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Abstract. In this paper, we first discuss the existence and uniqueness of a class of non-
linear saddle-point problems, which are frequently encountered in physical models.
Then, a generalized Arrow-Hurwicz method is introduced to solve such problems. For
the method, the convergence rate analysis is established under some reasonable con-
ditions. It is also applied to solve three typical discrete methods in fluid computation,
with the computational efficiency demonstrated by a series of numerical experiments.
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1 Introduction

This paper is intended to study existence and uniqueness of the solution to the following
abstract problem and then design and analyze a generalized Arrow-Hurwicz method
iteratively solving it. Afterwards, we will apply the algorithm to solve several discrete
methods in fluid mechanics.

Problem P. Find (u,p) € V x Q such that
ap(u,v)+N(u;u,0)—b(v,p)=(f,v) VYveV, (1.1)
b(u,q)=0 VgeQ. (1.2)

Here, V and Q are two finite or infinite dimensional Hilbert spaces, f € V' and (-,) de-
notes the bilinear form between the dual pair V' and V. In addition, denote by ay(-,-)
(resp. N(+;+,-)) a bounded and coercive bilinear (resp. a bounded trilinear) form over V,
i.e., there exist two positive numbers g and «; (xg <ay) such that

DéoHUH%/Sao(U,U) YoeV, ao(u,0) <aqpl|ul|v||o|ly VYu,0eV, (1.3)
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and there exists a positive number N such that
IN(w;0,w)| <N|ullv|[o||lv]w|]v Yuv,weV. (1.4)

We also assume N(-;-,-) is anti-symmetric with respect to the second and third compo-
nents, that is, N(-;o,w) = —N(-;w,v) for any v and w in V. Meanwhile, let b(-,-) be a
bounded bilinear form over V x Q, i.e., there exists a positive constant a, such that

b(v,q) <az|olvliglle VoeV, geQ. (1.5)

Throughout this paper, we use (-,-)y and ||-||v (resp. (-,-)o and ||-||o) to stand for the
inner product and the induced norm over V (resp. Q).

To the best of our knowledge, many important mathematical-physical models and
their numerical methods can be described in the setting of problem P—an abstract frame-
work. The typical examples include steady incompressible Navier-Stokes equations (cf.
[18,20]), steady incompressible magnetohydrodynamics (MHD) equations (cf. [12]), and
many numerical methods for solving the previous problems (cf. [15,19]).

As a matter of fact, consider the following steady incompressible MHD model:

—R;'Au+(u-V)u—S.BxcurlB+Vp=f inQ,
divu=0 in Q,
ScRyteurl(curlB) —S.curl(u x B) =g in Q, (1.6)
divB=0 in (),
u=0 on 0Q),
KB-nzO, nxcurlB=0 on 0Q),

where QO C R? (d =2,3), n is the unit outward normal to the boundary d). Here u de-
notes the velocity field, B the magnetic field, f and g the external force terms, and p the
pressure field. There are three physical parameters R,, R;, and S, in the equations, called
the hydrodynamic Reynolds number, the magnetic Reynolds number and the coupling
number, respectively.

Using some notations and symbols (see Section 4.1 for details), the variational formu-
lation of MHD model can be described as follows.

Problem P;. Find (i, p) € Wy, X M such that

Ao(i1,8)+ Ay (ii1,5) —d(,p) = (F,5) V€ Won, (1.7)
d(ii,q) =0 Vge M. (1.8)

If we let V=W,,, Q=M, and for u=ii and v=3, write ao(u,v)=Ao(i,7), b(v,q)=d(7,q)
and N(u;u,v) = A;(ii;i,7), then problem P; can be viewed as a specific case of problem
P. It is evident that the variational form of steady incompressible Navier-Stokes equa-
tion can be written in the form of problem P as well (cf. [9,10,18,20]). Moreover, many



