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The objective of this paper is to present a study of the solvability, stability and optimal
error bounds of certain mixed finite element formulations for acoustic fluids. An analyt-
ical proof of the stability and optimal error bounds of a set of three-field mixed finite
element discretizations is given, and the interrelationship between the inf-sup condi-
tion, including the numerical inf-sup test, and the eigenvalue problem pertaining to the

natural frequencies is discussed.

1. Introduction

In recent years, it has been recognized that mixed finite element formulations with

elements satisfying the inf-sup condition can be used reliably in many engineering

applications, e.g. the analyses of rubber-like material, elasto-plasticity, creep, and

Stokes flow.! In this paper, we focus on the so-called acoustoelastic problems, which

involve acoustic fluids and their interaction with elastic structures.

Following the discovery of nonzero frequency spurious modes associated with

displacement-based acoustic fluid elements,'# extensive research efforts have been

devoted to the improvement of finite element formulations for both frequency

and dynamic analyses of acoustic fluid-structure interaction problems.

*E-mail: kjb@mit.edu

883

2,3,15,19—21



884 W. Bao, X. Wang & K. J. Bathe

In these research efforts, the origins of nonzero spurious modes have been identi-
fied and both the displacement/pressure (u/p) and displacement—pressure—vorticity
moment (u-p-A) formulations have been found to be reliable and accurate provided
that finite element interpolations are selected according to the inf-sup condition
and the boundary discretization satisfies the mass and momentum conservation.??
Although the inf-sup condition for mixed formulations has been proposed some time
ago, an analytical proof of whether the inf-sup condition is satisfied by a specific
element or discretization can be very difficult.'” In practice, the numerical inf-sup
test proposed in Ref. 8 is valuable.

Without restricting the essence of our exposition in this paper, we only consider
two-dimensional cases. The finite element formulations for three-dimensional cases
can be directly constructed. Consider an open, bounded, convex domain V C R?
with a sufficiently smooth boundary 0V = S, e.g. a C1! or piecewise smooth
boundary with no re-entrant corners. The components of the strain tensor € and the
deviatoric strain tensor €’ are defined as ¢;; = %(ui,j +u;,;) and sgj =€ — éakkéij,
where u stands for the displacement vector. Define the Sobolev space [Hj g (V)]* =
{v|v € [H}(V)]?,v|s, = 0}, where S, and Sy stand for the Dirichlet and Neumann
boundaries with S = Sy U S, and S§ NS, = 0. The variational discrete problem of
the u/p formulation for nearly incompressible media with the bulk modulus 8 and
the shear modulus G can be expressed as,’

min a(vh,vh)+é/[Ph(divvh)]ng—/ fB~vth—/ £5r . vhas 5 |
vheph 2 v v Ss
(1.1)

where a(v?, v G/ le’(v")|2dV, and the projection operator P” is defined by
/ [P"(divv") — divv"|¢"dV =0, V¢" e Q" (1.2)
v

with V* C [Hj g, (V)]? and Q" € L*(V).
The variational forms (1.1) and (1.2) can also be rewritten as,

2G / vV — / phdivvhdv
1%
=/ fB~vth+/ 5 .vhds, vvh eV, (1.3)
ph
/ (5 + div uh> v =0, v¢"ec Q. (1.4)
14

Using the standard finite element interpolation procedure with u” = HU, p* =
H,P, €; (u") = BU, and V - u"* = BU, where H and H,, are the interpolation
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matrices, and U and P are the solution vectors, respectively, Eqs. (1.3) and (1.4)
can be written in the algebraic form as follows':

Ko Kyl [U R
= : (1.5)
K,, K,||P 0
where
Ky, = / 2GB"BdV, Ky =— / BTH,adV ;
14 \4

1
Kyp = — / —H H,dV, R= / HYfBqv + | HYT£57dS;
v B v Sy
with Kp, = K, and H5/ obtained from H.
According to Refs. 1 and 7, two solvability conditions must be satisfied, i.e. (a)

(VM)TK v > 0, Vv € ker(K,,) and (b) ker(K,;,) = {0}. Obviously, a difficulty
arises from the essential assumption for acoustic fluids that G = 0. However, as
discussed in Ref. 20, when we consider the inertia force —pii in fZ, the corresponding
equation of motion can be expressed as

M,, O (U 0 K,|[U R
. o+ = , (1.6)

0 0 P K,., K, P 0
where p is the mass density, n is the unit normal vector (pointing outwards),

M,., = / pHTHJV, and R = —/ HifTﬁdS, with p = —f% . n. As discussed
v Sy

in Ref. 19, assuming that the physical constant pressure mode arising from the
boundary condition u-n = 0 on S has been eliminated and there is no spuri-
ous zero frequency,'® the solvability conditions are satisfied in a transient direct
step-by-step solution, where at each time step, we have

K:, Ku,l|[U R
uu P —_ , (17)
K,. K, P 0
where R is the effective load vector, and K7, = C’Muu, with C a positive constant
A 4
associated with the direct time integration scheme, e.g. C' = YNE) for the trapezoidal
rule.

