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A POINT COLLOCATION SCHEME FOR THE STATIONARY
INCOMPRESSIBLE NAVIER-STOKES EQUATIONS

YONGSIK KiMm

ABSTRACT. An efficient and stable point collocation scheme based on
a meshfree method is studied for the stationary incompressible Navier-
Stokes equations. We describe the diffuse derivatives associated with the
moving least square method. Using these diffuse derivatives, we propose
a point collocation method to fit in solving the Navier-Stokes equations
which improves the stability of the direct point collocation scheme. The
convergence of the numerical solution is investigated from numerical ex-
amples. The driven cavity flow and the backward facing step flow are
implemented for the reliability of the scheme. Also, the viscous flow on
complicated geometry is successfully calculated such as the flow past a
circular cylinder in duct.

1. Introduction

The objective of this paper is to propose a point collocation scheme for the
stationary incompressible Navier-Stokes equations which is an extension of the
previous work [11]. We proposed a direct point collocation schemes by a mesh-
free approximation which is called the fast moving least square reproducing
kernel method (FMLSRK) [11].

Through a couple of decades, various meshfree approximations and algo-
rithms have been studied [3, 4, 5, 6, 8, 13, 14, 15, 16, 17, 18, 19, 21, 22, 25].
While these methods are developed in the context of the Galerkin formula-
tion, direct discretisation schemes such as point collocation methods were also
proposed [1, 7, 12, 20, 23]. Most of meshfree methods share a main idea of mak-
ing the shape functions which are related to the moving least square process.
Those shape functions have certain reproducing property of polynomials, and
that makes meshfree methods applicable to the collocation scheme. However,
previous works on meshfree methods use the classical derivatives of basis to
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discretize partial differential equations, and that is a cause of excessive cost.
In FMLSRK approximation, we use the diffuse derivatives of shape functions
from the local interpolation, and the overall cost is remarkably reduced in the
meshfree collocation schemes. The main difference between the FMLSRK and
other meshfree approximation is the view on the derivatives of interpolation
basis. In the process of obtaining interpolation basis, we interpret remnants as
derivatives of interpolation basis.

In our previous work [11], we validated point collocation schemes for the
Poisson equation and the Stokes equations. However, it is observed that there
are certain instability phenomena for asymmetric Stokes problems. Further,
the Navier-Stokes equations have intrinsic asymmetric property. Hence, we
develop new collocation scheme which is suitable to the stationary incompress-
ible Navier-Stokes equations. The main idea of the scheme is the constrained
minimization procedure with the essential boundary condition as constraints.
Introducing residual operators for momentum equation and divergence free
condition, we define a square residual functional. Then, the numerical solution
is the minimizer of the square residual functional with the essential boundary
condition as constraints. In algebraic point of view, the proposed scheme is
a kind of the least square process. Eventually, we solve a symmetric positive
definite matrix even though original problem is asymmetric. While the descrip-
tion of the basic method follows the previous work [11], we need the concept of
the dilation function [10] in calculating the flow on complicated geometry. We
refer the work of Kim et al. [10] for further detail.

As numerical examples, convergence of relative L2, L™ errors were shown
numerically for an exact solution of the Navier-Stokes equations. The driven
cavity flow and the backward facing step flow are illustrated for the reliability
of code. Furthermore, the flow in duct passing around a circular cylinder is
also implemented to show the robustness of the scheme even on complicated
geometry.

2. Fast moving least square reproducing kernel approximation

In this section, we briefly describe the FMLSRK approximation. The main
difference between the FMLSRK and other meshfree methods is the way to
obtain derivatives of shape functions. Derivatives of FMLSRK shape functions
are obtained from the process of obtaining shape function itself without further
cost. We interpret the limit of derivatives of local approximation as derivatives
of global approximations. It can be explained as turning over the sequence of
obtaining derivatives of shape functions. For the detail of FMLSRK, we refer
[11]. Also we note that multi-index notation is used throughout the paper.

Let P,,,(x) be the vector such that its elements are made by all of polyno-
mials of order less than or equal to m with x € R™. For example, if n = 2
and m = 2, then P,,(x) is (1,z,y,2% 2y,y*)T. Suppose we have given node
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set A = {x; € Q|I =1,2,...,NP} on the domain & C R". With a com-
pactly supported continuous non-negative window function @, the resulting
shape functions of FMLSRK are defined as the following:

vl (x )_T;e M~ (x) Py, (X’p_x) ®,(x; - x).

Here, ®,(x — X) = =& (x;p’_‘) and M is the conventional moment matrix as

NP _ _
(=32 P (XITX)PZT (XI f")@p(xf %),
— Px Pz
(n+m)!

