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Abstract

The development of numerical methods for the incompressible Navier-Stokes equa-
tions received much attention in the past 50 years. Finite element methods emerged
given their robustness and reliability. In our work, we choose the Py-IP; finite element
for space approximation which gives 2"%-order accuracy for velocity and 1%*-order ac-
curacy for pressure. Our research focuses on the development of several high-order
semi-implicit time-stepping methods to compute unsteady flows. The methods inves-
tigated include backward difference formulae (SBDF) and defect correction strategy
(DC). Using the defect correction strategy, we investigate two variants, the first one
being based on high-order artificial compressibility and bootstrapping strategy pro-
posed by Guermond and Minev (GM) and the other being a combination of GM
methods with sequential regularization method (GM-SRM). Both GM and GM-SRM
methods avoid solving saddle point problems as for SBDF and DC methods. This ap-
proach reduces the complexity of the linear systems at the expense that many smaller
linear systems need to be solved. Next, we proposed several numerical improvements
in terms of better approximations of the nonlinear advection term and high-order ini-
tialization for all methods. To further minimize the complexity of the resulting linear
systems, we developed several new variants of grad-div splitting algorithms besides
the one studied by Guermond and Minev. Splitting algorithm allows us to handle
larger flow problems. We showed that our new methods are capable of reproducing
flow characteristics (e.g., lift and drag parameters and Strouhal numbers) published
in the literature for 2D lid-driven cavity and 2D flow around the cylinder. SBDF
methods with grad-div stabilization terms are found to be very stable, accurate and
efficient when computing flows with high Reynolds numbers. Lastly, we showcased
the robustness of our methods to carry 3D computations.
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Chapter 1

Introduction: Modeling of
Incompressible Flows

Numerical approximations for incompressible flows are one of the most studied topic
in the realm of applied mathematics. The dynamic motion of fluids is usually gov-
erned by a set of partial differential equations (PDEs). In simplified problems, these
PDEs can possibly be solved using analytical methods. In most flow problems, an-
alytical solutions cannot be obtained because of the complexity of geometries and
boundary conditions, as well as the presence of nonlinearity in the PDE. These flows
can only be approximated using numerical methods, aiming for the best achievable
accuracy. This chapter has demonstrated several preliminary computations to solve
incompressible Navier—Stokes equations for both steady and non-steady flows. This
is done using mixed finite element methods for space and various methods of lines
for time approximations. From there, we will highlight issues pertaining to numerical
accuracy, stability, convergence and efficiency. Finally, we suggest the best methods
to compute solutions of steady and unsteady problems. This preliminary study sub-
sequently provides motivation for the development of time-stepping methods which is
the main contribution of this thesis. Before reaching the core discussion of this chap-
ter, we provide a short discussion on the Stokes equations and steady Navier—Stokes
equations which we feel are both important and useful to study such flows.

1.1 Stokes Equations

Stokes equations have been used to model creeping flows; i.e., laminar flows where
inertial effects are negligible. These equations are named after George Gabriel Stokes,
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the same mathematician who derived Stokes’ law in 1851. The equations are

—vAu+Vp=1£f inQQ,
V-u=0, inQ, (1.1.1)

u=0, onl.

The first equation is called the momentum equation and the second is the equation
for mass conservation, which are solved simultaneously in a connected domain 2. For
simplicity, we define homogeneous Dirichlet boundary condition along the boundary
[ of Q. For three-dimensional flows, the velocity u = (u,v,w) and external volumic
force f = (fi, fo, f3) are vector fields while the pressure p is a scalar function. The
parameter v > 0 is known as the viscosity coefficient which is assumed to be a
fixed real number. When modeling flow of fluid having high viscosity v = O(1) is
typically chosen. For mass conservation in the domain €2, we assumed that the flow
is incompressible hence the divergence of the velocity is equal to zero.

To solve (1.1.1), we used a well-known numerical technique known as the finite element
methods. Finite element methods have been introduced in the early 1950s and are
known to be indispensable for many problems arising in engineering, physics and
mathematics. Because of their robustness to handle physical problems with complex
geometries, finite element methods are capable of solving complex PDEs. Finite
element methods are based on weak formulation of the PDE. After multiplying by
a test function in a proper functional space and using Green’s formula, the weak
formulation for the Stokes equations is expressed as follows: Find the solution u € V'
and p € ) such that

/VVu-Vvdx—/pV-vdx:/f-vdx, Vv eV,
@ ¢ @ (1.1.2)

—/qV-udsz, Vg € Q.
Q

where V is the usual Sobolev functional space [Hg (2)]¢ (i.e., d = 2,3 is the dimension),
the space consisting of all functions in L?*(2) whose first derivative (in the sense of
distribution) is in L?(2) and which vanishes a.e. on the boundary I'. We also define
Q = L3(9), the space of L*-functions with zero mean in 2.

Introducing finite dimensional subspaces V;, C V and Q) C @, the discrete weak
formulation for Stokes equations is: Find the solution u; € V}, and p;, € @)}, such that

/I/Vuh-Vvhdx—/phV-vh dx,:/f-vhdx, Vv, € Vp,
@ @ @ (1.1.3)

—/th'uhd$=0> Van € Qh.
Q
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To solve (1.1.3), mixed finite element methods are used. For instance, a “compatible”
pair of finite element spaces for u; and pj, is chosen to avoid spurious pressure modes.
Spurious pressure modes show up in the form of “checkerboard” solutions on the
pressure py, in particular when an “unhealthy” pair of finite elements is chosen (see [6,
22]). For example, this occurs when the same degree of piecewise polynomials are used
for velocity and pressure on the triangular elements; i.e., IP,-IPy, for velocity-pressure on
the rectangular elements, Q,-Qyg, where £ > 0. The pair of finite element spaces has
to fulfill Ladyzhenskaya-Babtuska-Brezzi (LBB) or discrete inf-sup condition: There
exists 0 > 0 independent of the grid size h such that

. quhV *Vp d.ﬁE
inf sup FH—F7—-7—2>
0 €Qn vyevi, llanllnllvallv,

Besides the discrete inf-sup condition, the discrete space V}, for velocity must be richer
than the discrete space (), for pressure to avoid a “locking phenomena” where the
only incompressible velocity field uy is the null field. Here, we choose the Taylor—
Hood or Py-P; elements which form a compatible pair to solve (1.1.3). Taylor-Hood
elements are continuous piecewise Lagrange polynomials of degree 2 and 1 for the
velocity and pressure, respectively. This finite element is popular since it satisfies the
inf-sup condition and the implementation is straighforward. It is also fairly accurate,
especially the velocity which has 2"d-order accuracy. The pressure is only 1%%-order
accurate but this is expected (pressure is less regular) and often sufficient. A detailed
discussion on the compatibility of Py-IP; elements and the formal proof of the inf-sup
condition can be found in [6, 7, 22, 48]. Along this direction, we solve (1.1.3) by
considering the following discrete finite element spaces

Vi = {vi € [C°@)]" | vax € [Pa)",VK € Th},

0/ (1.1.4)
Qn={an €C°() | qnx € P1,VK € Ty }.

Tr is a regular triangulation of the domain (see Appendix B.1) using conforming mesh
and we have

Each element K has the degrees of freedom (d.o.f.) shown on Figure 1.1 for velocity
(left) and pressure (right). The mesh size h is defined as

h = ?ea%{diam(f()} (1.1.5)
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Figure 1.1: Py-IP; Finite Element

Solving (1.1.2) can be understood as minimizing the energy of the system over all
v € V subject to divergence free constraints. The pressure p € () is then regarded
as a Lagrange multiplier. In other words, any mixed finite element discretization of
Stokes equations (1.1.3) produces a linear system of the form

Ah B;{ uy o f
[ B, 0 o | = ol (1.1.6)
where the block matrix, A, € R"*" B, € R™*" u;, € R", p, € R™ and f € R". Here,
m and n are the number of unknowns for p, and u,, respectively. The matrix in
(1.1.6) is symmetric but indefinite (has both positive and negative eigenvalues) with

a null block on the lower diagonal. This type of linear system is called a “saddle point
problem”.

Computational challenges occur while solving saddle point problems. Direct linear
solvers can be easily overwhelmed whenever finer meshes or 3D flows are involved
since u; and py are both coupled, and Gaussian elimination leads to a lot of fill-in of
the space matrix. Moreover, the computational cost in terms of number of floating
point operations could be as high as O((n + m)?) and memory requirements become
prohibitive. On the other hand, the convergence behaviour of iterative solvers is
usually not good since the global matrix is indefinite [4]. To mitigate this problem,
iterative solvers with specially constructed preconditioner are required to accelerate
the convergence [5]. Nonetheless for most of smaller incompressible flow problems,
the linear system can be best solved using direct method (e.g., using unsymmetric
multi-frontal methods, UMFPACK [11]).

We recall that for Stokes equations the discrete operator B] corresponds to the
gradient operator for p, and furthermore p, € Q, C LZ(Q). This implies that
Ker(B}) # {0} if only a Dirichlet boundary condition on the velocity uy, is involved
and if Q}, is taken as a subspace of L*(€) rather than of L3(f2) (i.e., zero-average pres-
sure is not enforced). The global linear system (1.1.6) does not yield a unique solution
since the solution pj, is unique up to an additive constant. Hence, the global matrix is
singular which causes technical difficulties to solve the linear system. When solving
Stokes equations involving Neumann boundary conditions however, the uniqueness
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of p or p, is guaranteed. To address this issue, several numerical techniques are
proposed, as explained in the following section.

1.2 Coupled Methods

In problem (1.1.3), the variables u; and p, are coupled, and uncoupling is hardly
achievable for most pair of compatible finite elements. The resulting linear system
is either solved in a coupled fashion or by iterating between momentum (to obtain
uy) and continuity equations (to obtain pp). In both cases, non-uniqueness of the
pressure py, (resulting from Dirichlet boundary condition on the velocity uy) requires
special care. We first present two coupled methods to address the lack of uniqueness
of the pressure, known as the penalization and zero mean methods.

1.2.1 Penalization Method

As mentioned earlier, solving linear system (1.1.6) is not always possible since the
global matrix is singular. Temam [65] proposed to add a penalization term ep to the
continuity equation such that V-u+ ep = 0. The penalization parameter ¢ > 0 is an
arbitrary small real number. With this pertubation term, the global matrix has full
rank and Ker(BY) = {0}. The linear system can then be solved for any right hand

side and reads as follows:
Ah B}I; up . f
[Bh _EM} [ph e (12.1)

where M is a mass matrix (eventually lumped). By using penalization method,
we expect that the solutions are slightly perturbed from the actual solution with a
discrepancy that depends on the parameter €. In practice, the penalization parameter
€ is set to the lowest limit to obtain a good solution. On the other hand, € should not be
too small to prevent over-penalization which eventually “destroys” the solution. The
optimal penalization parameter may depend on the smallest element size h,,;, such
that e = O(h,} ). To control the mesh dependence in our numerical computations,

we chose € = —— where € = 1 x 107% is typically fixed.

hmin

1.2.2 Zero Mean Method

We recall that the space for the pressure L3(f2) is isomorphic to the quotient space
L?(Q)/R, since the pressure is set up to an arbitrary constant. This is equivalent to
finding the pressure p within the functional space L*(€2) such that p satisfies a zero
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mean condition over the domain; i.e., pr dx = 0. This can be done by introducing
a Lagrange multiplier, ; € R, to enforce the zero average and modifying problem
(1.1.2) as follows: Seek (u,p,\) € [HE()]¢ x L*(Q) x R such that

/VVu-Vvdx—/pV‘vdx:/f-vdx, for all v € [Hy(Q)]%,
Q Q Q
— /qV -udr — /uqu =0, for all ¢ € L*(Q), (1.2.2)
Q Q
—/)\pdxzo, for all A € R.
Q

Here, one can see that the second constraint appears as the third equations in (1.2.2).
Albeit being able to produce satisfactory results, this method has a clear drawback.
Besides producing yet another saddle point problem, the linear system is larger by only
one unknown and one equation than the linear system for the penalization method,
however the extra row in the global matrix has non-zero coefficients for all velocity
degrees of freedom. The resulting matrix has much larger bandwidth. However, an
advantage of using this method is that there is no additional parameter required when
solving (1.2.2).

1.3 Uncoupled methods

Uncoupled methods are sometimes confused with splitting methods. There are two
different types of principles behind these methods. Uncoupled methods aim at break-
ing down the linear system such that two or more variables are solved independently,
while splitting methods consist in the reduction of the main PDE problem into a
series of smaller PDE problems based upon the operators in the main PDE (e.g.,
Stokes, Laplacian, nonlinear advection, etc). We shall introduce splitting methods
which are meant to solve nonstationary Navier—Stokes equations in later sections. We
now consider one uncoupled method to reduce the saddle point linear system (1.1.6)
to two smaller linear systems with symmetric positive definite (SPD) matrices. This
can be done by the addition of a penalization term or by breaking the linear system
into subsystems, for instance one linear system for u and one for p.

1.3.1 Augmented Lagrangian Method (ALM)

This uncoupled method is similar to the penalization method where the term ‘ep’
is added to the mass conservation in (1.1.1). For ALM, the term e% known as the
artificial-compressibility term is added to the continuity equation in Stokes equations,
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where % is the derivative of the pressure with respect to the pseudo-time s. This

gives the following system of PDEs
—vAu+Vp=f£f inQQ,

6@+V'UZO, in €, (1.3.1)
Js

u=0, onl.
As for the penalization method, the so-called artificial-compressibility term (—:% en-
forces the uniqueness of pressure at every time s (see [56, 65]). Letting the pseudo-
time s — +o0o0 and assuming that % — 0, we recover a solution of Stokes equations.
In order to solve (1.3.1) the discretization of the artificial-compressibility term by a
1%*-order backward-Euler scheme gives

—vAUT VT =, inQ,
pPl=p —AV-u" =0, inQ, (1.3.2)

ut™ =0, onT,
where r € N; \ = % is fixed and known as the iteration parameter. By eliminating
the pressure term p"*! in momentum equation using the one from the continuity
equation in (1.3.2), the saddle point problem results in two uncoupled problems,
each with a SPD matrix. This technique gives rise to the augmented Lagrangian
method (ALM), in which we solve (1.3.2) iteratively using proper functional spaces
for velocity and pressure, respectively [15, 48]. Given f € L?*(Q2) and the initial
pressure p’ = p(0) € Q, Vs € NT, we seek the solution u**! € V' and p**! € Q such

that

/I/VusJrl -Vvdz + //\(V Y (V- v)de — /
Q Q

Q

/ps“q dr = /psq dr — /)\(V -utgdzr, VgeQ.
Q Q Q
(1.3.3)

The first equation (momentum) in (1.3.3) is used to compute u**! for a given p*, while
the second equation (continuity) updates the pressure, p* — pT'. Here, the iteration
parameter, A need not be chosen very large, (i.e., A = O(1)) since we enforce the
condition % — 0 iteratively through ALM. It is worth mentioning that in practice, a
stopping criteria has to be imposed, for instance ||p**! — p*||12(q) < tol, where tol > 0
is chosen to be arbitrary small. A detailed discussion on the optimal choice of the
parameter A can be found in [15].

pSV-de:/fvdx, Vv eV,
Q
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1.3.2 Numerical Experiment using manufactured solution:
Colliding Flow

Using a manufactured solution, we make numerical comparisons in terms of accuracy,
rate of convergence and efficiency of the three methods presented above, namely the
penalization, zero mean and augmented Lagrangian methods. For this purpose, we
use the colliding flow [12]. The domain is Q@ = (—1,1) x (=1, 1) and the exact solution
of the colliding flow is given as follows:

(w,p) = (u1,us, p) = (20zy?, 52* — 5y*, 602%y — 20y + constant). (1.3.4)

The Dirichlet boundary conditions used for the colliding flow are nothing but the
value of u; and uy on the boundary which can be calculated using (1.3.4). For Stokes
equations, one can verify that this is a solution for the viscosity ¥ = 1 and the external
force f = 0. As mentioned earlier, we fix the penalization parameter e = 1078h, | .
For ALM, we fix the iteration parameter A\ = 1.4, to produce a solution with least
error on both velocity and pressure while having good convergence on the iterations.
Further, the chosen tolerance in the stopping criteria is tol = 107'2. Numerical results

are shown in Figure 1.2.

The order of convergence p of the finite element approximation in L2-norm using
Py-IP; is computed numerically, using for instance,

u-—u
log( | ez ) ~ p log m, (1.3.5)
la—us L@

where u and u,, are the exact and approximate solution for the velocity, respectively;
u. is the approximate velocity when the mesh size is refined by a factor of m. The

order of convergence for the pressure in L?-norm, and similarly for any variable in
H'-norm can be obtained analogously.

In terms of numerical accuracy on velocity and enforcing of divergence free condi-
tion, ALM performs slightly better than penalization and zero mean methods for all
mesh size (Figure 1.2: top and bottom left). It is observed that the convergence of
ALM enhances the incompressibility condition comparing to the two other methods.
In a discrete setting, the grad-div term in the ALM momentum equation of (1.3.3)
acts as a penalization term that naturally enforces the local incompressibility con-
dition in Py-P; elements. When using Po-P; elements, satisfying the weak form of
continuity equation fQ .V -u, = 0, Vg, € @, does not imply V - u, = 0 point-
wise. Eleanor et al. [31], Olshanskii et al. [43] and Olshanskii & Reusken [44] had
observed a significant error reduction on velocity in certain flow problems by adding
the grad-div term to Stokes equations with Taylor—-Hood elements. For pressure,
the three methods are indistinguishable (Figure 1.2: bottom left), suggesting that
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the perturbation introduced on pressure using the penalization method is negligible.
The CPU cost for ALM is overwhelming as this method requires almost 30 minutes
on finest mesh (n = 200) while penalization and zero mean methods require about
18 and 21 seconds, respectively (Figure 1.2: bottom right). Although ALM avoids
solving a saddle point problem directly, the number of iterations required to ensure
the convergence of velocity and pressure renders the method inefficient. For instance,
ALM requires about 124 iterations for n = 20 and 106 iterations for n = 200 to fulfill
the stopping criterion with tol = 1072, A small tolerance is usually required in ALM
since the lack of incompressibility resulting from larger tolerances could easily spoil
the solution. Consequently, with a direct solver and a small to moderate number of
unknowns, Stokes equations could be more easily solved either by penalization or zero
mean methods.

1 . . 2 . . . . .
H’-error on velocity vs. mesh size L”-error on velocity vs. mesh size Divergence of velocity vs. mesh size
-0 T T T T -2.5 T T T I — -0.5 T T T T T
3.0 oo
S R | -1.0 - ]
15 . - o Lol
e -35 /% - e
e g 2 : a5 | e .
L L. L o 1 S0+ 4 % gl
= 2.0 S = A = .
5 i Y5 - 4 220} e
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= 7 S50 | { g s »
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Figure 1.2: Numerical accuracy and efficiency using penalization, zero mean

and ALM methods.

We observe that all the order of convergence presented in Figure 1.2 reproduces the
theoretical values with Po-P; elements (see Appendix A.0.1). For instance, we obtain
28 and 3*%-order convergence for velocity in H'- and L?-norm, respectively, and
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2"d_order for pressure in L?-norm. The divergence term has 2"-order of convergence

as h is refined to half of its size. From (1.3.4), we have the velocity u € [C>(2)]?,
which leads to a 3"-order convergence in L2-norm.

1.4 Steady Navier—Stokes Equations

The steady Navier—Stokes equations can be regarded as an extension of Stokes equa-
tion by the addition of nonlinear advection terms to account for inertia effects at
greater flow velocities. The Navier-Stokes equations for steady incompressible flows
are given as follows:

—vAu+u-Vu+Vp=f£f inQ,
V-u=0, in(, (1.4.1)
u=0, onl.

By applying the same principle as for constructing a discrete weak formulation of
Stokes equations, the discrete weak formulation for steady Navier—Stokes reads as:
Find u, € V,, and p,, € @), such that

/VVuh Vv, de + /(uh -Vuy,)v,dr — /phV -vy dx, = /fvh dz, Vv, € Vy,
Q Q Q Q

—/th'uhdm_O, Van € Q.
Q

(1.4.2)
The common issue when solving (1.4.2) is the presence of a nonlinear advection term
that makes the resulting algebraic system nonlinear. A fixed point iterative method
is then required to solve the nonlinear system. Two of the most popular fixed point
methods are Newton’s and Picard iterative methods [12]. In the following, we present
the discrete weak formulations for steady Navier—Stokes equations where the nonlinear
advection terms are linearized using both Newton’s and Picard iterative methods, all
using Po-IP; elements for space discretizations.

1.4.1 Newton’s Method

The derivation of Newton’s method for Navier—Stokes equations is based on Newton-
Raphson’s method (see Appendix B.2). This method reads as follows: Given an
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initial data u) € V},, we solve for (u%”“,p?“) € Vi, X Qn, YVm > 0 the system

/uVuZ”rl : Vv, dr + /(uZI -Vu) vy, do + /(uz“rl - Vu)vy, dz
0 0 Q

— /pZIHV v dr = /fvh dxr + /(uZ‘ -Vup')vy de, for all v, € V, (1.4.3)
Q Q Q
- /th ~u M dz = 0, for all g, € Q.
Q

A good initial guess consists in taking u) the discrete solution of Stokes equations.
A stopping criteria for Newton’s method is given by |[u}"*! — u||2(q) < tol, where
tol > 0 is an arbitrary small real number. The expected rate of convergence of u™
to u*, the solution of steady Navier—Stokes equation, is quadratic. Few iterations are

usually required.

1.4.2 Picard Iterative Method

One iteration of Picard iterative method is like solving the Oseen equations [58, 68],
which is sometimes used to model flows associating with low Reynolds numbers. The
solution of (1.4.2) using the Picard iterative method is formulated as follows: Given
an initial data u) € V;,, we solve for (u"*!, p"*!) € V}, x Qp, ¥Vm > 0 the system

/VVuZ‘“ : Vv do + /(uzn - Vu) vy, do — /pZ”HV vy dz
0 Q Q
= /f vy, dz, for all vi, € V3, (1.4.4)
0
- /th -~ dz =0, for all g, € Q.
0

The stopping criteria for the Newton’s method is used for the Picard iterative method.
Picard iterative method converges only linearly, hence many iterations are usually
required. However this method is usually less sensitive to initial guesses than Newton’s
method. The implementation of the Picard iterative method is simpler than the
implementation of the Newton’s method. In practice, a few Picard iterations are
used for initialization, followed by the Newton’s method for speeding convergence,
this is called the Picard-Newton’s method.
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1.5 Unsteady Navier—Stokes Equations

In this section section, we introduce another system of PDEs known as the unsteady
Navier—Stokes equations which are written as follows:

u; —vAu+u-Vu+Vp="f, in Q x (0,7),
V-ou=0, inQx(0,7),
u=0, onlx(0,7),

ll|t:0 = Up, on ().

(1.5.1)

To model nonstationary flows, the only additional term required in (1.4.1) is a time
derivative for velocity which gives (1.5.1). The pressure remains a Lagrange multiplier
to enforce incompressibility, hence no time derivative is present for pressure. This is
one reason why solving time-dependent incompressible flows could be challenging.
Before giving more details on this subject, we first review several numerical concepts
related to time-discretization or time-stepping methods, and apply them to Navier—
Stokes equations. Since we will be interested in high-order time-stepping methods,
we will assume in this thesis that the solution of Navier—Stokes equations has all the
required regularity in space and time.

1.5.1 Method of Lines

We consider a system of 15*-order ordinary differential equations (ODE) which governs
the evolution of a vector-field y with respect to time ¢, as follows:

ye =1(y,1), y(0)=yo (1.5.2)

A common numerical method to solve the above time-dependent system is based upon
finite difference methods which reads as

y" R =F(y"tr yn Ry Yyl =y, (1.5.3)

where n = 0,1,..., M — k is the time-stepping index with integer M = [%] and total
time T" > 0. Here, the index k& € N is fixed and controls the numbers of time steps
required to approximate (1.5.2) by (1.5.3); e.g., k = 1 produces one-step method,
k = 2 produces two-step method and so on. With a proper initialization for {y’ f;é,
discretization with (1.5.3) gives rise to a method with k''-order of accuracy in time.
The equation (1.5.3) gives rise to an implicit method if an algebraic system is to be

solved in y"**, otherwise it is an explicit method.

A detailed discussion on how to obtain a proper initialization will be provided in
a later section. A problem similar to (1.5.2) is obtained by first discretizing the
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nonstationary Navier—Stokes equations in space. This idea allows us to choose in-
dependently the space and time-discretization, such that at every time step, (1.5.3)
yields a numerical solution of a steady problem of the form (1.4.1). This approach is
called the method of lines. This method is appealing since a wide class of numerical
methods for space and time can be easily produced with certain restriction on the
mesh size and time step. For instance, one needs to fulfill Courant—Friedrich—Lewy
(CFL) condition to ensure numerical stability.

1.5.2 Backward differentiation formula (BDF)

In the realm of linear multistep methods, one of the most efficient schemes (i.e., ac-
curate and stable with relatively large time steps) to solve (1.5.1) is the backward
differentiation formula (BDF) [60, 61, 64]. BDF, sometimes known as the Gear’s back-
ward difference methods, are fully-implicit time-stepping schemes since the diffusion
term, nonlinear advection and pressure are evaluated at current step (n + k) where a
fixed k € N is the order of the method. The BDF-k methods applied to Navier—Stokes
equations are expressed as follows: For a given u’ = u(0), a fixed k¥ € N, and proper

initializations {u/}5=}, we solve for (u"**,p"™*) the following algebraic system

] k

—(au™™" 4 Z Bua" Iy — yAu"tF 4wt vttt 4 vt = etk in Q,

-

j=1

V-u"tt =0, in Q,

ntk — ), on I,

(1.5.4)

form=0,1,...,N — k.

Here, we assume that the integer N = [%] is the total number of time steps for a given
time 7" > 0 and a constant time step 7. The coefficients o and ; for all j =1,..,k
must satisfy a = Z?Zl B; and are found in Table 1.1.

Table 1.1: List of coefficients in the approximation of the time derivative for
the BDF schemes up to order 6, taken from [64].
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The BDF-k methods require a special starting procedure for £ > 2. The common
strategy for proper initialization of any BDF-k method for all & > 2, is to generate u’
in incremental fashion using BDF-j methods, where 1 < j < k—1. As an alternative,
one can also use any one-step method (e.g., Runge-Kutta methods) with at least
(k — 1)™-order of accuracy to generate all the required initialization data. With the
suggested starting procedures, BDF-k methods produce at least k'"-order of accuracy
for both velocity and pressure; i.e., a global error in time of order O(7%).

Here, we limit our study to at most 3"4-order BDF methods since the time step re-
quired for stability can be prohibitively small for £ > 3. Furthermore, linear multistep
methods with £ > 3 are not unconditionally stable [64].

1.5.3 Oseen type method

This method can be derived by applying Picard iterative method but limiting it to
one iteration at each time step. We fix the advection term u” - Vu™*! in the Navier—
Stokes equations, the same principle is used to handle the linear advection term in
the Oseen equations; i.e., U-Vu where U is a given steady velocity field. The Oseen
type method of 1%%-order of accuracy can be summarized as follows: Given the initial
data u® = u(0), we solve for (u"*!, p"*') the system

n

ut! —u — yAu"t! + (un . V)un-i-l + vpn-H — frtl
. ’ (1.5.5)

V-u"tt =0,
forn=0,1,...,N — k.

We noticed that by doing only one Picard iteration for each time step, a good saving
on CPU time is achieved compared to the fully implicit BDF method of the same
order of accuracy. The Oseen type method of 15%-order is simple and quite stable to
solve nonstationary Navier-Stokes equations, especially when a low Reynolds number
is involved. However, the factorization of the global matrix still has to be done at
each time step to solve the linear system.

1.5.4 Operator-Splitting schemes

Projection schemes, fractional-step approach and #-methods can all be labelled as
operator-splitting schemes. The origin of these methods can be traced back to the
work of Chorin [9], Yanenko [71], Glowinski [20, 46] and Strang [62], for solving
the time-dependent advection-diffusion or Navier—Stokes equations. An analysis of
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splitting schemes for Navier—Stokes equations using Peaceman—Rachford approach
can be found in [60] and references therein.

