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Highlights

e A goal-oriented a posteriori error estimator for time-discretization with the Fractional-Step Theta Method is introduced.

e We introduce a Petrov—Galerkin formulation, that is — up to a quadrature error — equivalent to the Fractional-Step Theta time-
stepping scheme.

e This new error estimator is applied to nonstationary incompressible flow problems.

Abstract

In this work, we derive a goal-oriented a posteriori error estimator for the error due to time discretization. As time discretization
scheme we consider the fractional step theta method, that consists of three subsequent steps of the one-step theta method. In every
sub-step, the full incompressible system has to be solved (in contrast to time integrators of operator splitting type). The resulting
fractional step theta method combines various desirable properties like second order accuracy, strong A-stability and very little
numerical dissipation.

The derived error estimator is based on a mathematical trick: we define an intermediate time-discretization scheme based on
a Petrov—Galerkin formulation. This method is up to a numerical quadrature error equivalent to the theta time stepping scheme.
The error estimator is assembled as one weighted residual term given by the Dual Weighted Residual method measuring the error
between real solution and solution to the Petrov—Galerkin formulation (that at no time has to be calculated) and one additional
residual estimating the discrepancy between actual time stepping scheme used for simulation and the intermediate Petrov—Galerkin
formulation.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

In this work, we develop a technique for goal-oriented error estimation and time step adaption for the incompress-
ible Navier—Stokes equations, discretized with the fractional step theta method. This time stepping method, introduced
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by Glowinski et al. [1,2] is one of the most attractive time discretization schemes for incompressible flows, as it com-
bines several attributes like strong A-stability, very little numerical dissipation and second order accuracy. To avoid
confusion, we note that we are not applying the fractional step theta method as an operator splitting scheme. One step
tm—1 — ty of the fractional step theta method is combined from three substeps of the one-step theta scheme, here
formulated for the time-discretization of a simple initial value problem u’(z) = f (¢, u(t)):

up =~ = 0kp " ) + (1 — Ok,

Applied to the Navier—Stokes equations, one step of the fractional step theta method requires three sub-steps with the
full saddle point system.

For such a traditional finite difference approximation, a posteriori error control and time step adaption are usually
based on estimation of the truncation error. In [3], the authors presented a new technique of error estimation for the
theta and fractional theta method for parabolic problems. This error estimator is based on the following idea: The
discrete solution u}' form = 1,2,..., M is calculated with the theta time stepping method. As we cannot directly
estimate the error u(t,) — uj' between the numerical solution and the real solution, we introduce an intermediate
problem based on a Galerkin formulation of a variational problem of the Navier—Stokes equations. This Galerkin
solution is referred to as ukG Now, the discretization error can be split by the triangle inequality

|t (t) — U] < |u(t) — uf G| + ud (tn) — u],

and two separate errors must be estimated. Estimating the first contribution is a standard task for Galerkin methods
and can be accomplished by residual estimation. The second error contribution turns out to be given by a numerical
quadrature error, that describes the difference between the time stepping method and the Galerkin method. Finally, we
note out, that the Galerkin scheme is only used as mathematical construct. At no time it will be necessary to compute
or approximate its solution ukG.

For error estimation, the goal-oriented approach going back to Becker and Rannacher [4,5] is employed. In partic-
ular considering problems in fluid-dynamics, one is very often interested in technical quantities like drag coefficients.
By goal-oriented error estimation we can estimate the error and optimize the mesh specifically with respect to such
functionals.

In this article, we generalize the error estimation technique described in [3] for parabolic problems to the incom-
pressible Navier—Stokes equations by a suitable treatment of the divergence-free condition.

The following two sections will give the mathematical setting and background of the error estimator. The focus of
Section 2 will be a Galerkin formulation for the incompressible Navier—Stokes equations similar to the theta method.
Then, in Section 3 we derive the a posteriori error estimator based on this Galerkin formulation. In Section 4, we
summarize the error estimator and describe the adaptive procedure as a computational approach usable in applications.
In Section 5, we present numerical examples, demonstrating the accuracy of the error estimator and the efficiency of
locally refined time discretizations.

2. Time-Galerkin discretizations of the Navier—Stokes equations

Let 2 ¢ R? be atwo (d = 2) or three (d = 3) dimensional domain with smooth or convex polygonal boundary
and I = (0, T) be a time interval. By L?(£2) we denote the Lebesgue space of square integrable functions and by
HOI(Q; I') the Sobolev space of square integrable functions with first weak derivatives in LZ(Q) and trace zero on

(parts of) the boundary I' C 942, with Hé (2) = HOI(Q; d{2). Further, we introduce the Hilbert spaces X" and X?”
defined as

X'={|vel*1,V) and v e L*(, V"), XP =L, H),

with V = H(; (2; )¢, H = L*(12), and the dual space V* of V. We denote the pair of the spaces X and X? by
X = X" x X?. The inner product of L2(1, H) and the duality pairing between L2(I1, V) and L%(I, V*) are defined as

(@)1 = /I (), q)mdt and (u,v) == /1 WO, v(O)yye dr.