Also o = (aq, ..., ay) is multi index and e, is the a-th unit vector in R wfmt .
We note that only continuity is required for the window function instead of
differentiability. For example, if n = 2 and m = 2, explicit shape functions are
the following.

the following;

w%ﬁ?iﬂ(x) 100 0 0 0 L

\IJ[I(O 1)](X) - (1) 000 u”y

plOD] () 00 0 0 o0 » o

\I/EI,(QOJ](X) =l o0 o 6 p% 0 0 M~ (x) % O, (x7—x).
\I’[(:;)](X) 0 0 0 0 p% (2) (wffwﬁ))g.w;y)

Pl (5) 000 0 0 % i)

If « is zero, \II[IO‘]S are usual shape functions in meshfree approximation.

o)
Otherwise, i.e., a # 0, \I'[Ia} corresponds to 8;’? . Hence, there is no more step
to produce derivatives of shape functions.
Defining the global interpolation operator as D% u(x)= ?’:F; \II[IO‘] (x) u(xy),
the general consistency theorem and the interpolation theorem by FMLSRK
are obtained (see [11]).

Theorem 2.1. Suppose that u(x) is a polynomial of the order less than or
equal to m. Then the interpolation operator DP:* produces D™ u(x), i.e.,

(1) D% u(x) = D% u(x)
for any «, |a| < m.

Theorem 2.2. Assume the window function ®(x) € CJ(R™) and v(x) €
C™tY(Q), where Q is a bounded open set in R™. Let A= {x; | I =1,..., NP}
be a reqular node set. Suppose the boundary of Q2 is smooth and supp\I/[IO] nQ
is convez for each I.

If m and p satisfy m > %f 1, then the following interpolation estimate holds

(2) |DPv—D2Pv| Loy < C(m) p™ V0] lyymsrn) for all 0<|B| < m.
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For convenience of further study, a linear operator will be defined between
vector spaces which are generated by shape functions.

Definition 1. We define the finite dimensional vector space H,. The a-th

shape functions \II[IO‘] (x)’s make the vector space

(3) HS = w9 ) [ur € R}, Jal <m,
X1EA

and we define the linear operator D7 : HY) — H{ such that

Drs, (qf[jm (x)) —vlx) forall T=1,2,....NP.
We call it the a-th discrete differential operator.

By definition, we see that Df,fh is the identity operator. On the other hand,
the role of \IJ[Ia] (x) is to take the place of the direct derivative DO‘\IJ[IO] (x) of the

shape function \II[IO] (x). Also, we note that there is a following relation,
(4) Dy = D o DO - C0(Q) — Hy,
where CY(Q) is the set of all continuous functions up to boundary of Q.

Remark 2.3. Tt is natural to extend the above method using the dilation func-
tion. The constant dilation parameter p can be replaced with the continuous
dilation function px. However, it is difficult to adopt a dilation function to
meshfree methods using exact evaluation of derivatives. In [10], an algorithm
to make continuous dilation function from a given node distribution was pro-
posed. The interpolation theorem (Theorem 2) is also valid for the case of
using the dilation function. In that case, p is replaced with r){leaéc Px-

3. Preconditioned point collocation scheme using dilation function

The pre-conditioned point collocation scheme is quite natural in FMLSRK.
For simplicity, we choose the Poisson equation as an example to explain the
pre-conditioned point collocation scheme. Using FMLSRK approximation, we
interpolate the solution u(x) of a given partial differential equation such as

NP
(5) um U= uy¥(x, pe) € HO,

J=1
where u; will be determined by the governing equation. Then Theorem 2.1
and Definition 1 lead us to discretize the derivatives of u(x) as follows:

m,h

NP
6)  Dium DU =Y us W (x,px) € HE, for 0<|B] <m.
J=1

We are going to solve strong form of the governing equation like finite difference
method (FDM). However, we find some difference from this method. First, no
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grid structure is needed. Second, it has interpolation not only for the solution
but also for derivatives of solution up to the order of the consistency. Third,
it is easy to make higher order scheme by increasing the order of the basis
polynomial vector P,,.

