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MIXED FINITE ELEMENT FORMULATION AND ERROR
ESTIMATES BASED ON PROPER ORTHOGONAL
DECOMPOSITION FOR THE NONSTATIONARY NAVIER-STOKES
EQUATIONS*
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Abstract. In this paper, proper orthogonal decomposition (POD) is used for model reduction
of mixed finite element (MFE) for the nonstationary Navier—Stokes equations and error estimates
between a reference solution and the POD solution of reduced MFE formulation are derived. The
basic idea of this reduction technique is that ensembles of data are first compiled from transient
solutions computed equation system derived with the usual MFE method for the nonstationary
Navier—Stokes equations or from physics system trajectories by drawing samples of experiments and
interpolation (or data assimilation), and then the basis functions of the usual MFE method are
substituted with the POD basis functions reconstructed by the elements of the ensemble to derive
the POD-reduced MFE formulation for the nonstationary Navier—Stokes equations. It is shown by
considering numerical simulation results obtained for the illustrating example of cavity flows that the
error between POD solution of reduced MFE formulation and the reference solution is consistent with
theoretical results. Moreover, it is also shown that this result validates the feasibility and efficiency
of the POD method.
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1. Introduction. The mixed finite element (MFE) method is one of the im-
portant approaches for solving systems of partial differential equations, for example,
the nonstationary Navier—Stokes equations (see [1], [2], or [3]). However, the com-
putational model for the fully discrete system of MFE solutions of the nonstationary
Navier—Stokes equations yields very large systems that are computationally inten-
sive. Thus, an important problem is how to simplify the computational load and save
time-consuming calculations and resource demands in the actual computational pro-
cess in a way that guarantees a sufficiently accurate and efficient numerical solution.
Proper orthogonal decomposition (POD), also known as Karhunen-Loéve expansions
in signal analysis and pattern recognition (see [4]), or principal component analysis
in statistics (see [5]), or the method of empirical orthogonal functions in geophysical
fluid dynamics (see [6], [7]) or meteorology (see [8]), is a technique offering adequate
approximation for representing fluid flow with reduced number of degrees of freedom,
i.e., with lower dimensional models (see [9]), so as to alleviate the computational load
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2 Z.LUO, J. CHEN, I. M. NAVON, AND X. YANG

and provide CPU and memory requirements savings, and has found widespread ap-
plications in problems related to the approximation of large-scale models. Although
the basic properties of the POD method are well established and studies have been
conducted to evaluate the suitability of this technique for various fluid flows (see
[10]-[12]), its applicability and limitations for reduced MFE formulation for the non-
stationary Navier—Stokes equations are not well documented.

The POD method mainly provides a useful tool for efficiently approximating a
large amount of data. The method essentially provides an orthogonal basis for rep-
resenting the given data in a certain least squares optimal sense; that is, it provides
a way to find optimal lower dimensional approximations of the given data. In ad-
dition to being optimal in a least squares sense, POD has the property that it uses
a modal decomposition that is completely data dependent and does not assume any
prior knowledge of the process used to generate the data. This property is advanta-
geous in situations where a priori knowledge of the underlying process is insufficient
to warrant a certain choice of basis. Combined with the Galerkin projection proce-
dure, POD provides a powerful method for generating lower dimensional models of
dynamical systems that have a very large or even infinite dimensional phase space.
In many cases, the behavior of a dynamic system is governed by characteristics or
related structures, even though the ensemble is formed by a large number of different
instantaneous solutions. POD method can capture these temporal and spatial struc-
tures by applying a statistical analysis to the ensemble of data. In fluid dynamics,
Lumley first employed the POD technique to capture the large eddy coherent struc-
tures in a turbulent boundary layer (see [13]); this technique was further extended in
[14], where a link between the turbulent structure and dynamics of a chaotic system
was investigated. In Holmes, Lumley, and Berkooz [9], the overall properties of POD
are reviewed and extended to widen the applicability of the method. The method
of snapshots was introduced by Sirovich [15], and is widely used in applications to
reduce the order of POD eigenvalue problem. Examples of these are optimal flow
control problems [16]-[18] and turbulence [9, 13, 14, 19, 20]. In many applications
of POD, the method is used to generate basis functions for a reduced order model,
which can simplify and provide quicker assessment of the major features of the fluid
dynamics for the purpose of flow control as demonstrated by Ko et al. [18] or design
optimization as shown by Ly and Tran [17]. This application is used in a variety of
other physical applications, such as in [17], which demonstrates an effective use of
POD for a chemical vapor deposition reactor. Some reduced order finite difference
models and MFE formulations and error estimates based on POD for the upper trop-
ical Pacific Ocean model (see [21]—[25]), as well as a finite difference scheme based
on POD for the nonstationary Navier—Stokes equations (see [26]), have been derived.
However, to the best of our knowledge, there are no published results addressing the
use of POD to reduce the MFE formulation of the nonlinear nonstationary Navier—
Stokes equations and provide estimates of the error between reference solution and
the POD-reduced MFE solution.

