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Abstract. In the present article, a new methodology has been developed
to solve two-dimensional (2D) Navier-Stokes equations (NSEs) in new form
proposed by Pukhnachev (J. Appl. Mech. Tech. Phys., 45:2 (2004), 167-171)
who introduces a new unknown function that is related to the pressure and the
stream function. The important distinguish of this formulation from vorticity-
stream function form of NSEs is that stream function satisfies to the transport
equation and the new unknown function satisfies to the elliptic equation. The
scheme and algorithm treat the equations as a coupled system which allows
one to satisfy two conditions for stream function with no condition on the new
function. The numerical algorithm is applied to the lid-driven cavity flow as the
benchmark problem. The characteristics of this flow are adequately represented

by the new numerical model.
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1. Introduction

There are many numerical schemes for the solution of the Navier-Stokes Equa-
tions (NSEs) representing incompressible viscous flows. Some of these are schemes
utilize primitive variables (velocity-pressure), vorticity-stream function, stream func-
tion (biharmonic equation), and vorticity-velocity formulation. The primary diffi-
culty in obtaining numerical solutions with primitive variable formulation is that
there is no evolution equation for the pressure variable. To avoid the troubles asso-
ciated with primitive variable approach, stream function vorticity and vorticity-
velocity formulations of the NSEs are widely used. Unfortunately, the correct
boundary values of vorticity are not always easy to get. In the present study we use
a new form of the NSEs. Aristov and Pukhnachev [1] and Pukhnachev [7] proposed
new form of the NSEs for the case of axisymmetric and 2D flows, respectively. The
2D NSEs in the terms of new unknown functions contain one transport equation for
the stream function and one elliptic equation for the new unknown function. This
system only resembles the vorticity and stream function’s form but the physical
meaning of the coupling function is different from the vorticity. We have con-
structed finite-difference scheme for the NSEs in the new form. Our algorithm
treats the equations as a coupled system which allows us to satisfy two conditions
for stream function with no condition on the new unknown function. The proposed
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scheme can easily be extended to solving axisymmetric NSEs. The performance of
the proposed method is investigated by considering well-known benchmark prob-
lem. A test case involves simulating a 2D lid-driven cavity flow at Reynolds number
Re < 1000, when the motion is strictly laminar and steady. Several numerical in-
vestigations have been reported the characteristics of this cavity flow. Moreover,
viscous fluid flow inside a driven cavity has been a common experiment approach
used to check or improve numerical techniques (see for example, [2, 3, 4, 5, 6, 8]).

The content of this paper is organized as follows. In the next section, we derive
new formulation of the NSEs with no-slip boundary conditions. Section 3 briefly
describes the problem used for the test case and detailed description of numerical
algorithm. The results of validation of the finite-difference scheme are presented
in Section 4, where we make a detailed comparison with available numerical and
experimental data.

2. The New Formulation of Navier-Stokes equations

To make paper self completed we first represent the transformation of viscous
incompressible NSEs in 2D to a new form. The viscous incompressible flow is
governed by the NSEs in a Cartesian coordinate system (z,y),

1
(1) Ut + Uy + VUy = —;pz +I/(ULELIJ +Uyy)7
1
(2) V¢ + UV, + VUy = —;py + V(U;E;E + 'Uyy)a
(3) ug +vy = 0,

where v and v are the velocity components in z— and y— directions, respectively;
p is the pressure, p is the fluid density, and v is the kinematic viscosity. The fluid
is subjected to potential external forces. In 2D, the constrain of incompressibility
V -v =0 can be satisfied exactly by expressing velocity vector in terms of stream
function ¥ according to
N N

4 U = — V= ——.

(4) 9y’ 5

New form of NSEs is based on the following observation. The substitution of Eq. (4)
into Eq. (1) yields

0 a (1

5 — (s — ptpy — VA — (= 2) =0
) o =y — )+ 5 (Sp-402)
where

ar 02 O

 0x2 Oy’
Therefore, there is a function ® satisfies the relations

1

and
(7) 1/% - 1/111/}7; + ¢, = VAd}

Differentiating Eq. (6) and Eq. (7) with respect to y and x, respectively, and substi-
tuting the resulting expressions into Eq. (2), where u and v are expressed in terms
of 1, we obtain

(8) AD = 29, A,
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We will consider only the case where the no-slip conditions are satisfied at the
boundary of the flow domain. In term of the stream function v only, boundary
conditions are

o
9 =0, — =b

( ) /l/} ) 8” (I’ y)7

0
where —w means derivative in the direction of normal vector to the boundary.

n
To complete the formulation of the problem it is necessary to specify the initial
conditions

(10) ¥ =vo(z,y), t=0.