Now, let 2 be a bounded domain in R™ with its boundary I". Here we only
consider n = 2, since the scheme has no dependency of dimension. We consider
the Poisson equation:

(7) —Au=f, inQ

(8) u=g¢g, onlp
0

(9) a% —h, onlDy

where 02 = FD U FN7 FD N FN = ¢
We propose a pre-conditioned point collocation scheme in terms of the ap-
proximations (5) and (6) such as

Ux) =Y uy W (x,py) € HY,

xJEA
(10) - Z uy (p2, A" (x1,px,)) = p2, f(x1) forall x; €A,
xjEN
(11) Z ur W y(xr, px,) = g(xy) forall x5 € Ag,
xjEN
(12) Z uy (ﬂx, Vh‘IIJ(XI,pXI)) ‘n(xy) = px, h(xy) forall x;€A,,

X,]GA
AP (x, px) = O (x, ) + 0102 (%, ),

Vi (%, px) = (‘1’5(1’0)](& ps), WOV (vax)) ,

where A = A;UA4qUA,,, and A;, Ay and A,, are sets of interior nodes, Dirichlet
boundary nodes and Neumann boundary nodes, respectively. Here n(xy) is the
outward unit normal vector at x; € A,,. In this case, at least the second order
approzimated derivatives are essential. Thus, we choose the order m of basis
polynomial P,, greater than or equal to 2.

4. A point collocation scheme for the stationary incompressible
Navier-Stokes equations

In this section, we propose a collocation scheme by FMLSRK for the sta-
tionary incompressible Navier-Stokes equations in R™ (n = 2,3),

(13) —vAu+ (u-V)u+Vp=f£f inQ
(14) V-ou=0, inQ
(15) u=g, ondf
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where the boundary value g satisfies the compatibility condition for solvability:

(16) / g-ndl=0.
19)

Here the pressure is determined up to constant.

What we propose for the Navier-Stokes flow is adopting two nested node sets
for velocity and pressure. The fine node set is for the velocity, while the course
node set is for the pressure. In [4, 5], authors adopted same kind of node sets for
the incompressible Navier-Stokes equations with Galerkin formulation. Also in
[11], same kind of node sets are used for the stationary incompressible Stokes
equations with point collocation scheme. For the unique solvability of the
viscous incompressible flows, a pair of node sets satisfying LBB-like condition
(i.e., similar with LBB condition) seems to be inevitable.

Since there is no essential difference of this point collocation scheme to the
space dimension n, we concentrate only for 2-dimensional problems. Let €2 be
the 2-dimensional region of fluid, and x}’s and x£’s be chosen as node points
in Q for velocity and pressure, respectively. Also, suppose AY and A are sets
of x¥’s and xL’s, respectively. Let us denote {¥stxveav and {‘iﬂ}?}x{;eAP
are sets of shape functions corresponding to velocity nodes and pressure nodes,
respectively. Let U = (U,V) and P be the numerical solution by FMLSRK,
for the stationary incompressible Navier-Stokes equations (13), (14) and (15)
as follows:

Ux) = Y U, el

xyEAV
Px)= > PP ),
xﬁEAP

where UJ = (UJ, V])

The discrete differential operators are used for the discretization of the par-
tial differential equations, which are defined in Definition 1. In short, the
following approximations of derivatives are used,

D*U(x) ~ D5 Ux) = Y U ui (),
xyEAV
D P(x) = Dy, P(x) = Pic Wi (x),
xb EAP
where U; = (Uy,Vy) and |a] < m.

For simplicity, let us define the discrete differential symbols V" and A"

induced from Definition 1 as follows:

Ah\IIJ _ \I]B(zo)} + \IJB(OQ)],
vh\IjJ — (\Ijgl,o)]7 \I,!](O,l)]),
V. \I/J _ @[}(1,0)] + @!}(O,l)]-
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Now, define the error residual operators on () for the Navier-Stokes equations,
one for the momentum equations and another for the incompressibility:

RM(Wauap) = _VAh(u) + Bh(w,u) + Ch(p) - fv
Re(u) = C(u),

where A"(-), B"(.,-,-), C"(-) and C!(-) are the approximate differential oper-
ators defined as the following:

A (u Z U, A",

xVeAv
B'w,u)= Y U, (W -V"7,),

Xy eav

C'"(p)= >, PxV'g,
xﬁeAP

Clw)= > U, V',
VEAV

where W is the (0,0)-th approximation of w with respect to velocity shape
functions ¥ ’s.

Let us define the square residual functional associated with node sets AV
and A”:

(17) R(W,U,P)= »_ RM(WUP xY) Z RC )2(xE).

xY eAV X eAP

Now we consider the constrained minimization problem of R(U,U, P) with
respect to (U, P):
e Minimum @ py R(U, U, P)
subjected to U|r = g and P(x,) = po where I' is the boundary of ,
the point x;, € A is a chosen point among pressure nodes and py is
some fixed value for pressure.
The last constraint plays a role in determining the pressure uniquely. It is
known that the pressure is determined up to constant in mathematical theory
of fluid.
To obtain the minimizer of the problem, the successive iteration scheme is
used for the Navier-Stokes equations, since it is non-linear functional.