In this paper, POD is used to reduce the MFE formulation for the nonstationary
Navier—Stokes equations and to derive error estimates between reference solution and
the POD-reduced MFE solution. It is shown by considering the results obtained for
numerical simulations of cavity flows that the error between POD solution of reduced
MFE formulation and reference solution is consistent with theoretically derived re-
sults. Moreover, it is also shown that this validates the feasibility and efficiency of the
POD method. Though Kunisch and Volkwein have presented some Galerkin POD
methods for parabolic problems and a general equation in fluid dynamics in [27], [28],
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our method is different from their approaches, whose methods consist of Galerkin pro-
jection where the original variables are substituted for a linear combination of POD
basis and the error estimates of the velocity field therein are only derived, their POD
basis being generated with the solution of the physical system at all time instances.
In particular, the velocity field is only approximated in [28], while both velocity and
pressure fields are simultaneously approximated in our present method. While the
singular value decomposition approach combined with POD methodology is used to
treat the Burgers equation in [29] and the cavity flow problem in [12], the error esti-
mates have not completely been derived, in particular, a reduced formulation of MFE
for the nonstationary Navier—Stokes has not yet been derived up to now. Therefore,
our method improves upon existing methods since our POD basis is generated with
the solution of the physical system only at time instances which are both useful and
of interest for us.

2. MFE approximation for the nonstationary Navier—Stokes equations
and snapshots generate. Let Q C R? be a bounded, connected, and polygonal
domain. Consider the following nonstationary Navier—Stokes equations.

Problem (I) Find w = (u1,u2), p such that, for T > 0,

u —vAu+ (u-Vu+Vp=f in % (0,7),

2.1) divu =0 in 2 x(0,7),
' u(z,y,t) = p(z,y,t) on 90 x (0,7T),
u(z,y,0) = ¢(z,y,0) in €,

where u represents the velocity vector, p the pressure, v the constant inverse Reynolds
number, f = (f1, f2) the given body force, and ¢(z,y,t) the given vector function.
For the sake of convenience, without lost generality, we may as well suppose that
@(z,y,t) is a zero vector in the following theoretical analysis.

The Sobolev spaces used in this context are standard (see [30]). For example, for
a bounded domain (2, we denote by H™(£2) (m > 0) and L*(Q) = H°(Q) the usual
Sobolev spaces equipped with the seminorm and the norm, respectively,

1/2 . 1/2
oo =9 > / |D¥oPdedy o and [|v]lm.0 = {Zw%} o € H™(Q),
|a|=m Q =0
where o = (a1,0a2), @1 and ay are two nonnegative integers, and |a| = ay + as.

Especially, the subspace H}(Q2) of H'(f2) is denoted by
H&(Q) = {’U S Hl(Q);u|aQ = 0} .

Note that ||-||1 is equivalent to |-|; in H} (). Let L§(Q) = {q € L*(); [, gdady = 0},
which is a subspace of L?(£2). It is necessary to introduce the Sobolev spaces depen-
dent on time ¢ in order to discuss the generalized solution for Problem (I). Let ® be
a Hilbert space. For all T' > 0 and integer n > 0, for ¢t € [0, T, define

T n 2
H™0,T;®) = v(t)efb;/ Z dt < ooy,
0 i—o P
2

which is endowed with the norm
3
dt] for v € H"(®),
o

n T
lollzm () = [Z /

di
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where || - ||¢ is the norm of space ®. Especially, if n = 0,

T
lvllz2@) = </0 |v(t)||§,dt>

L0, T;®) = {U(t) € ®; esssup |[v(t)|le < oo},
<t<T

0<t<

1
2

And define

which is endowed with the norm

[v][Loo(@) = esssup v(t)]|e.
0<t<T

The variational formulation for Problem (I) is written as:
Problem (1) Find (u,p) € H*(0,T; X) x L?(0,T; M) such that, for all t € (0,7,

(utav) + a(u)v) + al(uauav) - b(p,'l)) = (fav) Vv € Xa
(2.2) b(g,u) =0 Vqe M,
u(xz,0) =0 in Q,

where X = H(Q)?, M = L3(0), a(u,v) = v [, Vu - Vodady, a1(u,v,w) = 1 [,
22 [uig—;)iwj —ui%vj]dxdy (u,v,w € X), and b(q,v) = [, ¢ divodzdy.

i,j=1

Throughout the paper, C indicates a positive constant which is possibly different
at different occurrences, being independent of the spatial and temporal mesh sizes,
but may depend on €2, the Reynolds number, and other parameters introduced in this
paper.

The following property for trilinear form ay (-, -, -) is often used (see [1], [2], or [3]).

(2.3) a1 (u,v,w) = —a1(u,w,v), ai(u,v,v)=0 VYu,v,we X.

The bilinear forms a(-,) and b(-,-) have the following properties:

(2.4) a(v,v) > v|v]? Vv € H}(Q)?,
(2.5) la(u, v)| < vlul1|v)y Vu, v e H&(Q)2,
and
b(q,v
(2.6) s ALY 5 g, vy e 13(@),
vEHL ()2 [v[1

where [ is a positive constant. Define
a1 (u,v,w f,v

(2.7) N= sp Aw®) g o, (o)

uwwex [ufi|v)|w) vex |vh1

The following result is classical (see [1], [2], or [3]).

THEOREM 2.1. If f € L*(0,T; H~1(Q)?), then Problem (11) has at least a solution
which, in addition, is unique provided that V_2N||f||L2(H—1) < 1, and there is the
following prior estimate:

IVullgzezy < v IFlza- = R, lwlo <v ™2 fll2@-y = R ',
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Let {31} be a uniformly regular family of triangulation of Q (see [31], [32], or
[33]), indexed by a parameter h = maxgeg, {hk; hx =diam(K)}; i.e., there exists a
constant C, independent of h, such that h < Chx VK € 3y,.