In addition, for the frequency analysis, we have the eigenvalue problem, K¢ =
w?M¢, with K = _KupK;lepu and M = M,,,. Obviously, M is positive definite
and the eigenvalue problem is well-posed. In fact, for n displacement unknowns and
m pressure degrees of freedom, the number of zero frequencies is n — m.

Considering next the stability of a discretization scheme (refer to Refs. 1 and
7), the following two conditions must be satisfied,

Ellipticity :  a(v?,v") > C||v"||?, Vv" € ker(Kpu),
fV th . Vth (1.8)

Inf-sup: inf sup H——"——5——2>060>0
g Q" yneyn IVl llo ’
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where C' is a positive constant independent of the mesh size h, and (y is a positive
constant independent of both h and .

Note that when G # 0, it is obvious that the ellipticity condition is satisfied.’
Therefore, considering an acoustic fluid, the ellipticity condition can always be
satisfied by some modifications to the variational formulation as discussed in Refs. 1,
6 and 11, see Sec. 2. Of course, in practice, a very small shear modulus compared
with 8 to represent the acoustic fluid can simply be used.

If these modifications are not employed, the loss of ellipticity introduces zero
frequency modes which correspond to zero deviatoric strain energy and can be
effectively removed from the eigenvalue solutions in engineering computations.
Therefore, the key stability requirement is the inf-sup condition for the selection
of displacement and pressure interpolations, which governs the convergence of the
true physical nonzero frequency modes as confirmed in Refs. 19 and 20.

Furthermore, to reduce the number of zero eigenvalues, according to Refs. 2,
11 and 19, we can use, for acoustic fluids, the so-called displacement—pressure—
vorticity moment (u-p-A) formulation. Assigning rot A = (O\/0z2, —0A/dx1)T and
rot v = Ovg/Oz1 — Ov1/dxo in association with grad p = (Op/dz1,0p/0x2)T and
divv = Qv1/0z1 + Ova/Oxa, respectively, we can replace Egs. (1.3) and (1.4) with

/ M rot vRdV — / pldiv vidv
\4

|4
:/VfB~vth—/S p(vh-n)dS, Vv'evh, (1.9)
f
ph
/ (? + divuh> "dv =0, V¢"e o, (1.10)
14
)\h
/ (E —rotuh) phdv =0, vuteph, (1.11)
.

where «, the constant associated with the irrotationality, is a very large number,
and P* = Qh.

For the u-p-A formulation, let \* = H)A and rotu” = ]:3>U7 where H), is the
interpolation matrix for the variable A, and A is the solution vector for \*, we
have the additional matrices

. 1
Ku,\:/ BTH,\dV and Kﬂz—/ EHIHAdV. (1.12)
1% 1%

Of course, the key benefit of replacing the u/p formulation with the u-p-A for-
mulation is to reduce the number of zero frequencies to n — m — k, where k is the
number of vorticity moment degrees of freedom.? In addition, in the study of sta-
bility and optimal error bounds, it is necessary to use a modified u-p-A formulation
in order to fulfil the ellipticity condition by considering both divv” and rot v", as
discussed in Ref. 11.
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The objective of this paper is to present a comprehensive study of the solvability,
stability, and optimal error bounds of mixed finite element formulations for acoustic
fluids, including the interrelationship between the numerical inf-sup test and the
eigenvalue problem pertaining to the natural frequencies of a coupled acoustoelastic
system. In addition, we extend the technique proposed by Stenberg in Refs. 16-18
for the analytical proof of the inf-sup condition for Stokes flow to the study of the
inf-sup condition for acoustic fluids and provide an analytical proof for the stability
and optimal error bounds of a set of three-field mixed finite element discretizations.

We begin with preliminaries of the governing equations and relevant theorems in
Sec. 2, and then review in Sec. 3 a technique useful for the analytical proof of the inf-
sup condition. The interrelationship between the discrete eigenvalue problems for
both the u/p and u-p-A formulations and the numerical inf-sup tests is discussed in
Sec. 4. In Sec. 5, we use the theorems developed in Sec. 3 to prove analytically that
the 9-3-1 and 9-4¢-1 elements satisfy the inf-sup condition for the three-field mixed
formulation, and in the concluding section, we reiterate the important findings.

