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Abstract

In this paper, we propose a new stabilized linear finite element method for solving reaction—convection—diffusion equations
with arbitrary magnitudes of reaction and diffusion. The key feature of the new method is that the test function in the stabilization
term is taken in the adjoint-operator-like form —e Av — (a - Vv)/y + o v, where the parameter y is appropriately designed to adjust
the convection strength to achieve high accuracy and stability. We derive the stability estimates for the finite element solutions and
establish the explicit dependence of L2 and H! error bounds on the diffusivity, modulus of the convection field, reaction coefficient
and the mesh size. The analysis shows that the proposed method is suitable for a wide range of mesh Péclet numbers and mesh
Damkohler numbers. More specifically, if the diffusivity ¢ is sufficiently small with ¢ < ||a||/ and the reaction coefficient o is large
enough such that ||le|| < oh, then the method exhibits optimal convergence rates in both L2 and H! norms. However, for a small
reaction coefficient satisfying ||a|| > o h, the method behaves like the well-known streamline upwind/Petrov—Galerkin formulation
of Brooks and Hughes. Several numerical examples exhibiting boundary or interior layers are given to demonstrate the high
performance of the proposed method. Moreover, we apply the developed method to time-dependent reaction—convection—diffusion
problems and simulation results show the efficiency of the approach.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In this paper, we are interested in the stabilized linear finite element approximations to the following Dirichlet
boundary value problem for the reaction—convection—diffusion equation:

{—sAu—i—a-Vu—{—au = f in {2, )

u=0 onaf?,
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where 2 C R? is an open bounded convex polygonal domain with boundary 342, u is the physical quantity of interest
(e.g., temperature in heat conduction or concentration of some chemical substance), 0 < & < 1 is the constant
diffusivity, a € (H'(£2) N L% (£2))? is the given convection (velocity) field satisfying V -a = 0 in 2, o > 0 is the
constant reaction coefficient, and f € L?({2) is the given source function. It is well known that when the diffusivity &
is relatively small compared with the modulus of the convection field a or the reaction coefficient o, the solution u of
problem (1) may exhibit localized phenomena such as boundary and interior layers [1-5]. Boundary and interior layers
are some narrow regions in the immediate vicinity of the domain boundary 9 {2 or in the interior of the domain {2 where
the solution has large gradients. It is often difficult to numerically resolve the solution within the neighborhood of the
layer regions, and the conventional numerical methods usually produce low accuracy or suffer from instability [1-5].
For instance, the standard Galerkin method using continuous piecewise linear (P ) or bilinear (Q) elements performs
very poorly since large spurious oscillations exhibit not only in the layer regions but also in other regions. Therefore,
in the past three decades, a large class of the so-called stabilized finite element methods (FEMs) has been intensively
developed to overcome this difficulty, see, e.g., [6—13]. The stabilized FEMs are formed by adding to the standard
Galerkin method some consistent variational terms, relating to the residuals of the partial differential equations, which
involve some mesh-dependent stabilization parameters. A robust approach for the derivation of such a stabilized FEM
is motivated by the bubble-enriched method [14—17] combined with the procedure of static condensation [18]. It is
now clear that the stabilization parameters play the key roles in the stabilization method. To a great degree, they
account for why those additional stabilization terms not only can enhance the numerical stability but also can improve
the accuracy in the finite element solutions.

In this paper, we will focus on developing efficient stabilized FEMs for solving the reaction—convection—diffusion
problem (1). First, let us give a brief review of some previous works, which are closely related with the new method
that we will introduce in this paper. In [18], Franca and Farhat proposed a so-called unusual stabilized linear FEM
for problem (1) with vanishing convection field @. They proved that the error estimate is optimal in H'-seminorm
independent of the values of ¢ and o. In addition, for ¢ < ah2T for all elements, optimal order in L? norm can
also be obtained without using the duality argument. They also considered the problem (1) including the convection
term a - Vu and suggested a stabilization parameter to deal with all the three effects from reaction, convection and
diffusion simultaneously, but no analysis is given therein. In [19], Franca and Valentin constructed a new stabilization
parameter for the presence of the convection term to improve the accuracy. The improvement is also justified therein
from an error analysis. Some further results have also been achieved by Duan [20]. In [21], Hauke, Sangalli and
Doweidar proposed an efficient stabilized FEM for solving the reaction—convection—diffusion problems. Their method
combines two types of stabilization integrals, namely an adjoint stabilization and a gradient adjoint stabilization,
and two stabilization parameters are involved therein. These two parameters are chosen based on imposing one-
dimensional nodal exactness. More recently, we devised a new stabilized FEM for problem (1) in [22], with emphasis
on the case of small diffusivity ¢ and large reaction coefficient o. As usual, we employed the continuous piecewise P;
(or Q1) elements and used the residual of the differential equation in problem (1) to define the stabilization term, but
in which a novel stabilization parameter is carefully designed. The main differences from the stabilization methods
proposed in [18] and [19] are that the stabilization parameter is deterministic and explicit, without the comparisons
among the three effect-terms: reaction, convection and diffusion; the stabilization parameter is always the same no
matter if the convection a is present or not in problem (1); and the test function involved in the stabilization term
is taken in the form —e Av + ov, instead of the adjoint-operator form —eAv —a - Vv 4 ov in [18] and [19]. The
stabilized linear FEM proposed in [22] has been proved to be very effective for problem (1) with a small diffusivity ¢
and a large reaction coefficient o.

In this paper, we will propose a new stabilized linear FEM for solving reaction—convection—diffusion equations
with arbitrary magnitudes of reaction and diffusion. The key feature of the new method is that the test function in
the stabilization term is taken in the adjoint-operator-like form —sAv — (a - Vv)/y + ov, where the stabilization
parameter y will be appropriately designed to adjust the convection strength to achieve high accuracy and stability.
We will explicitly establish the dependence of L? and H'! error bounds on the diffusivity &, modulus of the convection
field, given as |ja|| := ess sup(x’y)eg(af(x, y)+ a%(x, y))1/2, reaction coefficient o and the mesh size A. Our analysis
shows that the proposed method is suitable for a wide range of mesh Péclet numbers, defined as Pej, := |a|lh/(2¢),
and mesh Damkohler numbers, given by Day, = oh/|\al|. More specifically, if the diffusivity ¢ is sufficiently small
with ¢ < ||la||k (i.e., Pep, > 1/2) and the reaction coefficient o is large enough such that ||a|| < oh (i.e., Dap > 1),
then the proposed method exhibits optimal convergence rates in both L? and H' norms, with respect to the mesh size
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