The extension of (-, -); to function from LZ(I ,HYY s straightforward.
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Problem 1 (Navier—Stokes Equations). Let v0 € V and f € L*>(I, H?). Find (v, p) € X, such that v(0) = v" and

(Ov, @)1 + f[{a(v, @) —b(p, @) +bE wdi= (@)1 V(@ §) e, 6]

where a(v, @) = v(Vv, V@) + (v- Vv, @) and b(p,9) = (p, V - @).
In the sequel, we will write (1) compressed as
Aw)(P)=F(P) VPelk
withu = (v,p) e X, ® = (¢p,£) € X, and

A@) () = ¥(0), 9(0)) + (v, @)1 + /, law, @) —b(p, ) + b, v)} dt, @
F(®) = (f, )1 + (°, 9(0)).

2.1. Time stepping formulation

For a temporal approximation of the Navier—Stokes equations we introduce a subdivision of the time-interval [ as

O=m<ti<---<ty="T, ki =ty — tm—1, k= max k.
1,...M

The theta time stepping scheme as basis for the fractional step theta method is then given as a finite difference
approximation of Problem 1:

Problem 2 (Theta Time-stepping Scheme). Let 6 = (0,)¥_, € [0, 11" and v{ ; = 0. Find v, = 0§ )M | e V™

m=1

and p,f = (p,(z’m)n";’:1 € HM by iterating form = 1,2, ..., M:

Ve = Vo1 ) + Onkma . @) + (1 = 0)kma vy 1. @) — kmb(pf . ) + kmb(E. V] )
= Omkon (F (1) @) + (1 = 0k (F (tm—1). @) V(9. &) € V x H. 3)

The pressure is considered as a Lagrange multiplier for realizing the divergence condition at time 7,,, it hence fully
appears on the implicit side. The fractional step theta method is based on this one step theta scheme by combining
three substeps

m—1 = tm—14a = tm—a = Im,

using time step sizes aky,, (1 — 2a)k;,, and aky,. It is shown, e.g., in [1], that the resulting scheme is second order
accurate, if we choose @« = 1 — /1/2 & 0.293. Each of the three substeps is a theta step, using the three values 6,
1 — 6 and again 6. For every 6 € (1/2, 1] strong A-stability of the combined scheme is given, see [1,2].

2.2. Galerkin in time formulation

In [3], we have derived a Galerkin formulation for the theta time-stepping scheme applied to nonlinear parabolic
problems. A direct application to the incompressible Navier—Stokes equations in the same spirit is hindered by the
incompressibility constraint.

First, using the temporal grid given above, we consider a partitioning of the time interval I = [0, T'] as

I={0)ULULU...Uly

with subintervals I,, = (#,,—1, t,,] of size k,,. On this subdivision, we define the trial space for velocities and pressure
as the piece-wise linears and piece-wise constants by

X! =y eCU, V)|l € P1Uu, V), m=1,2,..., M}
X! = {pr € L*(; H) | pels,, € PoUm, H), m=1,2,..., M}.
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The pair of these discrete trial spaces is denoted by Xy = X} x X,f. For vi € X}, we set vi m = vi(ty) and for
pr € X7, we define pym = p I
As test-space for the momentum equations, we choose

Xio =10 € LX(I1,V) | o, € P, V), m=1,2,.... M, 0, (0) € V},
where by PY(I,,, V) we denote the function space

P’ (s V) = { @ | @km € V)
with the theta-weighted function &,,: I,, — R defined as

1\2t —ty—1 —t
Qm(t) =1 +6<9m - E)%

For the incompressibility constraint, we take the space of piece-wise constants X ,f as test space. The pair of test-spaces
is then denoted by X/f =X}, X X,f.
Restriction of Problem 1 to these discrete trial and test spaces yields the following formulation:

Problem 3 (Galerkin in Time Formulation). Let 6 = (6,,)™_, € [0, 1] and vx o = v*. Find ux = (vk, pr) € Xk
such that

AGu) (D) = F(B) VP € X,
where A and F are given by (2).

