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Abstract

Purpose — To provide an improved version of SIMPLER algorithm which can enhance the convergence
rate of the iterative solution procedure in the field of computational fluid dynamics analysis.
Design/methodology/approach — The improved version of SIMPLER algorithm is developed by
modifying the coefficients of the velocity correction equation and implementing the correction of
pressure within an iteration cycle.

Findings — The CSIMPLER algorithm (the improved version) can enhance the convergence rate for
almost all cases tested, especially for the low under-relaxation factor situations. The pressure
correction term even can be overrelaxed to further enhance the convergence rate.

Research limitations/implications — The CSIMPLER algorithm can enhance the rate of
convergence to different degree for different problems. It can only be adopted to solve the
incompressible fluid flow and heat transfer.

Practical implications — CSIMPLER is a simple and effectual method to enhance the convergence
rate of the iterative process for the computational fluid dynamics analysis. The existing code of
SIMPLER can be easily changed to CSIMPLER.

Originality/value — The paper developed an improved version of SIMPLER algorithm with some
minor changes in the existing SIMPLER code.

Keywords Programming and algorithm theory, Flow, Heat transfer, Fluid dynamics, Numerical analysis
Paper type Research paper

Nomenclature

ap, ag, ay, ay, as = coefficients in  the d, d, = coefficients in the
discretized equation velocity correction

A = surface area equation

b = constant term in the FE = time step multiple
discretized equation b = pressure
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*

b = temporary pressure u'\ v = velocity correction

P = pressure correction i, 0 = pseudovelocity

Gm = reference mass flow rate  x,y = coordinates

Ryax = maximum of absolute « = under-relaxation factor
values of the mass flow  &x, & = distance between two
rate residuals adjacent grid points in

Ryum = total mass flow rate x and y direction
residuals of entire Ax, Ay = control volume width in
domain x, and y direction

Shax =relative maximum of ¢ = general variable
absolute values of the p = fluid density
mass flow rate residuals I’ = nominal diffusion

Ssum = relative total mass flow coefficient
rate residuals of entire v = fluid kinetic viscosity
domain

S¢ = source term Subscripts

un,0 = velocity component in x, e, n = east, north interface
y direction nb = neighboring grid points

Introduction

In the numerical solution of incompressible fluid flow and heat transfer problems, the
pressure-correction approach is the most popular method used in CFD/NHT
community. The first pressure-correction algorithm was the SIMPLE proposed by
Patankar and Spalding (1972). The acronym SIMPLE stands for semi-implicit method
for the pressure-linked equation. The major approximations made in the SIMPLE
algorithm are (Tao, 2001):

* The initial pressure field and the initial velocity fields are independently
assumed, hence the inherent interconnection between pressure and velocities are
neglected, leading to some inconsistency between them.

* The effects of the pressure corrections of the neighboring grids are arbitrary
dropped in order to simplify the solution procedure, thus make the algorithm
semi-implicit.

These assumptions will not affect the final solutions if the iterative process converges
(Tao, 2001; Patankar, 1980). However, they do affect the convergence rate. As described
in Shyy and Mittal (1998), the great simplicity of the SIMPLE algorithm comes from
the neglecting the terms that couples neighboring velocity values in the equation for
the velocity correction. However, this can also cause slow convergence of the SIMPLE
algorithm and it has been found this neglect tends to overpredict the pressure
correction and underrelaxation for the pressure correction has to be resorted to in order
to stabilize the iterative procedure. Therefore, since the propose of the SIMPLE
algorithm, a number of its variants were proposed in order to overcome one or both of
the approximations (Patankar, 1981; van Doormaal and Raithby, 1984, 1985; Raithby
and Schneider, 1988; Issa, 1985; Connell and Stow, 1986; Chatwani and Turan, 1991;
Lee and Tzong, 1992; Yen and Liu, 1993; Sheng et al., 1998; Yu et al., 2001; Gjesdal and
Lossius, 1997; Wen and Ingham, 1993).

The SIMPLER algorithm (Patankar, 1981) successfully overcome the first
approximation, and is widely used in the current CFD/NHT community. Even
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though there are more than ten variants of the SIMPLE-like algorithm, the second A simple method

