

T

Heated wall /
T=T, :
(T=T4 | Cooled wall
| | (T=Te)
°
H
o

\
\
\
\

/
/
/
/
/
/
/
/Z/.

wAdiabatic walls

Flow configuration of natural convection in a cubic cavity.
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o T ’ - ;' o S
“"II'; B | o JI; 1 | 0.3
W __p3——— | !
“H | / 0.3 \/; I||' | j
il —— /|
y ||||[(r(' /-»-‘"F 02 _//IJ ﬁ//_\ 4, /
.|1 I 2t _ ,f“'

Temperatures at the plane z=0.5H for Ra=10¢, obtained
(a) from reference, (b) by IDEAL algorithm
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Problem 9: 3D flow over a back-ward step
with complex structure
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Flow configuration of laminar fluid flow through a 3-D duct
with complicated structure
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Extension of the IDEAL algorithm to 3D and
body-fitted coordinates have been completed and the
Improvements in convergence and robustness are even
much more significant .

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 1 :Mathematical formulation
and solution. Numerical Heat Transfer, Part B, 2008,53(1);1-17

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 1l :Application examples.
Numerical Heat Transfer, Part B, 2008,53(1);18-38
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