Calculating the concrete forms of A and F for the discrete ansatz and test spaces yields

M
A@(B1) = 010, 060 + Y | Ok = Vom-1. Pic)

m=1

+ ki Om (VVi s V(»-ok,m) +kn(1 = 0)(VVim—1, V‘pk,m)

—km (pr,m, V - ¢k,m) + Wk - Vv, @) dt 4)
[’n

ki ki
+ OV V-1 Bn) + 2V Vi, sk,m>},

M
F(dsk) - Z\/l‘ (f7 (pk) dr + (vov (pk,O)-

m=1

Hence, the discrete variational formulation (4) of Problem 3 shows two differences compared to the theta time stepping
scheme (3) of Problem 2:

1. The nonlinearity v - Vv and the right hand side f are in (4) not approximated as in (3). This can be overcome by
applying numerical quadrature, the key concept in [3].

2. In contrast to (3), the incompressibility constraint is not fully taken implicitly in (4). Instead, this scheme gives
rise to the relation

IV-vimll = IV - vim-1ll
which is not desirable in terms of stability. It will be the main contribution of this paper to extend the theory from [3]
to the incompressible Navier—Stokes equations while capturing the divergence condition completely implicitly.

3. Goal-oriented error estimation

A posteriori error estimation and adaptive time mesh discretization will be based on the dual weighted residual
method (DWR) by Becker and Rannacher [4,5] that has already been applied to different Galerkin formulations of the
incompressible Navier—Stokes equations, see, e.g., [6,7].
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In [3], the authors derived an a posteriori error estimator for the theta and fractional step theta time-stepping scheme
applied to parabolic problems. To extend this approach, we start the derivation of an a posteriori error estimate by
introducing the following equivalent formulation for the finite difference theta scheme of Problem 2: Find uz € X
such that

Ao i) (Py) = Fo(Pr) VPy € X! 5)

with

M
Ag@) (1) = (0] 0. 0k.0) + D {0 = Vet O + Omkma ] . D) + (L= Ou)kma (V] 1. )

m=1
- kmb(plf,m’ (n_ok,m) + kmb(gk’m’ vz»m)}

and
M

Fo(81) = Y Ok (Ftm), @pm) + (1 = Ok (F (tm 1), @)} + 00, 01.0)-

m=1

For a differentiable error functional J: X — R given by
J(u) = /Ijl(u(t))dt+jz(u(T)),

where ji, jo: V x H — R we define three Lagrange functionals on X x X" as well as on X} x ng by

L) (z) = J@) + Fz) — A@w)(),
L(uy)(zx) = J(uy) + F(zx) — A(ug)(zx),
Low)@) = Jw)) + Fo @) — Ag) (@),

where byz = (w,q) € X, zx = Wi, qi) € X,f, and zz = (wz, q,f) € X,f we denote adjoint variables solving

A (D,2)=Jw)(P) VbecX (62)
A (i) (P, zx) = J (up) (D) VPy € X (6b)
Ay ( Py, 20) = T @) (By) Vb € X (6¢)

Remark 1. The derivatives A’ and Aj, are given by

A'@)(P,2) = (9(0), w(0)) + (3@, w)1 + fl{a/(V)(qJ, w) —b(E,w) +b(q, )} dt

and
M
Ap@)(Pr.2)) = (00 We0) + Y @ — Phom1 W) + Omkm@' O] ) (@ - WY
m=1
+ (1= 0k ]y D) Phem1+ W 1) — kb Em Wi ) + kD (@ s @1 - )

In the following, we will analyze the difference between the theta method as time-stepping scheme and as a
Galerkin formulation, i.e., between the Problems 2 and 3. As mentioned before, this difference stems from the ap-
proximation of the divergence condition and from the approximation of the nonlinearity by numerical quadrature. To
capture the latter effect, [3, Lemma 3.2] shows for the test space weight @,, and all v € W>!(I,,, R) that

/ V(1) Dy (1) dt = Ok v(ty) + (1 — O)kinv(tm—1) + Ry (v) (8a)
I

holds with a remainder bounded by

IR )| < k197011111 R)- (8b)
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Application of this quadrature formula to the Navier—Stokes equations and their adjoint and treating the error due
to the approximation of the divergence condition yields:

Lemma 1 (Quadrature Error). Let f € H2(I, H?). Then, for any up = (v, pr) € X and any test function
&, = (9, &) € X2, it holds

F(Yy) — A(w) (Pr) = Fo(Py) — Ag () (¥y) + R (ur, D).
Furthermore, for any uy, @y € Xy and zy € ng it holds

T W) (D) — A @) (P, z6) = I @) (Pr) — Ag' @) (Pr, z) + RY (e, B, 20).

The remainder terms can be estimated as
1

M 2
IRE (u, @r)| < Ckz( km”(bk,m”2> H13ve - Vavells + 10711} + ChIEN IV - dvills
m=1

and

u !
IR (i, i z0)| < Ckz(z km||wk,m||2) {10vi - 3 Vorllr + 19:9g - 3 Vvicllr} + Ckligll 1V - iyl

m=1

Proof. To estimate the remainder terms R” and R only nonlinear terms, the right-hand sides, and the divergence
conditions in primal and dual equations have to be considered, cf. the proof of Lemma 3.3 in [3].

