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Abstract

An implicit a posteriori finite element error estimation method is presented to inexpen-
sively calculate lower and upper bounds for a linear functional output of the numerical
solutions to the three dimensional Navier-Stokes (N-S) equations. The novelty of this
research is to utilize an augmented Lagrangian based on a coarse mesh linearization of
the N—S equations and the finite element tearing and interconnecting (FETI) procedure.
The latter approach extends the a posteriori bound method to the three dimensional
Crouzeix—Raviart space for N-S problems. The computational advantage of the bound
procedure is that a single coupled nonsymmetric large problem can be decomposed into
several uncoupled symmetric small problems. A simple model problem, which is selected
here to illustrate the procedure, is to find the lower and upper bounds of the average
velocity of a pressure driven, incompressible, steady Newtonian fluid flow moving at low
Reynolds numbers through an endless square channel which has an array of rectangular
obstacles. Numerical results show that the bounds for this output are rigorous, i.e., always
in the asymptotic certainty regime, that they are sharp and that the required computa-
tional resources decrease significantly. Parallel implementation on a Beowulf cluster is
also reported.

1 Introduction

The steady, incompressible Navier-Stokes (N—S) equations are the most commonly used math-
ematical model for describing the practical problems related to viscous, laminar flows. But
numerical simulations of the N—S equations require large computational resources, especially
for three dimensional engineering problems. In practice, a designer using computational fluid
dynamics (CFD) has to produce the most accurate result with limited computer resources. He
can make a trade-off between solution accuracy and computational cost based on his experience
and judgment. A posteriori error estimation methods use the calculated numerical result to
assess the accuracy of the solution. These methods are becoming essential because they can
help the designer to assess the accuracy and to control the simulation quality.
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In the last decade, most of the a posteriori error estimates were focused on global error
bounds in the energy norm. These works were mainly concerned with one or two dimensional
problems. Among these, some works related to the approach herein include: Ainsworth and
Oden developed a method to obtain the numerical error in the energy norm to estimate the
accuracy of solutions of elliptic partial differential equations [1]. Verfiirth [21], Bank and Welfert
2] also successfully proposed the error estimations based on the norms or seminorms associated
with a solution of the Stokes equations.

Later, a posteriori error estimation techniques were extended to error metrics more closely
relevant to engineering design. An engineering design often focuses on calculating the char-
acteristic values of a system. These characteristic values are not the field solutions, such as
temperature or velocities, but are design parameters, such as average temperatures, mean con-
centrations, drag forces or average velocities, which are termed ‘outputs’ herein. The error
metrics of these values are much more important to a designer than the field solutions or their
energy norms, because specific design objectives and optimization are generally addressed in the
form of design outputs, and the design regulations are often described by lower or upper bounds
to the outputs. Considering engineering design, Patera, Paraschivoiu and Peraire developed a
similar procedure to that of Ainsworth and Oden for the prediction of the error in terms of
bounds to design quantities, or outputs, which are the linear functionals of the field solutions.
Both symmetric and nonsymmetric partial differential equations were considered [12, 16, 18|.

The proposed upper and lower bounds are obtained from the application of a constrained
minimization problem formulated as an extremization of an augmented Lagrangian [16]. An
output for the very large problem can be estimated quickly, inexpensively and quantitatively
by calculating its rigorous bounds which are not dependent on any constraints. The bound
procedure has also been extended to address the incompressible Navier-Stokes equations in two
space dimensions by Machiels, Peraire, and Patera [11].

The upper and lower bounds are calculated through a hierarchical procedure on two-level
finite element meshes: several global calculations on a relatively coarse mesh and many indepen-
dent local calculations on subdomains related to a fine finite element mesh. The last calculation
step only solves intrinsically parallel, uncoupled, symmetric local problems with interpolated
hybrid—fluxes recovered as Neumann boundary conditions. The bound method can achieve
very high parallel efficiency when multi-computers are exploited for these calculations. Cheng
and Paraschivoiu reported that local calculations can reach more than 90% parallel efficiency in
solving a two dimensional multi-material heat transfer problem on a Beowulf multiple-computer
system [4].

In three space dimensions, the Ladeveze and Leguilon procedure [10] that is used to cal-
culate the hybrid fluxes in two dimensions [1, 11, 12, 16, 18] is difficult to extend. To address
this drawback, Paraschivoiu reformulated the finite element tearing and interconnecting (FETI)
method, which was developed by Farhat and Roux [8], for calculating bounds for the convection-
diffusion equation in three-dimensional space [17].

In this paper, the approach described in [4, 11, 17] is extended to calculate bounds for
steady, incompressible Navier-Stokes equations in three-dimensional space. The novelty of this
research is to linearize the N—S problems with respect to a coarse mesh and to exploit the
resulting equations in an augmented Lagrangian. The Crouzeix-Raviart finite element space is
used so that the pressure space is discontinuous and the velocities are locally divergence—free.
Thus, the hybrid flux vector is decoupled to three components which can be inexpensively
calculated by the FETI method. This a posteriori finite element bound procedure calculates



bounds to the linear-functional outputs of a benchmark problem, which is a pressure driven,
incompressible, steady Newtonian fluid flow moving with a low Reynolds number through an
endless square channel with an array of rectangular obstacles. Since the calculation of the fine
‘truth’ mesh output s, is very expensive, the associated lower bound s;p and upper bound
syp are calculated as alternatives to s,. The bounds offer precise and reliable information for
the output s;, at a computational cost of the same order as the coarse mesh used and with an
asymptotic certainty of s;p < s < syg. Therefore s, can also be estimated by the bounds:
Spre = % (sup + sLp), which will satisfy |s, — spre| < A, where A = % (sup — Srp) is the half
bound gap.

The asymptotic certainty refers to the limitation that the coarse mesh must roughly resolve
the flow. As shown in [11], rigorous bounds are obtained when the characteristic length of
the course mesh (H) is less than a threshold mesh size. To be more precise, the difference
between the upper bound and the fine mesh output can be expressed as a positive term and
an indefinite term. Similarly for the lower bound, the difference can be expressed as a negative
and an indefinite term. It is shown [13] that the positive term converges at best like H* and the
indefinite term as H® which leads to the existence of this threshold mesh size. This threshold
mesh size is unknown but our numerical experience suggests that the coarse mesh size is less
than the threshold mesh size even for very coarse meshes. In practice, bounds are very large for
coarse meshes that barely resolve the flow and become sharper as the coarse mesh is refined.
The smooth convergence of the bounds as the coarse mesh is refined ensured that bounds are
in the asymptotic certainty regime.