2. Preliminaries

Following the examples in Refs. 2, 11 and 14, we consider the eigenvalue problem:
Find w, u, p and A such that

pw?u — gradp — rot A = 0 inV, (2.1)
%+qu:0 v, (2.2)
A rotu=20 inV
o ’ (2.3)
un=_0 on Sy, (2.4)
(k—mw?)u-n = /S pdS on Sy, (2.5)
A=0 ’ on S, (2.6)

where k and m are the mass and stiffness of the piston connected with the acoustic
fluid at the boundary Sf representing the elastic structure in the acoustoelastic
problem, and the boundary condition (2.5) implies that u-n is constant along Sy.
According to Ref. 11, let

V={ve[H'(V)?v-n=0o0nS,, v-nis constant on Sy},

Vo={ve[HV)v-n=0on S},

Q=P=L*V),

QO:{QGQ‘/quZO}.
v
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The corresponding variational form of (2.1)—(2.6) can be expressed as: Find
weER,ueV, pe Q,and A € P such that

a(u,v)+ (ﬂ — > b(v,p)— (% — 1) c(v,\) = pw?(u,v) + mw3n(u,v), Vvev,

g
%H(u,q):m Vge Q, (2.7)
A(’jé—u—c(u,u)zo7 VYueP;

where ; and 2 are positive constants such that 0 <y < fand 0 < v2 < a, (-, -)
is the usual inner product on @ x @, P x P, or V x V, and

n(u,v) = (u-njfs, (v-n)ls,, Yu,veV,

a(u,v) = y1(divu,divv) + y2(rot u,rot v) + kn(u,v), Vu,vey,
b(v,q) = (divv,q), VveV,qeQ,

c(v,p) = (rotv,p), VveV,ueP.

Note that in this formulation, the bilinear form a(u,v) is coercive on V x V if
the two artificial constants v; and 7» are positive. Of key importance is that for
the bilinear forms b(v, q) and ¢(v, i), we have the following lemma.

Lemma 2.1. There exists a constant Cy such that

wp M) +ev)

> Co(llgllo + llullo), Vg€ Qo,peP. (2.8)
veVo\{0} [v][1

Proof. For any ¢ € Qp, noting that the domain V is an open, bounded, convex
domain with no re-entrant corners, there exists a unique ¢ € H?(V) satisfying (see
Ref. 12 for details)

_v2¢ =q in V7 (29)
o¢
o =0 ons, (2.10)
With/ @dV = 0.
1%
By elliptic regularity we have,
8ll2 < Cliqllo, (2.11)

where the positive constant C' only depends on the area of V. Analogously, for any
u € P, there exists a unique ¢ € H?(V) satisfying (see Ref. 12 for details)

V3 =p inV, (2.12)
=0 ons, (2.13)
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and by elliptic regularity we have
Iz < Cllulo- (2.14)
Let z = —grad ¢ — rot ¥ with z € [H'(V)]2, we can derive,
divz = —V2¢ = ¢,

(2.15)
rotz = V% =pu,
and
o 9y
_Zr_Zr =0 2.16
z-nls ( on 87) g ’ ( )
Izll1 < llell2 + lell2 < Cllgllo + lello) (2.17)
where T is the unit tangent vector.
Hence, from (2.17), using the Schwarz inequality, we obtain
b(v,q) +e(v,p) _ _llallg + llli3
veVo\{0} vl ~ Clllallo + llxllo)
= Co(llgllo + llullo), Vg€ Qo,peP, (2.18)
with Co = 1/(20). O

Let V", Q" and P" be finite element subspaces of V, Q and P, respectively, the
finite element approximation of the problem (2.7) becomes: Find w” € R, u* € V*,
p" € Q" and A" € P", such that

a(u,vh) + (ﬁ - 1) b(vh, ph) — (B - 1) c(vh, A"

8 o’
= p(w") (", v") + m(W")2n(u”,v"), Vvh eV,
h h
(p7Q)_|_b(uh7qh):07 Vgh e b,
A (2.19)
(A", ") |

- —c(uh, )y =0, vVuheph.

Now, in order to have a good finite element method, the finite element spaces
have to be chosen such that they inherit the property (2.8), i.e. they should satisfy,
b(v",q") + c(v", u")
sup 3
vhevi\{o} [v"]l1

> Colllg"lo + lu" o),  Vq" € Qp, " € P",
(2.20)

and the theory of mixed methods provides the following optimal error estimate (see
Ref. 13 for detail):

lw —wh| < Ce?, (2.21)
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where C is a positive constant independent of h and material properties, w and w”
are solutions of the problems (2.7) and (2.19), respectively; and

en = sup cnf  (lu=v"ll A+ = "o + 1A = 1"]lo) -
lulli+lpllo+IAo=1 (V" ", n") €
Vh X Qh x Ph

In the following section, we will use the technique proposed by Stenberg!'6—1!8

to check the discrete inf-sup condition (2.20).