(i) First, we consider the right-hand side (f, ¢ ); and the convection term (v - Vvg, @) in the primal equations.
Application of (8) gives for the integration error of the primal equation

M
|Rf| = Z{ ; (f, @) dr — Ok (f (1), @k,m) = (1 = O0)km (f (tm—1), ‘ﬁkm)}'
m=1 I
M M 1
< Y kRO f o) L1 Ry < Ckz(z km||¢k,m||2) [EilE
m=1 m=1
and using that v is piecewise linear in time yields
M
IRY| = Z{ j Wk - Vi, 01) — Ok Vkm - VVkms @pm)
m=1 m

— (1 = 6p)kn, (Vk,m—l . VVk,m—l s (_ok,m—l)”

=<

M=

k|0 i - Vvl o) L1t )

3
I

e

k211 @vic - Vv, )l r)

3
X

M 3
< cz&(Z km||¢k,m||2) 19wk - Vorvells.
m=1

(i1) The adjoint residual shows a remainder due to integration only for the derivative of the nonlinearity, (vy - Vi +
ok - Vv, wi), that can be estimated as in the first case by

M
IRT < D ke 07k - Yoy + @p - Vil w11 s, w)
m=1

M
< Ck2<

m=1

1
2
km||wk,m||2> {19k - 0: Vorllr + 10:9 - 9 Vel 1}
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(iii) Finally, both remainders carry error terms that stem from the approximation of the divergence condition. Here we
cannot apply Lemma 3.2 of [3]. Instead, we directly estimate for piece-wise constant § € X ,f the error between
the exact divergence condition and its approximation by the box rule:

k k
ST o1 Bon) + 2V Vi Eon) =/ (V vy &) di

Il11
km
=kn(V - Vim, Ekm) — > (V- 0yvg, &) dr.
I
Hence, we get for this error contribution
. k k
IR (ve, &) = 5 7 Vkmts Em) + SV ims Em) =k (V VL 6

< Ck|(V - vk, §)1l < Ckll&kll 711V - 0pviell -

The complete primal and dual remainder terms are finally given by
R (ur, Bi) = RY + RY + RW (v, &),
R, Br.z1) = R{ + R (@, q0). O
With help of these estimates on the quadrature error that measures the difference between theta scheme (Problem 2)

and Galerkin formulation (Problem 3), we can formulate the main result, an a posteriori error estimator for the
functional error:

Theorem 1. Let u € X be the solution to Problem 1, uz € Xy the solution to Problem 2 and z € X as well as ZZ € ng
be the adjoint solutions given by (6a) and (6¢). For the functional error due to time discretization it holds

T — J)) = pud)@]) + %{p(usz — II{2) + p* W}, 2 (u — Ihw) } + R,
with the primal and dual residuals

p@)(W) = F) =A@ W),  p*@,2)@) = J @) - A@(,2)
and a remainder Ry given by

Ri = RO + RP(ur, nlz — 20) + R (ur, ixu — ull, z¢).

Here, Il : X — X and er: X — X,f are defined by means of the nodal interpolant iy: X' — X} and the L?
projections wy: X — X,f and n,f: XV — X}:Q as I, = (i, ) and er = (n,f, 7tr). The remainder R®P is the
standard remainder of the dual weighted residual estimator, see Section 3.1. The remainders RP and R? are given
in Lemma 1.

Proof. Since u solves (1) and uz is a solution of (5), it holds by the definition of L and Ly that
J@) — J(f) = L(u,2) — Lo(u}.zQ)
= L(u,2) — L}, z) + L}, z)) — Lo}, 2}) .

) un

The second term (/1) is measuring the difference between Galerkin formulation and theta scheme. It holds

D =JWd) — JW) +F@) — AW @) + Fo@)) — Ae@) @),
N———
=0 =0

and we derive a first computable part of the error estimator. Part (/) can be estimated following the usual DWR theory
as

1
L(u,z) — L@wf,z}) = EL/("szz)(“ 72—+ RO @ —ul, z 2.
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The remainder is of third order in the errors of primal and adjoint problem, see, e.g., [5,3]. As we cannot apply
Galerkin orthogonality, insertion of interpolants yields

L' (uf 7)) (w —uf, 2~ 2})
= L’(ui,zz)(u — I,z — H,fz) + L’(uZ,zZ)(Hku — uz, Hk@z —zz).

