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Abstract

In the finite volume approach for incompressible flow and heat transfer, the discretization of the convection term and the treatment of the
coupling between velocity and pressure are the two major issues affecting solution stability, accuracy and convergence rate. In this review
paper, some recent advances made in the CFD/NHT & Enhanced Heat Transfer Center of Xi'an Jiaotong University, China, are presented
and their applications in the study of heat transfer enhancement are also briefly summarized.
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1.1. How to judge a discretized convective term stable or (1-2) (1-1) ://(/i% (1+1) e
conditionally stable :
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(1-1/2) (1+1/2)

The convective term in the convection—diffusion equa-
tion, which is a partial derivative of first-order, can be dis-
cretized either by finite difference method or by finite vol- » .
ume method. For whatever method. the final result is an Must be only conditionally stable. To get the critical Peclet
algebraic expression relating the values of field variables at "umber a very simple but useful principle(rule), called sign
several neighboring grid points. A very simple but useful cri- Préservation principle, was proposed in [1]. By the critical
terion for judging whether the scheme is absolutely stable Peclet number we mean the valugoix/I” beyond which

or conditionally stable is proposed in [1]. If the expression & numerigal solution will lead to gscillating regults. Thg im-
contains a value from the downstream stream grid point, pl_emer_ltatlon procedure of the sign preservation rule is now
the scheme will violate the transportive property and hence bnef_ly mtrodL_Jced as follows. _ )

First we discretize the 1-D model equation on a uniform

grid system shown in Fig. 1

Y A preliminary version of this paper was presented at CHT-04; An 2
ICHMT International Symposium on Advances in Computational Heat (% + %) _ FM (1)
Transfer, April 2004, G. de Vahl Davis and E. Leonardi (Eds.), CD-ROM T o9x2

u
ot ax
Proceedings, ISBN 1-5670-174-2, Begell House, New York, 2004. . . . . .
* Corresponding author. by an explicit finite difference form into which the examined

E-mail addresswqtao@mail.xjtu.edu.cn (W.Q. Tao). finite difference scheme is incorporated for the convective

Fig. 1. 1-D uniform grid system.
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Nomenclature
ag.w.n.s.p coefficients in discretization equation 8 effect of disturbance
A surface area vT temperature gradient
b source term in discretization equation Sx step length inc-direction
d coefficient in velocity correction equation 3y step length iny-direction
P critical grid Peclet umber I3 disturbance
p pressure ¢ general variable
)4 pressure correction r nominal diffusion coefficient
p* assumed or previous pressure A thermal conductivity
t time m dynamic viscosity
T temperature 0 synergy angle
U velocity vector o fluid density
u,v u-componenty-component of velocity Subscripts
u',v" u andv velocity correction term
X x-coordinate ¢ central
y y-coordinate D downstream
e east
Greek symbols f interface
o relaxation factor U upstream
B second relaxation factor w west
term and the central difference for the diffusion term. As- This leads to:
sume that a steady-state solutiggn= 0 exists for alli. Then puAx
at an arbitrary time step a disturbance; = § is introduced T Py <30

at single grid poini with ¢ = 0 at all other grids. The effect
of this disturbance is then determined by the finite differ-
ence equation at time stép + 1) and grid points(i + 1).

In order that a finite difference solution be physically realis-

tic, it is required that the sign of the resulting disturbances at
grid points(i £ 1) be the same as the disturbance imposed

at gridi at time stepn. The sign preservation requirement
sets a limit for the conditions under which the finite differ-

It can be shown that at grid + 1) this requirement is auto-
matically satisfied.

By such analysis we find that FUD and SUD are ab-
solutely stable (i.e.Pacr — 00) and obtain following critical
Peclet numbers for some widely used conditionally stable
schemes:

CD: PA =20

ence equation is applicable. Via such analysis we can reveal

whether the scheme is absolutely stable, and if not what is

its critical Peclet number.

QUICK: Po =8/3
TUD: P =3.0

Let us perform such an analysis for TUD. The discretized Fromm: P, = 4.0

equation forx > 0 reads:

At 12Ax

a2 e, o
Ax?

At grid point (i — 1) we have
o — ¢
P ( AT

2 e
Ax?

p(¢:’“ —9f | Al 60l 1200+ 2¢:'_2)

u4¢? +6¢;_1 — 1207 ,+2¢} 5
12Ax

We require:

1, ulty.. LAt ..
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It should be noted that the concrete value of the above-
mentioned critical Peclet number is with respect to the
second-order discretized diffusion term, which is the most
often used scheme in engineering computations. If the diffu-
sion term is discretized by other order accuracy scheme, the
concrete value of the critical Peclet number may vary, but
the quantitative character of the discretized convective term
(i.e., conditionally stable or un-conditionally stable) will not
change.