We introduce the following finite element spaces Xj and My of X and M, re-
spectively. Let X, C X (which is at least the piecewise polynomial vector space of
mth degree, where m > 0 is integer) and M}, C M (which is the piecewise polynomial
space of (m — 1)th degree). Write X, = X, x My,

We assume that (Xp, M},) satisfies the following approximate properties: Yv €
H™1(Q)2N X and Vg € M N H™(Q),

2. inf - < Ch™|v|m inf - < Ch™|q|m,
(28) it V(- on)lo < Ch" olnsr, _inf g —aullo < Ch™ldl
together the so-called discrete LBB condition, i.e.,

(2.9) sup bgn, vn)

> Bllanllo Van € My,
onexn IVon|lo

where 3 is a positive constant independent of h.

There are many spaces X, and M}, satisfying the discrete LBB conditions (see
[33]). Here, we provide some examples as follows.

Ezample 2.1. The first-order finite element space X, X M) can be taken as
Bernardi-Fortin—Raugel’s element (see [33]), i.e.,

Xn = {vh S XﬂCO(Q)Q; Vpk € Prx VK € %h},

(2.10)
My, = {pn € M; ok € Po(K) VK €Sy},

where Px = P;(K)? @ span{n; H?:L#i Akj, © = 1,2,3}, n; are the unit normal
vector to side F; opposite the vertex A; of triangle K, Ag;’s are the barycenter
coordinates corresponding to the vertex A; (¢ = 1,2,3) on K (see [31], [32]), and
P,,(K) is the space of piecewise polynomials of degree m on K.

Example 2.2. The first-order finite element space X; x M} can also be taken as
Mini’s element, i.e.,

X = {vh S XﬂCO(Q)2; vh|K € Pk VK € Sh},

2.11
( ) MhZ{thMﬂCO(Q); qh|K€P1(K) VKE%}L},

where P = P, (K)z D Span{/\Kl)\sz\Kg}Q.
Ezxample 2.3. The second-order finite element space X x M} can be taken as

X = {vh S XﬂCO(Q)2; vh|K € Pk VK € Sh},

(2.12)
My, = {qh € MﬂOO(Q); anlx € Pi(K) VK € C\‘yh}7

where P = PQ(K)Z D Span{/\Kl)\sz\Kg}Q.
Ezxample 2.4. The third-order finite element space X X M} can be taken as

Xy, = {vh S XﬂOO(Q)Q; vh|K € Pk VK € %h},

(2.13)
My = {an € M0 COQ); aulx € Po(K) VK €Sy},

where P = P3(K)2 D Span{/\Kl)\Kg/\Kg,/\Ki, 1= 1,2,3}2.
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6 Z.LUO, J. CHEN, I. M. NAVON, AND X. YANG

It has been proved (see [33]) that, for the finite element space X; x M}, in Ex-
amples 2.1-2.4, there exists a restriction operator r5: X — X} such that, for any
veX,

b(qh,v — rhv) =0 Vqn € My, HV’I‘h'vHO < OHV'UH(),

2.14
(2.14) V(v —730)]|0 < Ch¥|v|pyr if v e HFY Q)2 k=1,2,3.

The spaces X x Mj, used throughout the next part in this paper mean those in
Examples 2.1-2.4, which satisfy the discrete LBB condition (2.9) (see [33] for a more
detailed proof).

In order to find a numerical solution for Problem (II), it is necessary to discretize
Problem (II). We introduce a MFE approximation for the spatial variable and FDS
(finite difference scheme) for the time derivative. Let L be the positive integer, denote
the time step increment by k = T'/L (T being the total time), t(") = nk, 0 <n < L;
(ull,pl) € X x My the MFE approximation corresponding to (u(t™), p(t()) =
(u™,p™). Then, applying a semi-implicit Euler scheme for the time integration, the
fully discrete MFE solution for Problem (I) may be written as:

Problem (III) Find (u},p}) € Xp x Mp, such that

(u},vp) + ka(u},vy) + kaq (u’,:_l,uﬁ, 'vh) — kb(py, vp)
=k(f™ v) + (’U/Zil,'vh) Yoy, € Xy,
b(gn,up) =0  Van € Mp,

u%zO in €,

(2.15)

where 1 <n < L.

Put A(ul,vy) = (ul,vp) + ka(u}, vy) + kai (u) ™", ull,vy). Since A(up,ull) =
(ul, up) +ka(ul, u}) +kay (w) =t ul, ul) = ||[up|lo + kv||Vulllo, A(-,-) is coercive in
Xp, X Xp. And kb(-, ) also satisfies the discrete LBB condition in X}, x M},; therefore,
by MFE theory (see [1], [32], or [33]), we obtain the following result.

THEOREM 2.2. Under the assumptions (2.8), (2.9), if f € H 1(Q)? satisfies
NY " N Fill=1 < v?, then Problem (III) has a unique solution (u}l,p}) € X5 x My,
and satisfies

(2.16) il + ke Y IVub g < kvt Y1802,

i=1 i=1

if k= O(h?),

(217)  Ju" —upllo + K2 Y IV —up)llo + K72 Y lIp' —phllo < O™ + k),
i=1 =1

where (u,p) € [HE(Q) N H™L(Q)]2 x [H™(Q) N M] is the exact solution for the
problem (1), C is a constant dependent on |u™|41 and |p"™|m, and 1 <n < L.