A multiple processor implementation is developed for the FETI and fine mesh calculations.
The results will be analyzed to investigate the efficiency of the bound method for parallel pro-
cessing. The approach developed herein provides an inexpensive confirmation of the accuracy of
a particular finite element solution to three-dimensional partial differential equations for large
engineering applications.

The remainder of this paper is structured as follows. In Section 2, we review some of the
key finite element fundamentals for this paper. In Section 3, we introduce a new augmented
Lagrangian based on the linearized Navier—Stokes equations on the coarse mesh for the under-
lying N—S problem. In Section 4, we calculate the lower and upper bounds derived from the
stationarity conditions of the augmented Lagrangian. Numerical results from a single processor
and a Beowulf cluster are presented in Sections 5 and 6. Finally, we conclude in Section 7.

2 Finite Element Background

The Navier-Stokes bound procedure is based on an augmented Lagrangian. The general finite
element background is reviewed first for the steady, incompressible Navier-Stokes equations, as
well as for the linear output, and the discretization method.

2.1 Problem statement and linear output

The model problem is steady, incompressible, low Reynolds number flow driven by a forcing
term in an endless square channel with an array of rectangular obstacles in the center. The fluid
is assumed to be Newtonian with dynamic viscosity, . The geometry is presented in Figure 1
where 2 is the domain and (1, x2, z3) denotes the coordinate system, with corresponding unit
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Figure 1: Geometry with homogeneous Dirichlet boundaries, except for I'y and I'y which have
periodic boundary conditions.

vectors I, Ta, 3. The driving force is a pressure gradient % in the Z3 direction, where L is
the scaling length of the channel section, and AP is the pressure difference between the two
reference points separated by a distance L in the ¥3 direction. The fluid velocity and pressure
perturbations are periodic in the #3 direction.

The governing equations for this incompressible low Reynolds number Navier-Stokes prob-
lem can be expressed in indicial notation as

1 9%y O(u; u; 0
wo O | Op

N = fiin Q 1=1,2 1
Re Ox;0x; * 0z ox; fiin &, i=1.2,3 (1)
gzi = 0 in Q 2)

with boundary conditions w;|r, = w;|r,, p|r, = p|r,, and u; = 0 on the other boundaries. Re

H ~
is the Reynolds number defined as Re = &, where H denotes the width (or height) of the
1

square channel and p is the density of the fluid. The flow is assumed to be laminar with the

. - H?>AP
scaling velocity U proportional to U = ———. Here c¢ is a constant which depends on the
c

geometry of the channel. From [14], ¢ = 28/%45 is selected for the square duct without obstacles.
The pressure field, composed of the external driving pressure AP and the pressure fluctuation p,
is non-dimensionalized by p[~] 2. The forcing term f;, which is the nondimensionalized pressure
gradient, is f; = fo = 0 and f3 = % in the current problem. To be noted, the Reynolds
number only represents the applied pressure gradient in this problem.

We define the function spaces X = H}(Q2) x Hy(Q) x HY(Q), Q@ =L*(Q) and Y = X x Q

including essential boundary conditions, where L?(f2) is the space of all functions which are



square integrable over Q) and H}(Q2) is the space of all functions vanishing at the essential
boundary and belonging to L?(€2) whose first derivatives are also in L*(€2).

The corresponding variational form for this Navier-Stokes problem is: find (uq, us, us, p) €
Y such that

— s _ ¥
/ ( Re 8l’j al'j itly 8@- 8x flwz ) 07 v<w17 w2, wg) € X, (3)
8ul
= . 4
(991:z 0, vreQ (4)

Introducing discrete function spaces parameterized by § we write Y = X5 x Qs for which
X5 = span(¢;,i = 1,..,N,) and Qs = span(y;,7 = 1,.., N,)) where N, and N, are the number
of nodes for each velocity component and for pressure, respectively. Discretized functions, such
as each velocity component and pressure, are written:

N,

uis = D Uijsd (5)
j=1
NP

ps = Y Djs®; (6)
j=1

We also introduce %;s and p;s as the vectors of coefficients u;;5 and pjs, respectively.
Using this finite element discretization, equations (3) and (4) can be expressed in a general
matrix form as: find (us, uas, uss, ps) € Ys that satisfies

(As + Cs)uis + Bsps = fisr i=1,2,3, (7)
3

Z Bisuis = 0, (8)
=1

where As is the stiffness matrix associated with the diffusion term [ ]% g;f gg’ dV', B;s is as-

sociated with the pressure term [p 8“’1 dV and Cj is associated with the convection term
J uiu; g;"; dV'. Note that the matrix C(;, is computed from the velocity field u;5. Details concern-
ing weak formulations of the Navier-Stokes system may be found in [19, 20).

Engineering design is generally based on outputs which are functionals of the field solution.
In this paper, only linear functionals are addressed, and bounds are calculated to the outputs,
which are the average of the velocity in the 5 direction, s = [wu3dV, and the corresponding
matrix expression is s; = ZETE&; = 17 Mysuss with Mj being the mass matrix associated with
the forcing term [ f;w;dV. The discrete linear functional operator ?2 is the unit vector times
the mass matrix, 17 Mj.

2.2 Newton Iterations

&ui
Uj aixj dVv N

and its associated matrix Cy in equation (7) should be calculated with the velocity field u; with
1 =1,2,3. The Newton—Raphson nonlinear algorithm has a second-order convergence rate and

The Navier-Stokes equations (1) and (2) contain a non-linear convective term / U;



is chosen to iteratively solve the underlying N-S equations. Gunzburger presents this method
in details [9]. The algorithm is summarized below.
1. Initialization: solve the algebraic equations to obtain uls, u3s, u3s, Py:

Asus + BEDY = fis, (9)
3
ZBiéﬂ?(s = 0. (10)
i=1

2. At the n'" step, find (15, Uas, U3s) and s that satisfy the following linear equations:

3

(As + D§)vis + Elsv5s + Bias = [is —[(As + Dy)us + Bisps), (11)
i=1
3 3
> Bistis = — Y Bisul, (12)
i=1 =1

w.
where the matrice Dy is associated with the linearized convection terms / viuyﬁ—zdv and s
x .
is associated with the linearized convection terms / U;'v; a—ldV, with 2,7 =1,2,3.
Lj

3. Set n=n+1and (u},py) = (s ', Py ") + (Vis, qs); check the stopping criterion. If the
criterion is not satisfied, update Dy and Ej;; with the new wuj, (1,7 =1,2,3), go back to Step
2, and continue to iterate.