1.2. The critical Peclet number obtained by the existing
analysis methods is the most severe condition

The existing stability analysis methods for the discretiza-
tion scheme of a convective term include (1). The posi-
tive coefficient method proposed by Patankar [2]; (2) Ex-
act solution analysis method presented by Gresho and
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Fig. 2. Velocity vector using different scheme: (a) QUICRe(= 300, Er = 1.5, 62 x 32 uniform grid); (b) SGSD Re = 300, Er = 1.5, 62 x 32 uniform
grid).

Lee [3]; (3) Feedback sensitivity analysis method proposed only conditionally stable. This situation has been somewhat
by Leonard [4] and the sign preservation principle [1]. All changed since the introduction of SGSD scheme in [8].
these analysis methods are based on the following five as- A new scheme called SGSD (stability guaranteed second-

sumptions: order difference scheme) was proposed in [8] which is ab-
solutely stable and possesses at least second-order accuracy.
(1) one dimensional equation; The scheme is based on another scheme called SCSD (stabil-
(2) linear problem, both velocity and diffusivity are known ity controllable second-order difference scheme) proposed in
and constant; [9]. In the SCSD scheme the general variables at the inter-

(3) first kind boundary condition at the two boundaries, i.e., facese andw are defined as follows:
two-point boundary value problem; be = oCP + (1 — B)pSUP

(4) uniform grid system; oo ‘sUD

(5) no variable source term. bw =Py + A= By

where the superscripts CD and SUD refer to the central
Numerical practices show that any deviation from the above difference and second-order upwind difference scheme. By
assumptions will enhance the stability. And the critical changing the value gf (between 0 and 1), the critical Peclet
Peclet number resulted from the existing analysis methodsnumber of the SCSD scheme varies from 2 (wjgea 1) to
gives us the most severe condition. For example, the critical infinite (wheng = 0). It is obvious that the selection ¢
Peclet number of the central difference scheme is usuallyis the key issue in applying SCSD. This issue has been suc-
known as 2. However, we may get a non-oscillating solu- cessfully resolved in SGSD. In the SGSD scheme, the value
tion even if the local Peclet number is as large as 180 for of 8 is automatically determined during the computation by
some practical problems [5,6]. Thus how to obtain the crit- following equation:
ical Peclet number of those conditionally stable schemes

®)

2
when applied to complicated multi-dimensional problems B = 25 Prl 4)
remain unresolved. A
where the grid Peclet numbé, is defined as
1.3. An absolutely stable and at least second-order P — usx _ udy ®)
accuracy scheme—SGSD Ax =" Ay =T

The accuracy of the SGSD is obviously at least of 2nd order,
It is a common understanding in the computational heat and it is easy to show that wheth= 3/4, it possesses 3rd
transfer community that the stability and accuracy of the dis- order accuracy. Numerical computations for the lid-driven
cretized convective term constitute a contradicting pair [7]. cavity flow with different schemes are compared with the
For example, the first upwind scheme is absolutely stable benchmark solutions provided in [10], and the error analyses
with severe false diffusion, while the 2nd order or 3rd or- are presented in Tables 1 and 2. As far as the computational
der accurate schemes such as CD, QUICK and TUD aretime is concerned, for a uniform grid system, SGSD may
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Table 1
Relative error of centerling-veloctty obtained using uniform gri@i2 x 42), %
y SGSD SLID QUICK CD
0.9766 05961 34477 —0.7099 —-1.8278
0.9688 04940 55434 —1.3758 —3.3100
0.9609 —-1.6179 58356 —4.1650 —7.0329
0.9531 17917 1035210 —1.5664 —5.2377
0.8516 16725 146770 —4.4679 —10.0559
0.7344 10150 134836 —4.3165 —9.5678
0.6172 —7.2431 29113 —9.8562 —145212
0.5000 161020 339967 54276 -1.6118
0.4531 110819 275451 20098 —4.5642
0.2813 80669 236360 —0.2050 —5.9558
0.1719 —3.1419 63830 —7.6654 —12.6041
0.1016 —16.8012 —16.2563 —14.0868 —15.0858
0.0703 —23.0018 —27.9703 —16.1296 —14.2394
0.0625 —24.6782 —314765 —16.4884 —13.6463
0.0547 —25.9926 —33.9499 —17.0744 —137059
Mean error B6531 171956 70363 88644
Table 2
Relative error of centerline-velocity obtained using uniform gridt2 x 42), %
x SGSD SLID QUICK CD
0.9688 -16.4017 —18.2859 —13.1989 —-8.1213
0.9609 —14.9011 —17.2648 —11.9592 —7.0584
0.9531 —14.2403 —15.8331 —-11.7725 —8.6462
0.9453 —125216 —11.5934 -10.3577 —8.4337
0.9063 —4.9311 057807 —7.0805 —10.5936
0.8594 31407 160975 —2.6930 —7.7979
0.8047 25182 141713 —2.8592 —7.6018
0.5000 —12.6286 —20.8630 —4.7901 41171
0.2344 05708 108422 —4.0980 —8.2425
0.2266 Q1746 106848 —4.4293 —8.6984
0.1563 —-1.7118 90362 —6.7151 -11.8210
0.0938 —3.3040 65743 —7.6163 —-12.7747
0.0781 —3.8282 57028 —7.9530 —13.0695
0.0703 —-3.9121 54735 —7.9691 —13.0842
0.0625 —3.3509 59341 —7.3640 —-125122
Mean error 6519 113957 73904 95048
Table 3
Comparison of computational time for lid-driven cavity flow