3. Inf-Sup Condition

In order to provide a precise discussion, we have to define our concepts properly.
Considering (2.20), we use V% instead of V", and if the inf-sup condition in the form
of (2.20) is satisfied, since VI C V", the inf-sup condition for the problem (2.19)
is also satisfied, provided that the constant pressure mode is eliminated, i.e. we are
using QF instead of Q". Therefore, for simplicity and clarity, we adopt VI and Qf
in the rest of the paper.

Let 7" be a partition of V' which consists of either triangular or convex quadri-
lateral elements. Naturally, the partition is assumed to satisfy the usual compat-
ibility and regularity conditions.! Let us further assume that the finite element
polynomial spaces V&, QF and P" can be uniquely defined on 7" by using a
reference element T, i.e. the unit triangle, or square element within the reference
polynomial spaces, V, Qand P.For T T, let Frp : T — T be an affine or bilinear
mapping from T onto T, i.e. x = Fr(%X). We define

Vi = {v" e V|V (x)|r = " (F7l(x)), ¥"eV, xeT, VT cCV},
and

Q= {¢" € Ql¢"®)|r =¢"(F;' (%), ¢"€Q, xeT, VI CV},

P ={u" e P ®)|r = p"(Fr'(x)), p"eP, xeT, VT CV};
or
Q% ={¢"€ QWNCW)l"®)|r = ¢"(F;' (%), ¢"€Q, xeT, VI CV},
P ={u" e PNCV) " (x)|r = p"(Fr'(x)), A"eP, xeT, VI CV};

where C(V') denotes the set of continuous functions on V', and both x and % rep-
resent the position vectors in the two-dimensional domain considered in this paper
and its reference domain, respectively.

The second choice for Qg and P is also called the Taylor—Hood discretization.
For T € T" we denote its characteristic diameter as hr, its boundary as 97T, its
boundary unit normal vector as nr, its boundary unit tangent vector as 77, the
set of its edges as £(T'), the characteristic length of its edges as hg, and

"= ur) =130,
TeTh
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with
0 ={EctMENV # 0},
h={Eci"ECS}.

In general, by a macroelement M we mean the union of one or more neighbor-
ing elements in 7". Analogously, a macroelement M is said to be equivalent to
a macroelement in the reference domain M if there is a mapping Fjy: M — M
satisfying the following conditions:

(i) Fas is continuous and bijective;

m
(i) If M = U Tj, where ’f’j, j = 1,...,m are the elements of M, then T, =
j=1

Fu (7)), 5 =1,...,m are the elements of M,
(iii) Farlf, = Fr; 0 F;l, where F; and Fr, are affine or bilinear mappings from
J F i

the reference element 7' onto Tj and Tj, respectively, with j =1,...,m.

We denote the family of macroelements equivalent to M and M as M and M,
respectively. Hence, for a given macroelement M, analogous to the definition of
finite element spaces, and ", 6"’, and €’§ on V, we can define finite element spaces
Vi, Oh, and P}, along with ¢4, Kﬁ/[’V and K’MS on M. Notice here that QF,
corresponds to Q rather than Qg and V]’Q corresponds to Vg rather than V for the
domain occupied by a macroelement M.

Introduce the following norms in QF and P",

l"20 = 3 B3|l grad |3 r+ 3 hp [E ["PdS, Vot e Qh, (3.1)

TeTh Eeth
2 = 3 B2 xot g3+ S b / [4]2dS
TeTh Eetl, E
+ Z hE/ \uh?2dsS, VutePh; (3.2)
h E
Befl

where [a] denotes the jump of the variable a across edges F € E’{,, and analogously
the following semi-norms in Q%, and P%,,

o= Y Wil erad 3+ Y ke [ [dPas. 33)
TCM Eeth, E

W e = 3 Wl ot "l > b [ [lu)Pas
TCM Bett, E

- S e /E " 2dS . (3.4)

Ecth
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Furthermore, we define,
Vo = {v" € Vv oamns =0, v"-nloyns =0},
Nt = {(g", 1) € @y x Plyl(div v",¢")ar + (0t v, i) ag =0, ¥ € Vi),
where
(div v, ¢")ar + (ot v, u™)as

= Z /(qh div v + p" rot v*)dV, Vv" e V&M,qh cQh e Pl . (35)
Tcm /T

Then we have the following lemma:

Lemma 3.1. There exist two positive constants C, and Cy independent of h and
material properties such that

sup b(vh7 qh) + C(th Nh)
vhevi\{o} N

> Callld"llo + llu*llo) = Colllad"lv. + lu"lvp),
Vgt € Qb € P (3.6)

Proof. Let (¢", ") € QF x P" C Qp x P be arbitrary, noting that the domain
V is an open, bounded, convex domain with no re-entrant corners, then, from the
inequality (2.8), there exists v € 1y, such that

b(v,q") + c(v, ") = Colllg"lo + 4" ]lo)? (3.7)
and
Ivlle < llg"llo + 14" llo - (3.8)

We now interpolate v with v € V¥ defined by the technique of Clemént!® such
that we have the following error estimates,

> hellv = vlEr+ 3 b5t [ lv—vipas < v (39)
TeTh Eeth B
and
V"l < Callv]l1, (3.10)

with C7 and C5 independent of h and material properties.
Then, using integration by parts, we obtain

= b(vh -V, qh) + C(Vh -V, Mh) + b(V, qh) + C(V, /l’h)
> b(v" —v,q") + c(v" = v, 1") + Colllq" llo + 11" 1l0)?

= > (v—v", grad ¢" —rot u") + Co(llg"llo + | 1" [l0)?
TeT"

b(v",q") +c(v", u")
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£ 3 [107 =) nr )+ (6 =) (s

Eetl
+ Z /(Vh—V)‘TT/LhdS,
Eel?, E

and furthermore, using the Holder and Schwarz inequalities, (3.8), the fact that
[v|? < ||v]|3, and the following inequality based on (3.8) and (3.10),

[v"[l1 < Callvlx < Callg"[lo + 1" [l0) , (3.11)
we have

b(v",q") + c(v", ")

1/2
> | X w3 [ v viPas
TeTh Beth B
* (ld"Iv.e + lu"lIv,p) + Co(lla"llo + 4" l0)?

> =/ Cilvii(llg"lv.e + " lv,p) + Collld"llo + 1" [l0)

> —v/Ci(llg"llo + 1" lo)(Ia" Iv.@ + " [lv,p) + Co(llg" o + ll"llo)?

= [Collld"llo + ln" o) = VCilld"lv,e + " llv.p))(la"llo + 11" [lo)

> [Callld"llo + 15" l0) = Co(lla" lv. + lu" v)] V"Il , (3.12)
with Ca = CO/CQ and Cb = \/01/02. U

Lemma 3.2. Suppose that for every M € M, the space Ny, consisting of
functions that are constant vectors on M, is two-dimensional if OM NS = (0 or
one-dimensional if M NS = 0. Then there exists a positive constant B, such that
the condition

b(v", ¢") + c(v", ")

sup 7 > Br(lq" a0 + 1" p)
V], \(0) V"l

vt e oh, e PR, (3.13)
holds for every M € M.

Proof. Consider a fixed M € M. Define the constant Gys as

b(vh o ho ok
inf sup (v,q)—;c(v,u)

(¢",u") € Qb x Pl vheVk, \{0} V™l

la" 30 + 10 3 p =1

By =

= inf sup [b(vh7 qh) + c(vh7 ,uh)] . (3.14)
(a",1") € Qi X Pir vk e VI, \{0}
ld"Rre +n" p =1 |v'i=1
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Since N}y, consisting of functions that are constant vectors on M, is two-
dimensional if 9M N S = () one-dimensional if 9M N S # 0, and QF,, P, and
V& u are finite-dimensional, it follows that 3as > 0.

Let us now prove that there is a constant Gaq such that By > Baq > 0 for
every M € M. Let X!, ..., %% be the vertices of the elements in M. Every M ¢ M

is now uniquely defined by its vertices x! = Fp(%%), with i = 1...,d, and so

we may write By = B(x!,...,x%). We will now consider the vertices as a point

y = (x1,x2,...,x%) in R?* and By = B(y) as a function of y. Let hys = max hr.
C

We may assume that hy; = 1 and that x' coincides with the origin in R2. Since
the general case can be handled by a scaling argument using the mapping G(x) =

2 ...,x% lie within a

hIT/[l (x — x!), where x! is chosen as the origin, all vertices x
given distance from the origin. Furthermore, every T' C M has a diameter less than
or equal to unity and the triangulation 77" is regular. This means that the point y
belongs to a compact set, denoted by D, in R?¢. It can easily be proved that the
function (3 is continuous (see Ref. 16 for a similar argument), and since S(y) > 0
for every y € D, we conclude that there is a constant Gxq > 0, independent of h

and material properties, such that G(y) > B for every y € D. Thus,

inf sup [b(vh,qh) + c(vh,uh)] =Bm>Bm>0, VM e M,
(¢",1") € Qi X Pir M € Vi, \{0}
|qh|?\4,9 + |l¢h|?\4,7> =1 vhhi=1 (315)
and the desired inequality (3.13) follows from (3.15) directly. O

Theorem 3.1. Suppose that there is a fired set of equivalent classes of
macroelements M;, with i = 1,..., N, a positive integer L, and a macroelement
partition M" for V, such that

(M1) For each M € M;, with i = 1,... N, the space Ny, two-dimensional if
OMNS =0 or one-dimensional if OM NS # O, consists of functions that are
constant on M.