2.3 Discretization meshes and function spaces

The bound method for the Navier-Stokes equations is a two level hierarchiary numerical ap-
proximation. Two discretization meshes, H for the coarse and h for the fine, are considered
here. The computational domain € is divided into a set of kg tetrahedra for the coarse mesh
Ty, and is further divided into a set of kj, tetrahedra for the fine mesh 7; with uniform refine-
ment R = £ Figure 2 illustrates the two level meshes that are used, 7y (left) and 7;, (right),
before the domain decomposition.

The domain € is also decomposed into Nj, subdomains Q*) for both 7 and 75, so that the
bound method can be exploited. For example, €2 can be decomposed into N, = 24 subdomains,
Q") each of which is a small cube of size (3 X  x 1), as shown in Figure 3. This figure
illustrates the resulting coarse and fine meshes after the domain decomposition. The thick lines
represent subdomain borders.

On these two level meshes, Crouzeix-Raviart finite element spaces are used for the velocity
and the pressure spaces. Xy denotes the finite element space for the velocity on the coarse mesh
and X denotes the space for the velocity on the fine mesh before the domain decomposition.
Also the finite element spaces for the pressure on the coarse mesh and on the fine mesh are
denoted by Qg and 9Oy, respectively. Xy and X, are defined as the ‘broken’ velocity spaces
of each subdomain Q®*) after the domain decomposition. The hybrid flux edge spaces, which
are defined on the subdomain borders marked by the thick lines in Figure 3, are denoted by
‘Hy for the coarse mesh and by Hj, for the fine mesh. The hybrid flux vector is used to enforce
continuity on functions in Xy and Xh, in particular, as ‘glue’ to ‘connect’ the adjacent nodes,

lines or faces so that the noncomforming velocities in different subdomains can be continuous
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Figure 3: The coarse H mesh (7, left) and the fine A mesh (7, right) after the domain
decomposition (R = % = 2). The thick lines represent subdomain borders.
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over the whole domain. In this paper, the superscript (¥) represents a parameter identifying the
subdomain Q)

Finite element coarse mesh solution (uyg, usy, usy, py) € Xy X Qp and fine mesh solution
(Ui, U, Usn, Pr) € X X Qp satisfy the N-S weak formulations in matrix form

(Ag + Cp)tig + Blypy = fig, 1=1,2,3, (13)
i Biguin = 0, (14)
=1

(Ap + Cy)a, + Brpy, = fu, i=1,2,3, (15)
iBz‘hﬂz‘h = 0, (16)
i=1



where matrices Ay, Cy, and B;y are obtained from the coarse mesh function space Xy and

matrices Ay, Cj,, and By, are obtained from the fine one Xj. The average velocity becomes
0T 0T

Sy = 621 Usy = 15 Mpyusg for the coarse mesh, and and s, = 62 Usp, = 11 Myugy, for the

fine mesh. Here, My and M, denote the mass matrices on the coarse and fine mesh space,

respectively.

3 Augmented Lagrangian Formulation

A novel approach in the current bound method is to exploit the coarse mesh linearized N—S
equations to construct a fine mesh augmented Lagrangian, which also includes a quadratic
‘energy’ reformation of the desired output, and which contains the inter-subdmain continuity
requirements as well. From the quadratic-linear duality theory of the Lagrangian, the bounding
properties can be easily proved. This formulation is different from that used for the “general
asymptotic finite element bound method” described in detail in [11], since a Lagrangian formu-
lation is used. For a more detailed description of previous a posterior: finite element method
related to error estimation for the N-S equations, the reader is referred to [15, 22].

3.1 The construction of the Lagrangian

To construct the proper energy equality for the augmented Lagrangian, let e, = u, — ugy,
€, = pn — pu- Note that e, € X}, and ¢, € Q,, are associated with the errors for the velocity
and pressure respectively.

3.1.1 General residuals

The coarse mesh solution, (uy = (g, oy, usy),pr) € Xg X Qpu, can be used to define the
primal residuals of the N-S equations on each subdomain, Q®) with k = 1,---, N, for the
‘broken’ space on both meshes:

— T_

0 = 79 - AP+ DP|P W) - BY T 1-1,2.9), (a7)
3

B = =3 BT (). (18)

where 76( -) represents the vector of coefficients of a function interpolated onto a function space
parameterized by 9.

For Nk subdomains, u;y = {qu,~~~, ully } with ¢ = 1,2,3 and py = {p%),' ,pgv’“)}.
A((;k), D5 and Bi((; are the local matrices associated with As, Ds and B;s respectively, on each
subdomain, Q®).

The energy equality on the ‘broken’ fine A—mesh can be written as follows:

N,

S [l A + 2 B T 2T
k=11=1

Al <> (> ®T_(k) | ()T, 4(k) (k)\Fh (. (k) BT k) Th, (k)
= Z[ +2e;, By g, 4y (A7 4 Dy (uy) + € Bm I' (py’)
k=11=1



_() T3k | _0)T —h
—ey) i 8 BRT (ul) | . (19)

If the mesh size h = H, the coarse mesh matrices and solutions will be the same as the fine,

(eg ), 5§Zk)) (e%’;}, eéh)7 egz), 52 )) = 0, and the energy equality (19) will vanish.

