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Abstract

By using the finite element p-Version in convection-diffusion problems, we can attain to a stabilized
and accurate results. Furthermore, the fundamental of the finite element p-Version is augmentation
degrees of freedom. Based on the fact that the finite element and the meshless methods have similar
concept, it is obvious that many ideas in the finite element can be easily used in the meshless methods.
Hence, in this study, the concept of the finite element p-Version is applied in the LPIM meshfree
method. The results prove that increasing degrees of freedom limits artificial numerical oscillations
occurred in very large Peclet numbers.
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1. Introduction

Although it is definitely true that the finite volume method and finite element method have been
introduced as effective numerical tools for solving fluid flow and heat transfer problems, there are
also some shortcomings. The root of these shortcomings is the use of elements or mesh in the
formulation stage. In other words, to compute problems with irregular complex geometries by using
these methods, mesh generation is by far more time-consuming and possibly difficulty task than
solution of the partial differential equations (PDEs), particularly in 3D cases. Hence, the idea of
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Pe Overall Peclet number

pe Peclet number for grid

T(k) Temperature

a (m/s) Convection velocity

W Test function

LPIM Local point interpolation method
MLWS Meshless weighted least squares method
Greek symbols

0] Shape function at nodes

v Diffusivity velocity

P Vector of shape functions

¢ Normalized local coordinate

Table 1: List of symbols

getting rid of the elements and meshes in the process of numerical treatments has naturally evolved,
and the concepts of meshfree or meshless methods have been shaped up. A survey of recently
published papers on the meshless numerical techniques reveals their prevalent applications for solving
current problems in computational mechanics. For instance, in 2014, a striking number of meshless
numerical studies have been conducted for the solid mechanics[L} 2, B, 4, Bl 6l [7], vibration [8, O],
wave propagation [10], biological population [11, 12], and buckling [I3] T4] problems. On the other
hand, only few meshfree numerical studies have been dedicated to the solutions of fluid flow and
heat transfer problems. By using the smooth particle hydrodynamics (SPH) method, Cleary and
Monaghan [15] solved unsteady-state heat conduction problems. Nowadays, the SPH method has
been used broadly on the incompressible flow problems [16] 17, 18] and free surface flow problems
[19, 20] 21]. Fries and Matthies [22] 23] developed the coupled method of EFG and FEM to compute
incompressible flow problems. Two kinds of upwind schemes have been proposed by Lin and Atluri
[24],25] for the meshless local PetrovGalerkin (MLPG) method to solve convection diffusion problems
and incompressible flow problems. Liu and his collaborators [26] developed a meshfree weak strong
(MWS) method and used it to solve 2-D laminar natural convection problems. Shu et al. [27]
employed the RBF-D(Q method to compute incompressible flow.

In order to effectively cut down on or even eliminate numerical oscillations in convection-dominated
convection diffusion problems, many stabilized finite element methods have been proposed in liter-
ature. A very popular approach is the streamline upwind PetrovGalerkin method (SUPG) [28] 29]
which achieves stability by adding additional artificial diffusion. Moreover, the local projection sta-
bilization (LPS) [30], 3], B2] suppresses numerical oscillations without refining the mesh or enriching
the finite element space. Instead, locally constructed stabilization parameters must be chosen. Other
methods, such as the orthogonal subgrid scale (OSS) [33], the Galerkin least-squares (GLS) [34] and
the variational multi-scale method (VMS) [35] 36, [37] provide an approach to mitigate artificial
oscillations in convection-dominated problems. These methods are usually applied to low order fi-
nite elements. A review of available approaches is given in [38]. For convection diffusion problems
discretized by high order finite element methods (also referred to as p-FEM), Tobiska [39] devel-
oped a new stabilized technique by combining the p-FEM and the VMS approach. Roos et al. [40]
discovered that higher order polynomial degrees behaved better in numerical experiments than low
order elements. [41] look at the high order finite element method in conjunction with SUPG and
shock-capturing stabilization.

All the aforementioned methods reveal that there are numerous means for an effective stabilization
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of convection-dominated problems in the finite element method. As far as the fundamental concept
of the finite element methods and meshless methods are analogous, it is obvious that many ideas
in the finite element can be used readily in the meshfree methods. So, the purpose of this study is
applying the p-FEM itself, without extra stabilization, which is a powerful method for stabilizing in
the finite element methods to the LPIM meshless method.