(M2) Each M € M" belongs to one of the classes M;, withi=1,... N.

(M3) Each T € T" is contained in at least one and not more than L macroelements
of MM,

(M4) Each E € £ is contained in the interior of at least one and not more than
L macroelements of M".

(M5) Each E € (% is contained on the boundary of at least one and not more than
L macroelements of M".

Then the inf-sup condition (2.20) holds.

Proof. Let (¢, u") € QF x P" be arbitrary. From Lemma 3.2 and (M1), we know
that for every M € M" there exists v%, € V& M extending it with 0 outside of M,
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such that

b(Vir d") + (Vi ") = /(qh div vi; + p" rot vip)dV
Tcm T

> Cs(lq" a0 + 1" |aep)?, (3.16)
Vil = IVillev = Vil <16 e + 11 e, (3.17)

where Cj5 is a constant independent of M, h and material properties. [l

Let us define

vh = Z v, (3.18)

MeMhr

and from (M3)—(M5), noting (3.16), we have that

b(v",q") +e(v" 1) = Y (Vi d") (Vi u")]

MeMhr
> > Cs(lq" e + 1" |ap)?
MeMmhr
> Cs(lld" 15,0 + 11" 115,p) - (3.19)

Furthermore from (M4) and (M5), we know that each element T' € T is con-
tained in at most L macroelements. This gives, using Schwarz’s inequality and
(3.17)

2
h h h
VMR = D0 Vi <L Y0 IVRIR

MGM}L 1 MEM}L

<L > (¢ e+ 16" vp)” < 20140 + 1" 17,p) - (3:20)
MeM™hr

Therefore we obtain, using Schwarz’s inequality

b(w",q") + c(w", ")

sup

whevh\{o} w1
b(v", ") +c(v" u") V205 o B2 \1/2
Z b b Z + /
V"1 27, (Ilq ||V,Q |1 ||V,7D)
> Culld"lv,e + l6tllvip), V" e Q5 u" € P, (3.21)

with C4 = Cg/(QL)
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Combining Lemma 3.1 and the above inequality, we have that

sup b(v",q") + c(v", u")
vhevi\{o} [v"]1
bvh7 h _;'_th’ h th, h _|_th7 h
—¢ s ( q)h( M)+(1_£) sup ( Q)h( 1)
vheVE\{0} [v"]1 vheVi\{0} V™l

> €[Cald" llo + lu"llo) = Co(lla"llv.e + 4" lv.p)]

+C(1 =" lv,e + 4" v,p)

C,Cy
“Cp+Cy

where we choose £ = Cy/(Cp, + Cy4) > 0. O

(Ild"llo + le"llo), Vq" € Q5 u" € P, (3.22)

4. Numerical Inf-Sup Tests

As defined in Sec. 1, the mass matrix M, corresponds to the L?-norm | - ||o on
Vi, e Jut)|2 = 1UTMWU and the matrices K,, and K, correspond to the
O-norm || - |lo on QO and P", respectively. For clarity, we introduce two matrices
Kpp = —fK,, and Ky, = —aKyy, such that [p"|? = PTK,,P and |\"||2 =
ATK LA Moreover, we define a matrix S,, to represent the 1-norm || - [|; on Vg,
ie. [[ul|? = UTSWU In addition, we know that K,, and K, are related to the
bilinear forms b(u”, p") and c(u”, \*), i.e.

b(u",p") = ~UTK,,P and c(u",\") = UTK ,A .

In the frequency analysis of acoustic fluids, as discussed in Refs. 2 and 19, for the
u/p formulation, we need to solve the following eigenvalue problem for the nonzero
eigenvalues,

K,U = w’M,,U, (4.1)

with Ko = —Kp K, Kpu On the other hand, for the u-p-A formulation, we need
to solve the followmg eigenvalue problem for the nonzero eigenvalues,

K,U = w’M,,, U, (4.2)

with K; = —K, K, ' Ky, — Kin K Koy and Ky, = KTy

As discussed in detall in Ref. 19, some of the nonzero eigenvalues of (4.2), if
a > (3, located in the higher spectrum and representing the rotational modes, are
in fact zero frequency modes in (4.1). Obviously, using (4.2) instead of (4.1) can
significantly reduce the number of zero frequency modes.