The main goal of this work is to develop and validate a finite-difference scheme for
solving the system (7)—(10).

3. Numerical Technique

The standard benchmark problem for testing 2D NSEs is the lid driven cavity
flow as shown in Fig. 1. The fluid contained inside a squared cavity is set into
motion by the top wall which is sliding at constant velocity from left to right.
Let L be the characteristic length scale associated with the cavity geometry and
U be the characteristic velocity scale associated with the moving boundary. The

| u——> |

Primary eddy
-

Bottom right
secondary edd

Bottom left
secondary eddy

FIGURE 1. Lid driven square cavity flow configuration.

non-dimensional parameter of the problem is

LU

11 Re=—.
(11) o=

The system of equations (1)—(3) is rendered dimensionless as follows

12 = — = — t= — - = —.
( ) &€ L ) y L ) L2 bl U U ) v U
We cover the domain @ = {0 <z <1, 0 <y < 1}, with a uniform grid
Qh = {(Iuyg”xz = (’L — 15)h,x, yj = (] — 15)hy,l = 1, . .,Nx, ] = 1, . ,Ny}

with spacings
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in the z— and y— directions, respectively. Such grid allows one to use central
differences to approximate boundary conditions with second-order on two point
stencils.

The essential element of the proposed here algorithm is that Eqgs. (7) and (8)
for ¢ and ® are considered as a coupled system. This formulation is based on
the idea of regarding the two boundary conditions for i as actual conditions for
the ¥ — ® system. Note that ¢ and ® are evaluated on the full-time steps. We
employ second-order central-difference approximations for the operators in Egs. (7)
and (8). The system of difference equations is

ntl _ m
(13) wlm] 'LJ_
T
o Vhins P )@ =) + W — ) @ — )
¢ Shah, +
((I)n-l-l _ pntl ) 1
i+1,1 i—1, n+1 n
fe oh T g (AU AU),

1
n+1 n n n 1 n+1 n+1
(14) A(I)i,;_ :%[(wi,jﬁ-l_wi,j—l)Aw I (z/]ij_l,j_wz-i_lj) ¢ ]
i=2,...,N,—1, j=1,...,N, — 1.

The boundary conditions are written in the following form

n+1 +¢n+l n+1 _ yn+1

2,5 _o, L24 L1 _g,
2 ha j=2 N, -1
n+1 n+1 n+1 n+1 - Yy T
YN YN YN YNy
e Remld — g, el Remld ),
(15) 2 ha
1/}n+1 1/}71-1-1 1/}23-1 _ 1/}21-1
——— =0, —— =0,
2 hy =2 N, —1
1=2,...,Ny —
vk, + N, Uik, — Vi,
—— =0, ———— =1,
2 hy

To combine Egs. (13)—(15) as a single linear system with banded matrix we intro-
duce new system of indices as follows

iy = 2(—1)Ny+2i—1, i=1,...,Ny,
may = 20— 1Ny +2i=kgj+1, j=1,...,N,.
Each node (i, j) of grid Qj, associates with two indices k(; j) and m; ;). Index k; ;)
is an odd number and index m; ;) is an even number. It is easy to see that
k1) = k@ T2 kg = kgig) + 2Na,

(16a)
kii—15) = kag) =20 Ka-1) = k) — 2Na,

(16b) Mit1,5) = Mij) T2, M g1y = M(ij) +2Na,
Mi-1,5) = MGig) =2, M j-1) = Mij) = 2Na.

Now we introduce a new grid function o = {0y, k =1, ..., 2N, N, } which is defined
on the composite grid. Let components of the grid function o} with even indices
represent 1; ; and components with odd indices o,,(= ox+1) represent ®; ;. Sub-
stituting oy, instead ; ; and substituting o, instead ®; ; into Eqgs. (13)-(14), we
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recast algebraic system as follows

(17a)
o —op Ite +1 +1 +1 +1
n n n n n n
+ [(%Jrz - Uk—2) (UkJrQNz - kazNz) + (Uk+2 - kaz)
T 8hahy
n n Re n+1 n+1 1 n+1 n
(ohion, — kazNz)} ~5h (opf —oits) = 5 (Aop™ + Aop),
xT
(17Db)
(o, YoN,—1 ~ Op 72sz1) 1 (UnTzqu - Untlzqu)
Aoyt =~ o - Aoy + — 5, - Aoy, s,
where