approximation, i.e. the drop of the neighboring grid effects, have not been successfully
resolved so far and many attempts have been made to resolve the problem. In 1984, van
Doormaal and Raithby (1984) proposed the SIMPLEC algorithm, in which by changing
the definition of the coefficients of the velocity correction equation the effects of this
drop is partially compensated. In the algorithm SIMPLEX (van Doormaal and Raithby,
1985; Raithby and Schneider, 1988), by solving a set of algebraic equation for the
coefficients in the velocity correction equations, the effects of dropping the neighboring
grids are also taken into account in some degree. In 1985, the PISO method is proposed
by Issa (1985) to implement two or more correction steps of pressure correction. In 1986
Connell and Stow (1986) proposed two variants of pressure correction process.
Chatwani and Turan (1991) proposed a pressure-velocity coupling algorithm in 1991 to
determine the under-relaxation factor in the pressure correction equation based on the
minimization of the global mass residual norm. In 1992, Lee and Tzong (1992)
introduced an artificial source term into the pressure-linked equation to improve the
convergence performance. In 1993, Yen and Liu (1993) proposed the explicit correction
step method to accelerate the convergence by making the velocity explicitly satisfy the
momentum equation. For buoyancy driven fluid flows Sheng et al. (1998) introduced a
temperature correction into the velocity correction equation. In 2001, Yu et al(2001)
modified the SIMPLER algorithm by artificially changing the under-relaxation term to
match the variable to be solved. The revised method was called MSIMPLER. All the
above-mentioned algorithms and some others not mentioned above (for example,
SIMPLESSEC, SIMPLESSE of Gjesdal and Lossius (1997), and the method proposed in
Wen and Ingham (1993) are usually called SIMPLE-like or SIMPLE-family algorithm.
The character common to all these algorithms is that a pressure correction term is
introduced to the segregated solution process to improve the velocity and the effects of
the pressure corrections of the neighboring grid points are neglected. Recently,
Moukalled and Darwish (2000) made a comprehensive review and reorganization of the
express format for all the pressure correction algorithms. It can be seen that the
SIMPLER algorithm successfully overcomes the first approximation, while almost all
other variants of the SIMPLE algorithm concentrate on overcoming the second
approximation. There seems no such attempt in the literature to combine the SIMPLER
algorithm and one of the other variants so that the effects of both of the two
approximations can be alleviated in a better degree in one algorithm.

In the present work, the idea of SIMPLEC is incorporated into the SIMPLER
algorithm to overcome the second approximation in some extent. The revised algorithm
is called consistent-SIMPLER (CSIMPLER) hereafter. Numerical experiments showed
that CSIMPLER can generally accelerate the rate of convergence, especially for natural
convection and the cases with low under-relaxation factor.

Mathematical formulation
In the following, the major steps in the algorithm SIMPLER and SIMPLEC are briefly
reviewed, and then the idea of CSIMPLER is presented.

Brief review of the SIMPLER algorithm
In all cases considered, the flow was assumed to be Newtonian, laminar and
two-dimensional. Viscous dissipation is omitted. All thermophysical properties except
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Figure 1.
Control volumes in 2D
Cartesian coordinates

density are presumed constant. The Boussinesq approximation is used for natural
convection problem. In Cartesian coordinates, the governing equations are as follows:
Mass:

d(pu) | I(pv) _ 0 O
0x ay
Momentum:
d(pun)  (puu) op %u  9%u
_ _ R B 2
ox oy ax+”‘<ax2+ay2 @

d(puw) N apo) __9p (azv 8211) )

ox ay ay ox? ay_2

Discretizing the governing equations by the finite volume method (Tao, 2001;
Moukalled and Darwish, 2000) on a staggered grid system (Figure 1), we have

ap®p = Zaan)nb +0 “4)

where ® is the general valuable standing for # and v, the subscripts P and nb refer to
the gird point Pand its neighboring grids, respectively, a, is the coefficient for the main
grid point, a,,’s are the coefficients of neighboring grid points and b is the source term.

For the discretized momentum equations separating the pressure gradient term
from the b-term and replace the general valuable by « or v, we have:
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Aolhe = Zanbunb + (pp — pE)Ae +b (0a) A Simple methOd

Aply = Zanbvnb +(pp — pN)An +b (Sb)

The discretized pressure equation is deduced from the momentum equations and the
continuity equation and can be expressed as

appp =Y _anpup + bp (©)

For details, references (Tao, 2001; Patankar, 1980) can be consulted.

By solving equatlons (5a) and (bb), we can obtained the intermediate solutions,
symbolized by «* and v™ which need to be improved such that the improved velocmes
can satisfy the mass conservation condition for each control volume.

By introducing a pressure correction term, p’, and the corresponding velocity
correction terms #' and ¢/, the improved velocities can be expressed by

u=u"+u (7a)

v=0v"+1o (7b)

These improved velocities are required to satisfy the continuity condition.

The equations for the velocity correction terms, #/, ¢/, can be derived by some
substitution and rearrangement (Tao, 2001; Patankar, 1980), and take the following
form:

al, = antly, + (Pp = Pp)A (8a)

anU;’t = Zanbv;b + (ij - pﬁv)An (Sb)

At this point an approximation, i.e. the second approximation in the SIMPLE algorithm
mentioned above, is' intrpduced: droppi'ng the terms Zan})ugb and ) aypt), in the
above equations to simplify the expressions. Then we obtain

u/g = de(p}' - pjyj)a U; = dn(p}’ - pﬁV) (9a)

where d,, d, are defined as

de =— dn = (9b)
a, a

Then the improved velocities are rewritten as follows:

Uy = tt, + do(Pp — p) (10a)

v, =, + du (P — Ply) (10b)

Substitution of the improved velocities of equations (10a) and (10b) into continuity
equation, the equation for the pressure correction term is then derived
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appp = _aw Py, + b (11a)

where

b= (pu"A), — (pu"A), + (pv*A), — (pv*A), (11b)

In equation (11b) the coefficients are the same as those in the equation (6) except the
b-term, where the velocities take the values of the previous iteration, rather than the
intermediate solutions.