3.1.2 Energy reformation of outputs

Thus, the following trivial minimization statement is introduced with the new energy equality
and the linear output of interest of the Navier-Stokes equations:

+ (Vh7Qh)
_ & S0 5T g ) 7T 09 0T k) Sh (L (k)
= inf sup ZZ Ui +2q, By vy — Uy Uy —b ]ifh (I (ui) +03,)
viheXy ah€9h k=1 i=1 ’
T T_
— sy 33 { o) + 20 B + o B T )

vhEX) gn€Qp k=1i=1

_(k k h=h, (k _()T=k) 0T Sk k

+0" (AP + DT (W) — 5 FW g BT ()

_nT _—_

0 (1) + o) | (20

where ¢, refers to the variables associated with the pressure error, v, = (v1p, vap, v35) associated
with the velocity error, and s is a non-negative parameter that will be used to optimize the
computed bounds. Note again that the overbar .-, represents the vector of coefficients that
defines the respective function.

3.1.3 Linearized N—S equations and inter-subdomain constraints

Now the set of functions S C Xh x Qp, is introduced for the construction of the linearized
Navier-Stokes equations constrained by adjoints, (W}(l ), 7“,(1 )) = (w%lfl), é’,‘;), wéh), r(*)), from equa-
tions (11) and (12). The high order convection term, which is very small, is omitted in this
procedure so that no non-linear convection term will appear in the new augmented Lagrangian.
H ék) is defined as the Boolean matrix which extracts the signed (%) restriction of a subdo-

main solution ng) (UY;), vg;), v:(;;)) to the subdomain interface boundary Lagrange multiplier

wn = (fan, pon, p3n) € Hy reflect the hybrid flux. The constraint MmHh Zh =0, Yu, € Hy,
enforces velocity continuity and the homogeneous essential conditions. For non-homogeneous
boundary conditions, a vector of coefficients representing the function on the boundary should
be subtracted on the left-hand side of this equality.

T — T T
| z{w(’“) (A (k>+D(k))(]( 0y 1 5k 4 ®T gWT gh )y | k)
k > _(k k __(k)T—(k) k
S = Vg) €Xy | —H‘)Eh) Efﬂi gh) %('h) fin } =0, v(“ih)awgh)ywéh)) € Xn;
o) €Q | T BWIUU+ﬁw:m vri € Qn ;
| Z,Uzh EZ) =V, V(t1hs thon, pian) € Hp ;

with i = 1,2, 3.



3.1.4 Quadratic-linear Lagrangian

The constrained minimization problem suggests the formation of the quadratic-linear La-
grangian L : X, X Qp X X X Qp x H, — R,

‘Ci(vha qns Wh, Tn, ,uh)

_T L (k BT St —k) , ()T 5)T=h, (k __ (k)T (k
K(Ugh) A() Sh)+2q() B'(h)vz(h)+vz(h) B'(h) I (pg{))_vz('h) fz('h)

2

—(k k k)y | —(k k k 50T —h, (k
A AP + DT i) + 3 BRT W) £ 8 (7 W) + o)
— )T, (k k) (T T k)T 5h () T=(k)
+[w§-h> (A + DY (i) + o)) + 2 By (@ 0f) +a) - @) T

_ )T k) TR, (K _(k _
ol B+ 0l o) el o)

where the first two lines represent the quadratic ‘energy’ reformation of the desired output,
the third and fourth lines represent the linearized Navier-Stokes problem constrained by the
Lagrange multiplies w;, and 75, and the last term represents the velocity continuity requirements
for the inter-subdomains. The Lagrangian (21) is quadratic in its argument v and linear in its
arguments g, wWp, 15, and py, and its saddle point (ep, 5?5, w?f, )\f, tf) is obtained by

A . i
ép, = argmin [ sup L (Vm(Jh,Wh,?”h,Mh)] , o (22)
Vh€EXn | qh€Qn, WhEXp, ThEQn, uhEEL
+ + + 4+ +
€ ALt = ar max inf L>(Vh, qn, Wh, Thy L 23
( }“wh? ho h) QhEngWhGXh Th€Qn, tn€HL |veX,, ( > Qhs »Tho ) ( )

3.2 Proofing of the bounding properties

From the quadratic-linear duality theory, it follows that

. +
ish — sup 1n£ L (Vh> dhy Why Th, /Lh)
qn€Qn, WhEXp, Tn€Qn, HEH, VRLEX)

> lIlf: Li("thvh 7W§7T}f7uf> V(ﬁ S Qh7 vwf S Xh7 Vf}f S th VIL’L% S Hhu (24>

vhLEX]

with equality for (G, W, 7, fir) = (5, Uiy Ay b7)-
Upper and lower bounds for the output sj,syp, and spp, respectively, are now readily
constructed as

SLB = lnf £+(V,Q}T,W;,f;,ﬂ;) S Sh S - lnf ﬁ_(V,(j]:,W;:,’f}:,ﬂ;:) = SUB, (25)
veXy veXy

where the superscripts, (x)* and (x)7, indicate the upper and lower bounds of the arguments
(%), respectively. Note that equation (25) holds for any functions (gi-, Wi, 77, fif) € (Qp x Xj, ¥
Qh X Hh)

10



4 Bound calculations

Starting from the Lagrangian, the algebraic formulation of the bound procedure for outputs of
the Navier-Stokes problem will be exposed.

Equations (21), (24) and (25) suggest that the bound procedure for the Navier-Stokes
problem require the calculations of the field solution (ug,py), the three Lagrange multiplier
candidates, adjoint (¢, A5;) and hybrid flux t, on the global coarse mesh 7z, and the calcula-
tions of the restructured errors éf and &, on the decoupled fine mesh 7;,. These parameters can
be inexpensively calculated by solving a global, coarse field solution (primal) problem, a coarse
adjoint (dual) problem, a coarse hybrid flux problem and N} subdomain fine mesh problems,
which are simplified from the stationarity conditions of the augmented Lagrangian (21).

The stationarity conditions are: find €3 € Xy, ¢5; € Qu, 5 € Xy, A5 € Qp, and
tL € Hy such that the vector coefficients of these functions satisfy:

+ —
m{QASZ?eg’;} +2BE E0T 4 AP 1 DP®) + B HE - f('}}} + {[A( ) DB g

+BBTRWE L Z ) T iézH}—i—HH) ) (26)

w{2Blfe <§}i+B(’“ (’”}+B%H 0, (27)
HYeH™ =0, (28)
AS + DW)Es +2% 7+ BE B + 207 Z el® — 7%, (29)
BEal) + BR=H" —o. (30)

Equation (28) forces e7; € Xy, and (e}, c7;) = 0 has to be satisfied for (e7;,¢3) € Xy x Q.