SGSD SuUD QUICK CD
Uniform grid 1 11121 Q07023 06018
Nonuniform grid 05025 05309 07139 Q7436

take 20—30% more time than CD or QUICK, while foranon- 2. Advancesin the study of boundedness of discretized
uniform grid system, SGSD takes less computational time convectiveterm

than CD and QUICK. Table 3 gives the comparison for the
lid-driven cavity flow computations.

It can be easily shown by the sign preservation principle
that with such define@ the scheme is unconditionally sta-
ble. Numerical computations for flow over a backward step  Boundedness is an important numerical characteristic of
show that when a solution with QUICK scheme is oscillating a discretized scheme for the convection term when the prob-
(Fig. 2(a), Fig. 3), the solution with SGSD is still physically lem being solved contains an abrupt change of field vari-
reasonable (Fig. 2(b), Fig. 3). ables. In 1988 Gaskell and Lau proposed conditions for

The above comparison study shows that SGSD is an at-scheme to possess the boundedness, and it is called the con-
tractive scheme for computational heat transfer. vective boundedness criterion (CBC) [11].

2.1. Is Gaskell/Lau’s CBC sufficient and necessary?
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Fig. 5. The CBC region defined by Gaskell/Lau.

Fig. 3. Theu-velocity component at the first control volume surface near

the bottom wall Re = 300, 62x 32 uniform grid). ¢2"
. f
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Fig. 4. Interface and its related grid point.
In the finite volume approach, the scheme definition is
the interpolation rule for the interface value, and for most —
schemes used in CFD/NHT it can be expressed as (Fig. 4) 1.0 J
)
¢ = f(pu,bc,dp) (6a)
In terms of the normalized general variable defined by
- ¢— Fig. 6. The CBC region defined by Yu et al.
$=—=— @
éu —dp
where the subscripts, D refer to the upstream and down- CBC is usually considered as both necessary and sufficient
stream points (Fig. 5), Eq. (6a) is simplified as [11-13]. However, our study shows that this CBC is only
~ - sufficient, but is not necessary. To be specific, the first and
¢ = f(¢c) (6b) second conditions are only sufficient, while the third one
Gaskell and Lau proposed that a continuous increasingiS Poth necessary and sufficient. Another region was out-
function or a piecewise continuous increasing funcos lined in [5] (Fig. 6), and two more schemes were proposed
f(éc) will possess the boundedness if following conditions Whose definitions were located in the new region rather than
are satisfied: in the CBC region proposed by Gaskell/Lau. In Refs. [14,15]
~ _ ~ _ further discussion was conducted to refine the CBC from dif-
(D) ¢y = f(pc) =¢c, forpc<0 (8a) ferent points of view. In the following the results of [15] are
2) ¢r=fdc)=dc. forgc>1 (8b)  briefly presented.
3 dc < fgc) <1, for0<de <1 (8c)

2.2. Refinement of the CBC from the smoothness of
The CBC region can be expressed by the shaded area irinterpolation profile
Fig. 5, wherep; and¢c serve as the ordinate and the ab-
scissa. If the defining expression of a scheme is located in  Apart from the necessary and sufficient issue another
the shaded area, the scheme possesses the boundedness. Tisakness of the G-L CBC is that not all the schemes which
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Fig. 7. Three pointsi, B, andC in G/L CBC region.

satisfy the CBC criterion can get physically reasonable so-
lution. For example, if we take three points B, C in the
Gaskell/Lau CBC region shown in Fig. 7, then the resulting
profiles of the field variable variation are presented in Fig. 8.
Obviously such variation patterns are quite odd and unreal-
istic.