The solution procedure of the SIMPLER algorithm is as follows:

« guess a initial velocity field «°, v%;

+ calculate the coefficients of the discretized momentum equations and the
pseudo-velocities # and # by following equations:

2o Sty + 0 5o Sant?y, + b
= &b 77 5 &l T

ae a%

+ solve pressure equation to get p™;

« solve the discretized momentum equations with p* to get ™ and v

+ solve the pressure correction equation to get p’;

+ correct the velocities by equations (7a) and (7b);

+ solve the discretized equations for other scalar variables if necessary; and
+ return to step 2 until convergence condition is satisfied.

It is to be noted that in the SIMPLER algorithm, the pressure correction term is only
used to correct the velocities, but not used to correct the pressure. The pressure
correction values are overpredicted by solving equation (11a), because the effects of the
velocity corrections at neighboring grid points are totally neglected. The obtained
pressure correction values are appropriate to correct the velocities, but not to pressure
values.

Since the discretized equations are all solved by iterative method, the solutions of
velocities of the current iteration are based on the coefficients and source term
determined by the solutions of the last iteration. In particular, the pressure field is
solved according to the velocities of the previous iteration, and it is in this aspect that
the solved velocity field and the pressure field are not consistent. It is the authors’
consideration that the pressure filed may be further revised within the iteration that the
consistency between the two fields can be refined.

Review of the SIMPLEC method

Subtracting the two sides of equations (8a) and (8b) by > annit,, > an?),, respectively,
we have:

(@ = Y awty =Y aw(ty, — ) + (Pp = Pp)Ae (12a)
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Now dropping the first term of the right hand side of the above two equations, we
obtain the following velocity correction equations:

u, = d(pp = Pp), v, = dy(Dp = By) (13a)

where

d/ — A”l dl — A

— 13b
Ty U (@ ) ()
Obviously the drop of the first term at the right hand side of equations (12a) and (12b)
have less effect than that of dropping the corresponding term in equations (8a) and (8b).
This means that the SIMPLEC algorithm alleviates in some degree the effect of the
second approximation in the SIMPLE algorithm.

The pressure correction equation in the SIMPLEC algorithm is the same as that in
the SIMPLE algorithm except that the d-terms are calculated from equation (13b). The
solution procedure of the SIMPLEC algorithm is identical to that of SIMPLE (Tao,
2001; Patankar, 1980).

Presentation of the CSIMPLER algorithm
Now we incorporate the major idea of the SIMPLEC algorithm into the SIMPLER
algorithms as follows:

* the pressure correction equation of the SIMPLEC is adopted in the SIMPLER
algorithm, i.e. the d-terms are calculated from equation (13b);

+ the pressure is also corrected after the pressure correction equation is solved:
p=0"+ oy (14)

where «a, is the relaxation factor for the pressure correction. When a, <1, it is
underrelaxation of the pressure correction, while a;, > 1 implies the overrelaxation.
Our practices have shown that overrelaxation of the pressure correction term is often
useful for the acceleration of the convergence procedure which will be discussed later.

By adopting above two treatments into SIMPLER algorithm and keeping the
solution procedures the same, the resulting solution algorithm is called consistent
SIMPLER, simplified by CSIMPLER.

We consider that the introduction of the pressure correction term into the present
pressure will improve the coupling between velocity and pressure, hence, may
accelerate the convergence of the iterative process. It is to be noted that for any existing
code based on the SIMPLER algorithm the implementation of the CSIMPLER
algorithm is very simple and easy.

927
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Table 1.
Some correspondence
between « and £

Numerical comparisons of CSIMPLER and SIMPLER

Comparison conditions

The performance of CSIMPLER and SIMPLER algorithm is compared for seven
different problems of fluid flow and heat transfer. In order to make a meaningful
comparison between SIMPLER and CSIMPLER, the numerical treatments of all other
aspects should be the same. These includes:

« Discretization scheme. For the stability of solution procedure and the simplicity

of implementation, the absolutely stable scheme, power-law scheme (Tao, 2001),
is adopted.

Solution method of the algebraic equations. The algebraic equations are solved by
the alternative direction implicit method (ADI) incorporated by the
block-correction technique (Moukalled and Darwish, 2000).

Under-relaxation factor. For both the SIMPLER and CSIMPLER algorithm, the
same value is adopted for the under-relaxation factor «. For the convenience of
presentation, the time step multiple, E, is used in the following presentation,
which relates to the under-relaxation factor o by equation (15) (van Doormaal
and Raithby, 1984):

E=-—% (0<a<) (15)

l-«a
Some correspondence between « and E is presented in Table L. It can be seen that
with the time step multiple, we have a much wider range to show the

performance of the algorithm in the high value region of the under-relaxation
factor.