4.1 The primal problem

By introducing (e}, ¢7;) = 0, equations (29) and (30) lead to the primal problem which is
relatively standard: find the global field solution (uy,py) that satisfies the original non-linear
Navier-Stokes problem in matrix form, (7) and (8), on the coarse H-mesh:

3

i=1

where the matrix C'y should be determined by the field solution u;g. Note that the convection
term Chu;g is nonlinear. Newton’s method, a quadratically converging process described in
section 2.2, is suitable for the iterative calculation of these nonlinear Navier-Stokes equations. A
Generalized Minimal Residual (GMRES) solver [19] with ILU(0) preconditioner is used for solv-
ing the linearized non-symmetric algebraic systems (11) and (12) within each Newton iteration
step.

11



4.2 The dual problem

+
Forcing the subdomain solution ug;) and adjoint vector 1/)1(75) to be continuous in the whole

domain  can eliminate the hybrid flux term Hg“)Tfi{ in equation (26), because no inter-
subdomain jumps exist for uy and 1% in the conforming space Xy.

By setting ¢35, = ;5 and A3 = £y, and by evoking equations (31) and (32), equations
(26) and (27) simplify as the dual problem: find the adjoint solution (¢, Yom, Vsu, Ag) €
Xy X Qp, such that

(Ay + DDYo Z Ty + By = 1, (33)
3
ZBiniH = 0, (34)
=1

The dual problem is linear, so no Newton iteration is required for solving (33) and (34). GM-
RES solver with ILU(0) preconditioner is used to solve the underlying nonsymmetric algebraic
system.

4.3 The hybrid flux problem

Let eﬁ(k) = e’}}"(k) + 1 d“( ), efl(k) sg(k) + 1 d“ , and t; = st? £ t%. Substituting these
parameters and ( Ii{(k),)\ﬁ(k) = i(z/}f’;},Ag“) into the stationarity conditions (26), (27) and
(28) leads to the following two hybrid flux problems:

e The primal hybrid flux problem: find (¢, 5y, t5};) € Ey such that

24 +2BlH e P e+ 1A + DI + B - T =0, (3)
2 Z BZ(]];)E Z BzH qu7 <36)
N
Z Hgf)é%(k) —0. (37)
k=1

e The dual hybrid flux problem: find (4%, 3% t4%) € Ey such that

Tt — T T
2A£§)edﬁf Y op® e L g® g L AP + D® TR 4+ BE W

—(k)
+ Z Ej(f}{ 1/)3'1{ =0, (38)
j=1
> k
23" Biel " Z BY, (39)
=1

Al (k)
> Hyel" = 0. (40)
k=1
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4.3.1 The hybrid flux associated with the primal problem

The primal hybrid flux problem can be further expressed in the standard FETT interface for-
mulations for each hybrid flux component t£;; in the x; direction (i = 1,2, 3) [3].

Because the Crouzeix-Raviart pressure space is discontinuous, mass conservation can always
be satisfied in each tetrahedron and subdomam if conservation is also satisfied in the global

domain. That is, if ZBHUZH =0, then ZB ZH) =0, Vk:1<k<N,.

i=1 z 1
With 75, ® = ebr 8 — bt 8 — g and e2/™ = 0, equation (35) can be simplified as:
L R SRR

where Al P eZ H is an artificial term, which is equal to zero.
Now all three components of the hybrid flux vector are decoupled, and the above hybrid flux

_ T
equation can be solved inexpensively. Let the primal residual gty r k) — f U;;—[A( ) ,EH)+B(]€) o )],

(2

K(k 2A ") and R ") be the null space of AH , namely, R ) Ay ") Then equation (41) leads

* Kie® 4wy =i (12)
By defining Kﬁ}"” as the inverse matrix of K ¥ H , equation (42) is equivalent to

o = K " - 1Y )+ ROa®, (43)

0 = RV - 1y ). (14)

where @}, ") denotes the set of amplitudes that specifies the shifting of the subdomain Q*) for
the re&dual of the primal problem (31).

The substitution of (43) into (37) to eliminate Effl(k) leads to the following dual interface
problem: find ¢, such that

Ny T N
> P - 1 H + S HP RV = o (45)
k=1 k=1

RO (g™ — 1P ) = o, (46)

The dual interface problem (45) and (46) for ¢/}, can be written in the standard FETI
interface formulations:

Fr -Gy ][ & diy
= , 1={1,2,3}, (47)
-G 0 W ~Tin
T
where Fy = ZH;)K(k) ch) ’ (48)
k=1
Gy = [HPRY ... HFYRGM], (49)
aly = [ai-”;“) o™ (50)
EZ{ — ZHk)K(k) fPT( )’ (51)
k=1
T Tfr —_pr
g = {Rg) QfH(l)} {R(Nk fH(Nk)}- (52)

13



The interface problem (47) is applied to each component of velocity (i = 1,2, 3), which can
be solved separately by a preconditioned conjugate projected gradient (PCPG) algorithm. A
projection operator is exploited to handle the self-equilibrium constraints. The FETI method

iterates on 7y, given an initial 7" which satisfies the constraint GL#r" = g%, Subsequent
increments of the inter-subdomain connectivity satisfy:

PuFyAty = Py(dy — Futly®), (53)

GLA®, = 0, (54)

where Py is an orthogonal projector onto Ker(G%) defined as
Py =1y — Gu(GLGy)'GY. (55)

The FETI algorithm can be regarded as a two-step preconditioned conjugate gradient
method to solve the interface problem and can be found abundantly in the literature [5, 6, 8, 17].
This algorithm can be summarized as in [6]:

1. Initialize 7 0

= Gu(GLGn) 'y
w’ = PYd, — Futh?)

2. Iterate Yt = PyFglwn

n—1 ynTFHZi

T A
i—o 2V Fyz

)

nT, n
W=
ZnTFHZn
Zpr n+1 Zpr n
tzH = tH +77nzn
W' = w" — " PLFy2"

where Fj;' denotes a chosen preconditioner.

TL
The FETT iterations residual obeys the stopping criterion, H 7 pT n” [E < €4, where g4 is

2
the global FETI tolerance. In this study, €, is set to 107".