2. PIM shape function

Using polynomials as basis functions in the interpolation is one of the earliest interpolation schemes.
Consider a continuous function defined in a domain which is represented by a set of field nodes. The
u(zx) at a point of interest z is approximated in the form of

a1

u(e) = (@) = 3 pila)as = {pi(@) pala) - pu(@) (21)

am
= PTa,

where p;(z) is the given monomial in the polynomial basis function in the space coordinates XT =
[;1:, y] , m is the number of monomials, and «; is the coefficient for p;(x) which is yet to be determined.
The p;(z) in Eq. is built using Pascal’s triangle and a complete basis is usually preferred. For
the one-dimensional domain, the linear basis functions are given by

P"={1 2} (1-D) (2.2)
and the quadratic basis functions are
P"={1 z 2°} (1-D). (2.3)

In order to determine the coefficients a;, a support domain is created for the point of interest at x,
with a total of n field nodes included in the support domain. Note that in the conventional PIM,
the number of nodes in the local support domain always equals the number of basis functions of m,
i.e., n = m. The coefficients a; in Eq. can then be determined by enforcing u(z) in Eq.
to pass through the nodal values at these n nodes. This yields n equations with each for one node,
ie.,

up =Y aipi(ry) = ay + agxy + agyr + -+ AmPm(T1)
Uy = Y aipi(T2) = ay 4 as®y + agys + - - + AmPp(22)

(2.4)
%Ln = Zzl Clz'pi(l"n) =a1 + axy + a3y, + -+ ampm(mn),
which can be written in the following matrix form
Us = Ppa, (2.5)
where
Us={u uy - u,}?’ (2.6)

is the vector of nodal function values, and

a={a ay - a,}’ (2.7)
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is the vector of unknown coefficients, and

1T Y1 1y - pm($1)
P — 1 90'2 Y2 TaY2 : Pm('f@) (2.8)

is the so-called moment matrix. Because of n = m in PIM, Py, is hence a square matrix with the
dimension of (n x n or m x m). Solving Eq. (2.5) for a, we obtain

a=P, 'U,. (2.9)

In obtaining the foregoing equations, we have assumed that P, ! exists. It should be noted that
coefficients a are constants even if the point of interest at x changes, as long as the same set of n
nodes are used in the interpolation, because Py, is a matrix of constants for this given set of nodes.
Substituting Eq. back into Eq. and considering n = m yields

u'(z) =P (2)Pp U = Z piu; = ®7(2)U,, (2.10)

where ®(z) is a vector of shape functions defined by
@' (z) = {¢1(2) ¢a(x) -+ Gu(x)} =P (x)Pum (2.11)

The derivatives of the shape functions can be easily obtained because the PIM shape function is of
polynomial form. The [** derivatives of PIM shape functions can be written as:

V()

%l) T
Q)(l) ($) — 2 (SL‘) _ %P:ﬂl (2'12)
O a)

Note that our discussion is based on the assumption that exists since our problem is solved in one-
dimension.

3. Problem statement

In this study, the following one-dimensional steady convection diffusion problem will be addressed in
Q(0,1).

al'(x) —vT"(x) = f (3.1)
Here, T is the scalar unknown (temperature, in this paper), a is the convection velocity, v is the
diffusivity of the fluid and f is the source term. Throughout this paper it is assumed that these

three coefficients have constant values across the whole domain. For the source term f =1 and the
Dirichlet boundary condition is as follows:

S (32)
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the analytical solution of such problem is:

a—1
Temac:_+—a 3.3
"o ax(a—e?) (3:3)

8

In the present study, we consider an equidistant between the nodes of the solution field as h. So,
the Pclet number for grid and the overall Peclet number [42] which is the proportion of convection
velocity to the diffusivity velocity are defined as follows:

pe =4
(3.4)
Pe = %

To solve the Eq. (3.1), the test function should be multiplied to both sides of the equation and then,
it should be integrated in the control surface of each node (I',).

/Fq (GWI (%) — W (ff)) dl' = s Wi(f)dr (3.5)

To approximate the temperature and obtain the discretized system of equations by means of the
PIM meshless method [43], we have:

T() = T'@) = 0,1, (3

where T"(x) is the approximation function, Tj are the nodal values, ¢; is the shape function of the
PIM interpolation and n is the number of nodes in the support domain.
Now, if the Galerkin method is employed,

Wi = ¢ (3.7)
S0,

/F (aT'w —vT'w")dl’ = /F fwdl' on T'j={z|0 <z <1} (3.8)

where w is a test function vanishing at the boundaries. Both of the T and w are approximated by
the same shape function ¢; . By approximating the solution field and substituting it in the foregoing

integral equation:
(C+K)T=f (3.9)

C is the convection matrix, K diffusivity matrix,and f is the force vector. Both of the C and K
matrixes are n X n that n is the number of unknown, that will be obtained. So,

, dW; dg,
K;) = —=dI’ 3.10
1 / dr dx ( )
o d)]

r
f,= [ fWdl (3.12)
T
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and if the weighted residual method is used, the test function will be:

0 drh a>T"
W, = —_ = 3.13
da; (a dz | da? ) (3:13)
and so the system of equation will be obtain from,
0 drh d>Th dTh A>T
— — — f1dQ2=0 3.14
/Qi Oa; <a dv  da? ) [a dr ~ da? f} (3:14)

3.1. Effects of Peclet number on convection-diffusion problem

In this section, the effect of Peclet number (grid and overall) on stability of the convection-diffusion
problem is examined. It is worth mentioning that in this paper m = 2.