Here, the first part exactly establishes the two remaining residual parts of the estimator. It remains to show, that the
last term is of higher order, such that it does not significantly influence the estimator. Using Lemma 1, it holds

L', z) (i, np) = {Fop) — A@D @} + {7/ @) ) — A’ @) (i, z) )
= {Fo(n) = Ap@)D )} + {7 @)D 1) — Ad’ @) (i 2) }
+RP (uie, ) + R (uye, mf 2k)
= RP (i, np) + R @, nf, z0),
such that only remainders by numerical quadrature are left. [
Remark 2. As exact primal and adjoint solution enter the interpolation weights of the estimator, we cannot strictly

speak of an a posteriori error estimator. In Section 3.3 we discuss computational techniques for approximating these
weights by known quantities only.

3.1. Discussion of the remainders

Altogether, the estimator derived in Theorem 1 carries three remainders,
Ri = RO + RP (ur, Iz — 29) + R (uy, Mew — u, z1.).

The first one is the standard remainder of the DWR method, that comes from the application of the trapezoidal rule.
For the Navier—Stokes equations, this remainder behaves as

RO < (@ —vi) - VO =), @ —z))1 | + 17 (i) @ — g, w — g, w — ug)|.

Both parts — being of third order in the error — are small provided the error u — uy is small.

The other two remainders come from the discrepancy between the time-stepping and Galerkin version of the theta
scheme. By use of Lemma 1 and proceeding as in [3, Remark 4.2] employing the stability of the projections operators
i and zrkg, we get for R?

M - 3
IR (ui, iz — )| < Ckz(z k[l T w — wi)m ||2) {19vi - Vowells
m=1
2 [4 0
+10:f111} + Cklim'q — g IV - dvells
< CK*w —will {l1evi - Vol + 187111} + Ckllg — g 11V - v,

where the first term is of third order in k (since the approximation error w — WZ of the adjoint theta scheme will be
of a least first order k, see [8] for a discussion on adjoint solutions to the Crank—Nicolson scheme). The second term
is a purely spatial error with ||V - 9,v¢|| = O(h"), where r, > 0 is the polynomial degree of the velocity space.
Hence, we end up with a mixed remainder of O (k*4™). For R%, by a similar estimate also the order O (k> + k>h'™) is
obtained.

3.2. Adjoint solution

The error estimator is based on both the discrete and continuous adjoint solutions zz € X,f of (bc)andz € X
of (6a). We will see in the following section, that a computational method can be based on ZZ only. Comparing (7),
we can reorder the sums of the variational formulation to establish a time-stepping scheme zz mal = zz nbackwards

Please cite this article in press as: D. Meidner, T. Richter, A posteriori error estimation for the fractional step theta discretization of the
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(2)
uf) z) 7
% N
\ >4/>>
U,

and z](cz) of the discrete solutions uy and zj.

Fig. 1. Piece-wise quadratic reconstructions u](cz)

in time:
Ay @) (B, 20) = Py pr- W pg) + Ortknad O 1) @y Wi ap) + kaab(af ag. 0k 1) — knab G Wi pp)

M—1

+ {—(Wz,mﬂ - Wi,m, Piem) T emkma/(vz,m)(‘pk,m’ wz,m)

m=1

+ (1= O Dk 10" O ) @ W 1) + kD (G s @) — Kb Eom W) |
— W1 = WL 0. 0r0) + (1 — 0)ki1a 07 ) (@40, W] ).

Note, that for computing the adjoint solution, we must distinguish the first and the last from the intermediate steps.
In the case of linear functionals, the corresponding right hand side is given by

/111(45k) dr

A k
> %(jl(dsk,m—l) + j1(Pim))

m=1

kl M-l km + km+1 kM
—j1(®P —J1(® — ji(®P .
5 J1(Pr0) + Z 7 1 Pkm) + =1 (Pe.m)

m=1

The right hand side for general functionals will depend on the specific choice of J(-). Further, general nonlinear
functionals require higher order integration of |’ ; J1(®) dt, e.g., by a two-point Gau} formula.

3.3. Approximation of the weights

One of the critical points for applying the dual weighted residual method is the evaluation of the interpolation
weights u — iju and 7 — n,f z. Basically, two approaches are possible: First, one can numerically compute approxi-
mations ﬁz and 22 on finer time grids and approximate u — iyu ~ ﬁz — ”Z and z — n,f 7~ ﬁz — zi. This approach
is not feasible due to the large computational effort. Second, relying on super-convergence results — that however
cannot be strictly proved for equations like the incompressible Navier—Stokes equations — one can reconstruct higher

order approximations u,((z) of uz and z,({z) of zz and approximate the interpolation errors as

2 0 z]((Z)

u—igu~u —uy, z—n,?z% —zz.