B STEP 0: Choose U™ satisfying boundary condition.
B STEP 1: Find the minimizer (U"+1) P+ e,
R(UM, UM+, p(i+1)) = Minimizey, py R(U™, U, P)
subjected to U tD|p = g and P(x;,) = po.
B STEP 2: If UMD — U™ |. < ¢ then STOP. Otherwise, set
n=n+1 and go to STEP 0. Here, ¢ > 0 is a tolerance for successive
error.
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FiGURE 1. Node distributions of velocity and pressure for
the Navier-Stokes flow: velocity node([) and pressure node(CJ)

5. Numerical examples

Four numerical examples are presented in this section. Except the flow in
the backward-facing step, it is assumed that v = ﬁ, which is equivalent to
Re = 100, through examples. Through all numerical calculations, we choose

the window function of the form
1-— 4 h 1
) a — { (LIS when [x] <1,
0, otherwise.

The first example is on the convergence rate of exact solution for the Navier-
Stokes equations. The domain of the fluid is 2-dimensional unit square €2 =
[0,1] %[0, 1]. The exact solution u = (u,v) and p of the Navier-Stokes equations
(13), (14), (15) and (16) are chosen such that

u = sin® mz sin? 7y cos Ty,

v = —sin? 7z sin® my cos m,
p=a%—y>
Then the external force f is calculated through the Navier-Stokes equations

(13).

Two node sets AV and A” are used for the velocity and the pressure re-
spectively, for solvability of the discrete equations. In Figure 1, the velocity
nodes are located at points where the gradient of pressure shape functions are
steep. It makes the condition number of the stiffness matrix smaller. To set the
Dirichlet boundary condition as constraint, we employ so called d’Alembert’s
principle (see [9]). Let the solution of the (n+1)-th step of the algorithm in the
previous section be (U™ +1) P(+1)) Then we have the representation formula

U(n+1)(X): Z Ufjn—l-l) \IJ!](O’O)](X)y

xyEAV
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P(”+1)(X) = Z Pl((n+1) \TI[IEO’O)] (x).
xﬁeAP
For simplicity, assume that the set of boundary nodes for velocity is I'Y =
{x¥ € AV | 1 < J < Npay}, where Npg, is the number of boundary nodes.
Since UMD (xY) = Zx}’eAV Ugnﬂ) \D[I(O’O)](x}/) = g(x¥) for x¥ € I'?, we
have the following relation between nodal variables and essential boundary
conditions on the boundary of the domain,

U ( G )
n- =A n+1 .
(Ugnj_l) Ugnt :

Here matrices written above are defined as followings, while NV is the number
of velocity nodes:

n+1 n+1
Uity e g(xY)
Ul(;:ilgjl) = : ) ng:rl) = : , and G = :
ugty Ul g(x¥,,,)
The matrix A is the following form
(VY V¥ps
A= (%)
with defining ¥zp and Vg, as followings,
0,0 0,0
W) e e
Upp = : . :
0,0 0,0
\I/[l( )] (Xxbdy) .. \Ijgsfbdy)] (Xxbdy)
and
0,0 0,0
0oLl e e
Upr = : :
0,0 0,0
lIJES/'t;dy)-]‘rl( bedy) e \IJEEIV )]( Nbdy)

The initial solution of the scheme is chosen as a solution of the Stokes equations
with same force and same boundary condition. The minimizer of the residual
functional R(U™, UM+ P(+1) hayve 0 Fréchet derivative value. Hence we
have

Upp™' —VUpp 'Wpr 0 G Fray
(19) M(U™) 0 I o | (U] = |Fie |,
0 0 I pln+1) 0
where
M(U™) — —vAM S (x)) + UMV (xY) VR (xY)
\% \I’J(XIP() 0 ’
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Pl(n—i-l)
P+l

P](Vn}j»l)

Eventually, after passing over constraint to force terms, over-determined linear
system is obtained. By multiplying the transpose of the stiffness matrix to
both sides, the minimizer is obtained.

The convergence rates of relative L? errors and L errors are illustrated
in Figure 2. Four different uniform node sets are used. Numbers of velocity
nodes and pressure nodes are (121,36), (441,121), (1681,441), (6561, 1681)
respectively. We tested the problem with two types of shape functions: the
second order basis (m = 2) and the fourth order basis (m = 4). The figure
shows that the convergence rate for the pressure has the same order as that for
the velocity. In general, the order of L? convergence rate for pressure is equal
to that of H' convergence rate for velocity in FEM. In this point of view, it
seems that this result shows some benefits of this scheme.