4.3.2 The hybrid flux associated with the dual problem

Similarly, the dual hybrid flux problem (38), (39) and (40) can be written in the standard FETI

interface problem for dual residuals qf}}(k), which are the residual of the dual problem (33) and
(34) on each subdomain Q®:

Fy  —Gu [t d
= (56)
—Gy 0 g ~Giti

where
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aly = [a?ﬁ“’ afﬁ“’”], (57)

—du (k _du (k)
diH = ZHH) ?H ) (58)
—adu T* U T u(N )
gl — [R&P " } [R g™, (59)
3
_du (k) k BT<k), 50
g™ = —[(AY +D z FRRT RS T vl B (60)

The PCPG algorithm is also used for solving the above FETI interface problem for the
three decoupled dual hybrid flux components ff}}

4.4 Fine mesh calculation

Before performing the fine mesh calculations for the field errors, the variables u,fz), pg’c), 1/1511?,

/\%), 77 and t% are interpolated from the coarse H—mesh onto the fine h-mesh. The solutions of

the primal and dual problems, uflg and wﬂ“}, which satisfy local incompressibility on the coarse
H-mesh, however, will not satisfy this condition on the fine A—mesh. Incompressible local
projectors have to be introduced so that these variables can be modified and local continuity
on the fine mesh can still be satisfied. Similar to the coarse mesh calculations, the fine mesh
calculations involve the separated primal and dual parameters for the incompressible local

projections and reconstructed errors.

4.4.1 ‘Incompressible local projections’

The incompressible local projectors (AF"® grr®)y — (APr () Apr(®) APr() 5orR)y g the pri-
mal problem are evaluated by

A DPT T T .
ARRP® L W e ® g = 1,23, (61)
3 3
k)—~pr(k) r (k)
ZBi(h)Afh = _ZBzh p ®, (62)
=1

Then, the field solution can be modified as @\" = u{¥) + AZ"®) and ¥ = p® 4 577 ®) and the
incompressible conditions can be satisfied on the fine mesh.

Similarly, the incompressible local projectors, (Ad“(k 5;‘5“(k)), which are introduced for the
dual problem, are given by

——du(k) T—dy (k) )
AWRD L pWTEIet g i =1,2,3, (63)
3 3
E)——du (k) E)—du (k)
Z Bi(h)Aih = - Z Bi(h)wiH . (64)
i=1 i=1

Modifying the associated adjoints by the incompressible projection correctors leads to @f}’? =
D
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4.4.2 ‘Reconstructed errors’

The hybrid flux vectors t3; = xt? £t% are also interpolated to ti = xth £t from the coarse
mesh 7y onto the fine mesh 7, and the errors, (ef( ), 5#“) = (etr®) crrk)y 4 %(eﬁ“(k), ggU(k)),
can be determined by the stationarity conditions.

By setting the stationarity conditions (35) and (36) to be satisfied on the fine mesh, the
reconstructed errors for the primal problem can be evaluated by the residuals of the associated

problem with the primal hybrid flux recovered as Neumann boundary conditions:

_pr T_pr =(k T—k)  —(k
Q[Aék)efh"“’ +BE ar®| = g0 g 40 4 pRE® _ p®TEE L5 (g
3
2" BYer® =o, (66)
=1

and (38) and (39) lead to the errors for the dual problem on the fine mesh:
—(k)

T
2|:A§Lk)%lu( )+BZ(Z) T_gy(k )} _ _H}(lk) tfﬁ _ [(A( )+D(k) W BZ(}I:) )\ —E
3
(k)T =)
Zl E]zfz ]h ’ (67)
j:
QZBk) edu® _ g (68)

The above fine mesh calculations only involve linear, symmetric systems and can be solved
inexpensively by the Conjugate Gradient method with the ILU preconditioner.

4.5 The bounds and half bound gaps

Equations (21) and (25) simplify to the upper and lower bounds expressed in matrix form

(k) i &) T y=® =0T k) k)= k)
SLB = Z Z {E?hugh (A( ) + D ))1/% + pg) Bi(h)%h + A Bz‘(h)uz('h) —fn Y
k=11=1
g0 gRgt } (69)
& o O 7H =T 4k 7B T o =® T ®T gy k)T =R)
Sup = ZZ{ inlin, + g (Ay + Dy )wzh +0y By Ui A Bl wy — [ Y,
T
+/£ezh(k) A,(lk)eih(k)}. (70)
k) (k) ) )T k)= (k)= (k)
Note that the term Z Z (A7 + Dh )wm +p," By i, + )‘h Bm fh Vi
k=11i=1

is very small compared with the bound gap, A(7y, k) = %(SUB —srp). Therefore, the modified
linear output of interest, 5y, is defined as

SH = Z Z{ zhuzh zh (Ag )+ Di(z )Wih + D, Bi(h)wz‘h + A Bz‘(h)uih I Vi ¢
k=1 1i=1

Finally, the lower and upper bounds have the simple expression as follows:
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SLB — SH—KZZ +(k A(k +(k (71)

k: 1i=1
T _
SuUB = SH + K Z Z e'Lh (*) 7zh(k)' (72)
k=11i=1
The half bound gap is:
1 —pr 17 u T —du(k
A(THM‘?) = §(SUB - SLB ZZ { p 0 A k) + d Agzk)e?h( ) . (73)
k=11i=1
The output predictor is therefore rewritten in matrix form as
Spre(Ti) = 55 — 2 Z Z*’”‘(’“ T AWgu®), (74)
k=11i=1

Note that equation (74) is independent of the parameter s.

4.6 Optimal bounds

Because the calculations of (e2"*) ™) and (eﬁ“(k), efu) are not associated with the parameter
K, the half bound gap (73) can be optimized by choosing optimum * so that the lower and
upper bounds are as sharp as possible [11]:

8A(TH, 7 1 (et )
|n= m—ZZ )" A _H*QZZ =0,
k=11i=1 k=1i=1
_du(k du(k
Yy 1h ( )ezh( )

which leads to k" = .
sy e ® alen®

5 Numerical Results on a Single Processor

In this section, numerical results on one processor are reported for bounds to the output of
the steady, incompressible, low Reynolds number Navier-Stokes equations. The linear output
sy, associated with the fine discretization 7}, is bounded by the upper and lower bounds, syp
and s;p. The predicted linear output is the average of the upper and lower bounds, i.e.,
Spre = %(SUB + spp). All the computations are carried on a single processor Pentium III
933 MHz CPU with 2 Gigabyte RAM memory, running SUN Solaris Operating System 5.8.
Computational results are presented here to illustrate the accuracy of the bound method.