Convergence criterion. The convergence criterion is adopted as follows:
R R
Seum = 0= &, Stax = =g (16)

m m

where Ry, is the sum of the mass flow rate residuals of all the internal control
volumes, Rp.x 1S the maximum of absolute values of the mass flow rate
residuals, g, is a reference flow rate. For the seven examples tested the value of &
is taken as 5x 1078,

For an open system with inlet and outlet boundaries, g, is the inlet mass flow
rate. For a close system, it is given by

b
CImZ/p|M|dy a7
a

where a, b stand for the bottom and top of any section of the system (Figure 2(a)).

a

E

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 0.95
0.111 0.25 0.428 0.66 1 1.5 2.33 4 9 19
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Figure 2.
Lid-driven flow in a
square cavity

(b) Stream-line pattern (Re= 103)

« Grid system. Grid system character is specified individually. For each problem
the same grid system is used for the two algorithms.

The SIMPLER and CSIMPLER algorithms are applied to seven two dimensional
problems of fluid flow and heat transfer. They are:

(1) lid-driven flow in a square cavity;

2) flow in a tube with sudden expansion;

W

natural convection in a square cavity;

=~

natural convection in a horizontal annulus;

9]
—_— T ==

natural convection in a vertical annulus;
6
7

nature convection in a square cavity with an internal isolated plate; and

(
(
(
(
(
(

natural convection in a horizontal annulus with a slotted inner cylinder.

These seven problems cover the three 2D orthogonal coordinates. For saving space, the
governing equations of each problem are omitted. For all the seven examples,
numerical or experimental results are available in the literatures. Our computational
results using the CSIMPLER and SIMPLER are almost identical and agree with the
available results. For simplicity, in the following the comparisons with the available
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Table II.
Required iteration
numbers for case 1

data are omitted, and only some results (stream-line pattern or isothermal contour
pattern) and the iteration numbers for obtaining converged solutions are presented.
Since in the CSIMPLER algorithm the extra computational effort for execution of one
iteration is only spent for the explicit computation of the d-coefficients and the pressure
correction, the saving in computational time is almost the same as the saving in the
iteration numbers.

Comparison examples

The lid-driven cavity flow. The simulations are carried out for Reynolds number of 10°
with two different uniform grid systems. The predicted streamlines are shown in
Figure 2(b) and the iteration numbers required for convergence are listed in Table II. It
can be seen that in a wide rage of the under-relaxation factor, the CSIMPLER algorithm
has a faster convergence rate, especially for the cases with low values of the
under-relaxation factor (Ghie et al,, 1982) (Figure 2(a)).

Flow in a tube with a sudden expansion. The simulations are conducted for Re = 10°
with two different grid systems. The simulated flow pattern is shown in Figure 3(b)
and the iteration numbers are compared and listed in Table III. It can be observed that
for this case, CSIMPLER does not offer benefit, however, the convergence rate of the

E 0.25 0.5 1 3 5 7 9 11 15

o 0.200 0.333 0500 0750 0833 0875 0900 0917 0938
Re = 10% 42 x 42 meshes; Squm = 5% 1078 and Spx = 5% 1078

SIMPLER 1,670 1,040 612 237 140 134 120 114 619
CSIMPLER 1,466 947 574 230 140 126 119 142 Div

Re = 10% 102 x 102 meshes; Squm = 5% 1078 and Spax = 5x 1078

SIMPLER 5,019 3,218 2,071 899 646 427 378 353 Div
CSIMPLER 4,530 2,856 1,890 867 561 401 358 Div  Div

Figure 3.
Flow in a tube with a
sudden expansion

(b) Stream-line pattern (Re=103)
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CSIMPLER is not worse than that of the SIMPLER algorithm (Macagno and Hung, A simple method

1967) (Figure 3(a)).

Natural convection in a square cavity. The computations are conducted for Pr = 0.7
and Ra=10" with two different systems. Ra number is defined as Ra =
p?gBATL?Pr/n?. Figure 4(b) and (c) show the streamlines and the isothermals.
Table IV lists the iteration numbers for CSIMPLER and SIMPLER algorithms.
Obviously, the CSIMPLER can enhance the convergence rate (Barakos and Mitsoulis,
1994) (Figure 4(a)).

Natural convection in a horvizontal annulus. The computations are carried out for
Ra = 10" with two different grid systems. In Figure 5(b) and (¢) the predicted
streamlines and isothermal are provided. The required iteration numbers are listed in
Table V (Kuehn and Goldstein, 1969) (Figure 5(a)).

Natural convection in a vertical cylinder annulus. The computations are carried out
for Ra = 10* and Pr = 0.7 with two different grid systems. Figure 6(b) and (c) show the
streamline and isothermal distribution patterns for Rz = 10". Table VI presents the
required iteration numbers for the CSIMPLER and SIMPLER methods. For the cases
with low values of under-relaxation factor, the CSIMPLER has some benefit
(Eisherbiny, 1983) (Figure 6(a)).

Natural convection in a square enclosure with an internal isolated vertical plate. The
inner plate and the bounding wall of the enclosure are maintained at uniform but
different temperatures. The computations are carried out for Ra = 10* and 10° and
Pr= 0.7 with two respective grid systems. The predicted fields for Ra = 10* are
shown in Figure 7(b) and (c), which agree with (Wang et al, 1994) very well. The
required iteration numbers for CSIMPLER and SIMPLER are compared in Table VII
(Wang et al., 1994) (Figure 7(a)).