In parallel, a rich literature has documented projection methods [25, 35], which are
based on similar principles as operator-splitting schemes. Operator-splitting schemes
consist for instance in breaking the Navier—Stokes equations into simpler subproblems
(e.g., Stokes, advection-diffusion). Usually two or at most three of these subproblems
are solved at each time step. For Navier—Stokes equations, the configuration of these
subproblems can be done in many ways. Typically, one of these subproblems updates
the velocity with an advection-diffusion problem while treating pressure in explicit
manner. For the other subproblem, the velocity is projected onto a divergence-free
subspace (while obtaining the pressure) by solving Stokes equations and in turns,
treating the nonlinear terms in explicit manner.

Although these schemes have more computational steps to deal with, they have some
advantages. Besides being unconditionally stable, these schemes are one-step meth-
ods, hence self-starting and can be at most 2"-order accurate. Secondly, we observed
that operator splitting schemes are more appealing in terms of the reduction of the
unknowns required for the fixed point iterations. Fixed point iteration in operator
splitting methods handles only the velocity compared to the BDF methods which
involves both velocity and pressure. Of the many operator-splitting schemes, a few
appealing ones are the Glowinski-splitting [48] and Dai-splitting [10]. They proceed
as follows:

Glowinski Splitting: Let 6 € (0, %), n € (0,1) be fixed. Given the initial solution

u’ = u(0), we solve the following subproblems for all n =0,1,..., N — 1.

(a) Linear Stokes equations: Using u” from the previous time step, we solve for
(u"*?, p"*9) such that

un+9 —u"

70

o n+60 nto _ o n_ .n. n i
nvAu™" + Vp (1—-nrvAu" —u" - Vu" +{", (15.6)
0.

AV un+9 —

n+9’ n+0)

(b) Nonlinear elliptic advection-diffusion equations: Using (u
solve for u"*=% such that

P from (a) we

a0 _ gt

gy T (L AT (u L Vjut = £ g Aatt

— Vptl,
(1.5.7)
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(¢) Linear Stokes equations: Using u"™1=? from (b), we solve for (u"*!, p"*1) such
that

n+l un+1—0

u J . nVAun—I—l + vpn—‘rl — (1 . n)yAun+1—0 o un+1—0 . Vun+1—a
.
+ fn+1—9
V.u"tt = 0.
(1.5.8)
This splitting scheme is known to have 2"d-order accuracy for both velocity and pres-
sure if 0 =1 — ‘/75 and only 1%*-order accuracy otherwise.

Dai-splitting: Given the initial solution u’ = u(0), we set p~* = p° = p(0) by
convention and we solve the following subproblems for n =0,1,..., N — 1

(a) Nonlinear elliptic advection-diffusion equations: Using (p",p" ') from previous
time steps, we solve for u"*! such that

n+1 n

u —u . gA(ﬁn-i—l + un)
ﬁn—l—l :_ u” ﬁn+1 + u” 1 1 (159>
+<T)V | <T) =" = oV ),

(b) Linear Stokes equations: Using u"™! from (a) and p™ from previous steps, we
solve for u"*! such that

n+1l _ syn+1 1
u u N KA(un-i,-l _ ﬁn-i-l) + §V(pn+1 +pn) — 0’

T 2 (1.5.10)
V-u"tt =0.

As an alternative, the initialization for (u=!,p~1) and (u° p°) can be done by shifting
the initial step as follows: For any given (u™!, p~!), the value of (u p°) at t = 7 can
be obtained using for instance a 1%*-order method (e.g., BDF-1, Oseen, etc). Dai-
splitting method is unconditionally stable with 2"-order accuracy for both velocity
and pressure [10].

1.5.5 Crank—Nicolson Adam—Bashford (CNAB)

Another time-discretization scheme which received equally much attention to solve
Navier—Stokes equations is the Crank-Nicolson Adam-Bashford (CNAB) method.
This method uses trapezoidal rule (Crank—Nicolson) for time-discretizations of linear
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terms such as Stokes operator (—vAu + Vp) and linear external force. For the non-
linear operators such as the advection, 2"4-order accurate explicit Adam-Bashford is
used to get rid of the nonlinearity. The CNAB method is known to be condition-
ally stable with 2"d-order accuracy for both velocity and pressure in time. Another
advantage of CNAB method is that this scheme does not require fixed point strat-
egy for nonlinear term. It falls under the category of semi-implicit schemes which
will be discussed in more details in the following chapter. The stability and conver-
gence analysis of CNAB for time-dependent Navier—Stokes equations can be found
in [26, 27]. CNAB schemes for solving (1.5.1) is given as follow: Given the initial point
(u% p%) = (u(0),p(0)), the solution (u™,p"*1) for n = 0,1,..., N — 1 is computed
by solving the system

un+1 —u” N V(AunJrl + Aun> N <vpn+1 + Vpn> _ 3(11” . V)un

T 2 2 2
(u™ . V)ur! N fr 4 fott
2 2
V-u"t=0
(1.5.11)

Note that an artificial initial condition on pressure is introduced for this scheme. If p°
is not chosen properly, spurious pressure modes may appear for all even time steps.

1.5.6 Characteristic Galerkin method

The idea of solving unsteady Navier—Stokes equations using the so-called Character-
istic Galerkin method was first introduced by Pironneau [47]. This method exploits
the fact that both the time-derivative and advection term result from the material
derivative

Du oJu dx Ou

- = — + _
_ Qu +u-Vu
ot ’
where u = u(t,X) is the velocity field written in Lagrangian coordinates X =

X(t; s,x). The characteristic curve or Lagrangian coordinates X at time ¢ of a point
with Eulerian coordinates x at time s satisfies the following initial value problem:

dX(t;
RS _ w1, X(1:,5)), 1€ 0.7),

X(s;8,x) =x.

(1.5.13)

By applying the 15*-order backward Euler scheme to discretize the material derivative
in (1.5.12), the unsteady Navier-Stokes equations (1.5.1) can be solved using the
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following scheme [48]: Given the initial data u® = u(0), the solution (u"*!, p"*!) for
n=20,1,..., N — 1 is computed by solving the system

un+1 —u" o X"
n+1 n+l _ en+1
- +vrvAu"T £ Vp"Tt =1 (1.5.14)

V-u"tt =0

where X" denotes a suitable approximation of X(¢";¢"™! x). The above Character-
istic Galerkin method produces 1¥%-order accuracy for both velocity and pressure in
Oh+71+ h;) as 7 and h — 0. This method is unconditionally stable, however both
time step 7 and mesh size h have to be chosen appropriately in order to exhibit an
optimal 1%%-order convergence in time and space.

1.5.7 Numerical experiment using manufactured solution

The time-stepping schemes presented above are assessed using a manufactured solu-
tion. For this purpose, a square domain 2 = (0,1)? is used with a fixed viscosity
parameter v = 1. The exact solution for this manufactured solution is given in [23]

(u,p) = (u1,u2,p) = (sin(z)sin(y + t), cos(z)cos(y + t), cos(z)sin(y +t)). (1.5.15)

For the top, bottom and right boundary, Dirichlet boundary conditions are imposed
which can be computed using (1.5.15). Homogeneous Neumann boundary condition
is used along the left boundary which gives vd,u—p = 0 and v9,v = 0. The Neumann
boundary condition provides a unique solution for pressure p hence the penalization
method can be avoided. In this setting, both the external force f and the divergence
term V -u are zero. Computations are done for various time steps 7 = 0.04,0.02, 0.01.
A fixed mesh is used for all computation, which is generated by subdividing each edge
of the square into 80 equal-length subintervals. The triangulation produces a uniform
mesh size h = 0.017677 7 with 51842 and 6 561 unknowns for velocity and pressure,
respectively.

Figure 1.3 shows the time evolution of L?-errors on velocity and pressure for ¢ € [0, 2]
and various time steps. These curves show the global error between the numerical
solution and exact solution given in (1.5.15); i.e., the error resulting from both space
and time discretizations. The error on velocity is smaller than that on pressure for
all methods since the Py-P; elements are used. For any given time step, the 15%-order
methods produce the largest error, followed by 2"d- and 3"-order methods. Among
the 1%-order methods, the largest error on velocity and pressure is produced by the
Characteristic Galerkin, followed closely by the Oseen and BDF-1 methods. Of all
2"d_order methods, the error produced by Dai and Glowinski splitting methods is
the largest, then followed by the CNAB and BDF-2 methods which are as good for
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velocity and pressure.

However, both CNAB and Dai Splitting methods produce

pressure oscillations at larger time step 7 = 0.04. If the time step is not sufficiently
small, the trapezoidal rule behind these methods generates spurious pressure modes
while iterating in time. In this manufactured solution, we observe that the order of
convergence for both operator splitting schemes suffers from suboptimality; i.e., at
most an order of 1.5 can be only achieved for both velocity and pressure. The error
produced by BDF-3 method, which has the highest order of accuracy of all methods
tested here, is the smallest among all methods. The solution converges drastically to
the solution of the semi-discrete problem even with a larger time step. For 7 = 0.01,
the remaining error with BDF-3 method results only from the space approximation.
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Figure 1.3: Manufactured Solution: Numerical error as a function of time for
various time-stepping methods and time steps 7 = 0.04,0.02,0.01.
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1.5.8 Numerical experiment using 2D flow around the cylin-
der

In this section, we provide another type of numerical assessment of the above time-
stepping methods. We propose a test case known as the 2D flow around the cylinder,
in which the lift and drag coefficients, noted respectively ¢; and ¢, are computed along
the boundary of the cylinder. The methods are compared in terms of the quality of
the solution and CPU-efficiency to compute these parameters. The computational
setting of the test case, and the method to compute the lift and drag coefficients are
detailed below.

Figure 1.4 (top) shows the computational domain 2 = (—10,25) x (=10, 10) which is
relatively large compared to the circular cylinder located at the origin with diameter
D = 1. This setting minimizes numerical error on ¢; and ¢y which could be possibly
induced by the use of a bounded domain to compute this external flow.
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Figure 1.4: Domain for the 2D flow around a cylinder (top). The mesh con-
sists in non-uniform triangular elements (generated automatically by subdi-
viding the edge along z- and y-axis into 100 and 50 equal-length subintervals,

respectively, while 60 equal-length subintervals is set along the cylinder (bot-
tom).

In dimensionless setting, the flow is characterized by a constant known as the Reynolds
number which is defined by

Re = : (1.5.16)

where the far-field velocity U, = 1 and the diameter of the cylinder D = 1 (also
considered as the characteristic length). This simplifies (1.5.16) to Re = <. In
this test case, the Reynolds number is set to 100 by fixing ¥ = 0.01. Dirichlet
boundary condition u = (1, 0) is imposed along the left, upper and bottom boundaries
mimicking the constant flow towards the circular cylinder in z-direction. Non-slip
condition u = (0,0) is imposed along the boundary of the circular cylinder. To
model the outflow which is occuring along the right boundary, homogeneous Neumann
boundary condition works well for laminar flow. We shall see later in Chapter 3 that
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similar boundary condition does not work with flows at higher Reynold numbers,
(e.g., Re > 300) and the development of appropriate outflow boundary condition is
not trivial. The implementation of another outflow boundary condition called the
implicit damping schemes will be discussed later. Here, we assume the external force
f = 0. To compute ¢; and ¢4, the volume integration formulation is used [32]. The
lift coefficient is given by

alt) = —20/ [ut -vi+vVu(t) : Vv + (u(t) - Vu(t)) - vi — p(t)V - v | dz, (1.5.17)

where v; € [H'(Q)]? is the solution of an auxillary Stokes problem with boundary
conditions vig = (0,1) and vip = (0,0) on all other boundaries. Similarly, one can
compute the drag coefficient using

ca(t) = —20/ [ut va+vVu(t) : Vvg+ (u(t) - Vu(t)) - vy —p(t)V - va| dz, (1.5.18)

where vq € [H'(Q)]? is the solution of an auxillary Stokes problem with boundary
conditions vig = (1,0) and vjr = (0, 0) on all other boundaries. The test case is run for
t € [0,30] after restarting from a periodic solution (on both velocity and pressure).
This periodic solution can be easily obtained, for instance with the Characteristic
Galerkin method using a large time step 7 = 0.05.

At Re = 100, the time evolution of the lift and drag coefficients along the cylinder
produce a periodic solution with a single frequency of about 0.44. The periodicity
of the lift and drag results from the development of a von Karman vortex street in
the wake behind the cylinder. The time step used in the computation, the order of
accuracy and the respective CPU time to execute 10 iterations for these methods, are
summarized in Table 1.2. We fix two different time steps for all 1%*-order methods,
with one five times smaller than the other. This is done to assess if this refinement is
sufficient to ensure a comparable accuracy for the 1%t-order and the 2"4-order methods.
Time step for CNAB method has to be chosen slightly smaller than 0.01 to avoid
pressure oscillation in time. The time step 7 = 0.005 is used in BDF-3 method to
obtain very accurate reference solution since it is a 3"d-order method. The lift and
drag computed with BDF-3 method in this experiment are used as the reference
solutions.
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Table 1.2: Time steps chosen for the time-stepping methods with their order
of accuracy and CPU time for 10 iterations.

Method Order of accuracy | Time-step, 7 | CPU(per 10 iter)
BDEF-1 15*-order 0.01,0.002 162.5
Characteristic Galerkin 18- order 0.01,0.002 10.6
Oseen 15t-order 0.01,0.002 54.8
BDF-2 27d_order 0.01 160.0
CNAB 27d_order 0.008 13.6
Glowinski Splitting close to 2"-order 0.01 122.8
Dai Splitting 28 order 0.01 120.7
BDF-3 3*dorder 0.005 163.7
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Figure 1.5: Time evolution of the lift and drag coefficients using various
time-stepping methods for ¢ € [20,30] (Flow past a circular cylinder).

Figure 1.5 shows that the lift and drag coefficients are very close to one except for
some which are computed with 1%-order methods (BDF-1, Characteristic Galerkin
and Oseen) using 7 = 0.01. Figure 1.6 shows a close up view of the lift and drag
coefficients for ¢ € [27,28]. The drag coefficient computed with 1%-order methods with
smaller time step 7 = 0.002, is still less accurate than the one computed with 29-
order methods with 7 = 0.01. We observed that all lift and drag coefficients obtained
with 2"d-order methods converged to the one computed with BDF-3 method, which
is taken as the reference solution.
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Figure 1.6: Flow past a circular cylinder: Time evolution of the lift and drag
coefficients using various time-stepping methods (close-up) for ¢ € [27, 28]
(Flow past a circular cylinder).

This suggests that much finer time step has to be chosen (e.g., 7 < 0.001) with
1%t-order methods to produce results as accurate as those from 2"-order methods.
Characteristic Galerkin is CPU-efficient since it solves an unsteady Stokes problem
in semi-implicit fashion. The only additional step required for the Characteristic
Galerkin method is an efficient search-interpolation algorithm to track the solution
along the characteristics curves [19]. There is little difference in CPU time comparing
15%-, 224 and 3'%-order BDF methods for a given number of time steps. This suggests
that the numerical complexity of the resulting nonlinear system is independent of the
order of the BDF method, except for the evaluation of the right hand side. It results
that among the BDF methods, BDF-3 is the most efficient to reach a given accuracy
in time when computing unsteady flows.

The BDF methods are not CPU-efficient since Newton’s method is required for solving
the resulting nonlinear system. Moreover, a factorization of the global matrix is
needed at every fixed point iteration. For Dai- and Glowinski-splitting methods, the
CPU time is almost identical (about 120 s). These operator-splitting methods solve
the unsteady Navier—Stokes problem through simpler advection-diffusion and Stokes
problems. Newton’s method is still required for Dai- and Glowinski-splitting. The
fixed point method now tackles smaller advection-diffusion problem while the linear
Stokes problem results in a constant matrix. Globally this results in a lower CPU
cost compared with that of the BDF methods.
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For the Oseen method, the CPU time depends only on the factorization of the global
matrix and a linear solve at each time step. Our numerical results show that BDF
methods required about three Newton’s iteration at each time step. The CPU time
required for BDF methods (about 165 s) is about three times that with Oseen method
(about 54 s), which demonstrate a perfect scalability with the number of Newton’s
iteration. CNAB is a semi-implicit method since the nonlinear terms are extrapolated
using Adam-Bashford and the factorization of the global matrix is only done once.
CNAB method is known for the oscillation produced on the pressure (in time) due
to the artificial initial condition on this variable. If the oscillation in CNAB method
is treated properly [45], the low CPU cost makes the method appealing.

1.6 Problem Statements and Outline of the Thesis

The method of lines allows us to construct time-stepping methods independently from
the space discretization. Higher-order methods, (e.g., BDF-3 methods) produce very
accurate results when solving nonstationary Navier—Stokes equations (1.5.1) without
relying on a small time step. On the other hand, BDF methods may not be very
efficient since the convergence of the Newton’s method is essential at each time step
and this further requires the re-assembly of the global matrix for the linear system.
BDF methods becomes expensive to compute flows involving high Reynolds number
when smaller mesh size and time step are involved.

From preliminary test cases (not shown here), we make the following observations. Of
all methods, CNAB method is the most efficient to reach a given level of error. First
of all, CNAB method has 2"d-order accuracy and secondly, it has outstandingly low
CPU cost at each time step. CNAB is still very efficient even though the time step
is restricted by a CFL-like condition. This is due to the fact that CNAB falls under
the group of “semi-implicit method” which will be described in details later on. A
main drawback of the CNAB method is the pressure oscillations, a nontrivial issue to
deal with. Dai- and Glowinski-splitting methods requires about 75% of the CPU cost
of a BDF-2 method. However, the numerical error produced is larger than that for
BDF-2 method for a given time step, which make them less appealing. Moreover, Dai-
splitting method suffers from pressure oscillations just like CNAB since it is based on
trapezoidal rule when solving the advection-diffusion equation. With the test case,
we observed that the accuracy of these operator-splittings is limited by the order
barrier [23] and recovering the theoretical order of convergence is difficult.

Of all 1%-order methods, Characteristic Galerkin method is the cheapest but the
quality of the solution requires very small time step. Constructing Characterictic
Galerkin methods with a high-order accuracy can be done but these methods are
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usually difficult to implement. Characteristic Galerkin methods with 2"-order accu-
racy were investigated in [70]. Nonetheless, all 1%*-order methods are very efficient
to compute the solution of steady flows since very large time step can be chosen. In
BDF-1 method, one can even fast-forward the transient solution to the steady regime
by fixing a small number of Newton’s iteration at each time step. Usually two to
three iterations per time step are sufficient and this can be done since capturing the
steady solution is our main interest.

Fully-explicit methods (e.g., forward differentiation formula) for time discretization
can be very appealing since only a linear system with a mass matrix requires to be
solved. Due to the stiffness of the Laplace operator, fully-explicit methods are very
restrictive in terms of the time step required to fulfill the ©-stability condition, where
© := ;35 < const. See [48] for a discussion on this topic. The restriction on the time
step with 7 = O(h?Re) simply renders these methods impractical.

Semi-implicit methods use the implicit and explicit treatment of some of the terms to
compute numerical solution of ODE and PDE. For instance, when discretizing (1.5.1)
using semi-implicit methods, all terms are evaluated implicitly except the nonlinear
advection. Therefore, the need for fixed point method as presented in Section 1.4.1
and 1.4.2 can be totally avoided. Semi-implicit methods are conditionally stable since
they are required to fulfill certain CFL stability condition. Moreover, the time steps
required for the stability of semi-implicit methods are far less restrictive than that of
fully-explicit methods (see [1, 37]). Our goal is to investigate semi-implicit approaches
that are both accurate and efficient to compute nonstationary flows.

Along this direction, we propose several variants of semi-implicit schemes for solving
nonstationary Navier—Stokes equations in Chapter 2. We first introduce a class of
methods which is based upon the multistep approach, the semi-implicit backward
differentiation formulae (SBDF). The second type of semi-implicit methods is based
upon defect correction strategy starting from 1*-order SBDF up to DC methods which
can be constructed easily to reach arbitrary high-order approximation in time [23].
Using both high-order artificial compressibility and bootstrapping strategies, it can
be shown that velocity and pressure in DC methods can be decoupled to give rise to
Guermond-Minev methods (GM) [23]. We propose a modification of GM methods—
a combination of GM with the sequential regularization methods [40] that we call
GM-SRM methods. All semi-implicit methods are benchmarked numerically using
manufactured solution and test cases for 2D unsteady flows. This work is documented
in terms of a scientific paper entitled, “On efficient high-order semi-implicit time-
stepping schemes for unsteady incompressible Navier—Stokes equations” which was
published in Computer and Fluids [41].

In Chapter 3, we propose two major improvements to SBDF methods: First, we add
the grad-div stabilization term in the variational form of Navier—Stokes equations to
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improve the mass conservation in Py-IP; elements. Second, numerical improvement of
SBDF methods are associated with nonlinear discretization to produce solutions with
smaller error at a given order of accuracy. Using some test problems, we show that the
numerical improvements presented above have a significant impact on the numerical
stability and accuracy of the methods while still being very efficient to study flows
with high Reynolds number. We present these result in the next chapter as a sci-
entific paper entitled, “Robust high-order semi-implicit backward difference formulae
(SBDF) for Navier-Stokes equations”, which will be submitted to the International
Journal for Numerical Methods and Fluids.

We observe that the correction algorithm implemented in [23] to approximate non-
linear advection may result in certain numerical inaccuracy if the computation is ex-
tended for long period of time (¢ is large), which is necessary to capture full periodic
solutions. In Chapter 4, we propose several variants of “nonlinear ansatz” to improve
this numerical error. We conduct numerical comparisons for these new “nonlinear
ansatz” in terms of numerical stability and convergence before the best “nonlinear
ansatz” is chosen for all DC, GM and GM-SRM methods. The second part of Chapter
4 introduces the idea of grad-div splitting algorithm which can be implemented in
GM and GM-SRM methods [24]. These splitting algorithms reduce the complexity of
the linear system from the momentum equation to a few scalar parabolic problems,
which can be solved separately for each of the velocity component v and v. The
resulting grad-div splitting requires an auxillary numerical method to ensure the
convergence of this splitting which is based on similar “nonlinear ansatz” and Gauss-
Seidel iteration. All these auxillary methods will be assessed numerically in terms
of the resulting numerical error on velocity and pressure, all using 2D manufactured
solutions.

In Chapter 5, we showcase several interesting 3D computations of both steady and
unsteady flows using some of the time-stepping methods discussed in the previous
chapters. We also include several short discussions on the preparation of 3D mesh, and
the required iterative linear solver and preconditioner to handle tremendous degrees
of freedom arising from the 3D space discretizations. All numerical results of these 3D
computations are compared both qualitatively and quantitively with the numerical
results available in the literature.

Concluding remarks are given in Chapter 6, summarizing all the key findings, open
problems and suggested future works to improve our current research.
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We focus on the development of higher-order semi-implicit time-stepping methods to solve the incom-
pressible Navier-Stokes equations. The Taylor-Hood mixed finite elements method (P, — Py) is used for
space approximation of velocity and pressure. Semi-implicit time discretizations can provide very accu-
rate approximations for nonstationary flow while treating the nonlinear terms explicitly and avoiding
the need for a fancy nonlinear iterative solver. We first introduced three variants of higher-order semi-
implicit time-stepping schemes: a multistep Semi-Implicit Backward Difference Formulae (SBDF) which
is the easiest to implement; a one-step defect correction (DC) which produce better approximations than
SBDF methods in terms of numerical errors on velocity and pressure (in time) for a given order; the one
proposed by Guermond and Minev (GM), an uncoupled method which is based upon defect correction
and artificial compressibility methods. SBDF and DC methods produce saddle point linear system while
GM generates two linear systems with symmetric and positive definite matrix. We propose a modifica-
tion on GM denoted as GM-SRM methods-which implement sequential regularization method of Navier-
Stokes equations. GM-SRM methods produce more rapid convergence on pressure during the start-up
while requiring smaller stabilization parameter than that for GM methods. We showcase the numerical
accuracy, stability and efficiency of these methods through numerical test cases: two manufactured so-
lutions; the flow past a circular cylinder; and the lid-driven cavity flow, all in 2D settings. All methods
show an agreement with the theoretical convergence rate. SBDF methods are the most CPU-efficient, fol-
lowed by DC, GM and GM-SRM methods. We observe that the presence of grad — div term in both GM
and GM-SRM improves the numerical stability in terms of producing a higher CFL bound. Furthermore,
relevant parameters, such as the Strouhal number, lift and drag coefficients are found to be very close to
published values.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction: incompressible Navier-Stokes equations

The time evolution of incompressible flows can be generally
modeled by Navier-Stokes equations, which are expressed as fol-
lows

u —vAu+u-Vu+Vp=f on 2 x (0,T),
V.u=0 on 2 x (0,T), (1)

u(x,0) =ug in Q,

ux,t)=g onI x(0,T),

* This work is supported by a NSERC Discovery Grant.
* Corresponding author.
E-mail address: ybourg@uottawa.ca (Y. Bourgault).
1 Author is a PhD scholarship recipient given by Ministry of Education Malaysia
and Universiti Malaysia Terengganu.

http://dx.doi.org/10.1016/j.compfluid.2017.02.017
0045-7930/© 2017 Elsevier Ltd. All rights reserved.

where u is the velocity field, p the pressure, v the kinematic vis-
cosity, f any external force, ug the initial velocity and g the ve-
locity field imposed on the boundary I' of the domain, 2. The
space approximations of Eq. (1) can be done using various numer-
ical techniques, e.g., finite difference, finite element, finite volume
and pseudospectral methods. Independently from the space ap-
proximations, time-stepping schemes are used to solve the semi-
discrete problem (e.g. backward-Euler, trapezoidal- or midpoint
rules, Runge-Kutta, etc).

Fully-implicit schemes, such as backward-difference formulae
(BDF), are popular time-stepping strategies to solve the semi-
discrete Navier-Stokes equation. These fully implicit methods re-
quire a fixed point method (e.g. Newton’s method, Picard itera-
tion) for solving the nonlinear algebraic system resulting from the
discretization. Splitting approaches, which include the 6-methods
(operator-splitting) and projection schemes etc, has an equal suc-
cess to solve nonstationary Navier-Stokes equations [10,21,25].
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These splitting schemes advocate predictor-corrector steps, i.e.,
advection-diffusion and Stokes subproblems for fractional time
steps; and pressure correction algorithm. However, several of these
methods are known to generate non-physical boundary layers that
may further induce sub-optimality of the convergence rate known
as the order barrier [21]. Moreover, a fixed point method is re-
quired to solve the nonlinear advection-diffusion sub-step impact-
ing the efficiency of the method. Eq. (1) can also be resolved us-
ing semi-Lagrangian approach such as the Characteristic Galerkin
method [17]. This can be done by discretizing the material deriva-
tive along the ‘characteristic curves’. However, the numerical ef-
ficiency and accuracy of this method is limited by the efficiency
of nodal search algorithm for the tip of characteristic curves and
by the accuracy of numerical quadrature on mismatched elements.
All of the above methods are unconditionally stable, making them
attractive methods for solving stationary Navier-Stokes problems.
At the expense of losing the unconditional stability, the nonlin-
ear advection terms can be taken explicitly with so-called semi-
implicit methods, hence nonlinear fixed point iterations can be to-
tally avoided [12].

Semi-implicit approaches make it possible to factorize the ‘con-
stant’ matrix only once which gives a significant reduction in CPU
time. Although time steps may be restricted by stability, this is
justifiable when smaller temporal change is crucial to study non-
stationary flows with higher accuracy. On the other hand, semi-
implicit methods are less suitable for computing steady flows
where implicit schemes with large time steps can lead to signif-
icant reduction in computing cost. An earliest convergence analy-
sis of higher-order semi-implicit schemes for Navier-Stokes equa-
tion was done by Baker et al. [7] but no numerical test cases were
presented. Kress and Lotstedt [27] provided linear stability analysis
for similar semi-implicit schemes solving Navier-Stokes equations
using finite difference approach for space approximation. A simi-
lar idea was introduced with so-called, ‘IMplicit-EXplicit’ schemes,
shortened as IMEX, which were used to solved advection-diffusion
or reaction-diffusion problems [1,3,11,41]. The 2nd-order Crank-
Nicolson Adam-Bashforth schemes (CNAB) is a relatively popular
semi-implicit method. This method requires a special treatment
to filter parasitic oscillations due to its sensitivity to the initial
condition, which is a non-trivial procedure. Numerical experiment
shows that if these oscillations are not properly handled, the the-
oretical rate of convergence cannot be reproduced. There is work
dedicated to make CNAB a more robust scheme but it works only
for 2nd-order accuracy in time [31]. In this paper, we propose
semi-implicit methods which are based on backward-forward Eu-
ler. These methods can be easily extended to arbitrary orders and
have a great potential in terms of numerical accuracy and effi-
ciency, particularly for unsteady flows.