Here, we choose this second approach, that is computationally very efficient and usually results in good approxima-
tions. Even though less accuracy is required for the adjoint solution, we assemble u,((z) and z,({z) piece-wise quadratic
reconstructions of the discrete solutions. Fig. 1 shows this reconstruction process and [3] gives some analysis on the

super-approximation properties of this reconstruction. For this reconstruction to give a higher order, we must assume
that M is even and that two subsequent intervals each have the same step length, e.g.,

[tm1 — | = |tma2 — tmy1, m=0,2,4,...,M—2.

=km+1 =km+2

This is easily established by using patched meshes in time, i.e. every time-mesh can be considered as one global
refinement of an adaptive mesh.

3.4. Application to the fractional step theta method

As the fractional step theta method is constructed by three substeps of the theta time-stepping method, and as
0 = (Gm)n"le was chosen piece-wise, the error estimator stated in Theorem 1 is directly applicable. For practical
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purposes we only need to modify the reconstruction process for evaluation of the weights u — iju and z — ]TE z. The
intermediate steps #,,4 Of the fractional step theta method are not necessarily good approximations to the solution.
Hence, these steps are omitted in the reconstruction procedure. Instead, we construct a piece-wise quadratic recon-
struction using the macro-time steps, only. Again, consult [3] for details.

4. An adaptive feed-back algorithm for solving the incompressible Navier—Stokes equations

In the following, we will present an adaptive algorithm based on the error estimator introduced in the previous
sections. We give details on every step of solution, adjoint solution, error estimation and time-mesh adaptation. Most
of the description goes analogously for the one step and fractional step theta method.

First, let {t,, | m = 0,1, ..., M} be an initial subdivision of I= [0, T'] into discrete time steps with step size
km = ty, — tyu—1. Further let 6 = (9,,,)’1‘1:[:1 € [0, 1™ be a selection of O-parameters. If, we consider the classical
fractional step theta method, the choices of #,, and 6,, must be such, that M is a multiple of 3 and that it holds with
a=1-—/T/2and0 € (%,1]f0rj = 1,2,...,%that

B3j+1 — 13j = a(t3j43 — 135) B3j+1 =10,
iy — 41 =1 - 20)3j43 —135) 420 =1-10,
B3j43 — B3j40 = a(3j43 — 135) 0343 = 0.

Hence, three subsequent intervals must form a macro-patch with a regular structure of 6 and mesh-size parameter k ;.
Further, Iet J: X — IR be the error functional and TOL > 0 be the desired tolerance to be reached |J (u)—J (uz)| <
TOL. The adaptive algorithm is based on the iteration of the following steps:

Step 1: Primal solution

On {t, | m =0,1,..., M} approximate the incompressible Navier—Stokes equations with the theta or fractional
step theta method (compare Problem 2) form = 1,2, ..., M and given vz_o = p0:

Vo = Vo1 @) + Okna (. @) + (1 — Okna Vi m—1, 9) — kmb(pf . @) + kmb(&. V] ,)
= ekm(f(lm)s (P) + (1 - e)kln(f(tm—l)s (P) V(‘P, 5) €eVxH.

Step 2: Adjoint solution

On{t, |m=0,1,..., M}, given the discrete solution of Step 1, solve for the adjoint solution backward in time.
Here, we need to adapt the first and the last step, see Section 3.2:
e Step M:

W p1- ) + Onknd 0 ) (@, W7 ) + kb (af yg. 0) — kb (E. W] )
=J O Pha)(@.6) V(@) eV x H.
o StepsM —1,M—2,...,1:
—W 1 = Whom» @) + Onkm@ 07 ) (@, WY ,) + (1 = Oy Dkmr1d’ 00,0 (@, W] 1)
+ knb(qy . @) — kmb (. W )
=J' 00 PLn)(@.&) V(@ &) €V x H.
e Step 0:
—WY | =W 0. 0) + (1 —0)kia' 0] ) (@, W] ) =0 Ve eV.

Step 3: Error estimation

On {t, | m =0,1,..., M}, given the solution of primal u; = (vz, p,f) and adjoint z; = (we, q,f) problem, cal-

2
k

culate the fluctuations ;™" — u; and z,(cz) — zx accordingly to Section 3.3. Next, evaluate the error estimator on every
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time-interval [,,,:

1
= PG|, + 5 {p@0@® =20l + o @ zo@? —up), |-

This is the error estimator from Theorem 1. However, the residuals are restricted to the interval 1,,, = (f,,_1, f,,] only.
For evaluation of these residuals, it is necessary to use a higher order numerical quadrature rule, like the two-point
Gauss rule. Next, we check, if the desired error tolerance has been reached:

M
Z nm| < TOL.

m=1

If this is the case, we stop the algorithm and the numerical approximation uy is the solution.