As it is obvious in Figures [ and [, by increasing the Peclet number, the numerical oscillations
are intensified when the Galerkin method employed. Besides, when the MWLS is used, numerical
solutions do not oscillate at each node but also the results are far from the exact solution. In order
to eliminate these oscillations, the upward scheme is employed and also, in order to approach the the
MWLS results to exact solution, the p-Version scheme can be used as far as the natural stabilization
is concerned.

3.2. The upwind scheme

It is a common used scheme which is widely used in high Peclet numbers. In fact, with the aim of
upwind scheme [44] it can be possible to overcome fluctuations caused by high convection velocity.

As can be seen in Figure [3] using upwind scheme brings about elimination of oscillations and also
leads to a rapid rate of convergence.

3.3. p-Version point interpolation method
We now look at the problem set out in Eq. (3.1)) with three adjacent nodes z;_1, x; and 41, where
the node x; is shared by two adjacent nodes. For the sake of simplicity, we apply the source term
f =1 and consider the geometry using a uniform distance between two nodes. The shape functions
of a linear basis functions are given by [45]

1 _
Ni(Q) = 5 (3.15)
1+
No(¢) = T< (3.16)
where ( is the normalized local coordinate. Setting Q) = [z;,2;41] € [—1,1] and applying the

transformation between local and global coordinates, and If we assume that the field variable is ¥ |
so the approximation function is as follows:

Uh(¢) = (i—c) U, + (#) W, (3.17)

As it is crystal clear from the approximation function which is a linear function, one of the best
ways to enhance the accuracy of interpolation is to increase degrees of freedom of the nodes without
changing the number of nodes (as we can easily increase the number of nodes in order to improve the
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Figure 1: Temperature distribution in Pe=50 and different grid Peclet numbers.

accuracy of the approximation function). This method which has been widely applied in the finite
element method can be used in the meshless methods and provided the stable results. So, we can
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Figure 2: Temperature distribution in Pe=200 and different grid Peclet numbers.
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(3.18)
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or in a compact form

p
() = M0y + NyTs + > Nowy) (3.19)
=2
where
1-¢ 1+¢ i i
Nl(C):Ta Ns(C)ZT, Ny =¢" —a,

(3.20)

{ 1 ¢ =even o — 1 (al\D)
¢ i=odd 2 it \OC ) g

Lagrange interpolation functions indeed are the approximation functions and we can write the fol-
lowing for the temperature approximation:

Ti(¢) = D Nl Tim (3.21)

Substituting N,,(¢) and rearranging the terms for the three-node parabolic case we can write the
following:

Ti(C) = (%) T + (%C) Tiz + (Ct 1) (Tin — 2Tio + Ti3) (3.22)

If we now differentiate Eq. with respect to ¢ and evaluate these derivatives at ( = 0 and
substitute these back into Eq. [3.22 then we obtain the following for T;(():

wo- (5 (5 (P (), o

Similarly, using Eq. and substituting for N,,(¢) and rearranging the terms for the four-node
cubic case we can write the following:

T(Q) = (5) T+ (59) T+ (552 (8 (T — Too — Tis + Taa)

(3.24)
+(€55) (34 (=T + 3T — 3Tig + o)
or,
B 2 2.
T = (53°) Tu+ (55°) T + <C : 1) (88_55)40
(3.25)

3 3
6 a3 ) —g

3.3.1. Numerical example
In this section it is shown that how increasing the degrees of freedom between three nodes in the
domain of solution can converge the solution and also, provide stability for the solution.

So, it is obvious that by increasing the degrees of freedom, in all the Peclet numbers, the results
converge rapidly and also coincide to the exact solution when the degree is sufficiently high to
completely eliminate numerical oscillations at the nodes.
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Figure 3: Temperature distribution using upwind scheme.
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Figure 7: The effects of increasing degrees of freedom on temperature distribution in Pe=500 and pe=2.5.
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4. Conclusion

In this study, the convection-diffusion problem is solved in different Peclet numbers using LPIM
meshless method. Various innovative methods are employed in order to eliminate the oscillations of
the solution as the Peclet number increases. As shown in this study, increasing degrees of freedom
provide sufficient stability for convection-dominated problems. In these cases, the scheme may also
easily outperform low order stabilized methods, thanks to its high accuracy and, in many cases,
exponential rate of convergence.
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