If Reynolds number Re = v~ !, triangulation parameter h, finite element space
X, X My, the time step increment k, and f are given, by solving Problem (III),
we can obtain a solution ensemble {u?,, ul,, p}L_, for Problem (III). Then we
choose ¢ (for example, ¢ = 20, or 30, in general, ¢ < L) instantaneous solutions
Ui(z,y) = (u}j,uli,pp)T (1 < nyp < ny < --- < ng < L) (which are useful and
of interest for us) from the L group of solutions (uf,, ul,, pp)T (1 < n < L) for
Problem (III), which are referred to as snapshots.
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3. A reduced MFE formulation based POD technique for the nonsta-
tionary Navier—Stokes equations. In this section, we use the POD technique to
deal with the snapshots in section 2 and produce an optimal representation in an
average sense.

Recall X}, = X x M. For Ui(z,y) = (u}j,uy;,py)T (i =1,2,...,0) in section 2,
we set

(3.1) V = span{U;, Uy, ..., U},

and refer to V as the ensemble consisting of the snapshots {U;}{_;, at least one of
which is assumed to be nonzero. Let {1;}! j=1 denote an orthonormal basis of V with
I =dimV. Then each member of the ensemble can expressed as

l
(3.2) Ui =Y (Ui, ) gty for i=1,2,....0,
j=1

where (U;, ¥;) 95 = (Vup', Vapu; )otuj, (P) ¥pj)otps), (-, )0 is L-inner product,
and 1,; and vp; are orthonormal bases corresponding to w and p, respectively.
Since V = span{Ui, Us,...,Us} = span{ep1, o, ..., P}, b(p)i,u,’) = 0 (1 <
i,§ < £) implies b(vpi, ;) =0 (1 < i,j < 1).
DEFINITION 3.1. The method of POD consists in finding the orthonormal basis
such that for every d (1 < d < 1) the mean square error between the elements U;
(1 <i<¥) and corresponding dth partial sum of (3.2) is minimized on average:

(3.3) min ZHU Z Ui, ) x il %

{wj ;i j=1
such that
(3.4) (i, ) ¢ = 0y for 1 <i<d,1<j<i,
where ||Us|| ¢ = [|[Vul; |3 + |[Vusi |2 + [Ip} (2)]% A solution {1/;] _, of (3.3) and

(3.4) is known as a POD basis of rank d.
We introduce the correlation matrix K = (K;;)ixe € B¢ corresponding to the
snapshots {U;}¢_; by
1
(3.5) Kij = U Uj)g

The matrix K is positive semidefinite and has rank [. The solutions of (3.3) and (3.4)
can be found in [10], [15], or [28], for example.

PROPOSITION 3.2. Let Ay > Ao > --- > X\; > 0 denote the positive eigenvalues of
K and vy, va,...,v; the associated orthonormal eigenvectors. Then a POD basis of
rank d <1 is given by

¢
1
(3.6) P, = N ;(’Uz’)jUja
where (v;); denotes the jth component of the eigenvector v;. Furthermore, the fol-

lowing error formula holds:

l

14
(3.7) %Z Z Ui di)x¥ill = D> A

= v J=d+1
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8 Z.LUO, J. CHEN, I. M. NAVON, AND X. YANG

Let V? = span {4, %2,...,%4} and X4 x M? = V¢ with X? € X;, € X and
M? c Mj;, € M. Set the Ritz-projection P": X — X, (if P" is restricted to Ritz-
projection from X, to X, it is written as P?) such that P"|x, = P?: X;, — X% and
Ph: X\X), — X3\X? and L2-projection p?: M — M¢9 denoted by, respectively,

(3.8) a(Phu,vp,) = a(u,v,) Yo, € X,
and
(3.9) (p'p,q4)o = (psqa)o Vqa € M*,

where u € X and p € M. Due to (3.8) and (3.9) the linear operators P* and p? are
well-defined and bounded:

(3.10) IV (P )0 < [[Vullo, [lp%pllo < llpllo Vu € X and p € M.

LEMMA 3.3. For every d (1 < d <) the projection operators P% and p? satisfy,
respectively,

(3.11) : Z 9w MR 3

j= d+1
(3.12) ZZHuZ'i—PduZ'iH%SChQ Z N
i=1 j=d+1
and
l
(3.13) KZth =" lE < DY A

j=d+1

where u)’ = (ulj,uy;) and (uli,uy;,pr)T € V.
Proof. For any u € X we deduce from (3.8) that

v||V(u — PMu)|? = a(u — P"u,u — P"u)
=a(u — Plu,u —vyp,)
< V||V (u = P"u)|ol|V(u —vi)llo Von € Xp.
Therefore, we obtain that
(3.14) [V(w — P"u)||o < ||V(u—vp)llo Yon € Xp.

If w = u), and P" is restricted to Ritz-projection from Xj to X%, ie., Plu} =
Py} € X7 taking v, = Z;l:l(uzi,tbuj)xwuj € X4 C X, (where 1, is the
component of 1; corresponding to u) in (3.14), we can obtain (3.11) from (3.7).

In order to prove (3.12), we consider the following variational problem:

(3.15) (Vw, Vv) = (u — Phu,v) Yo e X.

Thus, we [HE(Q)NH?(2))? and satisfies ||w]|2 < Cllu— P u|lo. Taking v = u— P'u
n (3.15), from (3.14) we obtain that

lu = P'u||§ = (Vw, V(u — P'u))
(3.16) = (V(w —wy), V(u — P'u))
< |IV(w — wp)|o]|V(w — Plu)|lo  Ywy, € X
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Taking wy, = rpw, from (2.14) and (3.16) we have

lu = PMullg < Ch|lwll2||V(w — Phu)llo
< Chlfu— Prulo|[V(u — Pru)o.
Thus, we obtain that
(3.17) lu — Ptullg < Ch||V(u — Phu)lo.
Therefore, if u = wu;’ and P" is restricted to Ritz-projection from Xj to X9, i.e.,

Phupt = Py} € X4 by (3.17) and (3.11) we obtain (3.12).
Using Holder inequality and (3.9) can yield

lpn = oo 13 = (i = pp' s o1 — pp1?)
= (pi" — PP} PY — qa)
<oy = ppiillollpl — qallo Vaa € M,
and consequently,
(3.18) Ippi = ppiillo < 1Py — qallo Vaa € M“.