By careful consideration of the smoothness of the profile
pattern of the normalized variable, a new CBC is proposed in
[15], which says: For a continuous or piecewise continuous
function ¢ = f(¢¢), if following conditions are satisfied, .
the scheme represented Ify$c) possesses both bounded- 7 ‘!
ness and high accuracy: ‘

(1) for (E)C € (1, +00), f((Z)C) € (0'5(1 + QEC)’ (]SC] Fig. 8. Three unrealistic situations: (a) Poit(b) PointB; (c) PointC.
(2) for ¢¢ € (=00, 0), f(¢c) € [pc,0.5¢c¢)

(3) for g €10,0.5), f(pc) € (1.5¢¢,0.5(1+ ¢c)]
(4) for gc € (1/2.2/3), f(dc) € [0.5(1+ ¢c). 1.5¢c) . 0.5, +D

. - - L)
(5) for g €[2/3.1]. f(¢c) € (0.5(1+dc). 1] 9) 10 @20
Q(0.5,0.75) |

J’Hn = ;’H

a;-m:l
This criterion is presented in Fig. 9 by the shaded area. In

[14] different considerations are given to the interpolation 05
value: the interfacial variable should have a positive response

to the disturbance of variable at grid points and the trans- = _o
portive property should be kept. The resulted CBC region CEN )
éc € [1,1.0] coincides with the one presented in Fig. 9. Up

to date at least eleven higher-order composite schemes were
proposed which possess the boundedness character. It is easy
to show that all the existing higher-order bounded schemes
are located in this new region (Table 4). Fig. 9. CBC region of Hou et al.

0.59,,
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Table 4
Existing bounded composite schemes

629

No. Scheme Definition with normalized variable Normalized variable diagram
. . Py I
22551 0<§i_1<1/4 ¢
-1/2
1 COPLA 3436 4 Lggi<3 ;
(2] (combination of piecewise linear ap- ¢ _1/2= g O L7/
proximation) 3+3%-1 7<¢i-1<1 |
bi_1 else I
.
5 [
,/&,-,1(1—&,-,1)37&,.2_1 = /2
2 ) T iag, 0S¢t Tz
[16] EULER di—1/2= =
3/4 ¢i—1=05 |
bi_1 else i
.
~ \
¢i—1/.2
CLAM ~ . -
o _ _ . 12—di_) 0<¢i_1<1
3 (hybrid linear/parabolic approxima- Pi—1/2= dj’ 12=¢i-0) 9i-1 ‘
[17] tion) i1 else |
|
[
¢ [
.- o 11/2
4 MINMOD 2%i-1 0<di—1<3 /’
5 1 z :
[13] (minimum modulus) bi-1/2= ?(1+ #i—1) 05<¢_1<1 I
di_1 else |
|
.

3. Advancesin the study of coupling between velocity

and pressure

pressure-linked equation. The major approximations made
in the SIMPLE algorithm are: (1) The initial pressure field
and the initial velocity fields are independently assumed,
The pressure-correction method is probably the most hence the inherentinterconnection between pressure and ve-
widely adopted method for solving incompressible flow locities is neglected, leading to some inconsistency between
problem. The first pressure-correction algorithm was SIM- them; (2) The effects of the pressure corrections of the neigh-
PLE proposed by Patankar and Spalding in 1972 [22]. The boring grids are arbitrarily dropped in order to simplify the
acronym SIMPLE stands for semi-implicit method for the solution procedure, thus make the algorithm semi-implicit.
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Table 4 Continued
No. Scheme Definition with normalized variable Normalized variable diagram
~ ~ s ‘
2¢; 1 0<¢i_1<1/4 ¢H 2
MUSCL 7 1_7 3
5 Y4+ i1 L2<dio1<3
[518] (monotonic upwind scheme for con- bi—1/2= /4+ i1 g qf, 1512 }
servation law) 1 1<¢i-1<1 ‘
bi_1 else ‘\
[
a [
= = i-1/2
6 %@'71 0<¢;-1<2/3 ! |
[19] OSHER bi12=11 2/3<$i_1<1
$i_1 else I
|
b
L b
50i-1 $i-1<0
7 SECBC - . -
; = i— 0 i 0.2
[5] (scheme based on extended CBC) $i-1/2 ?i¢’ 1 <di-1< |
$i—gtl é 1>02 |
2 ¢i1=20 |
|
=
¢ |
. . 1-1/2)
3¢i—1 0<¢i-1<1/6
8 SMART N . 3/8+3/41 L<di1<32 |
[11] (sharp and monotonic algorithm bi—1/2= : -
for realistic transport) 1 §<di-1<1 |
bi_1 else i
9.