The main objective of this paper is to conduct a thorough nu-
merical assessment of time-stepping methods for the nonstation-
ary, incompressible Navier-Stokes equations. Here we focus on
higher-order semi-implicit methods for time-stepping (i.e. 2nd-
and 3rd-order). We found that the numerical assessment on these
methods in the framework of incompressible Navier-Stokes equa-
tions are still lacking. This paper is organized as follows: In
Section 2, we first present the Semi-Implicit Backward Differenti-
ation Formulae (SBDF), semi-implicit methods using deferred cor-
rection (DC), and a variant of this method proposed by Guermond
and Minev (GM). All these schemes are 2nd- or 3rd-order in time.
We also proposed a further modification of GM using sequen-
tial regularization methods (SRM) of Navier-Stokes equations. The
combination of GM and SRM will be called the GM-SRM scheme.
A short discussion on grad — div terms which arise naturally in
GM and GM-SRM and the choice of the stabilization parameter
will be presented in Section 3. Section 4 presents numerical test
cases to highlight issues regarding the performance of these time-

stepping schemes. These test cases involve nonstationary 2D flows,
two of which are manufactured solutions with analytical solutions.
Further, more challenging test cases are presented featuring a 2D
pulsating flow around the cylinder (von Kiarman alley) and a pe-
riodic lid-driven cavity flow to investigate the numerical stabil-
ity and efficiency of semi-implicit methods. For these two flows,
the unsteadiness results from a bifurcation, not from the periodic
forcing term or periodic boundary conditions. Our numerical re-
sults are compared to the results from the literature. In Section 5,
we present a short discussion on the strengths and weaknesses of
these higher-order methods.

2. Time-stepping schemes

As mentioned earlier, the time-discretization of any PDE can be
treated independently from its space approximation. Using the fi-
nite element method, we first write down the semi-discrete prob-
lem for the 2D incompressible Navier-Stokes equations. This gives:
Find up(t) € Vj, and p(t) € My, such that Vt € (0, T),

/Q%uh(t)-vhdx+/gvVuh(t) : Vv, dx

+ [ n© - Vo) vpdx— [ pu(© Vv dx

=/ £, (t) - vy dx,
Q

_/ 4,V -, () dx = 0,
Q
u, (0) = ud, (2)

where ug is an approximation of uy. We use the Taylor-Hood finite
element discretization in space (continuous piecewise quadratic
polynomial for velocity and linear polynomial for pressure):

Vi =Xy N[Hy ()1 Xy = (v, € [CO(Q)] | vk € P2, VK € T},

VVh € Vh s

th EMh,

My =Yy NL§(R), Yy={qy € CO(RQ) | quk € P1. YK € Ty}

Here T), denotes a regular triangulation of the domain € and P
the space of Lagrange polynomials of degree k on the triangles
K. The Taylor-Hood element satisfies the well-known inf-sup con-
dition [5,16]. For finite element discretization of the Stokes and
Navier-Stokes equations, the pressure p is taken in L%(Q), the
space of [2(2) function with zero-average on 2, as pressure is
unique only up to a constant when the velocity has Dirichlet
boundary conditions on all d€2. In practice, the pressure is penal-
ized to control the value of this constant and obtain a nonsingu-
lar algebraic system. The solution (u¢, pe) of the penalized system
converge to the solution (u, p) of the nonpenalized system in O(¢€),
€ > 0 being the penalization parameter [46].

2.1. High-order semi-implicit backward difference formulae (SBDF)

Semi-implicit time-stepping methods of kth-order accuracy (in
time) for solving Navier-Stokes equations can be written as fol-
lows: Given values {uf}ljf;é at the first k-time steps, for all n > 0
find (u'k p"+k) solution of

discretization of the time-derivative

k
au”*k + Zﬂjurwk—j —I)AU'Hk +
j=1

(3)

nonlinear advection extrapolated at t=t"+k

k
Z yjun+k—j . VunJrk—j
j=1

+Vpn+k — fn+k,
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V.u"tk =0, (4)

where a constant time step T is considered. The set of coeffi-
cients «, {,8}} _, € R arises from the backward differentiation for-

mula for the time-derivative with o« + Zj:1 Bj = 0. The coefficients
{yj}’; ;1 € R produce the extrapolation formula for the nonlinear

term satisfying ZJ 1¥j = 1. The diffusion term —Au™k is taken
implicitly to avoid stringent stability condition in @(v—"h?) on the
time step. The terms Vp™k and V - u™t* for the velocity-pressure
coupling are taken implicitly to strictly enforce the discrete incom-
pressibility condition. SBDF schemes are multistep methods which
are not self-starting, therefore requiring proper initialization for
{uf}gf;(l). Taking the 3rd-order methods as an illustration, the ini-
tialization can be conveniently done as follows: 1st-order method
(SBDF-1) is used to get u! from u%; then 2nd-order method (SBDF-
2) is used to get u? from u® and u!. Then, the intended 3rd-order
method (SBDF-3) can be used i.e. at t" =nt for all n > 3 until
the final simulation time T is reached. We noticed that initial data
generated by one-step method of an equal order of accuracy has
potential to reduce the numerical error (in time) by one to two or-
ders of magnitude. For instance, we propose initialization using a
one-step 3rd-order method (e.g. DC-3) to generate u! and u? for
SBDF-3; while a one-step 2nd-order method (e.g., Crank-Nicolson,
DC-2, etc) is used to generate u! for SBDF-2. DC methods is based
on defect correction strategy which we will introduce shortly. Al-
though SBDF methods are well known for their simplicity, the crit-
ical time step for numerical stability is reduced as the order of the
method increases. We will illustrate this fact through numerical
test cases. In this work, we focus only on the 1st-, 2nd- and 3rd-
order semi-implicit backward difference schemes for Navier-Stokes
equations, refered to as SBDF-1, SBDF-2 and SBDF-3, respectively.
The time discretization of the momentum equations using these
methods can be expressed as follows:

(a) SBDF-1. Given the initial solution u?, for all neN, find
h
(!, p+1) solution of

n+1 _ qn
uh

h _ UAUZH + szﬂ — fnhﬂ _ B(uﬁ), (5)

(b) SBDF-2. Given the initial solution ug and a proper initializa-
tion for u}, for all n e N, find (u*2, p+?) solution of

3un+2 _ 4un+1 +u?
h 2.Ch h _ I)AUZH + szﬂ
=2 —2B(ul*") + B(u}), (6)

(c) SBDF-3. Given the initial solution ug and a proper initializa-

tion for {u},u?}, for all n e N, find (u}*3, pj*3) solution of

3 2 1
1Mup*™ - 18up*” 4 9upt! — 2uj)

67T
—3B(u'*?) + 3B(u*1)

_ vAuz+3 4 vpn+3 fn+3
— B(up). (7)

with these three methods sharing the same discretization of the
continuity equation V-uZ*" =0, k=1,2 and 3, respectively. For
simplicity, we denote the nonlinear advection term by B(uy) = uy, -
Vuh.

2.2. Defect correction method (DC)

Defect or ‘deferred’ correction methods were first proposed to
solve ordinary differential equations (ODEs) [45]. More recent work
can be found in [26,40]. The defect correction method was ap-
plied to the time-dependent Navier-Stokes equations to produce

more accurate solutions [29] while a more practical construction
of the defect correction method which motivates our work is given
in [20]. To begin with, time-stepping schemes with arbitrary high-
order of accuracy can be constructed using only SBDF-1 with the
defect correction approach. Assuming that the discrete solution
(in time) for velocity and pressure can be expressed in terms of
asymptotic expansions in t as

1. 1 1 20 n+1 1 k+1
ut=uit Tt )t 4T u;j+ +O(th,
4T pz+1 +O('L’k+]), (8)
where k also denotes the degree of the expansion. Similar expan-
sions can be defined for u" and p". We illustrate the construction
of a DC-k method where k =3 is fixed. Using Taylor's expansion,
we first expand u(t) around t = t"*! to produce the following

+1 . +1 +1 2 +1
p i =pgT + TPl + TP

u(t") — u(t”“) _ u(tn+1) + j@“( n+1) _ ﬁ dt3u(tn+1)
4 44
v §t4u<s> ©

for some & = £(x) e [t",t"*1], assuming that the velocity is suf-
ficiently smooth in time. Let us define further u™! :=u(t™1),
u" = u(th), du™t! = C%u(t"“). Combining Eq. (8) and (9) and
keeping terms up to 73 give the following:

ul + a4+ 7?0} + u) = w4 a4 r2ud ! 4 !

—‘L’% n+]+—(d2 n+1+‘L’d2 n+1)

——d

3 n+1

+0(t%). (10)
Here, we observe that the first derivative of velocity, j u““, can
be replaced by the momentum equation from Navner—Stokes equa-
tions (Eq. (1)) to give:

Asymptotic expansion for the momentum equation
ut! —uf 4+ ult! - uf 4+ 2t - g+ el - Bl
= AW + 2 AUt + By At

1 2 1 3 1
—tVpit = Vpt — PVt

1 1 1
+rd?uy’ )+ ol

+0(th).
(11)

Further, we define approximations of high-order derivatives using
finite difference schemes as follows:

2
—‘L'B(u”“ ) — % (dZugJr

n+1 n n—1
ug™ —2uf + ug

d2u3+1 =0 =) +0(z2), forn>0, (12)
un+1 2“” un 1

a2t = % +0(12), forn=>1, (13)
u™! — 3u? 4+ 3u ! — u2

d3ug+1 =0 0 F >t O +0(1), forn=2. (14)

73

By the linearity of both diffusion and pressure gradient terms and
by using a simple ansatz for the nonlinear terms, these terms are
expanded in increasing power of T to produce the following:

un+1 _u
[%" vAult! 4+ B(u) + Vpit! — f”*‘]
ut! ! B(ul*! + ru?) — B(u} 1
[ 1 L _pAuit! 4 ( t) ( )+vpn+1+ dz "+]
2 wl—ug AW 4 B(upt! + rult! + v2u}) — Bup*! + rul)
2 72
SV 4 dz "H——d3 "“]+o(z3):o, (15)
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with the approximation B(u™1) ~ B(ul*! + ru*! + r2ul) since
taking u} instead of ug” in the nonlinear term gives rise to a
semi-implicit method. It can be shown that the global approxima-
tion of the nonlinear term has a 3rd-order truncation error if and
only if the condition

ui™ — w2 < cT (16)

is satisfied (the approximation uj} converges at 1%‘-order in time)
for some real constant ¢ > 0 and for all n > 0. We omit the proof
here. This results in Eq. (15) being an approximation to the mo-
mentum equation with 3™-order accuracy in time. A similar ap-
proach can be applied to the continuity equation to ensure 3'-
order accuracy.

Asymptotic expansion for the continuity equation

Voultl 4 oVt 4 22Vt 1 o(73)  =0. (17)

Matching the coefficients of t and using ‘divide and conquer’ strat-
egy, Eqs. (15) and (17) are recasted into subproblems (18)-(20),
which are solved in a multistage manner. For brevity, we provide
only the 3rd-order DC schemes (DC-3). By initializing u8 =u(0),
u? =0, ug =0, the velocity and pressure are obtained using the
following algorithm: Find (u}*!, p3*1) solution of Eq. (18), (uf, p})
solution of Eq. (19), (u}~1, pi~1) solution of Eq. (20) with the final
global update (u™1, p"-1):

. B(u}), forn=0,1,
o =
B(u} +tul1), forn=>2,
un+1 _— 1
Forn=0, {0 0 _yAult! 4 Vpit! = f+1 _nlg*',
1
V. u8+ = O,
dul! = (upt! —ul)/7.
(18)
)’ = (dult! — dul)/T,
al — B(uj + tu 1), forn=1,
“|Bul + tul !t 2wl ), forn>2,
’11—11']1’1 1 5 nt1
Forn>1, ivau’{Jerq:fid u,
_nlj —nlg
-
V. ug‘ = 0,
duf = (uf —ul ")/t
(19)
du] = (clluq —du" Yz, dBu)t!
= (d®uy" - d?up)/T,
nl) ! = Buj™' + tul ! + t2u2),
un—l _ un—Z
2 = 2 _ UAUg_l + Vpg—1
1 1
For n > 2, _ —§d2“'11 + édgugﬂ
nl} ' —nl’!
oz
V.uj =0,
ul=ul ! a4 T2u)
pn—l _ pg—l + .L.p111—1 + ‘Cng*l. (20)

We propose new approximations to handle the nonlinear terms,
ie, ni3*! and nlf for DC-3 method which are different from

the ones proposed in [20]. We found that these new approxima-
tions result in a significant reduction of the numerical error while
still being 3rd-order accurate on both velocity and pressure. Un-
like higher-order SBDF methods which are multistep schemes, DC
schemes are self-starting methods. In a hierarchical manner, the
high-order derivatives, d?uf’'. d?u} and d3u} ', forn > 0,n > 1
and n > 2, respectively, are evaluated explicitly using Eqs. (12)-
(14), to produce a method with kth-order accuracy in time for both
velocity and pressure. For any kth-order methods, the structure of
the resulting linear system for all subproblems is similar to that of
SBDF-1 with a different right hand side. The downside of DC meth-
ods arises from the need to solve k saddle point problems at each
time step compared to only one for SBDF methods. For a small
scale problem, DC may still be efficient since the same matrix is
used for all subproblems and can thus be factorized once during
the first time step.

2.3. Guermond-Minev method (GM)

The artificial compressibility technique was first introduced by
Chorin [9] to eliminate both the undetermined constant in the
pressure and complications that arise when solving saddle point
systems. This can be done by modifying the continuity equation in
Eq. (1) such that we have €p; + V-u =0 where ¢ > 0 is known
as the penalization parameter. For illustration, we discretized the
time-derivatives for velocity u; and pressure p; using 1st-order
backward Euler formula and by fixing r = %, the iteration param-
eter. Meanwhile, the nonlinear term is treated explicitly. Using the
discretized continuity equation, we eliminate the pressure gradi-
ent Vp?ﬂ, in the momentum equation. It results an augmented
Lagrangian method (ALM) for solving the unsteady Navier-Stokes
equations, which reads: Given the initial pressure pg = p(0) and
suitable r > 0, we iterate the problem for s=0,1,2,---

un+1 _

u!
s+1 s+1 n+1 n+1 n n
- vAulf —rVV.ulfl +uf - Vug

+Vpl=f in Qx(0,7T),
Pl =pt —rV.ult!, in Qx (0,T). (21)

s+1°

while the stopping criterion ||pif} — pi*'|l2(q) < tol is met at
each time step t,,q, where tol > 0 is chosen small. The conver-
gence of this method is only proven for Stokes equations in [14].
For semi-implicit schemes, this idea is remarkable since only two
linear systems with symmetric and positive definite matrices are
required to be solved and iterative methods (e.g. conjugate gradi-
ent method) work well for such linear systems. For unsteady prob-
lem, however, one may predict that the large number of iteration
required for the convergence of the pressure at every time step
makes the method impractical. Recently, Guermond and Minev
[20] proposed a high-order time-stepping schemes based upon ar-
tificial compressibility for Navier-Stokes equations. Using defect
correction methods and the bootstrapping technique, the resulting
uncoupled scheme requires only one update of the pressure at ev-
ery time step, which produces a significant reduction in CPU time
compared to the native implementation of ALM. Without providing
technical details on the derivation of this method, the Guermond-
Minev scheme with 3rd-order accuracy (GM-3) is given as fol-
lows [20]: For a given initial data (u, p3) = (u(0), p(0)) and set-
ting (u?, p9) = (0,0), (u, p9) = (0,0), we solve for (um+!, pr+!)
through the computation of (ug*!, pi*1), (u?, p%) and (u}~!, pi-1)

32



170 K.C. Loy, Y. Bourgault/Computers and Fluids 148 (2017) 166-184

using Eqs. (22), (23) and (24), respectively:

Al — |BWp), forO<n<1,
° T |Bl+tull), fornx>2,
upt —up 1 1
Forn > 0, - - VAugt' —AVV . uft! + Vp§
=+l it
Po = pp— AV uT, 1
dug™ = (uit' —up)/T,  dpgtt = (pgtt - pp)/T.
(22)
dup" = (dug* - dup)/,
ot | Bug+ ul ™), forn=1,
7] B +tul~!'+72ul!), forn>2,
u' — u'!
Forn > 1, %vau'ff)\VV.u’}nLV(p’l"l+dpg)
1 2, n+1 Ill’l1 —lllg
- 7§d o ——7—
pi=pi ' +dpj—AV . uf,
duf = (u} —u}")/7, dpi = (P} - p})/T.
(23)
d?u] = (du} —du’ ")z,
du)’ = (du) - d?u))/,
nl ! = Bul !+ Tul ! 4 t2ul2),
un—l _un—2
% — VAU —AVV . ul!
forn> 2, +V(pi—2 +dpi ) ] 1
1,0 1.5 0l —nlf”
=f§d u1+6d u, - P ,
Pyl =pyt4dpiT - AV ub,
u! =l a4 T2ug
pn—l - pg—l + .L_plit—l + ‘Cngfl.
(24)

The stability and convergence analysis of the method is done
only for the linear problem (i.e B(u) = 0) in [20]. In later section,
we will illustrate through our numerical results that the method
reaches the expected rate of convergence and is stable with a suit-
able choice of time step on a given mesh.

2.4. Guermond-Minev with sequential regularization method
(GM-SRM)

We propose a modification of the GM method using the so-
called sequential regularization method (SRM) which was first in-
vestigated by [30,32] considering that Navier-Stokes equations is
a system of differential-algebraic equations (DAE) of index 2. This
gives rise to the new formulation of Navier-Stokes equations which
reads

Uf“ _ UAUSH _ alvv . u§+1 _ (szv . us+1 4 us+1 i vus+1
+Vp'=f in Qx(0,T),
PH=p-oV- " —ouV.u!, in Qx (0, 7). (25)

This problem can be solved using any suitable time-stepping
scheme and stopping criteria as for ALM. Both a4, oy > 0 are user-
defined stabilization parameters for SRM. By choosing oy = 0 and
oy = A, we fall back on the GM methods. The time-derivative of di-
vergence of u, i.e, V - u;, is discretized using similar Taylor series
expansion as in Eq. (9). We retain the high-order derivative terms
for defect correction purposes, as was done for the other terms
in the PDE. The method GM-SRM with 3"-order accuracy is given
as follows: For a given initial data (uf, pg) = (u(0), p(0)) and set-
ting (u?, p9) = (0,0), (ud, p) = (0,0), we solve for (u™+!, p+1)

through the computation of (it pg’fl), (u?, p?) and (ui~!, pi-1)
using Eqs. (26), (27) and (28), respectively:

At — 1B, for0<n<1,
°© T |B(l+tull), fornx>2,
un+1 —u?
2\ AV PAVAVAR K
Forn>0 T
-7 +u2VV .uf + Vpj
=1 —nljt,
Pyt =pp— iV ugt Vg,
dug™ = (g™ —ug)/T. dpgtt = (pgt! - pp)/T.
(26)
u)t = (dult! - dul)/z,
B(ul + tul 1), forn=1,
nlf = { B} + tul~' + 22ul7"),  forn>2,
u? — un—l
L ZA\ ! LSS/ PAVA VAR LN JPAVAVA Uk
1
Forn>1, +V(p'1"1+dp’5):—2
(@ul™! - TV d2upt
_nlj —nly
—
P =pi +dp — VUl 4+ 4V u!
77"3’ V. d2ul,
du} = (W} —wi /T, dpi=(p}-pi . (27)
d2u] = (duf — dul')/1,
eu)t = (d2u) - d?2ud)/T,
nl} ' = B(ul !+ Tul ! 4 r2ul2),
un—l _ un—Z
% —vAW - VV . ul!
+u2VV a2
1
V(P52 +dpi ) = — 5 (P
forn > 2, *“ZTYV - d?uy)
+5 (@up — otV - dBugth
3 nly ! —nl}!
T2 ’
p;—] — pg—z 4 dprll—] _ M]V . ug—l + sz . ug—z
L‘;T V. du + Lét V. dult,
u ! =ud ! Tl 2u)
pn—] — pgfl + .[prll—l + .[Zpg—l. (28)

o o . .
where ;= — +a, and p; = —. The existence and uniqueness

of the solution of SRM formulation for time-dependent Navier—
Stokes equations was studied in [32] for 1st-order approximations
in time. There are very few numerical test cases available in the
literature for SRM applied to unsteady flows, not to mention when
this involves high-order methods in time. In this paper, we intend
to fill this gap.

3. Stabilization parameter for GM and GM-SRM

The grad — div stabilization term arises naturally in GM and
GM-SRM methods since the Navier-Stokes equations are solved by
uncoupling the velocity and pressure. In the continuous setting
of the Navier-Stokes equations, the presence of grad — div term
in the momentum equation does not change the solution. In the
discrete setting, however, the grad — div term does not change
the solution only under certain conditions, for instance when fi-
nite elements lie within the divergence free subspace or when V-
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V, € Mj,. In particular, when P, — P; finite elements are used, we
have V -V, € Z, ¢ M, where

Zy = {Vh € LZ(Q) | Vhk € Py, VK € Th} (29)

For the discrete weak formulation of GM and GM-SRM, the grad —
div term in the momentum equation cannot be eliminated as is
done from the continuity equation at the continuous level. This
explains that for both GM and GM-SRM methods, the computed
solution may differ from that with SBDF and DC methods even
when we let T — 0, with h fixed. When solving flow problem
with P, — P; elements on a coarser grid, it is known that the
grad — div term helps to penalize the incompressibility condition
at the element level hence improving the overall quality of the
solutions. Several other advantages of adding the grad — div sta-
bilization term for solving Stokes equations have been addressed
by Olshanskii et al. [35,36] and references therein. Our work will
only provide a comparison in terms of the solution and numer-
ical behaviour between our methods with grad — div and with-
out grad — div on a given mesh. The numerical improvement of
P, — P; elements by the addition of grad — div term will be ad-
dressed in a separate work.

A challenging issue when using GM and GM-SRM is the choice
of stabilization parameter, i.e., A for GM, «; and o, for GM-SRM,
which remains a controversial issue. For instance, by picking a
large A, it helps to enforce the incompressibility condition rapidly
(in very few time steps). However, the choice of such large stabi-
lization parameter may result in the poor conditioning of the lin-
ear system due to the “locking” or very stiff behaviour imposed
by the grad — div term in the momentum equation [20]. A simi-
lar problem was studied by Glowinski and Fortin [14] but involv-
ing only Stokes equation with ALM. Our linear system for the mo-
mentum equation (in GM and GM-SRM) is almost identical with
theirs except for the presence of an additional diagonal block with
the mass matrix from the time discretization in our case. They had
proven that a large “iterative parameter” akin to our stabilization
parameter results in poor convergence behaviour (ill-conditioned
matrix) when iterative solvers are used to solve this linear sys-
tem. Since we use a direct solver for the linear system, this is
not a major issue. Large stabilization parameter is also related to
over-stabilization effects which induces numerical dissipation and
lost of accuracy [35]. Small A on the other hand, may compli-
cate the convergence of pressure between momentum and conti-
nuity equation. This results in parasitic oscillations on both pres-
sure and velocity due to poor mass conservation. GM and GM-
SRM methods do not have additional iterations between subprob-
lems to ensure such convergence is satisfied, as is done with ALM.
The incompressibility condition is enforced only with bootstrap-
ping technique which critically depends on a well-chosen stabiliza-
tion parameter. As similar problems arise for GM-SRM methods,
the choice of @7 and o, remains an open problem.

At this moment, we are not able to establish a mathematical
theory to determine an optimal value of these parameters in terms
of producing the least numerical error at a given time step. In our
work, best values of the parameters, A, 1 and «, can be estimated
numerically (trial and error). For instance in GM, we start by pick-
ing very large A and observing the velocity and pressure during
first few time steps. If no oscillations are found, computations are
rerun with smaller A. The ‘optimal’ XA is chosen by picking the one
that starts to induce oscillations but that progressively dampens
the oscillations from one time step to the next. For the GM-SRM
method, a good combination of «; and «, is harder to identify.
For simplicity, we propose o = T, for test cases which require
larger o, (e.g., &y > 1) while oy =1 is typically chosen when only
smaller o, is required (e.g., oy =1). We only need to determine
the value of «, using an approach that is similar to what is done
to obtain A in the GM method. Nonetheless, this approach delivers

good results in our computations. The nearly optimal values of A
in GM and «; and «, in GM-SRM are provided for each of the test
cases.

4. Numerical results

Numerical validation and benchmarking are done for the time-
stepping schemes SBDF, DC, GM and GM-SRM, all with 2"- and
3'd_order accuracy. All our tests are done with 2D flows. We
start with two manufactured solutions, one involving Dirichlet-
Neumann boundary conditions adapted from [20] and the Taylor’s
Vortex flow with Dirichlet boundary conditions [38]. For test cases
which are deemed to be more challenging, the flow around a cylin-
der (von Karman alley) (see for instance [19,38,48]) and the lid-
driven cavity flow (see [18,37,43]) are chosen. Since exact solutions
do not exist for these last two test cases, we made comparisons
with reference solutions and the results found in the literature.

Let us define t" = nt* and T = Mt* where T is total simulation
time, t* the time step for output purposes and M € N given by the
user. For convenience, we choose 7* as a multiple of 7. The error
in time can be computed using the reference solutions (Wf, Prer)
where Wger =uy ;. and prer = py ;. are the best approximants to
the solution of the semi-discrete problem (in space). Very small
time step, given as T is used to compute the reference solutions.
The error from the time discretization, by fixing the discretization
in space, can be computed as follows:

M 2
[ltrer — ”zZ(O.T;[}(Q)) = (t* Z llue — “'ﬁ,r ”[LZ(QW) ’
n=1
1

M 2
”pref — Phr ”22(0_1-;,_2(9)) = (Tx< Z ||p;:ll'[ - p’:ef”LZ(Q)) .
n=1

This type of error is useful when exact solutions are not available
and to study the order of convergence in time only. Due to the
numerical discrepancies found between methods with grad — div
and without grad — div term, we compare the errors produced by
DC and SBDF methods with the reference solution that is generated
by DC-3. On the other hand, we consider a reference solution that
is generated by GM-3 in the assessment of the GM and GM-SRM
methods. The formula to obtain the order of convergence in time,
k, for velocity and pressure (respectively w = u and w = p) reads:

k= ln( ”W]‘ef_Wh_rllzZ(oAT:LZ(Q)) )/ln r (31)
”Wref - Wh,‘[/r”iZ(o_T:LZ(Q))

(30)

where r € R* is the refinement factor between consecutive time
steps. The value r = 2 was chosen. For the finite element approxi-
mation, the mesh is assumed to be quasi-uniform, i.e., hy,i, < h <
hmax. Suppose that the space approximation is done using P-P;
mixed finite elements with sufficient regularity on (u, p), we ex-
pect that the L2-error between numerical and exact solutions using
kth-order time-stepping schemes to behave as

(=)t 2 =0 +1), 1<i<N,
Il(p = Pho) @) N2y = O + h?), 1<i<N/

where N =T/t € N is the total number of time step. Similarly, the
L2-error between numerical and reference semi-discrete solutions
obtained on the same mesh is expected to have the following order
of accuracy

”(uref - uh.r)(ti)”Lz(Q) = O(‘L'k), 1<i<N,
I (Pref — Pho) D) 2@y = O(x%), 1<i<N.