Taking qq = ijl(pzi,ij)owm (where v, is the component of 1; correspond-
ing to p) in (3.18), from (3.7) we can obtain (3.13), which completes the proof of
Lemma 3.3. ]

Thus, using V¢ = X x M9, we can obtain the reduced formulation for Problem
(ITI) as follows.

Problem (IV) Find (u?,p?) € V¢ such that

(u?,vq) + ka(u?, vq) + kay (uw) ™, ul, vq) — kb(p}, va)
=k(f™ vq) + (usfl,vd) Yoy € X,

(3.19)
b(qd,uf}) =0 qu S Md,

0 _
uy; =0,

where 1 <n < L.

Remark 3.4. Problem (IV) is a reduced MFE formulation based on the POD
technique for Problem (IIT), since it includes only 3d (d < | < ¢ <« L) degrees of
freedom and is independent of the spatial grid scale h, while Problem (III) includes
3Np+Ng ~ 5N, for Mini’s element of Example 2.2 (where NN, is the number of vertices
in Qp, and Ng the number of elements in $4) and 3d < 5N, (for example, in section 5,
d <7, while N, = 32 x 32 = 1024). The number of degrees of freedom of Example 2.1
is also approximately 5V, but Example 2.3 and Example 2.4 are more. When one
computes actual problems, one may obtain the ensemble of snapshots from physical
system trajectories by drawing samples from experiments and interpolation (or data
assimilation). For example, for weather forecast, one can use the previous weather
prediction results to construct the ensemble of snapshots, and then restructure the
POD basis for the ensemble of snapshots by above (3.3)—(3.6), and finally combine
it with a Galerkin projection to derive a reduced order dynamical system; i.e., one
needs only to solve the above Problem (IV), which has only 3d degrees of freedom,
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10 Z.LUO, J. CHEN, I. M. NAVON, AND X. YANG

but it is unnecessary to solve Problem (III). Thus, the forecast of future weather
change can be quickly simulated, which is a result of major importance for real-
life applications. Since the development and change of a large number of future
nature phenomena are closely related to previous results (for example, weather change,
biology anagenesis, and so on), using existing results as snapshots in order to structure
POD basis, by solving corresponding PDEs, one may truly capture the laws of change
of natural phenomena. Therefore, these POD methods provide useful and important
applications.

4. Existence and error analysis of the solution of the reduced MFE
formulation based on POD technique for the nonstationary Navier—Stokes
equations. This section is devoted to discussing the existence and error estimates
for Problem (IV).

We see from (3.6) that V¥ = X9 x M9 C V C Xj, x M}, C X x M, where X}, x M,
is one of those spaces in Examples 2.1-2.4. Therefore, we have in the following result.

LEMMA 4.1. There ezists also an operator rq: X, — X¢ such that, for all
up € Xy,

(4.1) b(qd,uh — rduh) =0 Vqq € Md, ||V7'duh|\0 < c||Vuh||0,

and, for every d (1 <d <),

¢
1 ng N4
(4.2) 7 Z IV (up" = rquy’)
i=1

Proof. We use the Mini’s and the second finite element as examples. Noting that
for any qg € M¢ and K € Sy, Vaqa|x € Py(K), using Green formula, we have

b(qa, up — raun) = —/ Vaqa(up, — rqup)dzdy
Q

=— Z qu|K/ (up, — rqup)dzdy.
KeSy, K
Define r4 as follows:
(4.3) T‘duh|K = Pd’u,h|K +"/K)\K1)\K2/\K3 Vv, € X;, and K € Sh,

where v = [i (un — Plup)dz/ [ AkiAk2Aksdz. Thus, the first equality of (4.1)
holds. Using (3.10)—(3.12) yields the inequality of (4.1). Then, if u, = w}’, using
(3.11)—(3.12), by simply computing we deduce (4.2). O

Set

V ={veX; blqgv)=0 Vgec M},
Vh = {’Uh S Xh; b(qh,'vh) =0 th S Mh},
Ve ={vg€ X% b(ga,va) =0 Vgq € M}

Using dual principle and inequalities (3.11) and (3.12), we deduce the following
result (see [1], [31]-[33]).

LEMMA 4.2. There exists an operator Rg: V U Vi — V@ such that, for all
veVul,

(v — Rqv,vq) =0 Yvg € Vd, ||VRdeo < CHV'U”Q,
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and, for every d (1 <d <),

l

S<CR? > N,
j=d+1

1 o &
(44) 52l = Raup |y < == DT IV (q = Rou)
i=1 =1

where || - || -1 denotes the normal of space H=(2)? (see (2.7)).

We have the following result for the solution of Problem (IV).

THEOREM 4.3. Under the hypotheses of Theorem 2.2, Problem (IV) has a unique
solution (ul,pt) € X% x M? and satisfies

(4.5) il + kv D IIVuglls < kvt Y NF2,

i=1 i=1

Proof. Using the same technique as the proof of Theorem 2.2, we could prove
that Problem (IV) has a unique solution (u?,p?) € X% x M? and satisfies (4.5). 0

In the following theorem, error estimates of the solution for Problem (IV) are
derived.