These assumptions will not affect the final solutions if the imation, i.e., the dropping of the neighboring grid effects,
iterative process converges [2]. However, they do affect the have not been successfully resolved so far. These variants
convergence rate. Therefore, since the proposal of the SIM-include SIMPLEC and SIMPLEX by van Doormaal and
PLE algorithm, a number of its variants were proposed in or- Raithby in 1984 and 1985 [24—26], PISO by Issa in 1985
der to overcome one or both of the approximations [23-35]. [27] and the revised versions by Connell and Stow in 1986
The SIMPLER algorithm [23] successfully overcomes [28], Chatwani and Turan in 1991 [29], Lee and Tzong in
the first approximation, and is widely used in the current 1992 [30], Yen and Liu in 1993 [31], Wen and Ingham [32]
CFD/NHT community. Even though there are more than ten in 1993, SIMPLESSEC, SIMPLESSE by Gjesdal and Los-
variants of the SIMPLE-like algorithm, the second approx- sius [33] in 1997, SIMPLET by Sheng et al. in 1998 [34],
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Table 4 Continued
No. Scheme Definition with normalized variable Normalized variable diagram
3¢i-1 0<¢i-1<1/5 ¢ |
120+ ¢i_1) t<di1<1/2 72
9 STOIC 21+ ¢i—1) §\¢z—1\ /
20] (second and third order interpolation bi—1/2= % + %@71 % <¢i1< % |
for convection) 1 % <Fi1<1 |
bi_1 else l
-1
e
pay
4 v
) |
2¢;_1 0<¢-1<03 /2 w4
10 WACEB . ) 3/8+3/4di_1 03<§i1<3 A/ )
o1 (weighted-average coefficient ensur- i—1/2= 5 - |
(1] ing boundedness) 1 §<¢i-1<1 /] P
Fi1 else !
7 ~
-
g .
oy
~ ~ 1 P
35pi_1  0<¢;<1/6 7] — Q
1 HOAB ) 0.54; +0.5 1/6<¢; <05 712 b =
[14] (high-order-accurate bounded i—1/2= $ +025 05<¢; <0.75 :
scheme) i 0.75<¢; <1
&; elsewhere ol i
1/6 05 075 1 ~
C

MSIMPLER by Yu et al. in 2001 [35]. All these variants are conservation condition at each iteration level. And this is of
usually called SIMPLE-like or SIMPLE-family algorithm.  crucial importance to accelerate the iteration convergence,
The character common to all these algorithms is that a pres-as has been clearly demonstrated in [37]. In [38,39] a new
sure correction term is introduced to the segregated solutionidea of improving velocity and pressure is proposed: the
process to improve the velocity, and the effects of the pres-improved velocity and pressure of each iteration level are
sure corrections of the neighboring grid points are neglected.not determined by adding a correction term to their tem-
Because of this basic feature, the improvement in the conver-porary solution; instead, they are directly solved from the
gence rate of the above proposed variants are limited, usuallymomentum and continuity equations, genuinely avoiding the
in the order of tens of percent. Recently, Moukalled and Dar- introduction of pressure correction term and velocity correc-
wish [36] made a comprehensive review and reorganizationtion term. Thus the second approximation of the SIMPLE
of the express format for all the pressure correction algo- algorithm is totally discarded, making the algorithm fully
rithms. implicit. The novel algorithm is named CLEAR, standing
The function of the pressure correction term in the for Coupled & Linked EquationsAlgorithm Revised. Be-

SIMPLE-family algorithms is to improve the current pres- cause of this key improvement, the convergence rate of the
sure and velocity by adding their corresponding corrections iterative procedure can be drastically increased, and the en-
such that the resulting improved velocity can satisfy the mass hancement ratio ranges from several times to tens of percent.
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3.1. Briefintroduction to CLEAR algorithm

Taking 2-D problem as an example, the resulting formu-
lation of the discretization equation takes following form:
appp =apdg +awdw +andn +asps +b (10)

Underrelaxation of the dependent variables is incorporated
into the solution process of the algebraic equations, then
Eq. (10) becomes:

a
;”dm =ap¢g +awdw +ayody +asps

o
ap¢?;

The denominator of the left-hand side term and the last term

at the right hand side of Eq. (11) are the outcome of this un-

+b+

(11)

derrelaxation process. For velocity components, the pressure

gradient term is usually separated from the source term
With a pressure field solved from the velocity of the previous
iteration, the temporary or intermediate velocity solution of
the current iterationy™, v*, can be expressed by Egs. (12a)
and (12b).

a
a—euj =) awiy, +b+ Ac(pp — pp)
u
1-—
+ A, u aeug (12a)
u
a
=) amv, + b+ An(pp = PY)
v
1—
A — 2 g0 (12b)

v

whereu®, v° denote the solutions of andv of the previous
iteration.

In the following presentation, we first briefly describe the
computational process of SIMPLER algorithm, and intro-
duce the main idea of CLEAR at some appropriate point.