Recall that in the numerical inf-sup tests for both the u/p and u-p-A formu-
lations, as presented in Ref. 20, we need to solve two similar eigenvalue problems
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by replacing the mass matrix M,,, with S,,,, and modifying the stiffness matrices,
i.e. we solve

K,U = ),S,.U, (4.3)
and

K,U = XS, U, (4.4)

-1 . 1 1
where K, = 2K, and K, = —BKUPK;Z}KW - EKMK;;KM.

Notice that the matrices K4, Ka, Ky, Kb, M, and S,, are all symmetric.
In addition, M, and S,, are positive definite. To have stable and reliable finite
element discretizations for both mixed formulations, we must have

inf sup M =1/ a(h), (4.5)

g€ Q\{0} vreyifoy IV 11lla" o

with hm \/ = 4/a) > 0; and
b(v", ¢") + e(v", 1)

inf sup =/ A(h), (4.6)
(a1 €Ql x P\ {(0,0)} vreym foy IV 11 (g0 + Il [lo)

with hm \/Ao(h) = /by > 0, where Ay(h) and M\y(h) are the smallest nonzero

elgenvalues of the problems (4.3) and (4.4), respectively; and ay and by are positive
constants independent of h (and of course, material properties).
Comparing Eq. (4.1) with Eq. (4.3), it is easy to confirm that

, b(v".q") _ VP
inf sup —————— = =&, (h),
areQh\(0} vrevpfoy V2 llolld"llo — VB
where &, is the smallest nonzero eigenvalue of the problem (4.1).

Since ||v|o < [[v"]|]1, ¥ V" € VI, we obtain

i@ )
NG a(h) = \/Aa(h).

Thus, we have

im >
My el) 2

3

and in addition, because of the same matrix structure of K, and Ka, the number of
zero frequencies of the eigenvalue problems (4.1) and (4.3) are the same. Therefore,
we can in this case simply calculate the lowest frequency of the problem in (4.1)
for increasingly refined meshes, and if this frequency approaches zero, the inf-sup
test is not passed. On the other hand, if the smallest frequency does not approach
zero, we cannot, strictly, say anything about the discretization scheme.
Considering the u-p-A formulation, assume that o = K3, then we have
K, = ﬁ(KupK;le « + KK AK)\)\K)\u) and Kb = KupK 'K pu + K )\K)\AK)\U



898 W. Bao, X. Wang & K. J. Bathe

F
X, X,
13 12 11
T4 25
14
T, | T, < . )
1 15 17 1
T T 16 22 20 23
1 2 T * 6
1
1 T,
2 3
4
5

Fig. 1. A typical macroelement.

Therefore, it is obvious that we could only have a similar relationship when K =1,
based then on K; = GKj, between the numerical inf-sup test value and the vi-
bration frequency for the u-p-A formulation. However, in practice, we want that
K>1.

5. Applications

In this section, we will apply the results discussed in Sec. 3 to two examples.
Example 5.1. The 9-3-1 element.

Let 7" be a partition of V' comprised of convex quadrilateral elements and the
finite element spaces be defined as

Vi = {v" e Volvr € [Q2(T)]?, T eT"},
ok = {¢" € Qol¢"|r € A(T), TeT"},
Ph = {uh € Plut|r € Po(T), T eTh}.

Suppose that the partition 7" satisfies: For each T' € T", there exists at least
one node of T in V. Then for this method the macroelement condition in Lemma 3.2
is valid for a macroelement consisting of four elements, as shown in Fig. 1.

To prove this we consider a macroelement M = T; U Ty U T3 U Ty and the
corresponding reference macroelement M = Tl U Tg U Tg U T4 as shown in Fig. 1.
Let F = (F}1, F») be the continuous piecewise bilinear mapping from M onto M.
Suppose (¢", u) € Na, i.e.