The critical time step, 7 for numerical stability of each time-
stepping scheme is computed using a bisection method. For in-
stance, the initial time step, 7y is chosen large enough to result

(32)

(33)
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in a numerical blow-up after a few time steps. Next, same com-
putation is carried out using the time step, t; = 0.57y. If the nu-
merical stability is observed for a chosen total time T, computa-
tion is restarted again with the larger time-step 7, = 1.57¢, oth-
erwise we set 7, =0.57; and the process is repeated. Typically,
T =10 is chosen to account for nonlinear instability effects that
may show-up in the computation. A fully developed periodic flow
is used as initial condition. To obtain a converged critical time step
Tqit» the stopping criteria, i.e., |T,,1 — Tn| < toly, is used for some
small tol; > 0. All computations are done using FreeFEM++ [22].
We intend to focus only on the performance of the time-stepping
schemes, hence the impact of linear solvers and preconditioners
are not taken into consideration. We used MUMPS (Multifrontal
Massively Parallel Sparse Direct Solver) which is one of the best
direct solver available in FreeFEM++. MUMPS is chosen as it turns
out to be twice as fast as the Unsymmetric MultiFrontal method
(UMFPACK). All simulations are run under a Linux-platform PC
with a Intel®Core™ i7-3770 CPU 3.40 GHz and 32Gb of RAM. We
compare the numerical efficiency of the time-stepping methods by
looking at the CPU time (total runtime) required to reach a desired
level of error in time. Some of the methods may be very efficient
when the error is large but surpassed by others when smaller error
is required. Relative efficiency depends on several factors, namely
the numerical complexity (i.e., number of subproblems and linear
systems to be solved per time step), accuracy, stability condition
(which determines the size of the maximal time step) and con-
vergence behaviour of the methods. For 2D problems, the memory
requirement of all these methods can be easily fulfilled by modern
desktop computers. However, this may not be true for 3D prob-
lems.

4.1. Manufactured solution I

This manufactured solution is an example where the discretiza-
tion error in time is larger than that in space which was pre-
sented in [20]. For this test case, we use the square domain Q =
(0,1) x (0,1). The exact solutions for velocity and pressure are
given by

u = (sin (x) sin (y +t), cos (x) cos (y +t)),
p = cos (x) sin(y +t), (34)

for (x, y) € @,t > 0. Homogeneous Neumann boundary conditions
are prescribed at the left boundary while homogeneous Dirichlet
boundary conditions (no-slip) are prescribed at bottom, right and
upper boundaries. By fixing the viscosity constant, v = 1, initial
and boundary conditions, and f can be computed using Eq. (34).
The domain is discretized using an unstructured mesh with uni-
form mesh size h = 0.01768 (subdivision 80x 80 along the bound-
ary). This gives a total of 6561 vertices, 12800 triangles and 58403
degrees of freedom for velocity and pressure. This test case is run
for a total time T = 2 with varying time steps, T = 0.02,0.01, 0.005
and 6.25 x 10~°. The smallest time step is used to generate the ref-
erence solution (W, prer) for computing the error (in time only) in
the convergence analysis. For the stabilization parameters, we fix
A =83.5 in GM methods while oy =407 and o, =40.0 are used
in GM-SRM methods.

Fig. 1 shows the time evolution of log-scaled L2-error computed
with Eq. (30) for all 2nd- and 3rd-order methods, both for veloc-
ity and pressure with 7 =0.02,0.01 and 0.005. These plots con-
firm as expected, the following facts: the accuracy of the veloc-
ity obtained with all methods is better than that of pressure since
P, — P; finite element is used; the 3rd-order methods are more
accurate than their 2nd-order counterparts at any fixed time t €
[0, 2] and the numerical errors for velocity and pressure decrease
as the time step is refined. For T = 0.02, all graphs for 3rd-order

methods (except SBDF-3 for velocity) are superposed with the low-
est curve, where only the error from the space approximation re-
mains. The error of velocity for SBDF-3 is still large with the time
step T = 0.02. We suspect that this error is induced from a time
step chosen too close to the critical value for SBDF-3 method. The
critical time step for SBDF-3 is known to be smaller than that for
other 3rd-order methods to fulfill the CFL stability condition. With
the smallest time step, T = 0.005, both DC-3 and SBDF-3 produce
the least error for both velocity and pressure, followed by GM-3
and GM-SRM-3. Here, GM-SRM produces very similar errors to that
computed with GM for both 2nd- and 3rd-order accuracy as com-
putations proceed further from the start-up. However, it can be ob-
served that numerical oscillations on the solutions of GM-3 (and
consequently on the error) at start-up require more time steps
to attenuate completely compared to GM-SRM-3, which suggests
that GM-SRM-3 may have better stability property than GM-3 in
terms of enforcing divergence free condition at element level. For
T =0.005, we observed that the graph produced with all meth-
ods except GM-2, GM-SRM-2 and SBDF-2 methods collapse to the
bottom graph with space error only except for minor discrepancies
due to the presence of the grad — div term in GM and GM-SRM.
We note that the error produced by GM and GM-SRM can be re-
duced further and brought closer to minimal level by choosing a
slightly smaller stabilization parameter, e.g., A < 83.5 and o, <
40.0. A disadvantage for this, however, is by having more severe
oscillations generated at the beginning of the computations which
require more time steps to be damped.

We analyze the numerical efficiency and convergence in time
of the scheme, i.e., by comparing the numerical and reference so-
lutions for all methods (see Fig. 2). The numerical efficiency can
be studied by considering first, the L2-error versus CPU time and
second, the [2-error versus the time step, T for both velocity and
pressure. These errors are computed using Eq. (30). To disregard
possible pressure oscillations generated by GM and GM-SRM meth-
ods at start-up, we evaluate the L2-error using t* = 0.2 only for t
€ [1, 2]. Fig. 2 shows that all 3rd-order methods are more efficient
than 2nd-order methods for both velocity and pressure as the ac-
curacy reached for a given CPU time is always better with 3rd-
order methods. Among all methods, the accuracy of SBDF is found
to be the lowest among all methods of the same order. However,
we noted that the accuracy of SBDF methods can be improved by
implementing different discretizations of the nonlinear term. Fur-
ther discussion on this will be provided in a separate paper. At
any given level of error, DC-3 method is found to be the most ef-
ficient, for instance it can reach an error of about 10~8 for velocity
and about 106 for pressure with shortest CPU time, closely fol-
lowed by GM-3, GM-SRM-3 and SBDF-3 methods. It is noteworthy
that DC-3 method requires to solve three saddle point problems at
every time step, and still is the most efficient for this test case.
With a small number of unknowns, the use of a direct solver (e.g.,
MUMPS) makes these computations efficient. For a fixed time step
and order of the method, DC, GM and GM-SRM methods produce
smaller error in time than that with SBDF methods since they are
all based upon defect correction strategy. Fig. 2 (at the bottom)
shows that all time-stepping schemes converge in time with the
theoretical rate for both velocity and pressure.

4.2. Manufactured solution Il (Taylor Vortex)

The Taylor vortex is a manufactured solution modeling flow
problems with Dirichlet boundary conditions [28] which it is often
used for numerical validation. It models a decaying flow in time
and exhibits a dominating error in space over the error in time.
This test case mimics industrial fluid stirring mechanism using ro-
tating and counter-rotating cylinder rods in a mixing tank. In our
test case, the square domain 2 = (0.25,1.25) x (0.5,1.5) is used
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Numerical error for the velocity (t = 0.02)

Numerical error for the velocity (t = 0.01)
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Numerical error for the velocity (T = 0.005)
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Fig. 1. Manufactured solution I: Time history of L2-error for velocity and pressure between numerical and exact solutions using 2nd- and 3rd-order SBDF, DC, GM, GM-SRM

schemes (From left to right, the time steps 7 = 0.02, 0.01 and 0.005 are used).

with the exact solutions for velocity and pressure given by

u = (—cos(2mx)sin(2my)e *7", sin(2mwx)cos(2wy)e 87V),

p= —%(cos(47rx) + cos(4my))e 1677t (35)

in which the external force, f = 0. We set the kinematic viscosity,
v to 0.01. Dirichlet boundary conditions which are prescribed on
the four edges of the square and initial conditions can be obtained
through the exact solution (Eq. (35)). The domain is discretized
with an unstructured triangular mesh by subdividing each side of
the square in 120 equal length edges. With P, — P; finite elements,
a total of 34210 elements, 17346 vertices and 155148 degrees of
freedom for both velocity and pressure are produced. The element
size, hy lies in the range 0.00645 < hx < 0.01518. Since this is an
exponentially decaying solutions, we limit the simulation only to t
€ [0, 1]. We fix A = 3.3 in GM methods and oy = a; = 1 in GM-SRM
methods. The numerical comparisons are done in a similar fashion
as in Section 4.1. For the error (in time) and convergence analysis,
we only consider the solution generated at every step t* = 0.2 for
t € [0.6, 1.0] (using Eq. (30)).

Fig. 3 shows the time evolution of the L2-error on velocity and
pressure comparing with the exact solutions, computed by various
methods with time steps 7 =0.02,0.01, 0.005. Remarks are simi-
lar as for the previous test case, except for the observation that
GM-SRM methods slightly outperform other methods of the same
order since they have the smallest error on velocity. This suggests
that the presence of a grad — div term with nearly optimal choice

of the stabilization parameters helps to enforce the incompressibil-
ity condition while improving the accuracy on velocity (in space)
by about one order of magnitude compared to other methods. We
observe again that the accuracy of SBDF-3 is compromised when
the time step is chosen too close to the critical time step for sta-
bility (see top left graph in Fig. 3). Fig. 4 illustrates the numerical
efficiency of the methods by showing graphs of the L2-error (in
time only) versus the required CPU time and chosen time step, re-
spectively, for all methods. Here, we set T =1 and a very small
time step T = 6.25 x 10~ to compute the reference solution. The
numerical rate of convergence of all time-stepping schemes shows
a satisfactory agreement with the theoretical rate of convergence
in time for both velocity and pressure. At larger time step (e.g.,
T > 0.01), SBDF-3 does not exhibit the expected order of conver-
gence when the chosen time step is too close to the critical time
step. However, the SBDF-3 method is found to quickly surpass DC-
3, GM-3 and GM-SRM-3 methods for errors below 1 x 10-¢ and
3 x 1077 on velocity and pressure, respectively. At any given or-
der of accuracy, SBDF methods are found to be the most efficient
for both velocity and pressure at least when sufficiently small time
steps are used. Interestingly, SBDF methods produce the smallest
error on velocity in time at smaller time step, e.g., T < 0.01 for
this test case. This is observed since the initialization procedure
is done using high-order method, i.e., DC methods. For pressure,
GM, GM-SRM and DC methods produced smaller error than SBDF
methods for a given time step and order of accuracy.
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Numerical error on velocity versus CPU time
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Fig. 2. Manufactured Solution I: Plot of the error on velocity (left) and pressure (right)

methods.

4.3. Flow past a circular object: von Kdarmdn Alley

The flow past a circular cylinder is one of the most famous flow
experiments in fluid dynamics (see e.g. [23,38,42,48]). In many
numerical studies for Navier-Stokes equations, this test case has
been used for benchmaking purposes, since only accurate numer-
ical methods are able to reproduce the right flow properties. The
categorization of vortex shedding behind the circular cylinder such
as steady or unsteady laminar, subcritical and turbulent flows are
strictly determined by the Reynolds numbers

_U.D
===,

where D is the diameter of the cylinder, U, the far-field speed and
v the kinematic viscosity. The wake behind the cylinder gives rise
to a periodic flow with symmetry breaking whenever 40 < Re <
150. The so-called laminar von Kiarman vortex sheet is then fully
developed. To quantify the periodicity of the flow, the Strouhal
number is used, i.e., Str = l% where f is the frequency of the vor-
tex shedding.

There are several ways to set the computational domain for
this flow. In this paper, we use a conventional rectangular do-
main, = (=10, 25) x (=10, 10) which is discretized by a total of
26936 non-uniform triangles (unstructured mesh) and 13648 ver-
tices. The circular cylinder is located at the origin with D = 1. As
P, — PP, finite elements are used for space discretization, there are
108474 unknowns for the velocity u = (u, v) and 13648 unknowns
for the pressure p. The varying element size, hy, lies in the in-
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terval [0.05129, 0.61148], with a sufficiently fine mesh generated
near the cylinder to capture the boundary layer and coarsest el-
ement along the outer boundary (see Fig. 5). Setting U,, =1 and
v = 0.01, a Reynolds number, Re = 100 is obtained. For GM meth-
ods, the stabilization parameter A = 10% is considered. For GM-
SRM methods, typically smaller stabilization parameters oy = 2007
and o, = 200 are chosen. The boundary conditions are prescribed
as follows: along the left, upper and lower boundaries, Dirichlet
boundary conditions u = (u,v) = (1,0) are set. Upper and lower
boundaries in this paper are dealt differently from what is done
in [23,33,38,48]. In these papers, non-slip boundary u = (0,0) or
dxu = 0 with v =0 were used along the upper and lower bound-
aries on much smaller computational domain. Neumann boundary
conditions (free exit) are employed along the right outflow bound-
ary, i.e, p—vdulr, =0 and —vdxv|r, =0 where I'y = {(x,y) €
I' | x = 25}. Non-slip boundary condition u = (u, v) = (0, 0) is pre-
scribed on the circular cylinder. Starting from an initial state at
rest, a periodic motion is reached for about T = 80. This periodic
flow then shows vortex shedding behind the cylinder propagating
all the way to the outflow boundary. To reduce the computational
time, we use the periodic solution that is computed with SBDF-2
as the initial state for all subsequent numerical tests. Since there is
no analytical solution for this test case, we use a reference solution
(Upef, Pref) to assess all our methods.

In Fig. 6, the numerical efficiency is assessed by plotting the
L2-error (in time) on velocity and pressure versus the CPU time for
completing the computation for t € [0, 8] starting from the peri-
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Fig. 3. Manufactured solution II: Time history of L?-error for velocity and pressure between numerical and exact solutions using 2nd- and 3rd-order SBDF, DC, GM, GM-SRM
schemes (From left to right, the time steps T = 0.02, 0.01 and 0.005 are used).

Table 1

Computed critical time step and maximum CFL bound for

stability.
Methods Critical time step, Ty CFLax
SBDF-1 1.7744 x 102 4.6319 x 107!
SBDF-2 1.1951 x 102 4.1453 x 107!
SBDF-3 7.0278 x 1073 1.8320 x 107!
DC-2 1.1551 x 102 3.0124 x 107!
DC-3 8.1168 x 103 2.1156 x 10!
GM-2 1.4529 x 102 3.7814 x 10!
GM-3 1.0537 x 102 2.7438 x 107!
GM-SRM-2  1.4522 x 102 3.7697 x 107!
GM-SRM-3  1.0525 x 102 2.7407 x 1071

odic solution mentioned above. We also illustrate the rate of con-
vergence for each of the time-stepping schemes in the same figure.
For a given time step, DC, GM and GM-SRM methods produce the
least numerical errors for both velocity and pressure in time, then
followed by SBDF methods. However, SBDF methods are the most
CPU-efficient schemes, followed by DC, GM and GM-SRM methods
at a given order of accuracy. All methods reproduce the theoreti-
cal rate of convergence. Table 1 summarizes the critical time steps
Tqi¢ for each of the time-stepping schemes that are obtained us-
ing the bisection method. In addition, we provide the maximal CFL
number or the CFLnax attained in a local element which can be

computed using the following:

T
Cl:Lmax = rl?eaTi( =ﬁ”uh”L2(K)}v (37)

where each K is an element of the mesh 7,. The critical time
step (or equivalently the CFLmax) of GM-2/GM-SRM-2 is about 20%
larger than that of both DC-2 and SBDF-2 methods, while the crit-
ical time step of GM-3/GM-SRM-3 is about 30% and 50% larger
than DC-3 and SBDF-3 methods, respectively. These percentage are
computed using the critical time step of GM/GM-SRM as the ref-
erence. We conjecture that the difference gained in terms of 7
in GM/GM-SRM methods compared to others will be larger as the
order of the methods increases but this requires further valida-
tion. The stability of GM and GM-SRM methods is exceptional for
such high-order semi-implicit schemes thanks to the presence of
grad — div terms. The so-called grad — div stabilization term im-
proves certain stability property akin to the streamline-upwinding
Petrov Galerkin or the SUPG methods to solve highly nonlinear
flow which had been addressed in [35,36]. Interestingly, the critical
time step for SBDF and DC methods are comparable. For instance,
the critical time step of SBDF-2 method is slightly larger than that
for DC-2 method while the critical time step of SBDF-3 method is
slightly smaller than that for DC-3 method.

Our next task is to compare the lift and drag coefficients which
are computed by all our methods to the values in the literature. To
achieve this goal, we repeat similar computations of the flow past
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Fig. 4. Manufactured Solution II: Plot of the error on velocity (left) and pressure (right) as a function of CPU time (top) and time-step (bottom) for SBDF, DC, GM, GM-SRM

time-stepping schemes.

the circular cylinder at Re = 100 but using a larger time interval,
i.e,, t € [0, 2000], to be sure to reach a fully periodic state. The
time step, T =0.005 is chosen for all methods. The lift and drag
coefficients, ¢; and ¢y, respectively, are defined as follows:

_ 2 3“& (t)
cy(t) = mfg(pv p ny — p(t)nx)ds,

_ 2 autx (t)
a) = -5 [ (v 75

The parameter p =1 is the density of the fluid, S the boundary
of the cylinder, n = (ny, ny)T is the unit normal vector on S point-
ing inward €, t; = (ny, —ny)T is the tangential vector and uy, is the
tangential velocity. According to John [23], the computation of lift
and drag using a volume integral formulation is more accurate and
less sensitive to the mesh size around the cylinder than using the
conventional line integral (Eq. 38). This method gives

(38)

ny — p(t)ny)ds.

q(t) = —20/Q [u; v +vVu(t) : Vv + (u(t) - Viu(r)
Vi = p(&)(Vv)]dx, (39)

for v; € [H'(R)]? solution of an auxillary Stokes equations with
boundary conditions vy;s=(0,1) and vy = (0,0) on all other
boundaries. Similarly,

cy(t) = —20/Q [ue - vy +vVu(t) : Vg + (u(t) - Vyu(t)

Vg — p(t)(Vvg)] dx, (40)

for vq e [H'(Q)]? solution of an auxillary Stokes equations with
boundary conditions vgs = (1,0) and vy = (0,0) on all other
boundaries. Knowing a priori that the solution produces a single
periodic mode, the mean, amplitude and frequency for both lift
and drag coefficients are computed with a simple approximation
using the time history of these parameters in the last 50 time
units. For instance, the period of the lift and drag can be approxi-
mated using the successive difference of the times taken when the
maximal slope occurs. These slopes are computed using linear in-
terpolation of two consecutive points generated at each time step.
For flow with a single periodic mode, we found that this method
delivers more accurate results than the one with the conventional
Fast Fourier Transform (FFT).

Table 2 shows the mean, amplitude and frequency of the lift
and drag coefficients produced by our time-stepping methods. All
methods produce a frequency for drag which is about twice the
frequency for lift. This is in agreement with the literature on 2D
laminar flows around the cylinder at Re = 100. The Strouhal num-
ber which is also the frequency of the lift coefficient in our present
work is close to 0.17. Since the flow is still in laminar regime, the
Strouhal number is less than 0.20—which is a value known for sub-
critical flows [4]. All methods produce a mean for lift coefficient
close to zero, again as expected for such laminar flows (see, e.g.,
[23,44]).

We observe that the mean, amplitude and frequency for the
drag and lift coefficients computed using our methods are very
close to each other. These values differ only in the second deci-
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Table 2

The mean, amplitude and frequency of the lift and drag coefficients.

Method ¢; mean ¢; amplitude ¢, frequency cg mean  cq amplitude ¢4 frequency
SBDF-2 ~1.78129 x 10->  3.40513 x 10! 1.70068 x 10! 1.38565  9.79036 x 103  3.40136 x 10!
SBDF-3 ~1.76713 x 10-% 3.40500 x 10~! 1.70047 x 10! 138565  9.78998 x 103 3.40099 x 10~"
DC-2 ~1.77619 x 10-° 3.40506 x 10! 1.70049 x 10-1  1.38564  9.79031 x 10~  3.40092 x 10!
DC-3 —9.92424 x 10°®  3.45476 x 107! 1.69937 x 10! 1.39060 1.00610 x 10~2  3.39936 x 10~!
GM-2 —8.87375 x 107> 3.29150 x 107! 1.70182 x 107! 1.37285 9.06383 x 10~ 3.39443 x 10!
GM-3 —7.41786 x 103 3.29204 x 107! 1.70180 x 107! 1.37299 9.20195 x 10~ 3.40362 x 10!
GM-SRM-2  —6.50141 x 10> 3.29261 x 10! 1.70182 x 10! 137304  9.20363 x 103 3.40367 x 10!
GM-SRM-3  —6.50348 x 10> 3.29256 x 10! 1.70180 x 10! 1.37295 9.11191 x 103 3.40362 x 10!
Table 3
Comparison between the present work with other numerical results and measurement from various references at Re = 100 (Laminar
flow).
Source of results Time-stepping method Str ¢4 mean ¢; amplitude
Present SBDF, DC, GM, GM-SRM 0.1699 — 0.1701  1.3729 — 1.3906 0.3292 — 0.3455
Ranjani et al. (2009) [39] 2nd-order implicit 0.1569 1.3353
Mittal & Raghuvanshi (2001) [33] 1st-order stabilized space-time 0.1680 1.4020 0.3550
Mittal & Tezduyar (1992) [34] 1st-order stabilized space-time 0.1670 ~ 1.3825 ~ 0.3500
Quarteroni et al. (1998) [38] 1st-order projection 0.1667 1.4486 0.3714
Simo & Armero (1994) [44] 1st-order implicit/semi-implicit 0.1670/0.1690 1.4500/1.4900 0.3500/0.3900
Simo & Armero (1994) [44] 2nd-order implicit/semi-implicit ~ 0.1780 ~ 1.5375 ~ 0.3900
Baek & Karniadakis (2011) [6] 1st-/2nd-order implicit 1.4914/1.4929 0.2568/0.2588
Goldstein (1938) [15] Experimentation 0.1680
=] Table 4
The critical time step, CFL bound, CPU time for computing one time step for each
method when computing the lid-driven cavity flow at Re = 8500.
o) Method Critical time step, T ;¢ CFLmax CPU time/time step
SBDF-2 1.45508 x 103 2.28314 x 107! 0.9802
g SBDF-3 1.57227 x 1073 2.23712 x 107! 1.3086
£ © DC-2 1.75781 x 103 2.23343 x 10! 1.9948
> DC-3 1.59180 x 103 1.95099 x 10°1  3.6222
GM-2 2.58789 x 103 3.17185 x 10! 2.4570
© GM-3 2.37305 x 103 2.90853 x 10! 4.1908
' GM-SRM-2  2.59766 x 103 3.18382 x 10! 2.8796
GM-SRM-3  2.37305 x 103 2.90853 x 10! 4.8534
=]
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Fig. 5. The computational domain and mesh for flow past a circular cylinder (top).
A blow-up of the mesh with boundary layer near the cylinder (yellow represents
higher flow speed and blue represents lower flow speed) (bottom).

mal digit, e.g., the lift amplitude shows a maximal difference of
4.7% (DC-3 versus GM-3 methods) and the mean drag, a max-
imal difference of 1.2% (DC-3 versus GM-SRM-3 methods). We
observe that the most significant discrepancies occur for meth-
ods with grad — div term (GM/GM-SRM) versus methods without
grad — div term (SBDF/DC). Still, we cannot assert which solver
produces the most accurate result.

We also make comparison with lift and drag coefficients ob-
tained from the literature, both for numerical and experimental
values. From Table 3, one can see that our computed Strouhal
numbers = 0.17 is in a good agreement with published values ex-
cept the one from Ranjani et. al [39] (St = 0.1569). For mean drag,
our result differs by 0.8% — 10.7% compared to values in the lit-
erature. Meanwhile, the differences on lift amplitude with pub-
lished values are within 1.3%-15.6%. We cannot find sufficient data
on the drag amplitude to provide comparison. Notice that none of
the published values are computed by time-stepping schemes with
3rd- or higher-order accuracy. There are also differences in space
approximations (e.g., finite volume, difference etc). These discrep-
ancies may result also from the different methods used to com-
pute the lift and drag (e.g., integration along the circular boundary
[49] versus integration on volume [23]). The FFT analysis which is
used by many may not be able to provide very accurate spectrum
for the lift and drag coefficients.

4.4. Lid-driven cavity flow

The lid-driven cavity is one of the most documented test cases
in computational fluid dynamics. Cavity flows occur in many ap-
plications in modern industry. To name a few, lid-driven cavity can
be used to study the efficiency of fluid mixing, stirring processes
and fluid cooling mechanisms, where all of these take place ei-
ther in an enclosed or semi-enclosed region. Although the experi-
ment setting of lid-driven cavity is simple, the study of the result-
ing flow patterns and generated vortices, especially near corners,
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Fig. 6. Flow around the circular cylinder: Plot of the error on velocity (left) and pressure (right) as a function of CPU time (top) and time-step (bottom) for SBDF, DC, GM,

GM-SRM time-stepping schemes.

is very challenging. In dimensionless settings, the characterisation
of flow patterns, the number of vortices and the stability of the
flow in a square cavity is determined only by the Reynolds num-
ber. For Reynolds numbers, Re < 8000, the lid-driven cavity flow
is known to be steady. However, for Re > 8000, the flow becomes
unsteady, following a Hopf bifurcation leading to a periodic solu-
tion in both velocity and pressure. The critical Reynolds number,
Req, i, Where the first Hopf bifurcation takes place is given under
7500 by [18] and is reported very close to 8000 in more recent
publications [2,8,13,47].

In this paper, we investigate the performance of our methods
using the lid-driven cavity flow at Re = 8500 [2,37]. This Reynolds
number is chosen for two reasons: to make sure that the flow is
unsteady since Re > Rey . with a sufficiently large gap, and simu-
lations with Re = 8500 are known to be challenging. For instance,
excessively long computational time is required beginning from a
‘cold’ start to go over a long transient and finally reach a fully pe-
riodic flow with a frequency around 0.44. Meanwhile, Re = 8500 is
in the vicinity of a second Hopf bifurcation, which occurs around
8700 < Rey « < 10000. This second Hopf bifurcation introduces a
second periodic mode with a frequency around 0.61 [8,47].

The numerical comparison is done both qualitatively and quan-
titatively. For qualitative analysis, we compare the formation of
vortices using stream function plots with published results. While
for quantitative analysis, we first establish a set of numerical re-
sults in terms of the frequency, amplitude and mean value of the
x-velocity, u, at several monitoring points. Then the results com-

puted by our methods are compared among themselves. Finally,
we compare the frequency of the pulsating flow or the Strouhal
number with similar values found in the literature.

We consider a unit square domain € = (0,1) x (0,1) dis-
cretized using a non-uniform triangular mesh with 120 triangles
along each boundary edge. This produces a mesh with element size
hg within the range [0.00628, 0.01660], with 34164 vertices, 17323
triangles and 154941 degrees of freedom with P, — P; mixed fi-
nite elements. A constant velocity u = (1,0) is imposed on the
top boundary (the lid), while for the remaining boundaries, we set
u = (0,0). We prescribe the state of rest for velocity and pressure
at t = 0. For this test case, we do not pursue an efficiency analysis
similar to those carried out in above sections. Equally useful, the
CPU time per time step (found as an average over 100 time steps)
for each of the methods is given in Table 4. We choose a smaller
time step, T = 0.001 for all 3rd-order methods to produce very ac-
curate solution in time, which will serve as ‘reference’ solutions for
each method. In order to assess the quality of the 2nd-order meth-
ods, the following time step is set for each method: 7 =0.001 in
both SBDF-2 and DC-2 method and t = 0.025 in both GM-2 and
GM-SRM-2 methods. We also include SBDF-2 method with a larger
time step 7 = 0.014 which we call as SBDF-2*. For stabilization pa-
rameter, we fix A =1 in both GM-2 and GM-3 while prescribing
oq,0y =1 in both GM-SRM-2 and GM-SRM-3.

Table 4 summarizes the critical time step of each method ob-
tained using the bisection method and maximum CFL bound com-
puted using Eq. (37). In terms of numerical stability, the maxi-
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Fig. 7. The x-velocity, u near bottom left corner (0.2, 0.3) for SBDF, SBDF-2* and DC methods (top left graph), GM methods (top right graph), and GM-SRM methods (bottom
left graph). A close-up view of x-velocity for all time-stepping methods for t € [1700, 1750] (bottom right graph).

mum CFL number of each method decreases slightly from the 2nd-
to the 3rd-order accuracy. Interestingly, the critical time-step for
SBDF-3 is larger than that of SBDF-2 while the opposite is observed
when comparing their CFL bounds. We expect that the critical time
step has a similar trend to the CFL bound. This anomaly is ex-
plained in the following manner. The CFL bound of SBDF-2 meth-
ods must be larger than that of SBDF-3 methods as the stability
region of a higher order methods becomes smaller. The maximum
CFL should be attained within a same local element regardless of
the methods used, provided the flow computed is sufficiently accu-
rate. By fixing the time steps near their critical values, the SBDF-
2 method produces a larger error than SBDF-3 methods, causing
the SBDF-2 method to attain its CFL bound in a different element
than with the SBDF-3 method. We observe that both GM and GM-
SRM methods have the largest maximum CFL bound (about 0.30)
which are followed by SBDF and DC methods (about 0.22). Hence,
GM/GM-SRM methods are the most stable for this lid-driven cavity
flow.