(0k+2 — 20 +0k—2) | (Oktaon, — 20k + 0k-2N,)
h2 + h? '
x Y
The straightforward implementation of the algorithm leads to a problem with a
numerically singular matrix. There are different ways to regularize the problem. We
found that adding a small term at the boundary gives the best results. According
to this idea, Eq. (15) can be rewritten for function o as follows

Aoy =

U]?—i_l + O,n-l-l O,nJrl n+1

— O,
(18a) %:0, %:EUZH, i=1,j=1,...,N,
T
O_n—i—l +O,n+1 O,nJrl _UnJrl
k k—2 —1 —3 . .
(18b) S =0, %zsoﬁj‘l, i=N, j=1,...,N,,
O,n-l—l +O_n+l Un—i—l _ Un—i;l
(18C) £ k2N, = 05 Uil ml = 07 J= 15 1= 17 . ;Nxv
2 hy
Un—i—l +0,n+1 O_ntl _ o,nJrl
(18d) %:07 m—1 hm72NI—1 1, j=N, i=1,...,Na,
Yy

where ¢ is a small number. If the steady flow is needed then the algorithm can be
considered as an iterative procedure and iterations are terminated at certain time
n = N when the following criterion is satisfied

max; j |0’N»+1 — O'N|
v 1,] 1,7 < 1078
N+1 =
maxs ‘Uij

Note that the linear system for the coupled formulation of the ¢ — ® problem can
be written as the following multi-diagonal system for the composite grid function
o

n+1 n+1 n+1 n+1
(19) Bl72N1710'l_2Nm_1 + Bl72NIU[_2Nz + Bl730'l_3 + Bl720'l_2
+1 +1 +1 +1
+ Bl_laﬁl + Bldln + Bl+1oln+1 + Bl+201n+2
n+1 n+1 n+1 _
+ Biyan,-10] 9n, 1 + Bitan, 0] on, + Biton,+107 5y, 11 = Fl,

where [ = 1,...,2N,N,. The matrix of the linear system (19) is banded with
2N, + 1 lower and upper bandwidths. We used standard routings DGBSV and
DGBSVX of the LAPACK to compute the solution of Eq. (19).

4. Results and Discussions

A validation test involves a 2D cavity flow at Reynolds number up to 1000,
wherein the flow is laminar and steady. Computations were performed for the lid-
driven cavity problem on grids from 32 x 32 up to 102 x 102. The impact of £ on
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the results is judiciously evaluated by numerical experiments and shown that for
e € [1071°,1074] the approximate solution agreed with know test case.

In order to validate the scheme, we compare the extremal values and space
location of stream function with [2, 3, 4, 5, 6]. Table 1 reports the characteristics
of the primary and right bottom secondary eddies at Re = 100 and Re = 1000,
respectively. This table shows the extreme values of ¢ and the space location of the
extremal values of ¥. Top rows present our quantities obtained from simulation.
Then bottom rows display the quantities obtained by the other authors. For the
primary vortex in cases Re = 100 and 1000, our results agree within 5% with those
obtained by the other authors. For the secondary vortex in the case Re = 1000
with the grids 52 x 52, our results agree within 5% with Christov et al. [5] but differ
significantly up to 10% with those obtained by Botella et al. [2]. Our data obtained
using 102 x 102 grid exhibit perfect match with other results from [2, 3, 4, 6]. The
geometrical structures of the flow are displayed in Figs. 2 and 3. The grid 102 x 102
is used. Note that the values of u (velocity along x— direction), v (velocity along
y—direction), and vorticity w were computed from 1 after the iteration converge.
The values of u, v, and w inside the domain were approximated using central-
difference while the values of u, v, and w on the boundary were approximated using
one side first-order difference.

In Fig. 4, we compare the centerline u— and v— velocity profiles with data of
Ghia et al. [6]. The computational has been done for Reynolds number Re = 1000
with the grid 102 x 102. The velocity profiles are similar to the data of Ghia et
al. [6].

TABLE 1. Strength and location of the primary and bottom right
secondary vortices at Re = 100 and Re = 1000.