THEOREM 4.4. Under the hypotheses of Theorem 2.2, if h* = O(k), k = O({~?),
snapshots are equably taken, and f € H—*(Q)? satisfies 202N > | f*||-1 < 1, then
the error between the solution (uly,pl) for Problem (IV) and the solution (u},p}) for
Problem (III) has the following error estimates, forn=1,2,... L,

lup = ugllo + k2o =P llo + K2V (gt = ul) o

z 1/2
<CE2 Y N L i=1,2,...,0
(4.6) Jj=d+1
lup — willo + k2 ph — pillo + £V (uf — ui)lo
l 1/2
< Ck+C [ kY? Z Aj , né&{ni,na,...,ng}.
j=d+1

Proof. Subtracting Problem (IV) from Problem (III), taking v;, = vy € X% and
qn = qq € M?, can yield

(up —ulj,vq) + ka(up —ulj,vq) — kb(py — pj,va) + kas (uzfl, up, 'vd)

(4.7)

—kay (us_l,ug,vd) = (uZ_l — ug_l,vd) Yog € X4,
(4.8) b(qa,uy —ul) =0 Vgq € M,
(4.9) uh) —ul =0.

We obtain, from (2.3), (2.7), Theorem 2.2, and Theorem 4.3, by Hélder inequality,
that

|a1 (uz_lau;;La 'Ud) — a1 (’u’s—la ’U,s, ’Ud) |
(4.10) = a1 (wp™ " —ul N up, va) +ar (u) T up — ul,vq) |

< OV (up ™" = ug ™) o+ V(g = wg) o] Vallo,
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especially, if vg = Pul —u”, then

|a1 ( u,~ ! uZ,Pdu’,} — uS) —a (us 1 uZ,Pdu’,} — ug) |

= a1 (uy~ Dl ul, Pl — uly) +ay (usfl,uz —ul, Plull — uly) |
= |ay (uhfl —ult ul, Plup — ul) +a (uzf1 —ulul ul — uly)

(4.11) )
+ap (ud_ ,up — ug,PduZ — uZ) |

< OV (up = Plup)[§+ eIV (uh ™" —ug™") 1§+ 1V (ufy — w)lI3]
+ N[ Vuillof|V (uh ™" —ug™") o V() — ug)llo,

where ¢ is a small positive constant which can be chosen arbitrarily.
Write dyu} = [u} —u)~']/k and note that J,ul} € V¥ and 9;Rqu € V. From
Lemma 4.2, (4.7), and (4.10), we have that

[0cuyy, — Ougll-1 < [|Ovuy, — O Raugy|l-1 + [|0: Rpuy, — dyug|| -1

_ _ OrRqu’ — Oyu’, v
< || Ovuy, — Oy Raug|| -1 + sup ( L i-v)
veV [Vollo

- - Ou? — Oyu”, Rgv
= [|Ouy, — O Raup| -1 + sup (O : )
veV [Vollo

= ||0uy — OiRqup|| -1 + sup t=—— —py, Rqv)

S sy 9

(4.12) ) .
—a(u} —uly, Rqv) — a1 (uh_ uZ, Rdv) + aq (us_ ,uy, Rdv) }

= [|0suj; — 8y Raup|| 1 + sup —=——[b (p} — p"p}t, Rav)
veV Hv ”

—a(up —ujy, Rqv) —ay (uh_l,u’,}, Rdv) + ay (us_l,ug, Rd'v) }
< Ovuyy — Oy Rauip|| -1 + Cllpi — ppillo
F IV (up ™t = uf ) o + 1V (uf = u) o]
By using (2.9), (4.7), (4.10), (4.12), and Lemma 4.1, we have that

b(ptpy — p, vp) b(plt — pt,ravn)
ﬁ dpn — pn 0 S Sup _— = Sup _—
lo%pi = pillo < sup =G S T Venll

1 _ _
sup [ (Bpupy — Opuly, ravn) + a(uf — ul,rqv)

vp€Xp ”vvhHO
(413) + a1 (uz_la ’u’Zﬂ 'f’d'v) —ai (ug_laugardv)]
< C[[|0suy = Bpu -1 + IV (wp ™ =g ™) flo + IV (ufy — ui)|lo]
< Clll0wuy, — 0iRaup|| -1 + |Ipk — p pillo
+ IV (up ™t = ug ™) o+ [V (uh — ui)o]-
Thus, we obtain that
ok = pillo < Ik — ppillo + lp%Ph — pitllo < CIIV (wp ™" —u™") llo

+ IV (uh —ug)llo + |9pwy; — OrRaug]|l -1 + |pi; — p pillo]-
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Taking vg = Plul —u? in (4.7), it follows from (4.8) that

(4.15)
(uh — ug, upy —ug) = (wp ™' —ug™ " up —ug) + ka(u — ug,uf — ug)
= (uﬁ —uly — (uZ_l — ug_l) ,up — PduZ) + ka (uﬁ — Pl ul — PduZ)
+ kb (o} — ppiy, uf — ui) + kb (pfy — g, up — Pluj)
1

n— n d, n n n—1 n d, n n
— kay (up ' up, Plup —ul) + kay (ul) ™' wly, Pluj — ulp) .