The x-velocity u is sampled at three different points near the
corners within the domain, i.e., bottom left at (0.2, 0.3), bottom
right at (0.8, 0.3) and top right at (0.8, 0.7).

Fig. 7 shows the x-velocity u sampled over time at (0.2, 0.3)
near the bottom left corner for all proposed time-stepping meth-
ods. To narrate the behaviour of the flow, we use the time-history
of x-velocity u computed by DC-3 (in green, top left in Fig. 7). The
x-velocity u shows three distinct transient phases. The first phase

is the fast transient solution starting immediately from the state
of rest that occurs for t € [0, 250]. During this phase, the constant
flow along the lid induces a large circulation which quickly trans-
forms into a major vortex at the center of the cavity. Since the
advective term is more predominant than diffusion for Re = 8500,
the interaction of the center vortex and the walls generates several
counter-rotating vortices at the four corners of the domain. The
flow is gradually stabilized with well-developed secondary vortices
appearing at three corners, i.e., two at bottom right, one at bot-
tom left and another one at top left. Near the end of the first
phase, there are several smaller blinking vortices that can be ob-
served, two are formed just below the top left corner and one at
the bottom left corner. The total number of vortices generated at
this stage varies between 5 and 8. The second phase of the flow
takes place for t € [250, 500] where the x-velocity further de-
creases. During this phase, the blinking vortices at the bottom left
corner can still be observed while the two at the top left corner di-
minish. The number of vortices generated varies between 5 and 6.
During the third phase of flow, the solution experiences a gradual
growth of a periodic mode that can be easily observed beginning
at t = 600. This is because the flow has lost its stability and the
mode corresponding to the first Hopf bifurcation is taking over. For
t around 1100, the x-velocity becomes fully periodic (single mode).

From Fig. 7, we also observe that the total time of the tran-
sient solution depends on the time-stepping methods, the order
of accuracy and time step used. SBDF-2, SBDF-3, DC-2 and DC-3
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Fig. 8. Snapshot of streamlines for 2D lid-driven cavity flow (Re = 8500) by increment of 0.23 time units over 2.30 time unit, a time interval slightly larger than one period
of the flow, Ty ~ 2.22.
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Fig. 9. Lid-Driven Cavity: Close-up view of vortices near the top left corner at ¢t = 1.38 (left) and bottom left corner at t = 1.84 (right). The arrows labelled as (a), (b) and

(c) indicate the vortices that were not captured by previous published results.

methods reach a full periodic solution beginning at t = 1100; GM
methods around t = 1150; and GM-SRM methods around t = 1000
which have the shortest transient duration. SBDF-2* attains its full
periodic solution beginning at ¢ = 2200. In addition to the accuracy
gained from the defect correction strategy, the sequential regular-
ization method improves stability in connection with the incom-
pressibility condition, hence reduces the time for transient solution
of GM-SRM compared to other methods. In general, methods that
produce shorter transient solutions help to reduce the total CPU
time to reach time-periodic flows. We also plotted the x-velocity u,
computed with all methods at point (0.2, 0.3) for t € [1700, 1750].
The phase for each u is shifted for better illustration. The graph in-
dicates that SBDF-2 methods may not produce a desirable results
if the time step is chosen close to its critical value.

Fig. 8 illustrates the evolution of the time-periodic flow over
one cycle with snapshots of the streamlines every 0.23 time unit
(for a period T; = 2.22). During a full cycle, we observe one to
two smaller pulsating vortices appearing below the secondary vor-
tex near top left corner. Near the bottom left corner a more com-
plex vortex formation—with as many as 4 pulsating vortices are
observed, e.g., at t =1.84. Compared to previous published re-
sults, our numerical solution captures two extra smaller vortices as
shown in Fig. 9 (at right). The maximal number vortices for a com-
plete cycle is 10. Using our current computational settings, simi-
lar streamlines can be reproduced with all methods except SBDF-2
with 7 = 0.0014 (SBDF-2*). To some extend, our results contradict
with few existing results. For instance, Pan and Glowinski [37] pro-
duced only 2 vortices near the bottom left corner, while other ap-
pearances of vortex are identical to our results at Re = 8500. They
used P;-iso-P, finite elements and Chorin’s projection method for
space and time discretizations, respectively on a mesh of size 256
x 256 mesh. Kufferman [24] produced results similar to Pan and
Glowinski but using 2nd-order center-difference schemes for space
and Crank-Nicolson for time stepping on 128 x 128 mesh. Our re-
sults were produced with higher-order methods, both in space and
time, which explain the extra flow features observed. The quanti-
tative results on x-velocity u at various locations in terms of mean,
amplitude, period and frequency are summarized in Table 5. It is
observed that the accuracy of SBDF-2 is compromised when us-
ing a time step near its critical value. On the other hand, SBDF-
2 method produces satisfactory result with T = 0.001, which can
be accurate up to 4th decimal point compared to the results com-
puted with 3rd-order SBDF and DC methods. The numerical results
computed by DC-2 method are in agreement with the one com-
puted with DC-3 and SBDF-3 using the same time step, T = 0.001.
Both 2nd-order GM and GM-SRM methods with time steps near

the critical value produce very close result to that produced by
their 3rd-order counterparts with time step, T = 0.001 (e.g., maxi-
mum difference starts at the 3rd decimal point). This suggests that
the defect correction algorithm produces an unmatched accuracy
even with 2nd-order method at larger time step.

Fig. 10 shows the phase portraits of x- and y-velocity at bottom
left (0.2, 0.3), which is a plot of u(t) versus u(t + %) for t € [1700,
1750], where Ty is the respective period of the x-velocity produced
by each of the time-stepping methods. There are three distinct
phase plots that can be observed in these diagrams. The first one
is obtained with SBDF-2* (Phase Portrait I, PPI) shown as the red
ellipse, second one with DC and SBDF methods (PPII) shown as the
overlapping pink ellipse and the third one with GM and GM-SRM
methods (PPIII) shown as the black ellipse. In this numerical ex-
periment, the phase plot with 2nd-order methods are found to be
indistinguishable from their respective 3rd-order methods. Again,
SBDF-2* produce undesirable results since the time step is taken
too large. Methods with defect correction strategy allows one to
choose larger time step while still obtaining satisfactory results.

The ‘offset’ between PPII and PPIII at three monitoring points
can only be explained by the presence of grad — div term in both
GM and GM-SRM methods. GM-SRM methods can provide very
accurate solutions for flow problems involving Dirichlet boundary
condition as for the Taylor’s vortex flow presented above. Boundary
conditions alone may not suffice to explain the difference between
PPII and PPIIL Therefore, the question concerning which of PPII and
PPIII is more accurate requires further investigations.

Table 6 compares the frequency of the periodic solution that we
obtain with results found in the literature. The frequency of all our
methods stand between 0.4472 and 0.4501, which is in the range
published by Pan and Glowinski [37], i.e., 0.4405 — 0.4505. Mean-
while, the frequency computed by GM and GM-SRM (i.e., 0.4472
and 0.4473, respectively) are very close to 0.4470, the value found
by Auteri et al. [2]. The frequency value by Kufferman [24], might
be a little underestimated.

5. Conclusions

We have conducted a thorough numerical assessment and
benchmark of several 2nd- and 3rd-order semi-implicit methods,
e.g., SBDF, DC, GM and GM-SRM methods using two manufactured
solutions and two well-known test cases. So far, these methods
are proven to be very robust to compute unsteady laminar flows.
With a direct solver, SBDF methods are the most efficient method
to compute 2D unsteady flows. However, SBDF methods may de-
pend on proper initialization to produce such remarkable results.
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Table 5

The computed average, amplitude, frequency of the x-velocity u of the periodic flow at points near the
three corners: bottom left (0.2, 0.3), bottom right (0.8, 0.3) and top right (0.8, 0.7).

Bottom left (0.2, 0.3)

Method Time step, T Mean value Amplitude Period (s)  Frequency(Hz)
SBDF-2* 14x1073 —-1.80169 x 10! 3.63427 x 103 235392 4.24823 x 107!
SBDF-2 1.0x 1073 —~1.89676 x 10! 6.36170 x 103 2.22166 4.50113 x 10!
SBDF-3 1.0x 1073 —1.89676 x 10! 6.36155 x 103 2.22167 4.50111 x 101
DC-2 1.0x 1073 —1.89677 x 10! 6.36165 x 103 2.22167 4.50113 x 107!
DC-3 1.0x 103 —1.89676 x 107! 6.36157 x 103 2.22168 4.50111 x 107!
GM-2 2.5x 1073 —1.88397 x 107! 6.44025 x 10~ 2.23585 4.47258 x 10!
GM-3 1.0 x 1073 -1.88397 x 10! 6.43753 x 1073 2.23607 4.47212 x 107!
GM-SRM-2  2.5x 1073 —~1.88406 x 10! 6.41414 x 103 2.23569 4.47289 x 107!
GM-SRM-3 1.0 x 103 —~1.88404 x 10! 6.41487 x 103 2.23615 4.47198 x 107!
Bottom right (0.8, 0.3)

Method Time step, T Mean value Amplitude Period (s)  Frequency(Hz)
SBDF-2* 14x1073 -2.20319 x 107! 3.70781 x 104 2.35390 4.24826 x 107!
SBDF-2 1.0x 1073 —-2.32445 x 107" 5.45568 x 1074 2.22166 4.50113 x 10!
SBDF-3 1.0x 1073 —2.32445 x 10" 5.45596 x 1074 2.22167 4.50111 x 10!
DC-2 1.0x 1073 —2.32445 x 1071 545599 x 1074 2.22165 4.50114 x 10!
DC-3 1.0x 1073 —2.32445 x 10! 5.45590 x 104 2.22168 4.50111 x 10!
GM-2 2.5x 1073 —2.30863 x 10~! 497679 x 1074 2.23585 4.47258 x 107!
GM-3 1.0 x 103 —2.30866 x 107! 4.98207 x 1074 2.23607 4.47214 x 107!
GM-SRM-2  2.5x 1073 -2.30875x 1077 4.97103 x 1074 2.23568 4.47292 x 107!
GM-SRM-3 1.0 x 103 -2.30878 x 1071 4.99226 x 1074 2.23612 4.47204 x 107!
Top right (0.8, 0.7)

Method Time step, T Mean value Amplitude Period (s)  Frequency(Hz)
SBDF-2* 1.4 x 103 8.23003 x 102 1.09002 x 103 2.35394 4.24820 x 107!
SBDF-2 1.0x 1073 8.72107 x 102 2.02720 x 1073 2.22166 4.50113 x 10!
SBDF-3 1.0x 1073 8.72107 x 102 2.02726 x 1073 2.22168 4.50111 x 10!
DC-2 1.0x 1073 8.72110 x 102 2.02722 x 1073 222167 4.50112 x 10"
DC-3 1.0x 1073 8.72105 x 102 2.02727 x 10-3 222168 4.50111 x 101
GM-2 2.5x 1073 8.64370 x 102 2.03537 x 1073 2.23585 4.47258 x 10!
GM-3 1.0x 1073 8.64340 x 102 2.03690 x 10~ 2.23607 4.47213 x 1071
GM-SRM-2  25x 1073 8.64412 x 102 2.03213 x 1073 2.23569 4.47289 x 107!
GM-SRM-3 1.0 x 103 8.64336 x 102 2.03730 x 1073 2.23614 4.47200 x 10!
Table 6

Comparison between our work and numerical values from the literature for frequencies of the

lid-driven cavity flow at Re = 8500.

Source of results

Time-stepping schemes

Frequency

Present

Auteri et. al (2002) [2]
Kupferman (2001) [24]

Pan & Glowinski (2000) [38]

SBDF, DC, GM, GM-SRM
2nd-order projection
2nd-order CN-midpoint rule
2nd-order projection

0.4501, 0.4501, 0.4472, 0.4473
0.4470

0.4000

0.4405 — 0.4505

On the other hand, DC, GM and GM-SRM methods are self-starting
and produce the least error in time for a fixed time step since they
are based on the same defect correction method. DC methods re-
quire the solution of k similar saddle point problem to obtain kth-
order of accuracy, which turns out to be less efficient at each time
step. GM and GM-SRM methods require smaller memory and CPU
time for each linear solve. However, more of these linear systems
have to be solved at each time step, i.e., one from the momentum
and one from the continuity equation, and this k times to reach
kth-order of accuracy. GM and GM-SRM methods have good po-
tential to compute unsteady flows involving millions of unknowns
(e.g., 3D flows) since the linear systems with symmetric positive
definite matrices can be easily handled by any efficient iterative
solvers such as the conjugate gradient method.

In terms of stability, GM and GM-SRM methods are more stable
than SBDF and DC methods due to the presence of a grad — div
stabilization term. The combination of grad — div term and de-
fect correction strategy allows us to choose larger time step with
GM and GM-SRM methods while still producing good results. The
grad — div stabilization term in GM and GM-SRM helps to enforce
incompressibility condition with P, — P; elements, thus reducing

even more the error in space. This property has been demonstrated
by GM-SRM methods with a nearly ‘optimal’ choice of the stabi-
lization parameters when computing the manufactured solution II.
This was attempted with GM methods with much smaller A (e.g.
A < 3.3) but it resulted in more oscillations at start-up before they
finally damp at larger t to produce similar accuracy to that with
GM-SRM methods (result not shown here). We mention that the
optimal choice of the stabilization parameters, A in GM methods
and oq, @y in GM-SRM methods is difficult to obtain to produce
the least error in space on a fixed mesh. The analysis of these
stabilization terms in terms of the errors induced on velocity and
pressure has not been done yet for unsteady flows. The optimal
choice of these stabilization parameters A and « for Navier-Stokes
equations is still an open problem.

In the last two test cases, we observed that the use of higher-
order semi-implicit methods with reasonably small time step is
crucial for highly nonlinear flows (large Reynolds number). Besides
reproducing results from the literature, e.g., the lift and drag coef-
ficients along the cylinder and pulsating frequency, Strouhal num-
ber in both flows, we managed to capture additional vortices in the
lid-driven cavity at Re = 8500 with all our methods. To the best of
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Fig. 10. Phase plots for x- and y-velocity, u and v respectively, monitored at three different locations with SBDF, DC, GM and GM-SRM methods (2nd- and 3rd-order).

our knowledge, this finding has not been reported in the recent
literature. This indicates that higher-order time-stepping methods
with smaller time step are indispendable to obtain very accurate
solutions for inertia-dominant flows.
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Chapter 3

Robust High-order Semi-implicit
Backward Difference Formulae

(SBDF) for Navier—Stokes
Equations
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tional Journal for Numerical Methods and Fluids (IJNMF), carrying the same title
as mentioned above. Please see the attached paper for the content.
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SUMMARY

Taylor—-Hood elements provide a robust numerical discretization of Navier—Stokes equations (NSE) in space.
To handle unsteady flows, we propose a very efficient time-stepping method which is based on high-order
semi-implicit backward difference formulae (SBDF). We construct SBDF methods by the inclusion of grad-
div term in the NSE. As a result, we observed a remarkable accuracy, stability and efficiency of the methods
in terms of CPU time when computing unsteady flows. The presence of grad-div term is also known to
improve local mass conservation in Taylor-Hood elements. To reduce the numerical errors (in time), several
variants of nonlinear extrapolation formulae for SBDF methods are investigated. The first approach is based
on an extrapolation of the nonlinear advection term itself. The second formula uses the extrapolation of the
velocity prior to the evaluation of the nonlinear advection term as a whole. The third variant is constructed
such that it produces similar error on both velocity and pressure to that with fully implicit BDF methods
at a given order of accuracy. This can be done by fixing one order higher in the extrapolation formula for
the nonlinear advection term than is usually done, while keeping the same extrapolation formula for the
time derivative. The resulting truncation errors (in time) between these formulae are identified using Taylor
expansions. These truncation error formula are shown to properly represent the error seen in numerical tests
using a 2D manufactured solution. Lastly, we show the robustness of the proposed semi-implicit methods
by computing several test problems with high Reynold numbers using one of the nonlinear extrapolation
formulae, namely the 2D flow past circular cylinder at Re = 300 and Re = 1000; and the 2D lid-driven
cavity at Re = 50000 and Re = 100 000. Our numerical solutions are found to be in a good agreement with
those obtained in the literature, both qualitatively and quantitatively.

Copyright © 2017 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Method of lines (MOL) are versatile to solve time-dependent partial differential equations
(PDEs) due to their capability to deal with the time-discretization independently from the
space-discretization. Time-discretizations with MOL mimic the approach used to solve ordinary
differential equations (ODEs), which offers many advantages in terms simplicity and computability.
Backward difference formulae (BDF) are robust to solve many PDEs in particular Navier-Stokes
equations (NSE) since they are unconditionally stable and accurate. However, BDF are fully implicit
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2 K. C.LOY AND Y. BOURGAULT

methods, consequently fixed point iterations are needed to handle the nonlinear advection term.
For unsteady flows with medium to high Reynolds numbers, very small time steps are required to
resolve finer flow features, which renders these methods less competitive with explicit or uncoupled
methods.

Among several possible schemes, semi-implicit methods based upon backward differentiation
formulae (SBDF) are very competitive when computing unsteady flows [20]. With SBDF methods,
the linear terms such as the diffusion and pressure terms are solved implicitly while the nonlinear
advection term is evaluated explicitly using extrapolation formula. We emphasize two main benefits
resulting from such semi-implicit schemes. First of all, no fixed point iteration for solving a
nonlinear system is required. Only one linear system needs to be solved at every time step. Even
better, SBDF methods produce a matrix that remains constant over time, which has proven to be
CPU-efficient when computing unsteady flows. Though the time step can be much smaller than
for BDF methods, the required CPU time is still significantly smaller than that with BDF methods.
Similar advantage is observed when one needs to construct preconditioner when iterative solvers
are involved.

Semi-implicit methods based on 2"d-order Crank—Nicolson and Adam-Bashford (CNAB) for
NSE have been studied by many authors in terms of numerical stability and convergence [13].
Being based on the trapezoidal rule, two constant matrices are constructed in CNAB method. When
used to solve NSE, it is known that the trapezoidal rule produces oscillations from one time step
to the next if the initial conditions are not properly imposed. Several tricks have been proposed
to mitigate this problem which is non-trivial [25]. Methods of characteristics [26, 27], various
projection steps [10, 36] and operator-splitting methods [28, 34] are popular alternatives but are
limited to 2"%-order of accuracy. Some of these methods still require fixed point methods to resolve
nonlinear approximations (e.g., substeps for operator-splitting methods). High-order methods based
on implicit Runge—Kutta formulae are very accurate and stable but come with with a greater price
in terms their complexity [2]. However, the efficiency of RK methods remains unclear. For these
reasons, we choose SBDF methods since they can be easily constructed for higher-order accuracy
while maintaining simplicity.

SBDF methods are successful to solve nonlinear parabolic PDEs in various modeling applications
(seee.g., [1, 3,9, 18, 33]). For NSE, the earliest work found pertaining to the convergence analysis
of high-order SBDF methods was done by Baker [7]. Few more extrapolation formulae for the
nonlinear advection term in SBDF methods have been proposed, e.g. using high-order Adam-—
Bashford schemes [37] and ensemble method [14]). Unfortunately, these methods have not carefully
studied in terms of the resulting truncation errors on the solution and their practical application for
unsteady flows. The numerical effort in comparing both BDF and SBDF methods is found to be
lacking as well.

In this paper, we focus on two major types of extrapolation formula. We compare these
extrapolation formulae in terms of truncation error (in time) both using a simple mathematical
analysis and numerical tests for 2"9- and 3"4-order methods. We realized that these two variants
have not been properly compared in particular, when solving NSE numerically. BDF methods are
typically more accurate compared to the regular SBDF methods for a given order of accuracy. In our
work, we found a “new” formulation of SBDF which produced an error on velocity and pressure as
small as with BDF methods. In the following section, we first introduce NSE and related functional
spaces. We also provide the weak formulation of NSE, since the solution is sought using mixed
finite element methods.

1.1. Nonstationary Incompressible Navier—Stokes equations

Consider an incompressible flow that occurs in a domain 2 C R? (d = 2 or 3) with a regular
boundary T' over a finite time interval (0, 7). The Navier—Stokes equations governing this flow
is

Copyright © 2017 John Wiley & Sons, Ltd. 50 Int. J. Numer. Meth. Fluids (2017)
Prepared using fldauth.cls DOI: 10.1002/fild



8—1;—1/Au+u-Vu+Vp = f,  inQ te(0,7), (1)
V-u = 0, inQ, te(0,7), )

u = u, inQ, t=0, 3)

u = 0, onT, “4)

where u is the velocity field, p is the pressure, f is the external force (such as gravity), v is the
viscosity and 7' is the total time. The initial value ug is provided, for instance we can choose a
divergence free velocity field or the state of rest. Other boundary conditions can also be considered
here, e.g., Neumann type Vu - n = 0, which implies uniqueness of the solution for the pressure as
opposed to non-uniqueness for the Dirichlet boundary conditions (4).

1.2. Functional spaces and weak formulation

We introduce the mathematical notations and relevant functional spaces that are required in our
analysis. Given an integer s > 0 and real p € [1, 00|, W = W (€2) is the Sobolev spaces defined in
the usual way for scalar real valued functions on the simply connected domain €2 and || . ||, is the
associated norms. We let H° = W5 and || . ||s, | . |s and (., .)s be the associated norm, seminorm and
inner product, respectively. For s = 0, we denote the norm on W} = L? by || . ||»; in particular,
on L2 by || . ||o and the associated L2-inner product by (.,.). We let H}(Q) be the space of those
functions in H'! which vanish on the boundary I and H~!(2) be the dual space of HJ ().

Further, H® = (H*)? is the space of R?-valued functions u = (uy,...,uq) defined on © such
that u; € H®, where 1 <i < d. Similarly, we have H} = (H})? and equip H® with the inner
product (u,v)s = S>%, (u;, v;)s, resulting in the norm || . ||y = (., )L%.0n L2 = (L?)4, the inner
product and norm are defined as (.,.) and || . ||o, respectively. The quotient space L?/R or simply
L2 (also known as L? function with zero average over the domain Q) is equipped with the norm
V)12 = infeez [[v + cll.

We reformulate the Navier—Stokes equations (1)—(4) as a mixed variational problem which can
be conveniently solved by mixed finite element methods. In simple terms, this problem is expressed
as follows: For a given f € H™!, find the solution (u(t), p(t)) € H} x L3, for a.e t € (0,7, such
that

d
—(u,v) +v(Vu,Vv) + (u- Vu,v

dt )
—(p,V-v) (f,v), VveHy, (5)
_(q, V- ll) = 0, VQ € Lgv (6)
u(0) = uy. (7)

1.3. Space Discretization—Py-P; finite elements with grad-div stabilization term

Mixed finite element methods provide a well-documented robust numerical approach to compute
solutions of (1)—(4). These methods are combined with time-stepping schemes to handle the time-
derivative in the momentum equations, with the order of the time-stepping schemes being critical for
dealing with unsteady flows. The Taylor—Hood element is one of many popular stable mixed finite
elements (abbreviated as Pp-Pr_q, & =2,3,...) used to solve the Navier—Stokes equations (1)-
(4) [4]. Here, we choose k = 2, giving rise to P,-P; elements with 2"%- and 1%*-order approximation
in space for velocity and pressure, respectively. The P5-P; finite element space approximates the
velocity and pressure using continuous piecewise polynomials, respectively defined as

Vi = {vin€e[C°V]* | vir € [P2] VK € Tp}, (8)
My, = {g,€C’(Q)|qnx € P1,VK € Ty} 9)
The discrete spaces for velocity and pressure are conformal in the sense that V,, € H} and M), C L2,

respectively. The Py-IP; element is often chosen to compute 2D flows for its simplicity. It is
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4 K. C.LOY AND Y. BOURGAULT

reasonably cheap in terms of CPU time and memory to allow the use of a direct solver. We
implement this finite element discretization for Navier—Stokes equations by including a grad-div
term to impose stronger mass conservation with P,-IP; elements. In general, Taylor—Hood elements
are not pointwise mass conservative (see e.g. [17, 21, 23, 24]). This term acts as a penalization term
bringing V - uy, closer to be pointwise null on each element K of the mesh.

The presence of the grad-div term also enhances the numerical stability when computing flows
with high Reynolds numbers—the reason is often called a “grad-div stabilization term”. As v
becomes small (large Reynolds number), the Navier—Stokes equations is still solvable as long as
A > 0, which is the key to stabilizing the discrete solution. However, if A is taken too large, this
results in so-called over-stabilization (numerical diffusion) and the possibility of ill-conditioning of
the linear system, leading to issues when an iterative solver is used.

The resulting semi-discrete (in space) weak formulation of problem (1)—(4) is given as follows:
For a given f € L2 ¢ H™! and a suitable A > 0, find the solution of (uy,(¢),pn(t)) € Vi, x My, for
all ¢ € [0, T, such that

0
<;th’v”> + u(Vuy, Vva) + (up - Vag, vi) (10)
+)\(V-uh,V~vh) — (ph,v-vh) = <f,1}h>, Vv € Vg,
—(qn, V- up) = 0, Vaqn € My, (11)
u,(0) = Ixu(0), (12)

where I1;, : V' — V}, is an interpolation or projection operator.

1.4. The choice of the stabilization parameter A

The optimal choice of the stabilization parameter A with the Taylor—-Hood elements still remains
an open problem. We observe that the optimal choice of A is problem dependent, combining the
following properties: characteristics of the flow, boundary conditions, external forcing, Reynolds
number, 2D and 3D problem, computational mesh and the type of finite element pairs. It also
depends on the norm used to assess the error from poor mass conservation and one’s personal
choice of either to minimizing the error on velocity or the error on pressure.

Several mathematical analyses have been done on the impact of grad-div stabilization with
certain finite elements, mainly for Stokes equations (see [8, 17, 21, 23, 24] and reference therein).
Several methodologies are available for choosing A. Based on error estimates established for Stokes
equations with grad-div term, Jenkins at al. [17] proposed an optimal A, noted Ay, Which is
independent from v.

Ay = S Pl
i CXh, |u|k+17

(13)

where Cry, and Cl, are constants from the interpolation estimates, with some dependence of Cx,
on 6;1, where (5, > 0 is the constant in the discrete inf-sup condition for a LLB-stable pair of
elements. We remind the reader that £ denotes the degree of the Taylor—-Hood element, Py-Py_1.
A dynamic and element-based stabilization parameter Ak has been proposed for Stokes equations
using similar error estimates [24]:

Ak = max {'m“{ — v, 0}, (14)

KeTn | [ulpg1,x

where K is any element of the mesh 7,.

Keeping the advantage of a semi-implicit approach, we avoid computing A based on the solution
since this involves matrix rebuild at every time step, which reduces the efficiency in our methods.
Similar inefficiency may occur if a preconditioner is involved in conjunction with an iterative
method. In our case, we are more interested in finding the “best fixed” X for the entire computation.
The estimate A ~ 32 = O(1) is given in [24]. Combining (13) and (14), the choice of A = O(1),
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(e.g., 0 < A < 10) makes sense if |u|xt1 =~ |p|x; which can be observed when v is small in many
unsteady flows. This explains why the choice of A € (0,10) is often done. At this moment, the
approach available to investigate the best fixed A (and only for the sake of such investigation) is
through a series of direct computations with many trials and errors based on minimizing the L>-
error between the solution and the exact solution (from the manufactured solution).

However, for test problems without manufactured solution, the best fixed A\ can be approximated
using similar trial and error by minimizing the L?-error between the computed solution (e.g.,
velocity, pressure and divergence of velocity) and a reference solution. The reference solution can
be generated using a reasonably fine time 7 and mesh size &, and by fixing A = 0.