The domain is decomposed into 3 x 3 x 3 — 3 = 24 uniform subdomains, each of which is a
cube of size % X % X % The fine mesh is assumed to be 7j,_g g2778, representing the discretizations
of the domain into [(36 x 36 x 36) — 3 x (12 x 12 x 12)] x 6 = 248,832 tetrahedra. This
problem has more than 4 million degrees-of-freedom (d.o.f.). It is impossible for a 2G memory
computer to simulate such a problem by the standard finite element method unless some virtual
memory is used. The bound method, however, can predict the output of this 4 million d.o.f.
problem with the stated computer resources. Five different coarse subdivisions are considered
for the N-S problem with 24 subdomain decomposition: i.e., 705556, Z0.08333, Z0.11111, 20.16667
and 7 33333, representing the uniform coarse discretizations of the global domain divided into
24 x (4x4x4)x6=29,216,24x (3 x3x3)x6=23,883,24% (2x2x2)x6=1,152 and
24 x (1 x 1 x 1) x 6 = 144 tetrahedra, respectively. Note that the coarsest mesh, 733333, is
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g replacement

the coarsest structured mesh that can constructed for this geometry. It will be used to test our
hypothesis that the bounds are in the asymptotic certainty regime. to These coarse subdivisions
are further refined into the ‘truth’ mesh for the local Neumann calculations, namely, 7g 02775,
with R = 3,4,6,9,12, respectively. The reader is referred to Table 1 for the number of elements
and the degrees-of-freedom associated with each refinement R investigated for this problem.

Coarse mesh Memory CPU (k sec.) ATy, k") %
Ty elements | d.of. | R | Mbytes | Re=1| Re=100 | Re=1 | Re =100
Toossse | 31,104 | 519,444 | 2 | 1552 634 776 4211 8.481
Toossss | 9,216 | 157,380 | 3 484 130 135 6.521 13.495
o111 | 3,888 67,932 | 4 350 103 101 8.752 18.326
Toieeer | 1,152 21,108 | 6 308 95 103 13.952 | 31.596
T0.33333 144 3,084 | 12 308 104 100 39.376 | 82.783

Table 1: Subdivisions, refinements, computer resources and half bound gaps for Re = 1 and
Re = 100.

For the very low Reynolds number problems, Re < 1, the convection term is very weak
compared with the diffusion term, indicating that the Stokes bound procedure can be used to
solve the underlying Navier-Stokes bound problem [3]. So in this paper, the investigation is
focused on Re € [1,100]. Recall that the Reynolds number represents the applied pressure
gradient.

T
T
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Figure 4: The velocity profile on the coarse mesh 7 g333 for Re = 1 (left) and Re = 100 (right).

Figure 4 shows the velocity profiles for the Navier-Stokes problem with the Reynolds num-
bers Re = 1 and Re = 100, respectively, at section x; = 0.5. The driving force f; = fo = 0.0
and f3 = % are selected for the different Reynolds numbers.

It is very expensive to calculate the output s, because the truth A-mesh problem has more
than 4 million d.o.f., the predicted output s, can be used as an alternative to sj. Therefore,
the relative bounds are denoted by syp/Spre, SLB/Spre, and the relative coarse mesh output is
denoted by sg/spre as a function of H. Figure 5 shows that the optimized bound gaps converge

with respect to the coarse mesh for different Reynolds numbers. For Re = 1, the optimized
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Serefigure 5: The relative bounds on different co¥trse meshes for Re = 1 (left) and Re = 100 (right).

half bound gap is less than 39.376% for the coarsest mesh 7 333333 and decreases to less than

4.211% for Tg05556-

For Re = 100, the optimized half bound gap decreases from 82.783% to

8.481% with the reduction of the mesh size from 7333333 t0 7Z0.05556-

ag replacements
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log HFigure 6: The convergence rates for Re =
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€LB = |8LB - §LB|

\I\\\\I\\\\I\\\\I\\\P],‘AMLIO||Q,JMJ%|5‘V_YSPT6‘
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-0.5

-1.5

-2.5

g%left) and Re = 100 (I'lght) §H = 5H(H:0.05556)7

SUB = SUB(H=0.05556)y SLB — SLB(H=0.05556)s Spre = Spre(H=0.05556)-

Figure 6 presents the convergence rates of the coarse mesh output ey, the bounds eyp,

erp, and the predicted value e,.. as a function of log H on a log-log scale. 5y, Syp, 5B
and 5,,. denote the values of sy, syp, spp and sy obtained at H = 0.05556, respectively.
For the different Reynolds numbers, the slopes of ey,epe, eyp and epp are about O(H?*!),
O(H?*?), O(H?*?) and O(H?*'), respectively. The fact that these convergence curves are smooth
ensure that the bounds are in the asymptotic certainty regime even for our coarsest mesh. The
characteristic size of this mesh is one third of the computational size and can be considered
very large, nevertheless, as it can be seen from the above results, this size is still less than the

threshold mesh size required to obtain full certainty.
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Table 1 also shows the computational efficiency for the Navier-Stokes bound method. The
optimized relative half bound gap, the memory and the simulation time which are associated
with the different coarse mesh sizes are reported in this table. The bound method carried out on
a coarse mesh size 7 g5556 uses 776k seconds CPU time and 1552M memory to predict the linear
output of 4 million d.o.f. problem with an error less than 8.5% for Re = 100. This Reynolds
number is equivalent to a Reynolds number based on the average velocity of approximately
20. If the Reynolds number is increased, separation occurs and the coarse meshes used in the
present study become unacceptable, i.e., the bound gap is greater than 500% for Re = 300.
Clearly, the coarse mesh must be refined to capture all features of this flow at higher Reynolds
numbers.