(div v, ¢")ar + (ot v, ")y =0, VYvlhe V&M.
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Using integration by parts, we have

(div v, ¢") s + (rot v, u™) s = — (v, grad ¢")ar + (v, rot u") s

D SR [ IR O

+ > / vhrpphdS = 0. (5.1)

Eeth, E
Since grad ¢"|r; for i = 1,...,4 are constants, v" grad ¢"|r; € Qa(Ti) for
i =1,...,4 and the composite integration (nine-point integration) gives the exact

values for the integrals (v",grad ¢")7;. Following the procedure of Ref. 18 and
choosing v € V(’} u such that the only nonvanishing degrees of freedom are the
values of both components at the center nodes x22, x23, x2* and x2° of Ty, Ty,
Ts and T}, respectively, we obtain grad ¢"|p; = 0 for i = 1,...,4, which implies
that both ¢” and p are piecewise constant. Then we choose v € V(’i u such that
the only nonvanishing degrees of freedom are v - ni, v/ - ny, v - n3 and v - ny,
where ni, ng, n3 and ny are the normals of the segments x3x18, x7x18, x11x18 and
x15x18 evaluated at the points x2°, x'2, x2! and x'7, respectively, it is not difficult

to confirm that ¢” is constant on M. Therefore,

<mwwmﬂmww>

Z/ Dds + Z/ crpudS =0. (5.2)

Eezh Eezh

Now we choose v/ € V& a such that the only nonvanishing degrees of freedom

are v - 11, v - 19, v . 73 and v" - 74, where 71, T2, T3 and T4 are tangents of

20 19
)

the segments x3x18 x7x18 x11x18 and x15x187 evaluated at the points x

x%! and x!7, respectively. We confirm that p" is constant on M. If OM N S =0,
we obtain the desired macroelement condition, including the fact that Ny is two-
dimensional. If HM N S £ @), without loss of generality, suppose Ey = x1x3 € E}M S
We need to choose v/ € V(’}, s such that the only nonvanishing degree of freedom is
vP . 75, evaluated at the point x2. Then we obtain u” = 0 on M, i.e. Ny is one-
dimensional. Thus the desired macroelement condition is proved for a macroelement
of four elements, and based on Lemma 3.2 and Theorem 3.1, the inf-sup condition

of (2.20) is satisfied.
Example 5.2. The 9-4c¢-1 element.

Again, here for the sake of simplicity, we consider a special case. For the general
case, one has to check the macroelement condition numerically.
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We assume V to be a rectangle and 7" be a partition of V containing squares
with the same size.

Vi = {v" e Wlvlr € [@(T))*, T eT"},
Q ={¢"€ QNCWV)l¢"lr e Qu(T), TeT"},
Ph = {uh € Plut|r € Py(T), TeT"}.

Suppose the partition 7" satisifes: For each T € T", there exists at least one
node of 7 in V. Then, we proceed to prove that the macroelement condition in
Lemma 3.2 is valid for a macroelement consisting of four elements.

Following the procedure above, we choose v € V(’}, a such that the only non-
vanishing degrees of freedom are the values of both components at the center points
of Ty, Ty, T5 and Ty, respectively, as shown in Fig. 1. Since here the elements 77,
Ty, T3 and T} are squares, from grad ¢" = 0, we get

qh(xl) _ qh(x18) _ qh(xs) _ qh(XQ) _ qh(x13) —a
and
¢"(x*) = ¢"(x7) = ¢"(x") = ¢"(x*°) = b,
where a and b are constants.
Then we choose v € V& u such that the only nonvanishing degrees of freedom

are v .71, vl 79, v - 75 and v - 74, evaluated at the points x?°, x!?, x?! and x!7,
. . . . 0 oq"

respectively. Without much difficulty, using v - grad ¢ = v - nai +vh. '7'8i7
n T

we obtain a = b and p"|r1 = p”|r2 = p”|73 = p"|r4 = constant. Therefore, ¢ and
u" are always constant functions on M. If 9M NIV # ), we suppose that one edge,
say Eo, of M is such that Ey = x!x3 € 6%4,5~ Then we choose v" € V&M such that
the only nonvanishing degree of freedom is v" - T, evaluated at the point x2, and
obtain p = 0 on M, i.e. Ny is one-dimensional. Hence, the desired macroelement
condition is proved for a macroelement of four elements and the inf-sup condition
(2.20) is satisfied based on Lemma 3.2 and Theorem 3.1.

6. Conclusions

In this paper, we have considered some mixed finite element formulations for an
acoustic fluid and have proven that certain finite element discretizations satisfy the
inf-sup condition of solvability, stability, and optimal error bounds. The ellipticity
condition can be satisfied by using a small shear (material) constant or by using
regularization parameters. The procedure employed herein to prove the inf-sup
condition can also directly be applied to other discretizations of the mixed finite
element formulations considered in the paper. We have also related the numerical
inf-sup values calculated in the inf-sup test to the free vibration frequencies of the
problem considered. The free vibration frequencies give only insight in some special
cases whether an element discretization might be reliable.

Finally, readers are referred to Refs. 4 and 5 for more discussion on the conver-
gence of eigenvalues of mixed finite element formulations.
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