Ref. Grid Primary eddy Bottom right second. eddy
d)min (fcmirm ymin) d)maac (mmaxy ymaac)
Re =100
Present 32 x 32 —0.103615  (0.600,0.733)  3.34039 x 107°  (0.967,0.067)
52 x 52 —0.103569  (0.620,0.740)  9.42029 x 107°%  (0.940, 0.060)
102 x 102 —0.103510  (0.620,0.740)  1.18920 x 107>  (0.940, 0.060)
2] 48 —0.10008 - - -
[4] 162 x 162 —0.10397  (0.6198,0.7369) - -
[6] 129 x 129 —0.103 (0.5844, 0.7400) 1.25 x 107° (0.9401, 0.0599)
Re = 1000
Present 52 x 52 —0.119825  (0.540,0.560)  1.56192 x 10~  (0.860, 0.100)
102 x 102 —0.119280  (0.530,0.560)  1.68817 x 10~*  (0.870,0.110)
2] 160 —0.118937  (0.5308,0.5652) 1.72972 x 1073  (0.8640,0.1118)
[3] 1024 x 1024  —0.11892  (0.5312,0.5654) 1.7292 x 1073  (0.8643,0.1123)
[4] 80 x 80 —0.118710 (0.5346, 0.5645) - -
[5] 512 x 512 —0.116269 (0.5316,0.5660)  1.640 x 10™*  (0.8651,0.1118)
[6] 128 —0.117929 (0.5313,0.5625)  1.751 x 107%  (0.8594, 0.1094)

We find it important to understand the behavior of function ® for different

Reynolds number. Fig. 5 shows the contour of ®. Pattern of contour lines of ® are
drawn for several Reynolds numbers, Re = 50, 100, 200, 300, 500, and 1000. The
set of figures is generated on the grid 52 x 52 with the parameter ¢ = 1076.
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FIGURE 2. Stream function 1, vorticity w, and velocity compo-
nents v and v contours for the lid-driven cavity flow at Re = 100.

5. Conclusion

A finite-difference scheme is developed and validated for the new formulation of
the 2D Navier-Stokes equations proposed in [7]. The feature that qualitatively dis-
tinguishes this formulation from the vorticity-stream function formulation of NSEs
is that the stream function satisfies the evolution equation (the elliptic equation
in case of vorticity-stream function formulation) and the new unknown function
satisfies an elliptic equation (vorticity satisfies the evolution equation in case of
vorticity-stream function formulation). The scheme and algorithm treat the equa-
tions as a coupled system which allows one to satisfy two conditions for stream
function with no condition on the new function. The new numerical algorithm
demonstrated good accuracy and reasonable efficiency for the lid-driven cavity flow
benchmark problem. The results obtained in all test cases are in excellent agree-
ment with other established numerical results, underlining that the new formulation
is a viable approach to the 2D Navier-Stokes and can serve as a basis for the efficient
numerical models.
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FIGURE 3. Stream function 1, vorticity w, and velocity compo-
nents u and v contours for the lid-driven cavity flow at Re = 1000.
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FIGURE 4. The vertical centerline u—profile and horizontal cen-
terline v—profile for the lid-driven cavity flow at Re = 1000.
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FI1GURE 5. Contours of ® for the lid-driven cavity flow.

References

[1] S. N. Aristov and V. V. Pukhnachev, On the Equations of Axisymmetric Motion of a Viscous
Incompressible, Dokl. Phys., 49:2 (2004) 112-115.

[2] O. Botella and R. Peyret, Benchmark spectral results on the lid-driven cavity flow, Comput.
& Fluids, 27:4 (1998) 421-433.

[3] C. H. Bruneau and M. Saad, The 2D lid-driven cavity problem revisited, Comput. & Fluids,
35 (2006) 326-348.

[4] C.I. Christov and R. I. Ridha, Splitting scheme for iterative solution of biharmonic equation,
application to 2D Navier-Stokes problems, Advances in Numerical Methods and Applications,
Singapure: World Sciences, (1994) 341-352.

[5] C. I. Christov and R. I. Marinova, Implicit vectorial operator splitting for incompressible
Navier-Stokes equations in primitive variables, Journal Computational Technologies, 6:4
(2001) 92-119.

[6] U. Ghia, K. N. Ghia and C. T. Shin, High-resolutions for incompressible flow using the
Navier-Stokes equations and multigrid method, J. Comput. Phys., 48 (1982), 387—411.

[7] V. V. Pukhnachev, Integrals of motion of an incompressible fluid occupying the entire space,
J. Appl. Mech. Tech. Phys., 45:2 (2004) 167-171.

[8] W. F. Spotz, Accuracy and performance of numerical wall boundary conditions for steady,
2D, incompressible streamfunction vorticity, Internat. J. Numer. Methods Fluids, 28 (1998)
737-757.

Department of Mathematics, Suranaree University of Technology, Nakhon Ratchasima, 30000,
Thailand
E-mail: moshkin@math.sut.ac.th and kanyuta@math.sut.ac.th