Step 4: Time mesh adaption

If the error tolerance has not been reached, we use the information of 7,, to construct a new temporal mesh. Here,
we need to distinguish between the theta and the fractional step theta method. We first describe the case of the simple
theta method.

Time mesh adaptation is based on subdividing intervals I,,, if the absolute value of the corresponding error indicator
|nm| is larger than the average. This is a simple error averaging technique. Hence, we first compute the average

1 M
n= M Z [Mim
m=1

and subdivide 1,, into two intervals by introducing
Im—1+1tm
t 1=
m—s 2
if the error indicator is above average:

| > oW = split (ty—1. tw] into (1.1

m—%] and (tm_%, tml.

Further, we combine two time intervals I, and I,,1, if the summed error is smaller than the desired threshold:

TOL
™|+ "t < 0@ —=

=  combine (f—1, tn] and (ty, Im+1] 10 (-1, tm+11-
By oV ~ 1 and 0® < 1 we denote constants, that control the sharpness of refinement.
In the case of the fractional step theta method, we first agglomerate the error indicators to the macro intervals:

FST

n;°0 =m3j + 0341+ m3j42, =hLjULj11Uljn, j=1,2,...,—.

3

The adaptation process is then carried out on / jF 5 using nf ST | After adaptation of the macro mesh, we reintroduce
the substeps.

M
FST
I

5. Numerical examples

As numerical test-cases, we consider variants of the benchmark problem “laminar flow around a cylinder” intro-
duced by Turek and Schifer [9]. This benchmark was introduced to establish well-defined test cases for different
numerical approaches to computational fluid dynamics. Here, we slightly adapt the setting such that the temporal
discretization gets more significant.

Fig. 2 shows the geometric configuration of this benchmark problem. As in the original description, we set the
density to p = 1 and the kinematic viscosity to v = 1073, The inflow profile on I"™" is parabolic in x,-direction and
depends on the time as

4x2(H — x2)
H2
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Fig. 2. Configuration of the benchmark problem.

where H = 0.41 denotes the height of the channel. The average inflow velocity #"(r) will be specified for each of the
two test-cases.

5.1. Spatial discretization

This paper deals with the temporal discretization only. Hence, we will run all simulations on fixed spatial meshes
with approximately N =~ 10000 degrees of freedom. For the space discretization, we choose a stabilized equal-order
finite element pair with piece-wise bi-quadratic velocities and pressures. For stabilization of the inf-sup condition, we
use the Local Projection Stabilization method (LPS) by Becker and Braack [10] based on a projection into the inf—sup
stable Taylor—Hood element pair. The spatial discretization is sufficiently fine, such that stabilization of convective
terms is not necessary for this low Reynolds number problem. The resulting nonlinear algebraic problems are solved
with a Newton iteration. All linear systems are approximated using a geometric multigrid solver.

5.2. Test case 1: Measuring the error at final time

In this first test-case, we choose a smooth profile for the average inflow velocity in the time-interval I = (0, 3) as
v'"(¢r) = t. With a maximum average inflow velocity of v"®* = 3, this configuration gives Reynolds numbers in the
range 0 < Re < 300. We choose as functional the squared “vorticity” of the solution at final time 7 = 3 given by

Jvort @) = Jyort ((T)) = /Q |02v1(T) — 01va(T)|* dx.

In Fig. 3 we show the vorticity as function of the complete time-interval. With increasing inflow velocity, the
vorticity increases with time, and for large velocities, the solution features some oscillations that are also visible in
the functional. For comparison, we compute a reference value on very fine temporal meshes with up to M = 327 680
time-steps using a globally stable shifted variant of the Crank—Nicolson scheme, see [11]. With help of extrapolation,
we identify the reference value

Jyort = 2702.1 £ 0.1,

which relates to a relative error of about +0.05%.

We run computations with the fractional step theta scheme using & = 0.55 and we initially choose 30 uniform
macro time-steps with step size k = 0.1. The error estimator is approximated as described in the previous sections.
For higher order approximation of ”Z and zz, we choose a quadratic interpolation between two adjacent macro-time
steps, €.g. ty, tm+1, tm+2 and we neglect all intermediate solutions £, 4.

In Table 1 we show the number of macro time-steps N, the value of the functional J (uZ)VOn, the temporal discretiza-
tion error |J_VOn —J (uz)vord, the estimator value 7 split into quadrature error nG, primal nf and adjoint nP residual
and finally the effectivity index given by the quotient of estimator by error on a sequence of locally refined meshes.

We get good effectivities on all temporal meshes with values close to one starting from 1000 macro-steps. Us-
ing small time step sizes, the Galerkin error is dominant. Here, we point out, that the Galerkin formulation is only
considered as trick for error estimation, this formulation does not limit the accuracy of the discrete approximation.
Adaptive mesh refinement does not yield any substantial benefit, as the temporal regularity of this test case is very
high. Measuring the functional error at final time 7 = 3 calls for an uniform refinement of the complete time-interval.