Thus, noting that a(a — b) = [a* — b*> + (a — b)?]/2 (for a > 0 and b > 0), by (4.11),
(4.14), Holder inequality, Cauchy inequality, and Proposition 3.2, we obtain that

(4.16)

5 i = vl — o™ = wg ™5 + llu — g = (uy ™" —ug ™) IIE]

+ V||V (up — Ud)”% < 5”“}1 —Ug — (“h = Ug 1) ||3 + 5”“}1 - Pd“h||(2)
+ CK||V (uy, — PYup) 1§ + Cklipi, — p?pills + CllOvu; — 0 Raup %,
+ (21 + Cez + )k V(up — w3+ IV (uh " —ug™") 3]
1 - n n— n— n n
+ SkINZ Y IV §11V (uh ™t = ug DG+ IV (g = )]G,
where €1 and €5 are two small positive constants which can be chosen arbitrarily.
Taking € 4+ 1 + Cea = v/4, it follows from (4.16) that
b —wgd — llup ™" —ug™ 5] + vkl V (uh —ug)|3
< |Juf; — PUup||g + CK||V (uy — PUu)llg + Cklpi — p?pilI3

(4.17) _ _ 1 . .
+ C|Oyul — Oy Rqul||?; + §/€7||V (up™t =l 13

+ BNy Vup IV (up ™t —uf ) 5, 1<n< L

If B2 = O(k) , 2v 2N [ F]l-1 < L, n = mn; (i = 1,2,...,¢), summing (4.17)
from n =ny,n2,...,n; (i=1,2,...,0), let ng = 0, and noting that u) — v = 0 and
¢ < L, from Lemmas 3.3, 4.1, and 4.2, we obtain that

nq

g — w13 + vk V (ug* — )

0 <CY llup = Plug? |
+ CkY IV = PYu?) 1§+ [l = p'py? |13]
(4.18) =1

1
+ Ol = Raup? %y + lup ™ — Rauj||2,]
j=1

l
<SCk Y N, i=12,... L
j=d+1
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Thus, we obtain that

ng

luht = ugllo + k) 2|V (g — )

1/2

0

(4.19) l
SCR?2 Y N i=12,.0

j=d+1

Combining (4.19) and (4.14), by Lemmas 3.3, 4.1, and 4.2, we obtain the first inequal-
ity of (4.6).

Ifn#n; (i=1,2,...,0), we may as well let t(") € (t(*i-1) (")) and t(*) be the
nearest point to t("). Expanding u" and p" into Taylor series with respect to ¢(")
yields that

u" = - mkaua(fl), t) <& <t
(4.20) )
pr=p" - mk%, ) < g <),

where 7; is the step number from +™ to t(*). If b2 = O(k) , 202N i 17—
< 1, k = O(¢~2), summing (4.17) for ny,...,n;_1,n, let ng = 0, and noting that

u) —uj =0, from Lemmas 4.1 and 4.2 and Lemma 3.3, we obtain that

l
(4.21) iy = w5+ By |V (uf; = wi)llf < O’k + CEY2 Y 7.
j=d+1

Since snapshots are equably taken, n; < L/(2¢). If k = O(£~2), we obtain that
1/2

!
(422) g —ullo + IV (uf —uf)lo < Ck+C [ K2 37 N
J=d+1

Combining (4.22) and (4.14), by Lemmas 3.3, 4.1, and 4.2, we obtain the second
inequality of (4.6). O

Combining Theorem 2.2 and Theorem 4.4 yields the following result.

THEOREM 4.5. Under Theorem 2.2 and Theorem 4.4 hypotheses, the error esti-
mate between the solutions for Problem (II) and the solutions for the reduced order
basic Problem (IV) s, form=1,2,...,L, m=1,2,3,

lu™ = wllo + K2 [p" = pillo + K21V (" —uip)llo
(4.23) oo\
' SCk+Ch™+C [ K2 Y )

j=d+1

Remark 4.6. Though the constants C' in Theorems 4.4 and 4.5 are directly
independent on k, they are indirectly dependent on L. Therefore, if & — 0, that
implies L — oo. The condition k = O(¢~2), which implies L = O(¢?), in Theorem 4.4
shows the relation between the number £ of snapshots and the number L at all time
instances. Therefore, it is unnecessary to take total transient solutions at all time
instances ¢(™ as snapshots (see, for instance, in [27]-[29]). Theorems 4.4 and 4.5 have
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U= 1 uz— 0

0.9 4
0.8
wp— 0 0.7
tz — () 0.6 w1= 0
0.5 4 Uz= 0
0.4
0.3
0.2 4
0.1+

8] T T T T T T T T T
0 01 2.2803040.550.6070.80.%
Ui1= 0 u2=10

F1G. 1. Physical model of the cavity flows: t = 0; i.e., n = 0 initial values on boundary.

presented the error estimates between the solution of the reduced MFE formulation
Problem (IV) and the solution of usual MFE formulation Problem (IIT) and Problem
(IT), respectively. Since our methods employ some MFE solutions (u},p)) (n =
1,2,..., L) for Problem (III) as assistant analysis, the error estimates in Theorem 4.5
are correlated to the spatial grid scale h and time step size k. However, when one
computes actual problems, one may obtain the ensemble of snapshots from physical
system trajectories by drawing samples from experiments and interpolation (or data
assimilation). Therefore, the assistant (u},p}) (n = 1,2,...,L) could be replaced
with the interpolation functions of experimental and previous results, thus rendering
it unnecessary to solve Problem (III), and requiring only to directly solve Problem
(IV) such that Theorem 4.4 is satisfied.