The intermediate values of velocity and pressure have to
be modified, so that the updated velocity satisfies the dis-
cretized continuity equation. In order to get an improved
velocity field, velocity correction terms, denoted by v/,

and a corresponding pressure correction term, denoted by
p’, are introduced. The improved pressure and velocities are

expressed as follows:

p=pr"+p (13a)
Ue=u’ +u,
vy =V ), (13b)

W.Q. Tao et al. / International Journal of Thermal Sciences 44 (2005) 623-643

Subtracting Eq. (12a) from Eq. (14), the equation of velocity
correctionu/, is obtained:

a
oty = ) awityy + Ac(Pp = P) (15)
u
Similarly for v component, we have:
a
a—zv,@ =Y " awvy, + An(Pp — pi) (16)

From Egs. (15) and (16), it can be found that the velocity
correction term includes two parts: the velocity correction
in the vicinity of the control volume and the difference of
pressure correction of two adjacent grid points. In SIMPLE-
like methods, the tern}_a,,u,, is neglected in order to
make the final pressure correction equation manageable [2].
The final velocity correction are expressed in the following
ms:

u, =de(pp — Pg) (172)

v, =dn(pp — Ply) (17b)

where

d, = Aeou (18a)
de

4, = An% (18b)
dn

The improved velocitiesy = u* + u’, v = v* + v/, are sub-
stituted into the discretized continuity Eq. (19)

(pu)eAe — () Ay + (PV)n Ay — (PV)s Ay =0 (19)
the final pressure correction equation is obtained as follows:

appp =) _anpp,+b (20)
where

ap =ag +aw +an +as (21a)
ag = (pAd)e, aw = (pAd)y

ay = (pAd),,  as=(pAd)s (22b)
b= (pu*A)y — (pu*A)e + (pv* A)s — (pv* A), (22c)

In the SIMPLER algorithm, the pressure correction is
only used to modify velocity. The pressure is determined
by pressure equation, which is derived as follows. Tihe
momentum equation can be re-cast into

_ Zanbunb +b
e

=i, +d.(pp — PE)

Ue +d.(pp — PE)

(23)

The improved pressure and velocities are then substitutedwhereii, is called pseudo-velocity. Similarly, far compo-

into the discretized momentum equation, Eqg. (12a), yielding
a
a—e(uZ +ul) =Y any(uly, + ) + b

u

+ Ac[(ph + Pp) — (P} — P)]
1- oy 0

e

+ A,

(14)

aeu
ay

nent we have

Vp = Uy +dy(pp — pN) (24)
Again substituting Egs. (23), (24) into continuity Eq. (19),
we obtain the pressure equation as follows:

appp =) awpy,+b (25)
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where The improved velocity should satisfy the mass conser-
ap =ag +aw +ay +as (26a) vation condition. Thus substituting Egs. (30a), (30b) into
ag = (pAd)e, aw = (pAd)y Eg. (19), we get the equation for the improved pressure:

an = (pAd),, as = (pAd)s (26b) appp =Y awpus+b (31)

b= (pii®A), — (pi®A), + (03°A), — (p1°4),  (26c)  where

From the above derivation, we can see that the intermediate?? = 9E +aw +an +ds (322)
valueu*, v* satisfy momentum equation, and the improved ar = (0Ad)., aw = (pAd)y

valueu,, v, satisfy the contiquity equation. Thg improved ay = (pAd)n, as = (pAd)s (32b)
values are taken as the solution of the current iteration level

to start the next iteration. Then the consistency condition is b = (pi*A)y — (pi* A)e + (PT*A)s — (pT*A), (32¢)

satisfied for the singular coefficient matrix of velocity, and e coefficientsi, aw, ay, as are calculated based on the

the convergence rate can be accelerated [37]. The converge¢hiermediate field:*, v* with the same expressions shown
solution we are searching for is the one which satisfies both;, Eq. (26b).

the momentum equation and the continuity equation. Once the improved pressure is solved, the improved ve-
We now propose a new expression for improved velocity. |ocities can be determined by Egs. (29a), (29b), which sat-
In the correction stage, the temporary solution of the current isfy the continuity condition. In the above derivation, we do
iteration in the SIMPLER algorithm is expressed as not neglect any term, making the solution algorithm fully im-
27) plicit. Compared with the SIMPLE-like algorithms, it can be
stated that the effects of the neighboring grid points are to-
Eqg. (27) is similar to Eq. (23) where the pseudo-velocity is tally taken into account by introducing the updated pseudo-
introduced. And for the convenience of discussion Eq. (23) velocity based om* andv*. The above solution algorithm
is re-written as follows: is called CLEAR.
The solution procedure of the CLEAR algorithm is sum-
marized as follows:

Ue = u: +de(17:D - p}f)

Mezﬁe+de(pP_pE) (28)