Natural convection in horizontal annulus with a slotted inner cylinder. As shown in
Figure 8(a), the inside and outside walls have constant but different temperatures. The
computations are carried out for Rz = 10° and 10° (Pr = 0.7) with two different grid
systems. The predicted results for Ra = 10° are shown in Figure 8(b) and (c). Table VIII
compared the required iteration numbers for the CSIMPLER and SIMPLER methods
(Yang and Tao, 1992) (Figure 8(a)).

Discussion on the comparison results
The above comparison results display the following features.

+ For almost all cases considered under different conditions and with different
coordinates systems, the iteration numbers using CSIMPLER algorithm are less

E 0.25 05 1 3 5 7 9 11 15

@ 0200 0333 0500 0750 0833 0875 0900 0917 0938
Re = 10% 32 x 22 meshes; Sequm = 5% 1078 and Spax = 5% 1078

SIMPLER 450 257 162 99 99 9% 97 94 101
CSIMPLER 449 257 162 99 99 9% 94 93 93

Re = 10% 62 x 42 meshes; Squm = 5% 1078 and Spax = 5% 1078

SIMPLER 1,460 834 510 185 150 127 Div  Div Div

CSIMPLER 1,442 826 506 185 152 Div Div Div Div

931

Table III.
Required iteration
numbers for case 2
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Figure 4.

Natural convection in a
square cavity (Ra = 10%,
Pr=0.7)

Table IV.
Required iteration
numbers for case 3

adia b\ati o
AR N RN

L Th L
Y
/.

(a) Schematic

(b) Stream-line pattern

(c) Isothermal contour pattern

E 0.25
a 0.200

0.5 1 3 5 7
0.333 0.500 0.750 0833  0.875

Ra = 10% 32 x 32 meshes; Seum = 5% 1078 and Spax = 5% 1078

SIMPLER 3,752
CSIMPLER 3,296

2,460 1,498 625 407 305
2,260 1,420 611 401 302

Ra = 10% 62 % 62 meshes; Seum = 5% 1078 and Spax = 5x 1078

SIMPLER 8,924
CSIMPLER 5,791

6,674 4,394 1,908 1,286 971
5,725 4,025 1,879 1,257 950

9
0.900

246
244

660
653

11
0.917

207
205

505
501

15
0.938

158
157

376
374
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(a) Schematic

(b) Stream-line pattern  (c) Isothermal contour pattern
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Figure 5.

Natural convection in a
horizontal annulus

(Ra = 10*, Pr =0.7)

E 0.25 05 1 3 5 7

P 0.200 0.333 0.500 0750 0833 0875
Ra = 10% 32 x 32 meshes; Seum = 5% 1078 and Spax = 5% 1078
SIMPLER 2514 1,721 1,076 463 306 232
CSIMPLER 2,155 1,572 1,020 454 302 230

Ra = 10% 62 x 62 meshes; Seum = 5% 1078 and Spax = 5% 1078

SIMPLER 2471 2,986 2,346 1,177 805 621
CSIMPLER 2,181 1,790 2,054 1,130 787 611

9
0.900

228
Div

Div
Div

11 15
0917 0938
Div Div
Div Div
Div Div
Div Div

Table V.
Required iteration
numbers for case 4
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Figure 6.

Natural convection in a
vertical annulus

(Ra =10* Pr=10.7)

277770777/

ri

Fo

I

(a) Schematic

\

(b) Stream-line pattern (c) Isothermal contour pattern

than or at worst equal to those using SIMPLER. To different problems,
CSIMPLER can enhance the rate of convergence to different degree.

+ When the value of the under-relaxation factor is lower, the enhancement of the

CSIMPLER is more appreciable. With the increase in the under-relaxation factor,
however, its enhancement function gradually disappears. It should be noted that
the larger underrelaxation factor (larger than 0.9) is seldom used in the
computation for actual engineering problem and the factor less than 0.5 is often
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used in the cases of strongly coupled problems and it is for such cases that A simple method

acceleration of the convergence rate is especially desired. Therefore those
numerical methods which show benefits at the low under-relaxation factor do
make sense for engineering computations.

+ The robustness of CSIMPLER algorithm is seemingly a bit worse than that of the
SIMPLER algorithm in that for some examples, at the very high value region of
the under-relaxation factor, usually larger than 0.9 or more, CSIMPLER may lead
to diverge while SIMPLER can still get converged solution.

But this would not affect the application of the CSIMPLER algorithm. Apart from the
reason mentioned above, this is because of following two factors. First, as it can be seen
from Tables V and VIII, this situation usually occurs at the relatively coarse grid;
second, the difference between the variation ranges of the under-relaxation factor
within which the converged solution can be obtained is quite small.

Finally attention is turned to the relaxation of the pressure correction term. From
our practices the pressure correction term can even be overrelaxed, i.e. the value of a,in
equation (14) can be larger than 1. Numerical tests have been performed and the results
are presented in Table IX for comparison. It can be seen that for all the cases tested the
overrelaxation of pressure correction is of advantage to enhance the rate of solution
convergence, and the larger relaxation factor the more advantage. To give a precise
description of the overrelaxation of the pressure correction term, following two facts
should be added. First, the robustness of the algorithm will be a bit deteriorated while
overrelaxation of the pressure correction is adopted; second, too large value of the
over-relaxation factor may lead to divergence of the solution procedure. Our practices
show that the relaxation factor larger than 5 may lead to such an outcome, although the
accurate value is problem dependent.