Either way, the choice A = 1 is often proposed as an initial guess and is gradually increased
while the error on velocity, pressure and mass conservation are monitored within a time interval
t € (0,T). We wish to have X sufficiently large to produce the minimum time-averaged error for the
above quantity within a time interval, but small enough to avoid over-stabilization that pollutes
the solution. We observed that A € (1,5) works perfectly well for test problems involving lid-
driven cavity at Re = 8500 [20], and Taylor—Green vortex at Re = 100 [20]. On the other hand,
A € (10%,10%) is required to compute the flow around cylinder at Re = 100 [20]. This shows that
the choice of A is problem dependent. The choice of the stabilization parameter A will be provided
for each test case in later sections.

2. HIGHER-ORDER SEMI-IMPLICIT BACKWARD DIFFERENCE METHODS

SBDF methods are categorized as multistep schemes and conditionally stable. To maintain the
numerical stability, the choice of time step and diameter of the mesh should not violate certain
condition known as the CFL criterion which we will discuss next.

2.1. CFL stability criterion

We denote by 7 the time step, N = % the total number of time steps to reach time 7" and ¢,, = n7
for n=0,1,...,N. The operator B(uy) is the nonlinear advection term in the Navier—Stokes
equations; i.e., B(u) = u-Vu. To ensure numerical stability, the choice of the time step 7 is
restricted by a condition on the CFL number

.
CFL := Ir(nea%L {hI(Huh|L°°(K)} S CFLmaxv (15)

where hy is the diameter of the element K and CFL,,,x > 0 is a positive constant known as the
critical or maximal CFL bound to maintain numerical stability. We define the critical time step ¢yt
as the largest time step 7 such that the condition (15) is satisfied with equality. A numerical solution
is stable if for any sufficiently large time 7" > 0, the condition , Iél(ao & luj]|Loe () = M < oo is

n B

satisfied for some M > 0.

2.2. 2" order SBDF method

Given a suitable approximation of the initial solution u) = II,u(0) € V}, and proper initializations

foru} € Vi, (wp ™, pit!) € V, x My, is given by

1 n n n— n n
> (3uh+1 —4uy 4 2uy L vh) + V(Vuh’+1, Vvip) + AV - uh+1, V-vy)
(PP V ) = (B vy — (2B(u;;) — B, vi),  Yva € Vi, (16)

—(qn, V-upth)y =0, Vg, € My, (17)
foralll <n <N —1.
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6 K. C.LOY AND Y. BOURGAULT

2.3. 3" order SBDF method

Given a suitable approximation uf) = II,u(0) € V}, and proper initializations for uj,u; € Vj,

(U2, ppt?) € Vi, x My, is given by

1
(1t - 18w 9ug — 20 v ) 4 v (Vap e, V) +

67
AV -2,V vy) = 02,V - vi) = (6772, v)
—(3B(ug+1) _3B(u}) + B(uZ‘l),vh), Vv, € Vi, (18)
—(qn, V-upt?) =0, Vg, € My, (19)

foralll <n <N —2.
According to Baker et al. [7], under a suitable space approximations and whenever the methods
satisfy the CFL condition, the k*"-order SBDF method converges as follows:

[a(ts) —ujlls = O(* + 1", lp(ta) = Phllo = O(T" + 77 1R + h™), (20)

where (u(t,),p(t,)) and (uj,py) are the exact and fully discrete solutions, respectively. The
initialization is done in a consecutive manner. First, we use the 1%*-order SBDF method to produce
the required initial value u}, for the 2"4-order SBDF method, which in turn will produce u? such
that the intended 3"4-order SBDF method can be employed using u} and u?. The parameter k € N
stands for the order of accuracy in time and r € N the order of accuracy in space. By fixing the
error in space (i.e., computing on the same mesh), the estimate (20) will be verified numerically for
SBDF methods of 2"~ and 3*-order of accuracy using a manufactured solution.

Since we are mainly interested in the impact of the time discretization on the accuracy in time of
the numerical solution, we proceed with a consistency analysis in time. In the two SBDF methods
given above, all linear terms are evaluated implicitly at the current time ¢, for k = 2 (or ¢,,42 for
k = 3), therefore the resulting rate of convergence (in time) depends only on the order of the finite
difference scheme for the time-derivative %uh(t) and the extrapolation formula for the nonlinear
advection term B(uy,(t)). For instance, if a 2"-order scheme is used for the time-derivative while
a 3"4-order extrapolation formula is used for the nonlinear term, the resulting method is still limited
to 2"%-order of accuracy in time. If a k*"-order approximation is used for both terms, the resulting
method has £*"-order of accuracy.

As an illustration, we show that the method (16)-(17) converges to (10)—(11) with 2"%-order

truncation error (in time). We replace uj, uZ“, uZ”, ... with their semi-discrete counterparts
up(tn), up(tnt1), up(tnye),. .., for all n > 0, and we proceed similarly for pressure. Assuming

the regularity of the semi-discrete solution u;, = u(t) € C3(0,T; V4), we obtain

3uy, (t, —4uy(ty) +up(t,— 293 A
L G 1)

&uh (thy1) =
where € = £(X) € [tn_1,tnt1] for all x € Q. We expand the nonlinear terms B(u(t,41)) and
B(u(t,—1)) about the point ¢,, using a truncated Taylor series to get

7_2 82

B(up(tns1)) = B(uh(tn)):tTgB(uh(tn)))+?w

= (Blun(€2))).

where {1 = £, (%) € [tn, tnt1] and - = &_(X) € [tp—1,1,] for all x € . Summing these two

expressions, we eliminate the derivative — B(uy,(¢,)) and obtain

ot
B(un(tnt1)) = 2B(un(tn)) = B(un(tn-1)) +7° 5 (B(ua(£))), (22)
where é € [€-, &4 ]. Substituting (21) and (22) back into (16), we recover the variational formulation
asin (10)—(11) at time ¢ = t,,,; with a truncation error in O(7?2). A similar approach can be used to

obtain the truncation error for the 3*4-order SBDF method.
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3. ON SEVERAL NONLINEAR EXTRAPOLATIONS FORMULAE

There are several ways to extrapolate the nonlinear advection term at any specified order of accuracy.
Suppose that we have the coefficients {c; }f;ll in an extrapolation formula, for B(u}) of the form

Zf;ll ch(ufl). This extrapolation strategy in SBDF methods was used by many authors; e.g.,
to numerically solve convection-diffusion and reaction-diffusion equations [3, 9, 33], and Navier—

Stokes equations [6] numerically. Another approach was proposed by Baker et al. [7] and uses the
kol cj ui), the resulting methods are called SBDFB methods. Albeit

j=1
the small difference between the two implementations, it remains unclear why SBDF methods are
often preferred over SBDFB methods in many applications. We suspect that the two methods exhibit
distinct numerical behaviour in terms of accuracy and stability. To our knowledge, no comparisons
of these extrapolation schemes have been attempted in the literature. We also propose a new

method an extrapolation type of the form B ( Zf;é cj uf ) This scheme results in a (k + 1)%-

extrapolation formula B ( >

order approximation of the nonlinear term while only a k*"-order approximation is used for the
time-derivative term. These methods will be called SBDFBEX (the suffix “Ex” is added to indicate
an increase by one of the order of extrapolation of the nonlinear term). Although this combination
of approximation may look suboptimal, we will see that these are the sole SBDF methods that can
match the accuracy of BDF methods in practice.

We now state several variants of the SBDF and the BDF methods before making a numerical
comparison between them.

3.1. 2"%_order SBDFB method

Given u) = II,u(0) € V}, and proper initializations for u} € Vi, (up ™!, pitt) € Vi, x Mj, is given

by

1
> <3u2+1 —4u} 4 2up Vh> +v(Vuptt Vvy) + MV -ul ™ Vv,

~Oi Y va) = (07 ) = (Buj —up ) va), Wva € Vi, 23)
~(an, V-u) =0, Vg, € M, 4)

foralll <n < N —1.

3.2. 3" order SBDFB method

Given a suitable approximation u% = II,u(0) € V}, and proper initializations for u}L,ui € Vi,

(W2, pi+?) € Vi, x My, is given by

1
oo (1 = 18w 0w - 20 v ) (VU V) +

MV w2V vy — (pp 2,V - vy) = (£772,vy,)

- (B(3u;;+1 —3ul +ul Y, vh)7 Vi € Vi, (25)
~(gn, V- up*?) =0, gy € My, (26)

foralll <n <N —2.
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8 K. C.LOY AND Y. BOURGAULT

3.3. 2"4_order SBDFBEx method

Given a suitable approximation uf) = II,u(0) € V}, and proper initializations for uj,u} € V;,

(U2, ppt?) € Vi, x My, is given by

1
> (BuZJr2 — 4uptt 4 2uy, vh) +u(Vul ™2, Vvy) + MV - ult2 Vv vy)
~ Y va) = (v — (BGu <8 4w va). Vi eVie @)
_<Qh7 V ) uZ+2) = 07 th S Mh7 (28)

foralll <n <N —1.

3.4. 374 order SBDFBEx method

Given a suitable approximation uy = II,u(0) € V}, and proper initializations for u},, u?,uj € Vj,

(W3, 3y € Vi, x My, is given by

6% <11u;;+3 — 18u}™? 4 9up ! — 2u, vh) + v(Vupt? Vvy) +
MV -uft3 Vv — (pp 2,V - vy) = (772, vy)
—(B<4u;;+2 —6urt! 4 dul — ugfl),vh), Vv € Vi, (29)
—(gn, V-up*®) =0, Vg € My, (30)

foralll <n < N —2,

3.5. 2"e_order BDF method

Given a suitable approximation u) =II,u(0) € Vj, and proper initializations for u}, € Vj,

(it pptty € Vi, x My, is given by

1

o (BUZH — 4u} +2u} vh) +u(Vul ™ Vvy) + MVt vV oevy) +
(B(up™),vi) — (op divivy) = (F"T vy), Vv €V, 31)

—(qn, V- up ™) =0, Vqn € My, (32)

foralll <n <N —1.

3.6. 3'9-order BDF method

Given a suitable approximation u) = II,u(0) € V}, and proper initializations for uj,ui € Vj,

(up 2 pt?) € Vi, x My, is given by

1
— <lluﬁ+2 —18u} ™! + 9u} — ZuZ_l,vh) +v(Vupt?, Vvy,) +

6T
MV - uf 2 Vvy) + (B(upt?),vy)
—(PT2 YV vy) = ("2 vn), Vv € W, (33)
—(qn, V-uit?) =0, Vg, € My, (34)

foralll <n < N —2.

We refer the reader for several initialization techniques of these methods to Baker et al. [7] and
Loy and Bourgault [20]. Fixed point iterations, (e.g., Newton method) are required to solve the
nonlinear systems resulting from BDF methods. BDF methods are unconditionally stable since the
time step is not restricted by a CFL condition. Larger time steps are allowed in BDF methods, hence
rendering these methods very efficient to compute steady flows. On the other hand, a smaller time
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step has to be chosen to produce good accuracy for unsteady flows, often resulting in very poor
efficiency.

For a chosen time step 7 and a fixed mesh which satisfy the CFL condition (15), the resulting
truncation errors (due to the nonlinear extrapolation formula) for SBDF and SBDFB methods can be
studied using a simple mathematical analysis. For this purpose, we will evaluate only the truncation
error resulting from the various extrapolation formula for the nonlinear term. We first assume that
the regularity of the solution in time u;, € C*(0,T'; V},) holds. The Taylor expansions of uy, (¢, ) and
uy, (tn41) about the point ¢ = ¢,,, o are given by

up(ty) = up(tnye) —27 (§tUh(tn+2) + 27 8822 h(tntz) — ng—;uh(tnﬂ) (35)
%#%uh(&)’ &1 =& (%) € (tn, tnya),

Unlbngr) = Walinsa) - T%uh(tm'z) - %Q%tzuh(tmrz) - %%uh(tn+2) (36)
+;—ia—;uh(€2), €3 = E(X) € (bng1s tnaa)-

Combining (35) and (36), we obtain the following result.

82 63
2uh (tn-l-l) — up (tn> = uh(tn-‘r2) - T2ﬁuh(tn+2) at3 .2 Un (tn-‘r2> (37)
7t 04
—H@uh(fs), & = &(x) € (L, tnya)

For brevity, we introduce the notation B(u,v):=u-Vv. By applying (37) to the nonlinear
operator defined in the momentum equation as in (16) and (23) for SBDF-2 and SBDFB-2 methods,
respectively, we obtain the following results.

Extrapolation of the nonlinear terms in SBDF-2 method

2B(up(tnt1)) — Blun(tn)) = 2B( h(tnt2) — %uh(tmwr;g—;uh(mz)
2 i G i)
—B (uh(tn+2) 27 gt“h("+2)+27 81522 (fnr2)
_g%uh(hﬂrg) + ?%Uh(nﬂ)

= B(un(tny2))

0 0
—27‘23 (auh(tn+2)> — TzB (uh(tn+2), @uh(tn+2))
2

0
_72B<8t2 Unltn+2), uh(t7L+2)) +0(r%),
which implies that the truncation error on B(up, (t,+2)) is
‘@SBDFQ(tn—i-Q)‘ = ‘B(uh(tn-i-Q)) - (QB(uh(th)) — B(uh(tn)))‘

B( 2 i) wiltasa))|

+0O(73).

< 47%max { ‘B <%uh(tn+2)>
1B (un(tur2). g—;uh(tn+z)) |
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Extrapolation of the nonlinear terms in SBDFB-2 method

2 3

5 0
B (ta1) = un(tn)) = Blunltnss) = 75 ntse) + 70 5w (fas)

7t 94
Ty pran(m)

= Blontn) B (wiltns), o

s (tr+2))
2

_723(682 ( n+2) uh(tn+2)> + 0(73)~

which implies that the truncation error on B(up, (t,12)) is

‘@SBDFBQ(thrQ)‘ = ‘B(uh(thrQ)) — (B(2up(tnt1) — uh(tn)))’
< 272 max { ‘B (uh (tny2), %;uh(tn+2)) )

+0O(1%).

It is worth-mentioning that the truncation error on %uh(tnw) in all of SBDF-2, SBDFB-2 and
SBDFBEx-2 methods is asymptotically the same; i.e., O(72) by virtue of (21). Therefore, any
numerical difference between these methods results from the different extrapolation strategy used
to approximate the nonlinear term. For instance, we observe that the truncation error for SBDFB-2
method is smaller than for SBDF-2 method at least by a factor 2.

For the 3"-order extrapolation schemes, we use a similar approach. We first write using Taylor
expansion for uy(t,), up(t,41) and up (t,42) at t = t,, 3 to obtain

2

e

3 03 3t 94
3up(tni2) = 3un(tnr1) +un(tn) = up(tngs) —7 @uh(fms) + T@Uh(ﬁ),
§=£&(x) € (tn,tng3) (38)

By applying (38) to the nonlinear operator in the momentum equation of (18) and (25) for
SBDF-3 and SBDFB-3 methods, respectively, we obtain the following results.

Extrapolation of nonlinear term in SBDF-3 method
3B(up(tny2)) = 3B(un(tns1)) + Bun(tn))) = B(un(tnis))
93
-7 B( h(tn+3), @uh(tnw))
83
—TSB<@ n(t n+3)»uh(tn+3))
0 0?
_3733( up(tnts), ﬁuh(tn%))

0
-37B (@uh(tn—kl}), auh(tn-&-S))

which implies that the truncation error on B(up (t,+3)) is

‘@SBDFS(tn-B)’ =

B (1)) = (3B(wn(tar2)) = 3B(wn(tns1)) + Blun(t.)))|

B( L untra) (b)) |

(%uh(tn+3)7 %uh(tnﬁ-?))) ‘} +0(rY).

< 8% max { ‘B (uh (tnyia), g—;uh(tn+3)>

(st guntnss) |
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Extrapolation of nonlinear term in SBDFB-3 method

83
B3 (tarz) = 3un(tuss) + unlta)) = B(n(trs) = 75 un(turs)

3t ot
e (€0)
3

= Bluntnrs)) = 7B (wn(tnsa). prruntss)
3

0
~7°B (%uh(tTL‘Fg)i u(tn+3)) ,

which implies that the truncation error on B(up (t,+3)) is

(Ose0rms(tn )| = [ B(un(tass)) = BBun(tur2) = 3un(tasn) + un(tn))|
3

< 273 max { ‘B (uh(tn+3)7 %uh(tn—%)) :

B(%uh(tn-&-?))a uh(tn—l—S)) ‘} +0O(r).

7

By comparing the truncation error in time, we see that SBDFB-3 method produces an error
smaller than SBDF-3 method at least by a factor of 4. The nonlinear extrapolation formula for
B(u) in SBDFBEx-2 (see (27)) has 3"d-order of accuracy in time. As we mentioned earlier,
the resulting method is still limited to 2"¢-order accuracy from the discretizations of the time-
derivative. However, it occurs that the resulting error with SBDFBEx-2 method will be less than
that with SBDFB-2 method. It is noteworthy that the overall error produced by SBDFBEx-2 method
(whenever it is stable) is similar to that of BDF-2 method, for which there is no truncation error in
time resulting from the discretization of B(uZ“). However, the numerical convergence and error in
BDF methods are only influenced by the discretization of the time-derivative as long as the stopping
criteria for Newton’s method is set close to machine accuracy (see (41) below). At a given order,
BDF and SBDFBEx methods are the most accurate methods among all the discussed variants. This
observation can be generalized to any k*"-order BDF and SBDFBEx methods.

3.7. Numerical results

A manufactured solution is used to verify that the error estimates based on truncation error that
we derived above correspond to the practical behaviour in numerical test cases. This is done
by comparing the numerical error (in time) computed with SBDF, SBDFB, SBDFBEx and BDF
methods, all with 2°4- and 3*%-order of accuracy. Further, we attempt to recover the error factors
among these methods since they are influenced by the extrapolation strategy implemented to
approximate the nonlinear terms. For this purpose, we consider the domain € = (0,1)? and the
solution of (1)—(2) given by

(u1,u2) = (sin(z) sin(y + t), cos(x) cos(y + t)),
p = cos(x)sin(y +t). 39)

The domain is discretized using a uniform mesh which results in a fixed mesh size h =
0.01768 (subdivision 80 x 80 along both edges). This produces 6561 vertices, 12800 triangles and
58403 unknowns for velocity and pressure. The external force f, the initial condition (ug, po),
the non-homogeneous Dirichlet boundary conditions at bottom, left and upper boundaries, and
homogeneous Neumann boundary condition for left boundary are computed from the analytical
solution in (39). The final time for computation is defined as 7" = 2. The computation will be done
with different time steps 7 = 0.04,0.02,0.01 and 0.005. For the error and convergence analysis in
time only (as opposed to space and time), the reference solution (up, ref, Ph rer) is computed using
SBDFBEXx-3 method with a very small time step 7 = 6.25 x 10~°. SBDFBEx-3 method is chosen
since it is CPU-efficient and it has the potential to produce the least numerical error at a given order.

We define 7= M7* where T is the total computation time 7* the time step for the output
purposes and M € N a user defined parameter. For convenience, we pick 7* as a multiple of 7.
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12 K. C.LOY AND Y. BOURGAULT

We analyze numerical convergence in time by comparing the numerical and reference solutions for
all methods. The error on velocity (in time) is computed as follows:

2

M
[h et = Un.rllL20,i22(0) = (T* Dol e — um?) : (40)
j=1

To disregard possible numerical artifact generated at start-up, we evaluate the L2-error using
7* = 0.2 only for ¢ € [1,2]. For BDF methods, we set the stopping criteria for the Newton’s method
as follows:

[up EVE — R o o) < tol,  where tol = 10712, (41)
where uZtl’kH is the solution at time t"*! for the k'"-Newton iteration.

From Table I and II, we observe that all methods converge to the reference solution computed
by the SBDFBEx-3 method. For each time step, the velocity error produced with SBDFB-2 method
is about twice as small as the error produced with SBDF-2 method while there is little difference
between the error on pressure for both methods. On the other hand, the error on both velocity and
pressure with SBDFB-3 method is about four times smaller than that for SBDF-3 method. Again,
we note that the resulting error with SBDFBEX-2 is smaller than that with SBDFB-2 method, by a
factor of 2 and 4 comparing the error on velocity and pressure, respectively. A similar comparison
of the error on velocity between SBDFBEx-3 and SBDFB-3 methods produce a factor of about 5.5—
7.4 smaller while the error on pressure is about 3.0-3.4 smaller. The error ratio that we obtained
numerically for the velocity agrees well with the theoretical ratio of truncation error estimates
obtained earlier.

At a given order, the error on velocity and pressure produced by SBDFBEx methods is very
closed to the error produced by BDF methods. By using a (k + 1)"-order extrapolation scheme for
B(uy,) in SBDFBEX methods, it can be seen in Table I and II that the accuracy of this semi-implicit
scheme is similar to fully-implicit BDF methods. This suggests that the error from the nonlinear
extrapolation is minimized and any time discretization error comes mostly from the approximation
of the time-derivative.

For all methods that we have studied, the theoretical order of convergence are reproduced
satisfactorily. Whenever smaller error is required, semi-implicit methods demonstrate a significant
saving on CPU time compared to the implicit counterpart (by a factor of 50) when solving unsteady
NSE. The CPU times for 2"¢ and 3'-order semi-implicit methods are small and almost similar.
Larger differences are observed between the implicit methods of 2"4- and 3"4-order of accuracy.
This suggests that more Newton’s iterations are required for solving the nonlinear system in BDF-3
method than that in BDF-2 method, even with the same tolerance in the stopping criteria.

4. 2D FLOW AROUND THE CYLINDER AT Re = 300 AND 1 000

In this section, we showcase that our methods are robust, accurate and stable when computing
flows with high Reynolds numbers. For this purpose, we first attempt the computation of 2D flows
around the cylinder at Re = 300 and 1 000. For the domain, we use 2 = (—5,15) x (—5,5) with
a 2D cylinder of diameter D = 1 centered at the origin (0, 0). The domain is discretized using a
triangulation (unstructured) by dividing the long and short edges of the domain into 320 and 160
elements, respectively, and by using 160 nodes on the boundary of the circular cylinder. The mesh
has elements of varying mesh size hx where 0.016 774 < hyx < 0.127691 for a total of 181 000
triangles. This gives 721760 and 90 500 d.o.f. for velocity and pressure, respectively. This space
discretization is chosen to be reasonably fine to ensure that there are sufficiently many points to
resolve the boundary layer.
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Table I. L2-error and order of convergence for velocity and pressure (in time), and CPU time of all 2"-order

methods.
Error (SBDF-2) Order (SBDF-2) CPU(s)
Time step, ™ Velocity Pressure Velocity  Pressure
0.04 24309 x 107>  5.4118 x 10~% | 1.9779 1.9810 26
0.02 6.1711 x 10~%  1.3709 x 10~* | 1.9894 1.9909 42
0.01 1.5542 x 10=%  3.4490 x 10~5 | 1.9948 1.9956 75
0.005 3.8993 x 10~7  8.6491 x 10~6 — — 134
Error (SBDFB-2) Order (SBDFB-2) CPU(s)
Time step, T Velocity Pressure Velocity  Pressure
0.04 1.0473 x 10~ 5.7804 x 10~—* | 1.9893 2.0027 26
0.02 2.6377 x 1076 1.4424 x 10~* | 1.9944 2.0013 44
0.01 6.6199 x 10~7  3.6028 x 10~° | 1.9971 2.0007 72
0.005 1.6583 x 10~7  9.0028 x 106 — - 132
Error (SBDFBEx-2) Order (SBDFBEx-2) | CPU(s)
Time step, 7 Velocity Pressure Velocity  Pressure
0.04 5.0956 x 10~%  1.1369 x 10~% | 1.9534 1.9526 26
0.02 1.3157 x 106 2.9372 x 1075 | 1.9783 1.9789 59
0.01 3.3392 x 10~7  7.4513 x 1076 | 1.9895 1.9901 94
0.005 8.4090 x 108  1.8757 x 10~ 6 — — 164
Error (BDF-2) Order (BDF-2) CPU(s)
Time step, T Velocity Pressure Velocity  Pressure
0.04 5.4965 x 10~%  1.2127 x 10~* | 2.0099 2.0025 1421
0.02 1.3647 x 1076 3.0264 x 1075 | 2.0051 2.0013 2361
0.01 3.3998 x 1077 7.5594 x 10~6 | 2.0025 2.0006 4298
0.005 8.4846 x 10~8  1.8890 x 10— 6 - — 7683

4.1. Nonreflecting Boundary—Directional Implicit Damping

At a lower Reynolds number; e.g., Re = 100, we observe that Neumann boundary condition works
perfectly well to allow the generated vortices to slip through the free exit. As the Reynolds number
increases, the flow becomes more sensitive to perturbation including those induced by boundary
condition. Neumann boundary conditions on the outflow boundary do not properly damp the wave
generated by the vortices exiting the domain. The instability shows up as highly oscillating velocity
patterns along this boundary, leading to an unbounded solution in few time steps. The flow around
the cylinder at high Reynolds number thus requires a special treatment along the outflow boundary.
We apply a simple approach called the directional implicit damping [29], which shares similar
principles with the perfectly-matched-layer (PML). The idea of directional implicit damping is to
absorb fast moving waves but only in a layer near the boundary (see Figure 1). The absorbing layer
lies in the zone between the dashed-line and the actual boundary I" of the domain 2 (i.e., top, bottom
and right boundaries). The thickness of this layer is defined by £ > 0. In this absorbing layer, NSE
with damping term ou are solved, while the regular NSE are solved in the middle (as indicated).

A modified NSE with grad-div stabilization term incorporating the damping term cu are given
as follows:

u+ou—vAu+ A\VV-u+u-Vu+Vp f, inQx(0,7), (42)

V-u = 0, inQx(0,7), (43)

Vu-n = 0, onTloy x (0,7), (44)

u = 0, onI\Iyy, (45)

uf;=g = ug, onf, (46)
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14 K. C.LOY AND Y. BOURGAULT

where the damping function, o, , = o(z,y) is called a “half-step” function. In a rectangular
domain © = (Zmin, Tmax) X (Ymin, Ymax ), the function o = o(x,y) is defined as follows [29]:

0, ifx= [nymax - 5] and y € [é-a Ymax — é]v
% - %SIH<W)7 lf.’E S Tmax — §vxmax] and Yy € [ymin + §vymax - 6]7
o(x,y) = Y=Ymax+E 1

;sin( 5 , Ymax — 57 ymax]7

[
w) ify e |
yéﬁ _ %sin(W), if ¥ € [Ymin, Ymin + &

47)

where we denote the left bound by x,iy,, the right bound by x,.«, the lower bound by i and the
upper bound by y,.x. The method works well with a small time step, which is perfectly suited for
the semi-implicit methods. The parameter £ is a user-defined parameter denoting the “thickness” of
the absorbing layer. A larger parameter £ (typically £ € (3,5)) is prescribed to allow wave damping
on fast moving vortices while a smaller ¢ (typically £ € (1, 3)) is adequate to damp the slow moving
vortices. In this particular test case, we fix £ = 3 which produces a reasonable damping on the
outgoing vortices.

Table I1. L2-error and order of convergence for velocity and pressure (in time), and CPU time of all 3"4-order

methods.
Error (SBDF-3) Order (SBDF-3) CPU(s)
Time step, 7 Velocity Pressure Velocity  Pressure
0.04 2.0906 x 10=%  4.5220 x 10~° | 3.0419 3.0368 33
0.02 2.5385 x 10~7  5.5102 x 10-¢ | 3.0217 3.0189 56
0.01 3.1257 x 1078 6.7983 x 10~7 | 3.0113 3.0099 92
0.005 3.8768 x 1079  8.4399 x 108 — — 169
Error (SBDFB-3) Order (SBDFB-3) CPU(s)
Time step, 7 Velocity Pressure Velocity  Pressure
0.04 5.3496 x 10~7  1.1609 x 10> | 3.0169 2.9954 25
0.02 6.6092 x 10~8  1.4557 x 10~% | 3.0086 2.9960 54
0.01 8.2121 x 1079  1.8247 x 10~7 | 3.0056 2.9994 93
0.005 1.0225 x 10~9  2.2817 x 10~8 — — 156
Error (SBDFBEx-3) Order (SBDFBEx-3) | CPU(s)
Time step, 7 Velocity Pressure Velocity  Pressure
0.04 7.2254 x 1078 3.9216 x 106 | 2.7512 3.1185 28
0.02 1.0732 x 1078 4.5155 x 10~7 | 2.8861 3.0515 50
0.01 1.4516 x 109  5.4464 x 1078 | 2.9606 3.0350 89
0.005 1.8648 x 10710 6.6450 x 10~ — — 164
Error (BDF-3) Order (BDF-3) CPU(s)
Time step, 7 Velocity Pressure Velocity  Pressure
0.04 9.3772 x 1078 3.3535 x 10~6 | 2.9537 2.9955 1636
0.02 1.2104 x 1078 4.2049 x 10~7 | 2.9814 3.0012 3014
0.01 1.5326 x 1079 5.2518 x 108 | 3.0230 3.0283 5101
0.005 1.8855 x 10710 6.4375 x 10~9 - - 8568

Boundary conditions are still required and set as follows: u = (u,v) = (1,0) along left, upper
and lower boundaries. Setting zero tangential flow (non-flux condition) along the upper and lower
boundaries can be done, i.e., 9,u = 0 and v = 0, but we note that the difference between this
and the earlier prescribed velocity is negligible. Along the cylinder, no-slip condition is used, i.e.,
u = (u,v)|r = (0,0).