L2 error of U
L2 error of P

=)
T
=)
T

5 1 1 6| L
10767 0.05 10753

0.1
nodal distance nodal distance
(a) IU—ull 2 (b) I1P—pll 2
llull 2 [Ipll 7,2
10" 10%

<,
T
=)
T

max error of U
S
T

S

T

max error of P
>
T

=)
T

! L !
0.1 0.05 0.2

X 0.1
nodal distance nodal distance

|lU—ul| ;oo I1P—pll 20
(©) arpe @) e

FIGURE 2. Relative errors (Re = 100)
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The second example is on the lid-driven cavity flow. The lid-driven cavity
problem has long been used as a test for new methods. We used same type
of node sets as in the first example. For the velocity, 51 x 51 nodes are used,
while 26 x 26 nodes are used for the pressure. Unit x-velocity is assigned on the
upper wall while 0 velocity is assigned on others. The plot of the streamlines,
the contour of the vorticity and the contour lines of the pressure are plotted in
Figure 3.

0.5 0.5

0 0

0 0.5 0

(a) streamlines (b) contours of vorticity (c) contours of pressure

FIGURE 3. Navier-Stokes driven cavity flow (Re = 100)

The third example is the backward facing step flow. In this example, it is
known that the recirculation region attached to the step is determined by the
Reynolds number and the scale of the step. The Reynolds numbers considered
are 50, 100, 150 and 200 for the case of equal step, i.e., the geometric size of
inflow and the size of step are same. Here, the interest is the size of the recir-
culation region and the reattachment point of the flow. The result in Figure 4
shows good agreement with previous results [2, 24]. In the numerical calcula-
tion, uniform node sets with (7841, 2021) numbers are used for the velocity and
the pressure respectively. The boundary condition is given by u = 4y(1 — y)
and v = 0 on the inlet(xz = —1), while the outlet boundary condition is given
by % =0 and g—:’l =0 on z =9, where n is the outward normal vector on the
outlet. On the wall, no-slip condition is assigned, i.e., u = 0 and v = 0.

As the last example, the Navier-Stokes flow around a circular cylinder in
duct is implemented. The emphasis in this example is on calculating viscous
flow in a complicated flow domain with a point collocation scheme. The domain
has properties of concavity and convexity. Node distributions for the velocity
and the pressure are shown in Figure 5. For efficiency of calculation, it is
used that the dilation function which is mentioned in the Remark 2.3. In this
example, we assign the no-slip condition for velocity u = (u, v) to the walls(duct
y = £1 and cylinder 2% + 32 = (%)2) and assume u = 1 — 32 and v = 0 on
the inlet(z = —2). The boundary condition on the outlet(z = 10) is assigned

as g—z = 0 and g—z = 0, where n is the outward normal vector on the outlet.
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0.5

05

(d) Re = 200

FIGURE 4. Stream lines of Navier-Stokes backward-facing
step flow

Three plots are in Figure 6. They are the plot of the streamlines, the contour
lines of the vorticity and the contour lines of the pressure for the incompressible
Navier-Stokes flow at Re = 100.

6. Conclusions

New point collocation scheme for the stationary incompressible Navier-Stok-
es equations by FMLSRK are proposed. The FMLSRK is a meshfree method
which uses approximated derivatives from the local approximation operator. It
is highly efficient, since it does not require direct calculations of derivatives for
shape functions. The proposed scheme is stable in the sense that the numerical
solution of the scheme is the minimizer of the square residual functional. And
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FIGURE 5. Node distributions for duct flow: velocity node(o)
and pressure node([J)

1 S ——
— > S 2.056

0 % 056 1.046
6.167.

\ 2.056 1.046
1.04

] -3.205 2056
_ =W . A ———S TR
0 5 10

(b) contours of vorticity

1} 1.371 1.360
2 1349 1333 1.283
83 /

4
1170 1.2 1.333 1.349

0 5 10

(c) contours of pressure

FIGURE 6. Navier-Stokes flow passing around a circular
cylinder in duct (Re = 100)

resulting stiffness matrix of the scheme is symmetric positive definite even
though the given problem does not have symmetric property.
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Through numerical examples, the proposed scheme is validated successfully.
The convergence rate of numerical solution to the true solution depends on
the consistency order. It is validated numerically that the scheme is applicable
even for problems on the complicated geometry.
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