Conclusion

The CSIMPLER algorithm is proposed based on the SIMPLER algorithm by modifying
the coefficients of the velocity correction and pressure correction equations and
correcting pressure by the pressure correction term. Seven numerical examples show
that the CSIMPLER algorithm can enhance the convergence rate for almost all cases
tested and especially appreciable when the under-relaxation factor is low. The
robustness of the CSIMPLER is nearly as good as that of SIMPLER algorithm. For the
seven examples tested, the pressure correction term even can be overrelaxed to further
enhance the convergence. The adoption of the CSIMPLER algorithm for any existing
code based on the SIMPER is very simple and easy.

E 0.25 05 1 3 5 7 9 11 15

@ 0.200 0.333 0.500 0750 0833 0875 0900 0917 0938
Ra = 10% 32 x 32 meshes; Seum = 5% 1078 and Spax = 5% 1078

SIMPLER 2515 1,705 1,063 455 299 226 183 154 119
CSIMPLER 2,261 1,588 1,016 446 295 224 181 153 468

Ra = 10% 62 x 62 meshes; Seum = 5% 1078 and Spax = 5% 1078

SIMPLER 3,631 4121 2,863 1,321 887 676 550 465 Div

CSIMPLER 3,239 3,373 2,608 1,272 865 664 542 460 Div
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Table VI.
Required iteration
numbers for case 5
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Figure 7.

Natural convection in a
square cavity with an
internal isolated plate
(Ra = 10", Pr=0.7)

Table VII.
Required iteration
numbers for case 6

adiabatic
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(b) Stream-line pattern

(c) Isothermal contour pattern

E 0.25 0.5 1 3 5 7 9
a 0.200 0.333 0.500 0.750 0.833 0.875

Ra = 10% 42 X 42 meshes; Squn = 5% 1078 and Sy = 5x 1078

SIMPLER 845 758 728 722 725 726 726
CSIMPLER 724 756 725 719 722 724 724
Ra = 105 82 x 82 meshes; Squm = 5% 1078 and Spax = 5% 1078

SIMPLER 1,826 1,655 1,125 1,166 1,185 1,196 1,203

CSIMPLER 1,779 1,346 1,022 1,138 1,165 1,181 1,191

0.900

11 15
0.917 0.938
725 724
724 723
1,208 1,211
1,197 Div
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(a) Schematic

(b) Stream-line pattern

(¢) Isothermal contour pattern
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Figure 8.

Natural convection in a
horizontal annulus with a
slotted inner cylinder

(Ra = 10°, Pr=0.7)

E 0.25 0.5 1 3 5
a 0.200 0.333 0.500 0.750 0.833

Ra = 10% 32 x 32 meshes; Squm = 5% 1078 and Spax = 5% 1078

SIMPLER 1,102 1,142 1,041 1,090 1,122
CSIMPLER 1,100 1,048 1,040 1,089 1,120

Ra = 10% 62 x 62 meshes; Squm = 5% 1078 and Spax = 5% 1078

SIMPLER 5,726 5,947 6,557 7,572 7,882
CSIMPLER 5,080 5,791 6,424 7,497 7,833

7 9 11 15
0.875 0.900 0.917 0.938

1,136 1,145 1,158 1,186
1,135 1,143 1,149 Div

Table VIII.
Required iteration
numbers for case 7

8,033 Div Div Div
7,997 Div Div Div
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EC

a 0.5 1.0 15 2.0 25 3.0 SIMPLER
22,8 &
Case 1 (Re = 10° 42 x 42,
E=05) ] 988 947 912 881 864 855 1,040
Case 2 (Re = 10° 62 x 42,
E=05) 829 826 823 820 817 815 834
938 Case 3 (Ra = 10", 32 x 32,
E=05) 1,340 1,300 1,267 1,240 1,217 1,197 1,400
Case 4 (Ra = 10% 32 x 32,
E=05) 1,635 1,572 1,523 1,483 1,451 1,423 1,721
Case 5 (Ra = 10", 32 x 32,
Table IX. E=05) 1,640 1,588 1,545 1,508 1,476 1,466 1,705
Required iteration Case 6 (Ra = 10% 42 x 42,
numbers for the E=05) 757 756 755 754 753 752 758
relaxation test for the Case 7 (Ra = 10% 62 x 62,
pressure correction E=05) 5,860 5,791 5,734 5,684 5,641 5,602 5947
References

Barakos, G. and Mitsoulis, E. (1994), “Natural convection flow in a square cavity revisited:
laminar and turbulent methods with wall functions”, ﬂ, Vol. 18
No. 7, pp. 695-719.

Chatwani, A.U. and Turan, A. (1991), “Improved pressure-velocity coupling algorithm based on
global residual norm”, , Vol. 20, pp. 115-23.