5.3. Test case 2: Adaptive time-step control

In this second test-case we consider a different inflow profile, similar to the original benchmark-setting from Turek
& Schifer [9]. Here however, we pick a temporal inflow profile with lower regularity: The average velocity of the
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Table 1

Test case 1. Number of macro time-steps, functional value (final vorticity), error, total estimator, split
into Galerkin part, primal, dual residuals and finally the effectivity as quotient between estimator value
and real error. Computations done on uniform temporal meshes.

N J Error n nG nP nD Eff
30 3006.21 304.11 150.59 —28.92 126.162 53.348 0.50
60 2779.26 77.16 126.25 13.18 74.223 38.848 1.63
120 2731.05 28.95 9.95 18.49 —4.760 —3.778 0.34
240 2716.32 14.22 26.50 14.73 7.739 4.031 1.86
480 2711.09 8.99 12.55 8.98 2.178 1.393 1.40
960 2706.91 4.81 5.89 4.99 0.553 0.342 1.22
1920 2704.55 2.45 2.89 2.66 0.144 0.087 1.18
3840 2703.34 1.24 143 1.37 0.039 0.024 1.15
7680 2702.72 0.62 0.72 0.70 0.011 0.008 1.16
15360 2702.42 0.32 0.36 0.35 0.004 0.003 1.13
3000 T T T T T 2750 T T T
Vorticity jvort(t) 2700
2500 + 2650
2000 + R 2600
2550
1500 | ]
2500
1000 | R 2450
2400
500 R
2350
0 2300 L L L
0 0.5 1 1.5 2 2.5 3 2.8 2.85 2.9 2.95 3

Fig. 3. The vorticity as function over the time-interval / = [0, 3] and a zoom around the final time.

parabolic inflow profile raises linearly from zero to one in /1 = [0, 2], stays constant in I, = [2, 6] and falls back to
zero in I3 = [6, 8]:

t
> 1 €10,2),
) =11, t€[2,6],
t
4 — 5, t € (6, 8].

Here, we consider as functional the mean value of the lift in the sub-interval (5, 6):

6 6
Jiife () 2=/5 jnft(u(t))dt=/5 /Fn-(Vv(t)—p(t)I)ezdodt-

In Fig. 4, we show the lift as function over the complete time-interval. The lift is very sensitive with respect to
temporal and spatial resolution. The results shown in the figure refers to a computation on a fine mesh with more than
1000 time steps. A reference value is identified by computations on very fine temporal meshes (more than 10° time
steps) and using extrapolation:

Jire = —0.02337 £ 1077,

This reference value carries a relative error of about £0.05%.

Adaptive time-mesh control is carried out as described in Step 4 of the adaptive algorithm described in the previous
section. In Fig. 5, we show the slopes of the relative errors on uniform and locally refined temporal grids as well as
the value of the error estimator for the adaptive refinement procedure. By using adaptive mesh refinement, an error
of 1% in the functional can be reached on meshes with 10 times less time-steps. Further, we show the splitting of the
estimator into quadrature error and primal and dual residuals. Again, the influence of the quadrature error decreases
on fine meshes.
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Fig. 4. Test case 2. The functional (lift) plotted over the time-interval. Here, we measure the average of the lift over the sub-interval (5, 6).
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Fig. 5. Test case 2. Left: comparison between uniform and adaptive meshes. Right: effectivity of the error estimator and division of the estimator
into quadrature error and DWR error.
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66 mac‘ro ste;;s —_— 1 r 458 mac‘ro stei)s
number of macro-steps number of macro-steps number of macro-steps -
1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7

Fig. 6. Test case 2. Locally adapted time-meshes with 66, 488 and 1892 macro time steps.

In Fig. 6, we finally show three different time meshes. Obviously, no refinement is necessary for all times ¢ > 6,
as the adjoint solution z is zero here. Further, the a posteriori error estimator shows a focus on the evaluation interval
(5, 6).

6. Conclusion and outlook

In this contribution, it has been shown, that the dual weighted residual method can be used for time error estimation
and time mesh control for the incompressible Navier—Stokes equations discretized with the fractional step theta
method. As this time-stepping scheme is based on a difference approximation, for error estimation a Galerkin scheme
similar to it is considered and the error estimator is split into a quadrature error and a Galerkin defect.

It remains to combine this technique with spatial mesh adaptivity using dynamic as discussed in [12]. Where the
high effort of dynamic mesh control is not adequate, spatial mesh adaptivity can be based on averaged error quantities
are discussed by Braack et al. [13].
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