5. Some numerical experiments. In this section, we present some numeri-
cal examples of the physical model of cavity flows for Mini’s element and different
Reynolds numbers by the reduced formulation Problem (IV), thus validating the fea-
sibility and efficiency of the POD method.

Let the side length of the cavity be 1 (see Figure 1). We first divide the cavity
into 32 x 32 = 1024 small squares with side length Ax = Ay = %, and then link the
diagonal of the square to divide each square into two triangles in the same direction,
which consists of triangularization &,. Take time step increment as k = 0.001. Except
that u; is equal to 1 on upper boundary, all other initial value, boundary values, and
(f1, f2) are all taken as 0 (see Figure 1).

We obtain 20 values (i.e., snapshots) at time ¢ = 10, 20, 30, ..., 200 by solving the
usual MFE formulation, i.e., Problem (III). It is shown by computing that eigenvalues
satisfy [k!/2 Zf27 Ai]1/? <1073, When ¢ = 200, we obtain the solutions of the reduced
formulation Problem (IV) based on the POD method of MFE depicted graphically
in Figures 2 to 5 on the right-hand side employed six POD bases for Re = 750 and
required six POD bases for Re = 1500, while the solutions obtained with usual MFE
formulation Problem (III) are depicted graphically in Figures 2 to 5 on the left-hand
side. (Since these figures are equal to solutions obtained with 20 bases, they are also
referred to as the figures of the solution with full bases.)

Figure 6 shows the errors between solutions obtained with a different number of
POD bases and solutions obtained with full bases. Comparing the usual MFE for-
mulation Problem (IIT) with the reduced MFE formulation Problem (IV) containing
six POD bases implementing 3000 times the numerical simulation computations, we
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e -

o —
0 0.10203040.5060.70.80.9

Fic. 2. When Re = 750, velocity stream line figure for usual MFE solutions (on left-hand side
figure) and d = 6, the solution of the reduced MFE formulation (on right-hand side figure).

0 010203040506070809

Fi1c. 3. When Re = 1500, velocity stream line figure for usual MFE solutions (on left-hand side
figure) and d = 6, the solution of the reduced MFE formulation (on right-hand side figure).

FiG. 4. When Re = 750, pressure figure for usual MFE solution (on left-hand side figure) and
d = 6 solution of reduced MFE formulation (on right-hand side figure).

find that for usual MFE formulation Problem (III) the required CPU time is 6 min-
utes, while for the reduced MFE formulation Problem (IV) with 6 POD bases the
corresponding time is only three seconds; i.e., the usual MFE formulation Problem
(ITI) required a CPU time which is by a factor of 120 larger than that required by
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Fic. 5. When Re = 1500, the pressure figure for usual MFE solution (on left-hand side figure)
and d = 6 solution of reduced MFE formulation (on right-hand side figure).

0.008 0,01z
0 —— Uy 0.01 #
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= 0.005 ]
¥ £ 0 006
= 0,004 =
0. 003 0.004 4"
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F1G. 6. Error for Re = 750 on left-hand side; error for Re = 1500 on right-hand side.

the reduced MFE formulation Problem (IV) with 6 POD bases, while the error be-
tween their respective solutions does not exceed 1073, It is also shown that finding
the approximate solutions for the nonstationary Navier—Stokes equations with the re-
duced MFE formulation Problem (IV) is computationally very effective. The results
for numerical examples are consistent with those obtained for the theoretical case.

6. Conclusions. In this paper, we have employed the POD technique to de-
rive a reduced formulation for the nonstationary Navier—-Stokes equations. We first
reconstruct optimal orthogonal bases of ensembles of data which are compiled from
transient solutions derived by using the usual MFE equation system, while in ac-
tual applications, one may obtain the ensemble of snapshots from physical system
trajectories by drawing samples from experiments and interpolation (or data assimi-
lation). For example, for weather forecast, one may use previous weather prediction
results to construct the ensemble of snapshots to restructure the POD basis for the
ensemble of snapshots by methods of the above section 3. We have also combined
the optimal orthogonal bases with a Galerkin projection procedure, thus yielding a
new reduced MFE formulation of lower dimensional order and of high accuracy for
the nonstationary Navier—Stokes equations. We have then proceeded to derive er-
ror estimates between our reduced MFE approximate solutions and the usual MFE
approximate solutions, and have shown, using numerical examples, that the error
between the reduced MFE approximate solution and the usual MFE solution is con-
sistent with the theoretical error results, thus validating both feasibility and efficiency
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of our reduced MFE formulation. Future research work in this area will aim to ex-
tend the reduced MFE formulation, applying it to a realistic operational atmospheric
numerical weather forecast system and to more complicated PDEs. We have shown
both by theoretical analysis as well as by numerical examples that the reduced MFE
formulation presented herein has extensive potential applications.

Though Kunisch and Volkwein have presented some Galerkin proper orthogonal
decomposition methods for a general equation in fluid dynamics, i.e., for the nonsta-
tionary Navier—Stokes equations in [28], our method is different from their approaches,
whose methods consist of Galerkin projection approaches where the original variables
are substituted for linear combination of POD basis and the error estimates of the
velocity field therein are only derived, their POD basis being generated with the so-
lutions of the physical system at all time instances, while our POD basis is generated
with only few solutions of the physical system which are useful and of interest for us.
Especially, only the velocity field is approximated in [28], while both the velocity field
and the pressure are all synchronously approximated in our present method, and error
estimates of velocity field and pressure approximate solutions are also synchronously
derived. Thus, our method appears to be more optimal than that in [28].

Acknowledgments. The authors thank all referees and Professor Karl Kunisch
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