Hereii, andu} are at the same position, and tetpy — pg) _ o oo
and (p/, — p;) play a similar role in the two equations. Step 1. Assuming an initial velocity field.”, v=;
Hence we may assume that in the corrector step, the im-Step 2: CaIcuIating the coefficient of the discretized mo-

proved velocityu andv, and the improved pressurg, can mentum equation and pseudo-veloaif}; 7°:
be related by the same format of equation: o_ Zanbu,?b +b
ue =ity +de(pp — pE) (29a) ‘ de
0
~ +b
U =T 4 du(pp — pN) (29b) 5, = 2V b (33)
dn
where the pseudo-velocity, v*, are based on the tempo-  gtep 3: Solving the pressure equation (25) and obtaining
rary solutionu*, v*, and can be determined after the momen- pressure fielgy*:
tum equations have been solved. Egs. (29a) and (29b) are th%tep 4: Based onp*, solving the momentum equation
expressions for the improved velocity in the new algorithm. (12a), (12b), obtaining the intermediate velocity
As will be seen later, it is these new expressions that avoid field u*, v*:
neglecting some terms in deriving the equation for the im- siep 5: Recalculating the coefficient of momentum equa-
proved pressure. _ tion and the pseudo-velocity*, 7* based on the
In order to set an extra access for controlling the conver- intermediate velocity solution*, v*:
gence process, in the determination of the new (or updated) 1
. . . . * —Pu *
pseudo-velocity an extra relaxation factgr,is introduced, x > anpity, + b+ B, Gelle 343
and the improved velocity is re-written as e = ae/Bu (343)
— * 1_/31,1 *
Zanbu;’kb + b + 1ﬂfu aeuj ,D* — Zanbvnb + b + Bu anVy (34b)
Ue = /B +d.(pp — PE) n an/ By
e u
— it +d(pp — pE) (30a) gzep ? ISolvmg Eq.h(31) Ifor_the !r?]plzrovedzgress;geb f|eld;b
18 ep7: mprovmgt eve ocity wit qs._( a), (29b) to ob-
_ > anbVy, +b+ g ayv; d tain the solution of the present iteration.
Un = an/ B +dn(pp = PN) Step 8: Solving the discretization equations of the other
— T dy(pp — pi) (30b) scalar variables if necessary;

Step 9: Returning to step 2 and repeat until convergence is
Hereafters is called the second relaxation factor. reached.
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3.2. The second relaxation factor (b)R“
In determining the updated pseudo-velocity of step 5, we 100
introduce the second relaxation facforThis is based on the = PPD
following consideration. As indicated above, the improved % e PPDB
velocity and pressure are in full consistency. The good cou- . ~
pling between the pressure and velocity in the CLEAR algo- E’ —
rithm can appreciably enhance the convergence rate. This g sr
implies that the changes of the velocity solution between g /—-———-——-'
two successive iterations are usually larger than those ofthe  § ;|
SIMPLER algorithm. For the iteration solution procedure g
of a non-linear problem, experiences show that too large g
variation of the dependent variables between two succes- = ®F
sive iterations may lead to diverge of the iteration process
[40]. Therefore the second relaxation facgbis introduced 50 bavammd p 6(.)0 o prevmm—re
in step 5 to present an extra access for controlling the itera- b ® Re

tion process. From Egs. (30a), (30b) it can be observed that
B appears in both the denominator and nominator. However,

©

the relaxation part is usua”y not dominated Compared to the Fig. 18. Comparisons of the ducts with (PPDB) and without insertions

other terms. Thus a larger value gfwill lead to a larger
value of the updated value of the pseudo-velocity, hence al-
leviates the burden of the pressure gradient term, and reduce
the variation rate of the two successive iterations. There-
fore the second relaxation factor may take values varying
in a wide range. If8 > 1, the updated pseudo-velocity is
overrelaxed, while the pressure is somewhat underrelaxed;
if B < 1, the situation is the opposite. For simplicity, we set

05 O0<a<05

05<a<1

(PPD). (a) Int vsRe; (b) Nu vs. Re; (C) 6, VS. Re.

ﬁqe following relation between the two relaxation fact@rs
anda in the computations of the six examples presented be-
low

:{1

(35)
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When underrelaxation of pressure is needed to ensure the
convergence,f may take a value larger than 1.0. For N
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3.3. Application examples of CLEAR algorithm 1

The CLEAR algorithm has been applied to solve six lam- s ST
inar fluid flow and heat transfer problems with available nu-
merical solutions. Comparisons are made with the solutions
from the SIMPLER algorithm under the same other condi-
tions. The results of variation of iteration number and CPU
time with the time step multiple E are shown in Figs. 10-15.
From these results the superior performance of the CLEAR 4t
algorithm can be clearly observed.