From the manufactured solution, we note that SBDFBEx methods produce the least error on
velocity and pressure. However, SBDFBEx methods are very restrictive in terms of critical time
step to maintain CFL stability condition (about twice as smaller as that for SBDF/SBDFB methods
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at a given order of accuracy). Through numerical experiment, we observed that SBDFB methods are
more accurate than SBDF methods and having similar critical time step to that of SBDF to maintain
CFL stability condition. Hence SBDFB-3 method is chosen to solve the two test cases, the first with
a time step 7 = 0.002 at Re = 300, and the second with a time step 7 = 0.001 at Re = 1000. These
time steps are chosen small enough to maintain numerical stability and to yield an accurate solution.
The parameter A\ = 102 is chosen for the grad-div stabilization term. The resulting linear system
can still be handled with a direct solver, MUMPS, which makes the SBDFB-3 method very efficient
on these test problems. Both computations are run without prescribing the value 7T'. The time history
of lift and drag is examined from time to time to check if a fully periodic solution (if any) is reached
before computations are terminated. The computation for Re = 300 requires approximately 25 000
time steps to obtain a fully periodic solution from the state of rest. This takes about 2 days and
13 hours of CPU time to run on a personal workstation. To achieve a similar periodic flow for
Re = 1000, a total of about 80000 time steps are required which takes about 8 days of CPU time
from the state of rest. This is expected since the flow at Re = 1000 is less stable and larger CPU
time is required to capture the fully periodic flow.

Figure 2 illustrates the streamlines for 2D flow around the cylinder at Re = 300 and 1000 over
one period of the lift coefficient (or 1/Str, where Str is the Strouhal number of the flow separation
behind the cylinder). By comparing the plots of streamlines between the first (first top) and the fifth
(last bottom) figures—for the respective Reynolds number, it can be verified that both flows achieve
fully periodic solution in time.

A ]

: 6 Oy 102y
Y 1

. §---4
1
| ]
1
1
]
[ ]
]

O Regular Navier-Stokes Equation E Oy
:
1 €

B
1

e R R eSS —— -
1

O'y :U:r,y

Figure 1. Computational domain with the layer for the directional implicit damping.

The dynamics of the shear layer at the back of the 2D cylinder is more complex at Re = 1000
than at Re = 300. As expected, increasing the Reynolds number induces more and finer vortices,
requiring finer meshes to maintain up 6—8 nodes with P-IP; elements across the boundary layer
(see Figure 3).

The information on the lift and drag coefficients is summarized in Table III. The Strouhal number
for the flows at Re = 300 and 1 000 are 0.2226 and 0.2491, respectively. For both Reynolds numbers,
the resulting flows around the circular cylinder produce a space-time symmetric vortex shedding
behind the cylinder (not shown). Therefore, the mean lift coefficient is expected to be zero for
both Re = 300 and 1000, which was reproduced at order 10~% in our computations. For both
cases, the fully time-periodic vortex shedding behind the cylinder; i.e., u(5,y,t) = u(5, Yy, t+ %)
is demonstrated where ¢ is the period of the flow. Further, the oscillations on lift have a frequency
that is twice as small as that for drag. This is also observed for the flow past a circular cylinder at
Re = 100 (see [20]) which suggests that the unsteady periodic flows at Re = 300 and 1000 stay
within the laminar regime.

As a matter of fact, computed 2D flows around the cylinder at larger Reynolds number (typically
Re > 200) falls short to produce reasonable drag and lift coefficients since flows around cylinder
exhibit significant 3D features for such Reynolds number [30]. The computed lift and drag
coefficients for Re = 1000 cannot be compared due to this shortcoming. However, we showcase
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16 K. C.LOY AND Y. BOURGAULT

that our method is very stable when computing highly nonlinear flows using time step 7 = 0.001,
where very small time steps are typically required; e.g., 7 < 0.001 for direct numerical simulation
(DNS) computations to capture all possible turbulent scales present in the flow. We tested that the
same time step 7 = 0.001 allows stable computations for a 2D flow around the circular cylinder
at Re = 3900 (not shown here). In addition, we demonstrate that the directional implicit damping
method works reasonably well to allow vortices to travel away from the domain without causing
any numerical reflection. Directional implicit damping schemes can be implemented for various
flow problems involving high Reynolds numbers; e.g., external flows, open channel and pipe flows,
etc.

Figure 2. 2D flow around the cylinder at Re = 300 (left column) and Re = 1 000 (right column): Snapshots
of streamlines with flow speed (color-coded) plotted at every quarter period over one period of the flow; i.e.,
4.4917 time units for Re = 300 and 4.0135 time units for Re = 1 000.
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Table III. The mean, amplitude and frequency of the lift and drag coefficients for 2D flow around the cylinder
at Re = 300 and 1 000.

Re = 300
Source of results c; mean c; amp. c; freq. c4 mean cq amp. cq freq.
Present —5.1086 x 10~ % 0.9987 0.2226 1.4099 8.7317 x 102 0.4453
Mittal & Balachandar [22] - — 0.2150 1.3667 - —
Ranjani et al. [31] — — 0.2130 1.3800 — —
Re =1000
Source of results c; mean c; amp. c; freq. cq mean cq4 amp. cgq freq.
Present 6.6455 x 10~ 7 1.5709 0.2492 1.5548 0.2501 0.4983

Figure 3. Zoom of the mesh for the flow past a circular cylinder at Re = 1 000.

5. 2D LID-DRIVEN CAVITY FLOW AT Re = 50 000 AND 100 000

At Re > 10000, 2D lid-driven cavity exhibits a transition from laminar to turbulent flow. We
demonstrate that [P»-IP; elements combining high-order time-stepping semi-implicit methods with
grad-div stabilization term are both accurate and stable when computing flows at such high
Reynolds numbers. We use a 2D setting which is ideal for carrying tests in terms of efficiency and
simplicity. It is undeniable that 2D lid-driven cavity flow at such high Reynolds number is fictitious.
From an application point of view, however, 2D settings may still be relevant when studying driven
cavity flows possibly occurring in a very fine lateral gap.

The numerical computation of the lid-driven cavity with Re = 100 000 was attempted by Bruneau
and Saad [6] using 3"-order finite difference scheme (with staggered grid) for space approximation
while both 15¢- and 2"9-order semi-implicit BDF methods were used for time-stepping. The finest
grid resolution used in their computation is 2048 x 2048 cells. The time step that they have
used for the numerical experiment are not reported. We conjectured that the time step fixed in
their computation was very small since the mesh used was finer than ours. With similar semi-
implicit approach, maintaining CFL stability condition is more difficult without any stabilization
mechanism.

In this section, we present numerical results pertaining to lid-driven flow using two different
Reynolds number, Re = 50000 and 100 000. We use the standard square domain Q = (0,1)2. A
uniform triangular-shaped elements is generated by first dividing each edge of €2 into 200 x 200
equal-length elements for Re = 50 000 and 300 x 300 equal-length mesh for Re = 100 000. For the
200 x 200 mesh and with P5-P; elements, the triangulation produces a varying mesh size h where
0.003 792 < hx < 0.009 868 and a total of 94 910 nodes, which gives 381 242 and 47 856 d.o.f. for
velocity and pressure, respectively. For the 300 x 300 mesh, the unstructured triangulation contains
147 650 elements with varying mesh size hx where 0.003002 < hx < 0.008 083, and 592 602 and
74 326 d.o.f. for velocity and pressure, respectively. With the two different meshes, we ensure that
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any boundary layer can be discretized in the crosswise direction by at least 5—-10 nodes, especially
for the velocity at such high Reynolds number.

Dirichlet boundary conditions only are defined with a constant velocity prescribed as follows:
u|r,, = (1,0) along the lid {(z,1) | 0 <z <1} and ulr_,, = (0,0) along the remaining walls.
In some articles, these boundary conditions are known as the “leaky cavity”, which produce less
oscillations at the top left corner and are suitable to handle driven flow with very high Reynolds
number. However, for smaller Reynold numbers, (e.g., Re < 50000) we use u|r,, = (1,0) along
the lid {(x,1) | 0 < z < 1} and u|r_,, = (0, 0) along the remaining walls, called as the “watertight
cavity”. We observed that the latter setting can reproduce very accurately the Strouhal number of
the flow for lid-driven flow at Re = 8500 [20]. For initial condition, we prescribed the state of rest,
i.e., u = (0,0) in the domain 2. SBDFB-3 method is used to ensure a high-order accuracy in time
without the need for a very small time step.

Due to the (nearly) turbulent state of the flows at such high Reynolds number, the numerical
stability related to the CFL condition is harder to achieve. We observed that instability could occur
unpredictably at some large ¢ if the time step 7 is not chosen fine enough. By picking a very fine
time step, stability is always guaranteed but at the expense of making the computation inefficient. To
avoid restrictions on the time step (e.g., 7 < 0.0008) due to CFL criteria, the numerical stability can
be improved by choosing a larger stabilization parameter (e.g., A > 10%). However, the larger ), the
more numerical diffusion occurs. This is what we would like to avoid altogether. At this moment,
we are not able to quantify the mathematical relationship between A\ and the resulting numerical
diffusion in SBDF methods (with grad-div stabilization term).

The mesh used in the current computation is nearly three times finer than the mesh used for
Re = 8500 in [20] while the Reynolds number 100 000 is about 12 times larger. The approximated
critical time step for stability of the SBDFB-3 method with A = 1 for the lid-driven cavity flow at
Re = 8500 on a 120 x 120 mesh is about 0.002 343. For this flow experiment, the 300 x 300 mesh
used is 2.5 times finer than the 120 x 120 mesh. Both Reynolds numbers Re = 50 000 and 100 000
are about 6 and 12 times larger than Re = 8500, respectively. The combined effect of finer mesh
and higher Re would definitely impose more serious restriction on the time step needed to achieve
stability. However, by fixing the stabilization parameter at A = 103, we observe that the SBDFB-3
method remains stable with time step 7 = 0.001 at Re = 50 000. For Re = 100000, the time step
7 = 0.000 8 produces a stable solution as well. If both time steps are slightly increased, numerical
instabilities occurs due to the CFL condition.

Figure 4 shows snapshots of vorticity magnitude, plotted at ¢t = 1, 2, 4, 8, 16, 32, 64, 128 and 256
time units. The flow is composed of several rotating and counter-rotating vortices. The largest vortex
that formed at the center of the cavity for Re = 50 000 does not exhibit a fixed circular structure at
the center of the cavity as it is observed for the lid-driven cavity with a Reynolds number up to
30000 [11].

Shear layer instabilities are found to be more predominant along the wall induced by the
sharp boundary layers. For instance, along the lower right wall, the boundary layer produces
many interesting flow instabilities in terms of vortex sheddings. This further generates several
intermingling smaller vortices travelling in a spiraling motion before “collapsing” into the main
vortex at the center. The main circulation also induces the generation of several other secondary
vortices near the bottom and upper left corner of the domain.

Figure 5 shows the time history of the x- and y-velocity and pressure monitored at four designated
points located near the corners. The time-evolution of all variables is chaotic with time intervals
showing mild variation separated by smaller intervals with sharper gradients at about t = 407, 425,
435 and 440. For these values of ¢, sharper gradient or larger amplitude variation are syncronized
among variables. These correspond to the passage of vortices through the sampling point. A similar
chaotic behaviour is observed for the velocity and pressure at Re = 100 000 (not shown).

Figure 6 illustrates the evolution of the vorticity contours for the 2D lid-driven cavity flow
at Re = 100000 plotted for ¢t = 4, 6, 10, 14, 16 and 20. We compare our results with the one
computed by Bruneau and Saad [6] in a qualitative manner. Our vorticity contours show the
formation of complex vortical patterns. We also notice that boundary and shear layers can be
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resolved satisfactorily using our a 300 x 300 mesh (with P-P; elements). During start up, the
boundary layer and vortices growing along the right wall is somewhat similar to those seen on
Figure 3 of [6]. The evolution of vorticity demonstrates that the flow in our computations progresses
faster by about 4-5 time units than the results from [6]. From the state of rest, our computed flow
fills up the space of cavity (spanning the z-direction) at about 16 < ¢ < 20. However, in [6], similar
flow only fills up about 70%—80% of the cavity (spanning the x-direction) at ¢ = 20. This may result
from the slightly coarser mesh that we used. Our space approximation using a 300 x 300 mesh with
P,-P; elements corresponds to having a 600 x 600 mesh using finite difference schemes, compared
to their 2 048 x 2 048 mesh.

A sharp boundary layer is generated consistently along the lid and right cavity wall, while
intermittently along the bottom and left walls. These features can only be resolved with a reasonably
fine mesh (see Figure 7).
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Figure 4. Vorticity for 2D lid-driven cavity flow with Re = 50000 at ¢t = 1, 2, 4, 8, 16, 32, 64, 128 and 256
showcasing the time evolution of the flow from start-up to partially developed flow.

On Figure 8, we present the evolution of streamlines, vorticity and pressure contours for 2D
lid driven cavity flow with Re = 100000 plotted at ¢ = 10, 100, 200 and 300. As seen from
the streamlines, once the flow is established, there is a main vortex with multiple neighboring
smaller vortices intermingling with each other. The eye of the primary vortex is rarely fixed at one
location but rather in a rotating motion within the domain with several other vortices intermittently
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“absorbed” into a major driven circulation. Meanwhile, secondary vortices are formed near the
upper left, bottom left and bottom right corners with irregular shapes, giving rise to flow separations
and creating smaller vortices. Once the flow is well-developed; e.g., for ¢ > 50, no vortex can be
found near the upper right corner. This observation agrees with the qualitative results in [6]. The
vorticity contours show that vortex shedding is occurring at the end tip of the boundary layer formed
along the right wall. The isolines of pressure indicate mostly the troughs in syncronisation with the
center of the generated vortices. We also observed two points of near singularity (one positive and
one negative pressure) occuring at both upper corners, as expected for 2D lid-driven cavity flows.
Again, these observations agree qualitatively well with the numerical results in [6].
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Figure 5. 2D lid-driven cavity at Re = 50 000: Time evolution of z-,y-velocity and pressure monitored near
the four corners, bottom left (0.2, 0.3), bottom right (0.8, 0.3), top right (0.8,0.7) and top left (0.2,0.7), for
t € [400, 450].

6. CONCLUSIONS AND DISCUSSIONS

In this paper, the ratio of the truncation errors on velocity between SBDF and SBDFB methods
for 2"9- and 3"4-order of accuracy were studied using a simple mathematical analysis (Taylor-series
expansion). Similar analysis of truncation error could not be established for pressure at this moment.
We found that the error on velocity and pressure produced by SBDFBEx methods and BDF methods
are almost identical for a given order of accuracy.

We observed that the grad-div term produces better numerical stability for high-order semi-
implicit methods (i.e., SBDF methods). The grad-div stabilization term is the simplest to
implement as compared to other stabilization strategies used in finite element methods, e.g.
streamline upwind Petrov-Galerkin (SUPG), pressure stabilized Petrov-Galerkin (PSPG) and
Galerkin least square (GALS) methods.

When computing high Reynolds flows, the time step for our methods can be larger than that
for the same method without grad-div stabilization term. However, the choice of the stabilization
parameter A > 0O is still an open problem. We approximate this value only by resorting to direct
computations involving many trials and errors.
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Figure 6. Vorticity contours for the 2D lid-driven cavity flow at Re = 100000 and times ¢ = 4, 6, 10, 14, 16
and 20 from state of rest to partially developed flow.

Y-Axis

Figure 7. A blow-up of the mesh used to compute the 2D lid-driven cavity flow at Re = 100000 with the
magnitude of vorticity at t = 78.5 time units: Full view (top), The top lid (bottom left), the left boundary
(bottom center) and the right boundary (bottom right).

Our numerical results for the flow past the cylinder at Re = 300 is very close to the value in the
literature. The numerical results for Re = 1 000 cannot be compared due to the lack of similar work
in 2D around the cylinder. For the lid-driven flow, our results reproduce those from [6] qualitatively
with a time lag since the mesh used in our computations is not as fine as theirs. Nonetheless,
our numerical results show that the SBDFB-3 method used is stable and very accurate without
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depending on very small time step. This indicates a great potential for SBDFB methods to resolve
turbulent flows by direct numerical simulations (without closure models).

Re = 100 000__Time: 10.0 e, Re =100000 Time: 10.0
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Figure 8. Snapshots of streamlines (left column), vorticity (middle column) and pressure (right column) for
2D lid-driven cavity flow at Re = 100000 at ¢t = 10, 100, 200, 300 (from top to bottom).
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Chapter 4

Several Numerical Improvements
to High-Order Artificial

Compressibility Methods

To avoid solving a saddle point problem, ALM (see Section 1.3.1) can be implemented
with any semi-implicit time-stepping methods (e.g., SBDF, CNAB, DC methods, etc).
An ad-hoc implementation of ALM in the SBDF-2 method produces the following
scheme: Given an initial value (u’, p°) = (u(0),0) and a proper initialization for u',
we compute (u"*2 p"*2) forn = 0,1,..., N — 2 by solving for (u"2s1 pnt2st1) the

following system
3 n+2,s+1 —4 n+1 n
4 > bW At (4.0.1)

-
—\VV .- un+2,s+1 4 vpn+2,s — fn+2 _ 2B(un+1) + B<un>7 on Q,

Pt p"tES AV a3 on Q. (4.0.2)

At each time step, we set p"™2Y to a properly chosen value and iterate on (u***1,

p" 25t for s € N. Reduced linear systems taking the form of a parabolic prob-
lem (4.0.2) and a pressure update (4.0.2) have to be solved until [|p" 25t —p"+25|| 12
< tol, where tol is the chosen small tolerance. Once the stopping criterion is met for
some S. we set un+2 = un+2,s+1 and pn+2 - pn+2,s+1'

Remark 4.0.1. A proper initialization p"*1¥ := p" for all 1 < n < N — 1 can be

implemented to reduce the number of ALM iterations required to reach the stopping
criterion.

Any higher-order SBDF methods with ALM can be constructed in an analogous
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manner. The solution of the above scheme is equivalent to SBDF-2 method with an
additional grad-div term in the momentum equation, as shown in Chapter 3. Due to
the need to do many ALM iterations, the efficiency of this method is not appealing
to compute unsteady flows.

In Chapter 2, we proposed and implemented two methods, namely GM and GM-SRM,
which are constructed based on higher-order artificial compressibility techniques and
bootstrapping strategy. In fact, these two methods have undergone numerical im-
provements in terms of nonlinear interpolation formulae without providing a detailed
justification. In this chapter, we shall look into these numerical improvements more
closely. We analyze the convergence and stability of GM and GM-SRM methods, and
propose ways to improve the accuracy and efficiency of these methods at any given
order.

4.0.1 The Guermond—Minev methods

Before analyzing the numerical improvement in details, we recall the 3"4-order GM
method proposed by Guermond and Minev [23]: Given the initial condition (uf, p§) =
(u(0), p(0)) and setting (u?,p?) = (0,0), (u3, p3) = (0,0), we solve for (ugtt ppth),
(u?,p?) and (uy ™', p4~') the subproblems (4.0.3), (4.0.4) and (4.0.5), respectively.

(1t = B(up),

n+1 n
U —Up n+l ot n_ entl o+l
For n > 0, " vAu . AVV -ug™ 4+ Vpp = £ nly™, (4.0.3)
Py =pi— AV uyT,
(dug™ = (uf™ —uf)/7, dpT = (T — ) /7
d2ut! = (dup™ — dul) /7,
nl! = B(up +muf™t),
11711 _ u?_l n—1
————— —vAu} - AVV - ul + V(pi ™ +dpp)
Forn > 1 T n n (4.0.4)
=7 1 .5 nt1 nlf —nlj
=—5duny ——,
12 T
Py =pY" +dpy — AV -uy,
duf = (uf —ui™)/7, dp} = (p} —pih)/T

\
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(dzurf = (du} — du} 1) /7, d:‘ugJrl = (dzughLl —d?uy)/T,
nly ' = Bug™! + rul 4 Pup ),

unfl . un72

2T AW S AVVY w4 V(R 4 dpt Y
forn 2 2, ! 1 1 nl?~! —nl??

_ 2..n 3, n+l 2  —nh

py =py T 4dplT = AV uy T,

unfl — ug—l + Turlz—l + 7_211721—1’ pnfl — pg—l 4 Tp?—l + 7_2p721—1'

(4.0.5)

\

For the 2*-order GM method, we refer only to (4.0.3)—(4.0.4) with the asymptotic
expansion u"~ ' = uf ' + 7uf ! and p"t = pi~' + 7p?! to respectively update
the velocity and pressure, globally at each time step. Higher-order GM methods
(k > 3) can be constructed by adding subproblems and going further in the asymptotic
expansions. As one can see, the only difference found in the GM-3 method above and
the GM-3 algorithm mentioned in Chapter 2 is the nonlinear extrapolation formulae
nlf™' nl} and nl; ! used in all subproblems.

GM methods are self-starting. The initialization in GM methods rely on a dependence
tree (see Figure 4.1). The dependence tree illustrates the order of evaluation for each
of the required velocity and pressure of the subproblems. This also explains how
numerical errors can be corrected in a cascade manner, starting from the upper to
the lower subproblems using divided differences of high-order derivative terms.

The dependence tree for GM-3 method is shown in Figure 4.1. This tree is identical
for DC-3 and GM-SRM-3 method. GM-3 method has a built-in initialization which
works in the following manner: At n = 0, (u},py) is evaluated using (4.0.3) (red
arrow). Then for n = 1, (u2, p?) and (uj, pj) are evaluated using (4.0.3) and (4.0.4),
respectively (green arrow). Finally for n = 2, (u3,p3), (u?, p?) and (ul,pl}) are com-
puted using (4.0.3), (4.0.4) and (4.0.5), respectively (blue arow). This gives (u', p!)
using the asymptotic expansions found in the last two equations of (4.0.5). The black
dashed arrow in Figure 4.1 indicates that the evaluation of a particular variable de-
pends on the variables from upper subproblem as well. For instance, the solution u}
of the 2"d-subproblem depends on the solution u3 of the 15-subproblem, the solution
u} of the 3*d-subproblem depends on the solution u? of the 2"-subproblem, etc.
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u% - u(z) - u(l) <z u8 = u(O) 1*-subproblem
e . .
2 |l 1 o] — 0 nd
uj up | uj | = 2"-subproblem
~. - \\
u% | u(g) =0 3*_subproblem

Compute for alln =0 ~@———— Compute for alln =1 =& Compute for all n > 2

————— - Dependence of data

Figure 4.1: Dependence tree for the GM-3 method to compute u' = uj +
Tui + 72,

With the defect correction strategy, GM-3 method produces smaller error and is more
stable compared to SBDF methods for a given order of accuracy. In GM methods, the
same constant matrices (one from the momentum equation and one from the pressure
update) are used over and over again to solve all subproblems. This simplifies the
algorithm in GM methods, though these are still not as efficient as SBDF methods
when computing 2D flows, even when using a direct solver such as MUMPS.

In principle, any method of lines presented in Section 1.5.1 can be combined with
defect correction strategy to obtain a scheme with an order of accuracy (in time) that
is a multiple of the order of the initial scheme. For instance, we can use any method
of lines of m'-order of accuracy (SBDF-m with m > 0, CNAB with m = 2, etc), and
formulate the velocity and pressure using asymptotic expansions of fixed index k (see
(8) in Chapter 2). Then, the resulting method has (mk)"-order of accuracy in time.
The implementation of such high-order methods could be technically challenging.

4.1 Theoretical Results on GM methods

In this section, we proof the consistency of GM methods, which leads to semi-discrete
variational formulation of Navier—Stokes equations with an inclusion of grad-div sta-
bilization term. This analysis is achieved assuming the stability of the methods. For
simplicity, we give the proof for the 2"d-order GM method, but the consistency of an
arbitrary order GM methods can be demonstrated in a similar fashion.



4. SEVERAL NUMERICAL IMPROVEMENTS TO HIGH-ORDER
ARTIFICIAL COMPRESSIBILITY METHODS 7

Proposition 4.1.1. The solution of the 2" -order GM method (4.0.3)-(4.0.4) con-
verges to the solution of

(a) the semi-discrete (in space) problem for Navier-Stokes equations if the mized
finite element spaces satisfy V - Vi, C Mp,;

(b) a semi-discrete (in space) problem of Navier—Stokes equations with grad-div sta-
bilization term if the mized element spaces satisfy V - Vi, € Mp;

with a rate of convergence of O(T%) whenever T goes to zero, assuming the mesh is
fized (hence Vi, and Qy, are held fized).

Proof:  We first denote by (U’, P7) the fully-discrete solution obtained by GM-2
method and (w/,p?) = (un(t;), pu(t;)) the semi-discrete solution (in space) at time
t;. Following the convention from the dependence tree in GM-2, we fix n = j and
n=j+ 1in (4.0.3) and (4.0.4), respectively. Taking the sum of (4.0.3) and 7 x (4.0.4)
for any 0 < j < N gives the following

1/ . . . .
- (Uf)“ 4 Ut v> + V(V(U{)H Uit vv)
+>\<V (U 47U, V- v> — (P} +7P/ V-v) — (rdP]*",V - v)
, 1/ . , , . ,
= @) + (U + 70 v) = (BUT™ + 70, v) = 2(@Uj™,v)
T
Here the term d2UéJr2 = w is in fact the difference scheme for the second

order derivative ufj(#*!). Note, that this one is taken at time #/*? instead of times
t7*t1 or 7 as for the other terms in the equation. We group the terms as follows:

T

A 7
e
~\~ **
*

+ MV - UL V.v) = (PP +7dPIT V-v) = (Fv).  (4.1.1)

/

J+H _ i . . ) .
<u + %dsz)H, v) +v(VU T Vv) + (B(U%Jrl +7U7), V)

v~
kK k

The simplification is made using the asymptotic expansions, Uit = Ué“ + TU{Jrl
and P/ = PI™ 4+ 7P/ To determine the truncation error of the term (*), we
apply the asymptotic expansion:

+

| SEAR T A
o 2

, J+L _ , .
dzug”,v) = (—U Yila (ur* —TU{”),V>

T 2

Uit —yd , 2 4
= (f + gdzUJ“ — %d2U{+2,v>.
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Define the smallest upper integer N = [T'/7] where T > 0 is fixed. Assume that
we have sufficient regularity of the solution, i.e., u € C*([0,T], V), and that there

exists a constant ¢ = ¢(T, Q) such that sup,_,_y [|d® ul | < cllualle(o,m,v)- Since,

i+2 _ uit?_oulitt iyl
d2U]"™" = ==—51"=1 and by the Taylor series expansions, we have for the 2"

order centered ﬁnlte difference scheme

u(tiie) — 2u(tjs1) +u(t)) 02 2 o
PSR = ssu(tn) + g aaultie) O (412)
and the 1%*-order backward-difference scheme
u(ti 1) —ult, 0 T 0? 2 O
]—H)’T J) = au(tjﬂ) — 5@11(25]‘4_1) —+ E@u(tjﬂ) —+ 0(7'3), (413)

whenever these are applied to the semi-discrete solution u (in space). To get the
truncation error on (*), we substitute u* for U* and u} for U¥ in (*) to get

() = wtt — LT w2 — 2wt ! B 7'_2 w ™ —oult 4! v
B T 2 72 2 72 ’

- (8 w0 T O >+0(73)

ot 6 ot 2 o2

Therefore, (*) admits a 2"d-order truncation error in time.