Connell, S.D. and Stow, P. (1986), “The pressure correction methods”, fuieteisusgs, Vol. 14,
pp. 1-10.

Eisherbiny, S.M. (1983), “Heat transfer by natural convection across vertical and inclined air
layer”, | N RS Vo!. 104, pp. 96-102.

Ghie, U., Ghie, K.N. and Shin, C.T. (1982), “High-resolutions for impressible flow using the
Navier-Stokes equations and a multigrid method”, |-, Vo!. 48, pp. 387-411.

Gjesdal, T. and Lossius, MIEH. (1997), “Comparison of pressure correction smoothers for
multigrid solution of incompressible flow”, _ Vol. 25,
pp. 393-405.

Issa, R.I. (1985), “Solution of implicitly discretized fluid flow equation by operator-splitting”,
Im———— V0. 62, pp. 40-65.

Kuehn, T.H. and Goldstein, R.J. (1969), “An experimental and theoretical study of natural
convection in the annulus between horizontal concentric cylinders”, | NN,
Vol. 74, pp. 695-715.

Lee, S.L. and Tzong, R.Y. (1992), “Artificial pressure for pressure-linked equation”, gk
isesibusssiey. Vol. 35, pp. 2705-16.

Macagno, E.O. and Hung, T.K. (1967), “Computation and experimental study of captive annular
eddy”, I Vo!. 28, pp. 43-64.

Moukalled, F. and Darwish, M. (2000), “A unified formulation of the segregated class of
algorithm for fluid flow at all speeds”, | N | | | N EEEEEE. Vo!. 37, pp. 103-39.

Patankar, S.V. (1980), Numerical Heat Transfer and Fluid Flow, Hemisphere Publishing
Corporation, Washington, DC.

Patankar, S.V. (1981), “A calculation procedure for two-dimensional elliptic situations”, Mgk
nsinlsmnisy, Vol. 4, pp. 409-25.


http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1016%2F0017-9310%2892%2990111-5&isi=A1992JV95700037&citationId=p_9
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1002%2F%28SICI%291097-0363%2819970830%2925%3A4%3C393%3A%3AAID-FLD554%3E3.0.CO%3B2-I&isi=A1997XQ84800002&citationId=p_6
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1016%2F0017-9310%2892%2990111-5&isi=A1992JV95700037&citationId=p_9
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1016%2F0045-7930%2886%2990034-4&isi=A1986A191200001&citationId=p_3
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1080%2F104077900275503&isi=000085773000006&citationId=p_11
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1016%2F0021-9991%2886%2990099-9&isi=A1986A061400003&citationId=p_7
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1115%2F1.3245075&isi=A1982NE41100015&citationId=p_4
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1002%2Ffld.1650180705&isi=A1994NJ91600004&citationId=p_1
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1017%2FS0022112076002012&isi=A1976BU77200006&citationId=p_8
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1016%2F0021-9991%2882%2990058-4&isi=A1982PW27800004&citationId=p_5
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1080%2F10407799108944997&isi=A1991FX94300007&citationId=p_2
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1080%2F01495728108961801&citationId=p_13
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1017%2FS0022112067001892&isi=A19679231000004&citationId=p_10
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1080%2F01495728108961801&citationId=p_13

Downloaded by Xi'an Jiaotong University At 23:31 23 February 2018 (PT)

Patankar, S.V. and Spalding, D.B. (1972), “A calculation procedure for heat mass and momentum A simple method

transfer in three dimensional parabolic flows”, | K EGGcIzIzNNzNzNzNG Vo' 15 p. 1787.

Raithby, G.D. and Schneider, G.E. (1988), “Elliptic system: finite difference method II”, in
Minkowycz, W.]., Sparrow, EM., Pletcher, RH. and Schneider, G.E. (Eds), Handbook of
Numerical Heat Transfer, Wiley, New York, NY, pp. 241-89.

Sheng, Y., Shoukri, M., Sheng, G. and Wood, P. (1998), “A modification to the SIMPLE method for
buoyancy-driven flows”, | N EG. Vo!. 33, pp. 65-78.

Shyy, W. and Mittal, R. (1998), “Solution methods for the incompressible Navier-Stokes
equations”, in Johnson, RW. (Ed.), The Handbook of Fluid Dynamics, CRC Press, Boca
Raton, FL, pp. 31.1-31.33.

Tao, W.Q. (2001), Numerical Heat Transfer, 2nd ed., Xi’an Jiaotong University, Xi’an, p. 211.

van Doormaal, J.P. and Raithby, G.D. (1984), “Enhancement of SIMPLE method for predicting

incompressible fluid flows”, || NEEGNGzG Vo! 7, pp. 147-63.

van Doormaal, J.P. and Raithby, G.D. (1985), “An evaluation of the segregated approach for
predicting incompressible fluid flow”, Paper 85-HT-9, ASME.

Wang, Q.W., Yang, M. and Tao, W.ﬁ. i1994i “Natural convection in a square enclosure with an
mner isolated vertical plate”, , Vol. 29, pp. 161-9.

Wen, X. and Ingham, D.B. (1993), “A new method for accelerating the rate of convergence of the
SIMPLE-like algorithm”, , Vol. 17, pp. 385-400.