Nu

2}
4. Applications of the above achievementsin the studies
of heat transfer enhancement 0 o e 80 1000 1200
Re
Heat transfer enhancement is an everlasting subject of the (b)
international heat transfer community and many techniques
have been developed in the past half century. Yet up to the 100
end of last century, even for the single phase convective heat I = ST
transfer, no unified theory could reveal the common essence %0 |- e TB
of the heat transfer enhancement. In 1998 Guo and his co- - .
workers [41,42] proposed a novel concept of enhancing con- sl —

vective heat transfer for parabolic flow. They transformed
the convective term into the form of dot product of velocity
and temperature gradient, and integrated the energy equa-
tion over the thermal boundary layer. They indicated that
the reduction of the intersection angle between velocity and &0
temperature gradient can effectively enhance the heat trans-

fer. This concept has been extended by Tao et al. [43,44] to

70 '/__./-0——"" -

Iintersection angle, deg.

50 L i 1} A 1 Il - 1 )

elliptic flow, and they pointed out that for fluid flow with 200 400 500 600 1000 1200
Peclet number greater than 100, the integration of the con- Re
vective term over the entire domain; (c)

_ = _ = Fig. 20. Comparisons of tubes without bar (ST) and with bar (TB). (a) Inte-
Int= f ,OC,,(U . VT) dA = / pCP|U | [VT|costdA  (36) gration vs.Re; (b) Nu vs. Re; (C) Oy, VS. Re.

ko) 2

actually represents the convective heat transfer rate. Thusthe simplicity of discussion, the intersection angle between
under some given condition, say, fixed flow rate and temper- velocity and temperature gradient will be call synergy angle
ature difference between solid wall and the incoming fluid, hereafter.

the smaller the intersection angle the larger the heat trans- By applying numerical methods described above, we
fer rate. This basic idea is called field synergy principle. For have demonstrated that the field synergy principle (FSP) can
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unify the three existing explanations for enhancing convec-
tive heat transfer. Furthermore FSP is a powerful tool o de-
velop new enhanced surfaces. These results are now briefly
presented below.

4.1. Reducing the thermal boundary layer is equivalent to
reducing synergy angle

Fig. 16 shows the numerical results for heat transfer over
a flat plate with Reynolds number based on the plate length (b)
bemg 600. The ordinate represents th_e _CompUted aVerag%ig. 24. \elocity and temperature fields in the middle plane between two
synergy angle, local heat transfer coefficient and the value agjacent fin surfaces: (a) Velocity field; (b) Isothermals.
of Int at each cross section, with the streamwise coordinate
being the abscissa. It can be seen that the decrease of the ) ) )
thermal boundary layer is equivalent to the reduction of the 4-4- FSP is a powerful tool in developing heat transfer
intersection angle between velocity and temperature gradi-€nhanced surface

ent.

Numerical simulations were conducted for the four types
4.2. |ncreasing the interruption within fluid leads to of plate-fin and tube heat transfer surfaces shown in Flg 21
deceasing the synergy angle [45]. Among the four surfaces, one is plain plate fin and the

others are slotted fin surfaces. Fin B and fin C possess the

Fig. 17 shows a parallel plate channel with two-inserted Same number of slits, but the positions of slits are different.
blocks for enhancing convective heat transfer. Numerical re- In fin B the slits are mainly in the front part of the surface,
sults of Int, Nu and the average synergy angle are presentedvhile in fin C the slits are mainly in the rear part. The sim-
in Fig. 18. They definitely show that the increase of interrup- ulated results are presented in Figs. 22. It can be seen that
tion within fluid is actually to decrease the intersection angle fin C possesses superior performance than fin B. This find-
between velocity and temperature gradient. ing is consistent with the experimental results provided by

Kang and Kim [46].
4.3. Increasing the velocity gradient near solid wall results From the average synergy angle presented in Fig. 23 it
in the decrease of synergy angle can be seen that the synergy of velocity and temperature
gradient in fin C is better than that in fin B. In order to fur-

A model is set as shown in Fig. 19 to simulate the effect ther reveal the reason, the velocity and temperature field of
of increased velocity gradient near the solid wall under the the middle plane between two adjacent plain plate fin sur-
same mass flow rate. The numerical results are presented ifaces (Fig. 24) are carefully examined, and following facts
Fig. 20. For this case the Reynolds number definitions of the are found. In the rear part of the fin surface, the local veloc-
empty channel and the center-blocked channel are the sameity is almost parallel to local isothermal. This means that the
Numerical simulation results reveal that the increase in the local temperature gradient is almost normal to the velocity,
near wall velocity gradient also leads to the decrease in theindicating a bad synergy between the two vectors. Thus from
intersection angle between the velocity and the temperaturethe point view of FSP, it is this place that techniques should
gradient. be adopted to enhance the heat transfer. The position of slits
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