6 Parallel Results from a Beowulf Cluster

In the previous section it was shown that the bound method offers a significant computational
advantage over the standard finite element method. To be noted, for one processor numerical
simulations on meshes coarser than 7 og333, the largest amount of computational time is spent
on the fine mesh calculations, which require 73.4% to 99.94% of the total CPU because the
coarse mesh problems have very few d.o.f. compared with the fine mesh ones. These decoupled
fine mesh calculations are nevertheless much less expensive because they actually involve linear
algebraic systems, just like those for the Stokes equations. Parallelization of the fine mesh
calculations can further improve the computational efficiency of the bound method.

Indeed, the fine mesh calculations are intrinsically parallel because they are completely
decoupled problems. Therefore, subdomain problems can be calculated simultaneously on dif-
ferent processors with little communication between them, translating into large parallel effi-
ciency. Generally, the bound method achieves very high efficiencies (more than 90%) for the
fine mesh local calculations even on a Beowulf cluster. The only parallel efficiency loss comes
from the different CPU time used for iteratively solving the local subdomain problems on dif-
ferent processors. On some subdomains, the iterative solver may converge quickly, whereas on
others it may take a longer time. The slight difference in the convergence time leads to fine
mesh calculations that do not finish at the same time, and therefore less than perfect 100%
parallel efficiency. This can be effectively improved by dynamically loading the jobs on different
Processors.

The coarse mesh FETI calculations are performed by an efficient parallel semi-iterative
solver. The cost is associated with the calculation of the coarse interface problem. In each
FETI outer loop iteration, the number of degrees-of-freedom is equal to the total number of
subdomains, in this case, 24 subdomains. This leads to a very small global system. The
inner loop iteration involves local systems and can be easily parallelized. Parallel efficiency of
the FETI method is theoretically and numerically demonstrated in the literature [6, 7]. The
above characteristics suggest the high potential of extending the bound method with the FETI
procedure to parallel computations.

Parallel results reported here are obtained on a Beowulf cluster of Pentium 111 933MHz/1024M
memory computers, connected with a 10/100 Mbits/sec hub, running the SunOS 5.8 operating
system. The communication uses the Message Passing Interface (MPI) available through the
MPICH library.

Table 2 reports the performance results for the increasing number of processors for Re = 1
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Proc. Elapsed Time (sec) on 7g 08333 Parallel Efficiency 7 08333
# Coarse | FETI | Fine Cal. | Total | FETI | Fine | Total | Speedup
1 | 274k | 71k | 954k |1200k]| 7 7 7
2 274k | 3.9k 48.2 k 79.4k | 92.1% | 99.0% | 81.8% 1.63
3 274k | 2.7k 32.2 k 62.3 k | 89.3% | 98.6% | 69.5% 2.08
4 274k | 2.2k 25.3 k 54.8 k | 82.1% | 98.9% | 59.2% 2.37
6 274k | 1.5k 16.0 k 449k | 80.1% | 99.1% | 48.2% 2.89
8 274k | 1.1k 12.1 k 40.6 k | 79.2% | 98.6% | 40.0% 3.20

Table 2: Performance results, parallel efficiency and speedup for increasing number of processors
with Re =1 on 76.08333

and the coarse mesh of 7 g333, as well as their corresponding parallel efficiencies: 81.8% for 2
processors and 69.5% for 3 processors. Note that the global coarse mesh calculations for the
primal and dual problems are not parallelized so the CPU time spent on these two steps are
always about 27.4k seconds no matter how many processors are used. This is the reason that
the total parallel efficiency is lower than those of both FETI and fine mesh calculations. We
can see that the efficiency for small number of processors is satisfactory, but it becomes poor
for a large number of computers (more than 4 processors). The nonparallelization of the global
coarse problems in the bound procedure reduces the total efficiency from 59.2% on 4 processors
to 40% on 8 processors.

However, on very coarse meshes, the total parallel efficiency is still as high as 90%, while
yielding a satisfactory half bound gap. Table 3 reports the total parallel efficiencies on 8
processors for the N—S problem on different coarse meshes with Re = 1. The bound method
can achieve a half bound gap with 8.752% error and a total of 75.9% parallel efficiency on the
coarse mesh of 7 11111. On a coarse mesh of 7 16667, the bound method obtains the results with
less than 14.0% error and more than 90% efficiency for Re = 1. Note that in all those cases,
the output that is bounded is related to the fine mesh 7y go77s.

Mesh vs. error Efficiency

Tu Sgap% | Total (%) | Speed up
To.0s333 | 6.521% 40.0% 3.20
Toan | 8.752% 75.9% 6.07
To.16667 | 13.952% 95.8% 7.82
To.33333 | 39.376% 98.7% 7.90

Table 3: Parallel efficiency and speedup for the different coarse mesh Navier-Stokes problem
with Re = 1 on 8 processors.

The numerical results demonstrate that the total parallel efficiency of the three dimensional
bound procedure is close to that of the last step fine mesh Neumann calculations when the very
coarse mesh 7y is selected. It proves that the bound procedure with the FETI method is an ideal
algorithm with low computational cost, high accuracy and high parallel efficiency. However,
a more efficient parallel implementation is nevertheless required and should be developed for
large-scale engineering application in the near future. In fact, for the Navier-Stokes equations,
the coarse problem should also be calculated in parallel on multi-processors.
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7 Conclusion

The a posteriori finite element bound method efficiently evaluates the ‘truth’ mesh output by
calculating upper and lower bounds to this output, and thus provides error information related
to this output. The augmented Lagrangian based on a coarse mesh linearization of the N-S
equations and on a domain decomposition approach leads to a simplified bound procedure for
the three dimensional Navier-Stokes equations. Numerical results for the problem of interest
show that the resulting bounds are sharp, rigorous, and computational resources can be signif-
icantly saved. It is also shown herein that the uncertainty due to coarse mesh size is mainly a
theoretical concern and that, in practice, rigorous bounds are obtained for very coarse meshes.
The cost overhead of the bound method is small. It is obvious that by comparing the coarse
mesh calculations to solve the field velocity and pressure (ug,py) with the total cost of cal-
culating both the upper and lower bounds, e.g., 27.4k seconds vs. 130k seconds on 7 o333 for
Re = 1, the bound method provides certainty information for a low additional cost. The bound
method has the potential to be an inexpensive and reliable approach to incorporate numerical
simulation of large—scale engineering problems in engineering design.
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