Yang, M. and Tao, W.Q. (1992), “Numerical study of natural convection heat transfer in a
cylindrical envelope with internal concentric slotted hollow cylinder”, Numerical Heat

Transfer. . Vo' 22, pp. 289-305.

Yen, RH. and Liu, CH. (1993), “Enhancement of the SIMPLER algorithm by an additional
explicit corrector step”, | NG EGTcTczNE Vo 24 pp. 12741

Yu, B., Ozoe, H. and Tao, W.Q. (2001), “A modified pressure-correction scheme for the SIMPLER
method, MSIMPLER”, Numer. Heat Transfer B, Vol. 39, pp. 439-49.

Further reading
Prakash, C. and Patankar, S.V. (1981), “Combined free and forced convection in vertical tube with

radial internal fin”, | N RN NS Vo!. 103, pp. 566-72.

939



http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1002%2Ffld.1650170504&isi=A1993LW57200003&citationId=p_22
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1016%2F0017-9310%2872%2990054-3&isi=A1972N257200005&citationId=p_14
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1115%2F1.3244503&isi=A1981ME44500026&citationId=p_26
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1080%2F10407789208944769&isi=A1992JU96200002&citationId=p_23
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1080%2F10407799308955885&isi=A1993LT70000006&citationId=p_24
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1007%2FBF01548600&citationId=p_21
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1080%2F01495728408961817&isi=A1984SS12100002&citationId=p_19
http://www.emeraldinsight.com/action/showLinks?doi=10.1108%2F02644400510626488&crossref=10.1080%2F10407799808915023&isi=000071474200004&citationId=p_16

Downloaded by Xi'an Jiaotong University At 23:31 23 February 2018 (PT)

This article has been cited by:

1.

4.

6.

Dongliang Sun, Yanning Wang, Lingian Shen, Bo Yu, Yan Hou, Yu Zou. 2016. Performance analyses of
the IDEAL algorithm combined with the fuzzy control method for 3D incompressible fluid flow and heat
transfer problems. Numerical Heat Transfer, Part B: Fundamentals 69:5, 432-446. [Crossref]

. Dongliang Sun, Jinliang Xu, Peng Ding. 2014. Performance Analyses of IDEAL Algorithm on Highly

Skewed Grid System. Advances in Mechanical Engineering 6, 813510. [Crossref]

. Dong-Liang Son, Wen-Quan Tao, Jin-Liang Xu, Zhi-Guo Qu. 2011. Implementation of the IDEAL

Algorithm on Nonorthogonal Curvilinear Coordinates for the Solution of 3-D Incompressible Fluid Flow
and Heat Transfer Problems. Numerical Heat Transfer, Part B: Fundamentals 59:2, 147-168. [Crossref]

R.J. Goldstein, W.E. Ibele, S.V. Patankar, T.W. Simon, T.H. Kuehn, PJ. Strykowski, K.K. Tamma,
J.V.R. Heberlein, J.H. Davidson, J. Bischof, F.A. Kulacki, U. Kortshagen, S. Garrick, V. Srinivasan, K.
Ghosh, R. Mittal. 2010. Heat transter—A review of 2005 literature. International Journal of Heat and
Mass Transfer 53:21-22, 4397-4447. [Crossref]

. Dong-Liang Sun, Zhi-Guo Qu, Ya-Ling He, Wen-Quan Tao. 2009. Performance analysis of IDEAL

algorithm for three-dimensional incompressible fluid flow and heat transfer problems. International
Journal for Numerical Methods in Fluids 61:10, 1132-1160. [Crossref]

S. Jayavel, Shaligram Tiwari. 2009. Numerical study of heat transfer and pressure drop for flow past
inline and staggered tube bundles. International Journal of Numerical Methods for Heat & Fluid Flow 19:8,
931-949. [Abstract] [Full Text] [PDF]

. DongLiiang Sun, ZhiGuo Qu, YaLing He, WenQuan Tao. 2009. Implementation of an efficient segregated

algorithm-IDEAL on 3D collocated grid system. Science Bulletin 54:6, 929-942. [Crossref]

.D.L. Sun, Z. G. Qu, Y. L. He, W. Q. Tao. 2008. An Efficient Segregated Algorithm for Incompressible

Fluid Flow and Heat Transfer Problems—IDEAL (Inner Doubly Iterative Efficient Algorithm for Linked
Equations) Part I: Mathematical Formulation and Solution Procedure. Numerical Heat Transfer, Part B:
Fundamentals 53:1, 1-17. [Crossref]


https://doi.org/10.1080/10407790.2016.1138735
https://doi.org/10.1155/2014/813510
https://doi.org/10.1080/10407790.2010.541357
https://doi.org/10.1016/j.ijheatmasstransfer.2010.05.005
https://doi.org/10.1002/fld.2004
https://doi.org/10.1108/09615530910994432
http://www.emeraldinsight.com/doi/full/10.1108/09615530910994432
http://www.emeraldinsight.com/doi/pdfplus/10.1108/09615530910994432
https://doi.org/10.1007/s11434-009-0124-4
https://doi.org/10.1080/10407790701632543