We next get the truncation error of the nonlinear term (**). Recalling that B(u) =
u - Vu, we substitute uf for U} and uf for U¥ to get

() = (Buj™ +7ul),v)
= (B (" —u))),v)

(B, v) = (]~ u]) - VWt v)
(- V(i ). v) + (B - ), v)

. o -9 ,
= (B(w'h),v) - 72(<§u{+1 5 8t2u{+1> ~Vu3+1,v)

T2 (ujJrl . V(%u{“ — %% ]1+1>,V) +O(14),

where the last line is deduced from (4.1.3). We deduced that (**) admits a 2"-order
truncation error in time.

Before studying the truncation error of the term (***), we first obtain the truncation

error resulting from the pressure term p in the continuity equation. Similar to what
was done for the momentum equation, the sum of the continuity equations (4.0.3)|,—;
+ 7(4.0.4)|,=j1+1 produces the following:

(pg“ +7PIt, q) = (Pé + 7P +7dPT AV - (U 7UT, )(4 1.4)
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= (Pq) = (P +rdR"q) + (V- U q)
— <72de“, q) - A(V U, q> (4.1.5)
We have for the semi-discrete pressure p (in space)

p(tjs1) —p(t;)) 0 T 0 2 9®
P = bt = G ap(tia) + 5 gppltie) + O(F). - (416)

By assuming p € C*([0, T]; My,), it follows that sup,_; -y |dp? ™| < e(T, DIplleso,m;n)

where ¢(T,€) is a constant which depends on 7" and 2 but is independent from 7.
To get the truncation error on pressure, we substitute p* for P*, p¥ for PF and u* for
U” in the pressure update relation. This gives

2dpitt q) — j+1 _ o em j+1
Tdpy" 7, q MV q) = 71 ,q AMV-u' g

T

d 0% .
— <72§p{+1 - 7@%“,61) +0(rY) = —/\<V : um,q)

Therefore, (V - uw/™, q) = O(7?); i.e., the truncation error on mass conservation is
order 2.

Now, we are ready to check the consistency behaviour for (***). To do so, we apply
the asymptotic expansion formula for pressure P/*! = Py oy TP} 1 and substitute
wt for Ut p7 for P/, etc. We get

(k% %) = ()\V N AR VA V) — (p] + 7dptt — P2dpl TV v>

= (AWt =yt V) (o] =V )

= </\V o A VA v) + (TQ%p{H, V- V) +0O(7%)  (4.1.7)
From here on, we consider two cases:
Case I
For any v € V},, we deduced from V -V}, C M), that d¢ € M), such that V -v =g,

— <V W/t Vv V) = (V : uj“,q>
- o)

and from (4.1.7), we conclude that (x * %) = (—p’*1, V- v) + O(7?). Combining all
results on truncation error that we obtained earlier, part (a) of the proposition is
proven.
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Case I1
The mixed finite element spaces are such that V -V, € Mj,. Then (4.1.7) produces

(xx%) = AV-w—p* V.v) 4+ O(r),

and we cannot get rid of the term A\(V - u/™',V - v). Combining all results on trun-
cation error that we obtained earlier, part (b) of the proposition is proven. i

Remark 4.1.2. The term “rdP]™"" is present in (4.1.5) due to the bootstrapping
strategy used for pressure update. This is to ensure that the order of accuracy for
pressure is similar to that obtained for velocity since only one ALM iteration is done
at each time step. We refer the reader to Guermond and Minev [23] for further details
about bootstrapping strategy.

Remark 4.1.3. Truncation error on the momentum equation from the Proposi-
tion 4.1.1 can be expressed as

168 . 16?2 d ; . . o . 9 .
2 +1 +1 +1 +1 +1 +1 +1
’ 6_875311] * E@U{ B <_8tujl > Ve ut v<_8tuj1 ) + &p{

We observed numerically in Chapter 2 that the error in time is of order 2 for GM-2,
which is consistent with the truncation error O(7?).

We now present a result that addresses the impact of the grad-div term on local mass
conservation. This property can be investigated using the following proposition.

Proposition 4.1.4. By adding the —AVYV -u term (A > 0 is the stabilization parame-
ter) in the momentum equation of Stokes problem with a fized viscosity constant v > 0
and a fixed mesh, the divergence of u converges to zero a.e. as X\ — oo, according to
the following estimate.

1

. < Corf ——
IV - alloe @ v2 4+ 2\

1£]l-1.0,

Proof: Consider the Stokes problem with the stabilization term —AVV - u in the
momentum equation. This leads to the discrete weak formulation: Find (uy,pn) €
(Vi x Qp) such that

V(Vuh, VVh) -+ )\(V + Up, V- Vh> — (ph, V- Vh) = <f,Vh>, Vv, € Vh,
—(qn, V-u) = 0, Vg, € Qn.

By choosing v, = uy, g, = pn, we obtain

viwlio + AV -wlha < Ifll-iellunlie
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Using Poincaré inequality, with a constant Cg > 0 that depends on the domain €2,
and Young’s inequality, we get

v Ca v
o+ AV wle < SRR+ ol o
v Ca
C—lluhl\iw%llv-uhll%,a < —|fl2 0

[¢) 14

Since |V - upllo.0 < [Vuplloa < ||unllia, we get

v Co
Q_+w)wqw@)s-7wmm

CQ
I | < G \/ —1 [ £]]
— [|[V-u _
nllog = Coy[ 575y, 1,0

Remark 4.1.5. For f # 0 and very small viscosity constant v (or high Reynolds
number), if A = 0, the incompressibility condition may not be locally enforced since
the inequality reduces to ||V - uplloo < <2||f||_1,0 in this case. On the other hand,
the choice A > v~! guarantees local incompressibility even for v small.

Remark 4.1.6. In GM methods for A ~ 1, the condition number of the linear system
associated to the momentum equation (for each subproblem) behaves as O(7h~2) [23].

4.2 The choice of the stabilization parameter )\ in
GM methods

The stabilization parameter A in the momentum equation (denoted as A,,) and con-
tinuity equation (denoted as A.) can be chosen differently under certain constraints.
Our computations show that different A can be used without compromising the con-
vergence and stability in GM methods (for each subproblem) as long as 0 < A, < 2\,,.
Interestingly, our results are in agreement with those for the ALM formulation of
Stokes equations. For instance, Fortin and Glowinski [15] (Theorem 2.1) proved that
0 < ag < A. < )\, is sufficient for convergence, where aq is the smallest eigenvalue
for the Laplacian operator over H}(€2).

We observed a good convergence with GM methods for A,, = A\, = X\ when A is taken
large. This also holds for the ALM formulation of Stokes equations. Our compu-
tatations support Remark 2.4 in [15] to the effect that the stabilization parameter
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should not be taken too large to avoid excessive computational requirements result-
ing from the linear system becoming progressively ill-conditioned as A increases. Of
course, this is less of a problem if direct solvers are used. To ease the set-up of our
computations, we consider only A = \,,, = A..

In our case, a suitable value of A is obtained by trial and error. In essence, the choice
of A impacts GM methods in two ways. The first is how fast the initial oscillations
are damped (which results from the velocity and pressure uncoupling). For larger A,
the oscillations are damped within few time steps while smaller A\ requires far more
time steps. The second impact of the choice of A is on the quality of the solution.
This issue arises with the choice of A in SBDF methods with grad-div stabilization
term. The value of A is linked to the local (or pointwise) mass conservation, which
has an impact on the accuracy of the pressure and velocity. Unlike SBDF methods,
GM and GM-SRM methods enforce mass conservation in many time steps depending
on the choice of A\, as mentioned above. Hence, the choice of A in GM methods is
more delicate.

4.3 New extrapolation formulae of nonlinear terms
in DC, GM and GM-SRM methods

In Chapter 2, new nonlinear extrapolation formulae are proposed for the 2°d- and
3'%order DC, GM and GM-SRM methods without providing an in-depth explanation
behind these formula. Nonetheless, the new extrapolation formulae produce numerical
improvements in terms of reduction of error (in time) on velocity and pressure.

When combining the formulae proposed in [23] with Po-P; finite elements, we observed
a partial loss of numerical accuracy. The loss of numerical accuracy is somewhat
negligible for test cases involving only

(a) manufactured solutions,
(b) flow with low Reynolds number (high viscosity), and
(c) short time interval; i.e., 7" small.

To be more specific, we observed a lost of numerical accuracy (in time) for unsteady
flows over a large time interval involving high Reynolds numbers. For instance, this
occurs when a long transient is required to capture periodic solutions. We realized
that the resulting error on velocity and pressure with DC, GM and GM-SRM methods
can be reduced by using improved extrapolation formulae for the nonlinear advection
term. This improvement will be illustrated numerically.

To begin with, we recall that the nonlinear term for the 3'%-order methods is ap-

proximated by B (u{;rl + 7ul™ + 72ul) to give rise to a semi-implicit method. This
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expression can be recovered by summing up the nonlinear terms in each subprob-
lem using the asymptotic expansion (4.0.3)|,=m + 7(4.0.4)[=mi1 + 72(4.0.5)[n=ma2-
Moreover, for any k*-order methods, the sum of the nonlinear terms can be general-
ized as follows

B(uj+1) NB( ]+1+7_ ]+1+7_2 ]+1+ .._|_7'k luk l) (431)

The approximation ul’} &~ ul_, is made to maintain the semi-implicit nature of the

time-stepping scheme.

Proposition 4.3.1. The consistency of the nonlinear term in (4.3.1) can be estab-
lished; i.e.,

HB(un-H) N B(ug-i-l + Tu?f—kl + 721134-1 4+t Tk_luZ—l)H = O(Tk), (4.3.2)

fork=1,2,..., and any T such that the resulting method is stable, provided Hu“+1

u} || < cr is satisfied for some constant ¢ > 0.

k-
Proof:  Suppose that we have a = Z Tult b = 7t and ¢ = TF g
Using the bound established in Appendlx B.3, we have the following
HB(un-i-l) _ B( n+1 + Tun+1 + 7_2 n+1 et Tk:—luz_l)H
k-2
= HB ( Z 7'ju?+1 + 7k 1“2?) — B ( Z Tju}”l + kalu’,z_l) H
= =
< (Zrﬂu”“) (wth =g
k-2
+r (] — ) V( It + 7k 1u?) ’ (4.3.3)
=0

However, the consistency of the nonlinear term does not tell the whole story about
the potential error on the velocity and pressure. One should note that the defect cor-
rection steps can be constructed in arbitrary manner for each subproblem, especially
regarding the nonlinear terms, as long as the sum of these terms gives (4.3.1). We
propose new extrapolation formulae for the nonlinear term when n > 2. The original
extrapolation formulae from [23] are maintained for n = 0 and n = 1. This is to
ensure that the initialization of these methods (DC, GM and GM-SRM) is properly
done. The new formulae are given in Table 4.1. We denote the approach taken in [23]
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as the NLjoz-formula. We also propose several new formulae; e.g., NLgos-, NLgs3-,
NLss3, etc. The triple index is used to indicate the number of the past variables
used to evaluate the approximations of the nonlinear terms in the 1%'-, 2. and 3%-
subproblem. As an illustration, the NLjs3-formula means that a one-step value is
used in the 1%*-subproblem, while two- and three-step values are used in the 2"- and
3'4 subproblem, respectively.

We set the formula for MS-EX2 and MS-EX3 in a similar way to high-order extrapo-
lation scheme used for multistep methods (see Table 4.1). For instance for MS-EX2,

Wyany Woan n—1» woan—1» wn—1 n—2» :
we replace “ug” by “uf —u; 7 and “uj by “uf™" —uy™*", while for MS-EX3,

we replace “uj” by “3uf — 3uj~! +uj~*” and “uf'” by “u} !t —u]®

We encounter a very restrictive stability condition on the time step with MS-EX2 and
MS-EX3 formulae similar to the SBDF methods. The resulting error on velocity and
pressure with MS-EX2 and MS-EX3 is larger than that with NLjs3 formula. NLgss
and NLgps formulae produce less accurate approximations than those with the NLjg3
formula. The only advantage is that they allow slightly larger critical time step than
NLj93 formula and still be stable. For these reasons, we do not include MS-EX2,
MS-EX3, NLg3 and NLgg3 formula in our numerical results below.

Table 4.1: Several extrapolation formulae of the nonlinear term for DC-3,
GM-3 and GM-SRM-3 methods implemented for n > 2 (e.g., see (4.0.3)—
(4.0.5)).

Subproblem
1 (nigth) 2 (nl}) 3 (nlp )
Formula

NLi23 [23] B(ug) B(uf +7u} ") Bluy T+ rul !+ r2up?)
Npezs Bug +ruf) Bug +ui”)) Blug ™!+ ruy ™! 4 r2up~?)
NL23s B(uf + tu?) B(uy + ruf ™! 4 r2udmh) B(ug a4 r2ul™?)
NL333 B(ug +ruf + m2up ™) B +7mu? ™ £ r2ul7Y) | Bup Tt 4T 4 r2ul )
MS-EX2 B(2u} —uj™h) B(ug + r(2u? Tt —u?T?)) B(uj '+ rup Tt 4 r2ul %)
MS-EX3 B@Bu? —3ul ™ +ul™?) | Buf +7ut —u?) | Bul 4 ru T 4 r2ul )
NLo23 0 B(ug + ru? 1) B(uj '+ rul Ly r2al2)
NLoo3 0 0 B(ug ! + 7ul ! + 7'211'L72)

For the sake of completeness, we also include two types of extrapolation formulae
for DC-2, GM-2 and GM-SRM-2 methods; i.e., NLi5 and NLyy formulae as shown
in Table 4.2. The interpolation formula NL;, is backtracked from the 3'9-order GM
methods [23] since the 2"4-order method was not provided explicitly therein.
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Table 4.2: Two types of extrapolation formula for DC-2, GM-2 and GM-
SRM-2 methods to be implemented only for n > 1.

Subproblem
1 (nipth) 2 (nl7)
Formula
NLio B(u?) B(ugy +7u?™ T
NLas B(u? +7u?) | Bul + Tu?"!)

In the following section, we present numerical comparisons implementing several of
the proposed nonlinear extrapolation formulae. The numerical comparisons are done
in terms of the numerical error (in time), both on velocity and pressure, the resulting
numerical stability and the ability to deliver the robustness when computing unsteady
flows for large T'.

4.3.1 Testing the nonlinear extrapolation formulae :
Numerical error in time

In this section, we compare the extrapolation formulae for the nonlinear term in terms
of the numerical error (in time) on velocity only. We will compare the NLjs and NLgy
formulae for the 2"-order methods; and the NLjs3, NLgog and NLgss formulae for the
3'd-order methods.

For this purpose, we consider a test case which was used in Chapter 1 and 2; i.e., the
2D flow around the cylinder. The geometry, mesh and computational settings, in-
cluding boundary and initial conditions, used are taken from Section 4.3 of Chapter 2.
Hence, all these informations will not be repeated here. The L2-error on the velocity
between the reference and numerical solutions (with varying time steps) is computed
at t = 8 using (30) while the order of the convergence (in time) is computed using
(31), both given in Chapter 2. We don’t compute an exhaustive set of test cases, but
instead consider only the 2" and 3'%-order DC and GM methods. We conjecture
that similar results can be observed with GM-SRM methods using identical nonlinear
approximations. Lastly, the stabilization parameter \ is set to 10* in both GM-2 and
GM-3 methods.

Figure 4.2 shows the log-log plot of the L2-error on velocity versus the time step 7
using DC and GM methods for both 2"- and 3"4-order accuracy.
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Error on velocity for GM-2 method
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Error on velocity for DC-2 method
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Error on velocity for DC-3 method Error on velocity for GM-3 method
T T T T T T T T

7.0 |- e DC-3 (NLpyy) —— - 70 | GM-3 (NLpy) —— -
- DC-3 (NLyyy) o GM-3 (NLyy,)
50 |- e DC-3 (NLygy) +eewoees | 0 | e GM-3 (NLyzy) =wevseee |
R DC-3 (NLgzz) e s g GM-3 (NLyz3) oen o
Slope 3 Slope 3
90 ! ! ! ! ! ! 90 ! ! ! ! | !
3.2 -3 2.8 2.6 24 2.2 3.2 -3 2.8 2.6 2.4 2.2

log;y (1) log;y (1)

Figure 4.2: L? error on velocity as a function of time step 7 for DC and GM
methods using different extrapolation formulae.

DC-2, DC-3, GM-2 and GM-3 methods reproduced the theoretical order of conver-
gence with all the nonlinear extrapolation formulae. This is not surprising by virtue
of Proposition 4.3.1. For DC-3 with the NL333 formula, the velocity error is larger at
7 = 0.008 but gradually overlaps with the error for the NLys3 formula for 7 < 0.004.
We suspect that the compromised accuracy with NLgzz3 formula at 7 = 0.008 could
be induced by the onset of the numerical instability.

For GM-2 and DC-2 methods, the L?-error on velocity at any fixed time step for
the NLgy formula is about 6 times smaller than the one for the NL;5 formula. The
smallest L2-error is produced by NLyss and NLgss formulae. The error reduction with
NLgs3 and NLj333 formulae reaches an order of magnitude (10 times) smaller than the
error with the NLgos formula. Interestingly, an error reduction of about two orders
of magnitude (30-50 times) is observed when NLog3/NLgsss formulae are compared
to the NLjp3 formula [23]. Being the most accurate (in time) alone is not sufficient
to make a method efficient. In the following section, the stability of these nonlinear
extrapolation formulae will be investigated. We suspect that the numerical error does
not originate from the grad-div term since GM and DC methods produce error of
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the same magnitude while the GM methods have a grad-div term but DC methods
do not.

4.3.2 Testing the nonlinear interpolation formulae: Numeri-
cal stability

We observed that the extrapolation formulae for the nonlinear term impact the nu-
merical stability of the time-stepping methods. The stability analysis for methods
with defect correction (e.g., DC, GM, GM-SRM methods) is particularly challeng-
ing as it involves several subproblems and asymptotic expansions. We proceed as in
Chapter 2 to obtain the critical time step 7.4 and CFL bound using the bisection
method.

In addition, we also compute a parameter © which controls the ©-stability condi-
tion [37] for the stiffness term using the following formula

Terit
= —_— o ) 4.3.4
0 %{R p 1l <K>} 454

While 7.5 gives us information for picking an ideal time step for the computation of
unsteady flows, both parameters CFL and © are more relevant to study the stability
of our methods. In this section, we also check if the CFL and © numbers are mutually
related to control the linear stability of our methods, as was proposed by Kress and
Lotstedt for semi-implicit schemes [37]. These authors noticed a mild dependence
of the CFL bound on O in their linear stability analysis. The stability comparisons
are done for all methods, i.e., 2°- and 3'%-order DC, GM and GM-SRM methods
(all with the various nonlinear extrapolation formulae that we proposed earlier). In
addition, we check whether or not the stability in our methods exhibit a predictable
behaviour based on the linear stability analysis established in [37].

For the 2D flow around the cylinder at Re = 100, all computations were done as in
Section 4.3.1 of Chapter 2. In this particular test however, T' = 12 is used, ensuring
that about two periods of the solution are computed since a period lasts about 5.88
time units. Table 4.3 shows 7.5, CFL and © for our methods with different nonlinear
extrapolation formulae. We make the following observation

(a) Generally, the CFL bound of SBDF, DC, GM and GM-SRM methods decreases
from 2"4-order to 3"4-order accuracy. All 2"4-order methods are found to be more
stable than 3*%-order methods in this test case.

(b) For anyone of DC, GM and GM-SRM methods, the CFL bound decreases accord-
ing to the following ordering of the extrapolation formulae used: NLjo3, NLoos,
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NLass, NLsss (3"-order accuracy); and NLjy, NLy, (2°4-order accuracy). The non-
linear extrapolation formulae proposed by [23] produces the most stable methods.

(c) For all methods at a given order of accuracy, the CFL value decreases according
to the following order: GM, GM-SRM, DC, SBDF. DC methods are more sta-
ble than multistep SBDF methods at a given order of accuracy since the linear
systems of the momentum equation retain the structure of 1%%-order backward-
forward Euler. Actually, GM methods are as stable as GM-SRM methods (their
CFL values do not differ significantly). Methods with a grad-div term produce
better stability behaviour (This has been explained in Remark 4.1.5).

(d) Trends similar to those observed for the CFL bound are observed for 7. for all
methods. The 7. and CFL of the 3'%-order methods with NLjs5 formula is about
twice as large as those for the 3"-order methods with NLgss formula.

Table 4.3: Critical time step 7, CFL bound and ©-stability bound of
various methods for the 2D flow around the cylinder at Re = 100. The range
of O-stability bound denoted by “Range ©” taken from [37] is also included.

Method (formula) Terit CFL ® Range © [37]
SBDF-2 1.19511 x 1072 | 4.14535 x 10" | 6.74920 x 102 0.05 — 0.10
SBDF-3 7.02782 x 107° | 1.83198 x 10~ 1 | 3.57147 x 102 < 0.001

DC-2 (NL;2) 1.63044 x 107 | 4.26562 x 10~ " | 8.31591 x 102 0.05 — 0.10
DC-2 (NL2») 1.15514 x 1072 | 3.01250 x 1071 | 5.87291 x 102 0.02 — 0.05
DC-3 (NL123) 1.50245 x 102 | 3.96548 x 10~ " | 7.73077 x 10> 0.05 — 0.10
DC-3 (NLa23) 1.15514 x 102 | 3.01178 x 10~ " | 5.87152 x 10> 0.02 — 0.05
DC-3 (NLgs3) 8.11682 x 10~ 7 | 2.11563 x 10~ T | 4.12445 x 102 0.02 — 0.05
DC-3 (NLss3) 7.19604 x 10~° | 1.87557 x 10 * | 3.65645 x 10~ 2 0.01 — 0.02
GM-2 (NLi12) 2.21248 x 107 | 5.76103 x 10" * | 1.12312 x 10~ T 0.10 — 0.15
GM-2 (NLs2) 1.45294 x 107 | 3.78189 x 10~ ' | 7.37280 x 10 2 0.05 — 0.10
GM-3 (NLi23) 2.07989 x 10~ 7 | 5.41585 x 10" * | 1.05583 x 10~ T 0.10 — 0.15
GM-3 (NLg2s) 1.45193 x 102 | 3.78065 x 10~ ' | 7.37044 x 10 2 0.05 — 0.10
GM-3 (NLoss) 1.05377 x 102 | 2.74389 x 10~ " | 5.34925 x 10> 0.02 — 0.05
GM-3 (NLs33) 9.57642 x 1077 | 2.49359 x 10~ | 4.86129 x 10~ 0.02 — 0.05
GM-SRM-2 (NLj2) | 2.20814 x 10~ | 5.74972 x 10" * | 1.12092 x 10~ T 0.10 — 0.15
GM-SRM-2 (NLgz) | 1.45223 x 102 | 3.76852 x 10~ © | 7.34680 x 10 2 0.05 — 0.10

GM-SRM-3 (NLi23) | 2.09778 x 102 | 5.46247 x 10~ " | 1.06492 x 10" 0.10 — 0.15

GM-SRM-3 (NLgo3) | 1.44806 x 102 | 3.77057 x 10~ " | 7.35079 x 10> 0.05 — 0.10

GM-SRM-3 (NLgsz) | 1.05255 x 1072 | 2.74120 x 10~ 1 | 5.34401 x 102 0.02 — 0.05

GM-SRM-3 (NL333) | 9.56957 x 10> | 2.49180 x 10~ | 4.85780 x 10> 0.02 — 0.05

For the 2D lid-driven cavity flow at Re = 8500, all computations are set as in Section
4.2.2 of Chapter 2. However, T' = 10 is used to compute several periods of the solution
(the period is 2.23 time units). Table 4.4 shows 7, CFL and © for our methods with
different nonlinear extrapolation formulae. We summarize our conclusion as follows:

(a) The CFL bound for SBDF and DC methods decreases from 2"4-order to 3™-order
methods, while the CFL bound for GM and GM-SRM methods increases from



4. SEVERAL NUMERICAL IMPROVEMENTS TO HIGH-ORDER
ARTIFICIAL COMPRESSIBILITY METHODS

By comparing the two test cases we observe that the stability of the methods differs
First, we observe an opposite stability behaviour in DC, GM
and GM-SRM methods in terms of the nonlinear extrapolation formulae in the two

on several aspects.

2"d_order to 3"-order formulae when comparing NL;s with all 3"4-order nonlinear
extrapolation formulae.
For DC and GM-SRM methods, the CFL bound decreases according to the fol-
lowing order of the extrapolation formulae used: NLss3, NLgss, NLggs, NLjos
(3"d-order accuracy); and NLgy, NLjy (2%9-order accuracy). The nonlinear ex-
trapolation formula proposed by [23] produces the least stable method.
We observed the same behaviour for 7. than what was observed for the CFL
bound for all methods except that 7. of SBDF-3 method is larger than that of
SBDF-2 method (while the opposite was observed for the CFL bound). The ey
and CFL bound of the 2"-order method with NLy, formula are nearly twice as
large as those for the 2"%-order methods with NLs formula. The 7.y and CFL
of the 3'%-order method with NLss3 formula is nearly twice as large as those for
the 3" methods with the NLj,3 formula.
The CFL bound (for all nonlinear extrapolation formulae) is greater for SBDF
methods than for DC methods at any given order of accuracy. SBDF methods
are more stable than DC methods in 2D lid-driven cavity at Re = 8 500.

Table 4.4: Critical time step 7., CFL bound and ©-stability bound of
various methods for the 2D lid-driven cavity flow at Re = 8500. The range
of O-stability bound denoted by “Range ©” taken from [37] is also included.

Method (formula) Terit CFL [S] Range © [37]
SBDF-2 1.45508 x 10 ° | 2.28314 x 10~ " | 3.22230 x 10 ° | 0.001 — 0.005
SBDF-3 1.57227 x 107° | 2.23712 x 10" " | 3.14192 x 10 ° < 0.001

DC-2 (NL;2) 7.12891 x 10~ 7 | 8.73756 x 10~ 2 | 1.25991 x 10~2 | 0.001 — 0.005
DC-2 (NLgo) 1.75781 x 107° | 2.23343 x 10" " | 3.25735 x 10" 0.02 — 0.05
DC-3 (NLjo3) 6.64062 x 10~ 7 | 8.13909 x 10~ | 1.17361 x 10> | 0.001 — 0.005
DC-3 (NLao3) 7.81250 x 10~ 7 | 9.57540 x 10~2 | 1.38072 x 10~2 | 0.001 — 0.005
DC-3 (NLgs3) 1.59180 x 10~% | 1.95099 x 10~ T | 2.81322 x 103 0.01 — 0.02
DC-3 (NLss3) 1.59180 x 10~% | 1.95099 x 10~ T | 2.81322 x 103 0.01 — 0.02
GM-2 (NLi2) 1.16211 x 107% | 1.42434 x 1071 | 2.05382 x 10~% | 0.005 — 0.010
GM-2 (NLs2) 2.58789 x 1072 | 3.17185 x 10 | 4.57363 x 10 ° 0.02 — 0.05
GM-3 (NL23) 1.34766 x 102 | 1.65176 x 10~ ' | 2.38174 x 103 0.01 — 0.02
GM-3 (NLa23) 1.38672 x 102 | 1.69963 x 10~ ' | 2.45078 x 103 0.01 — 0.02
GM-3 (NLa33) 2.37305 x 10~ ° | 2.90853 x 10" | 4.19393 x 10 0.02 — 0.05
GM-3 (NL333) 2.39258 x 10~ ° | 2.93247 x 10~ | 4.22845 x 103 0.02 — 0.05
GM-SRM-2 (NL12) | 1.16211 x 10™° | 1.42434 x 10~ | 2.05382 x 10~° | 0.005 — 0.010
GM-SRM-2 (NLg2o) | 2.59766 x 10~° | 3.18382 x 10~ | 4.59089 x 10~ 0.02 — 0.05

GM-SRM-3 (NL123) | 1.30859 x 10~° | 1.60388 x 10~ ' | 2.31270 x 10 3 0.01 —0.02

GM-SRM-3 (NLa223) | 1.35742 x 102 | 1.66373 x 10~ " | 2.39900 x 103 0.01 —0.02

GM-SRM-3 (NLg33) | 2.37305 x 10 ° | 2.90853 x 10~ | 4.19393 x 10~ ° 0.02 — 0.05

GM-SRM-3 (NL333) | 2.39258 x 10~ ° | 2.93247 x 10~ " | 4.22845 x 10 ° 0.02 — 0.05
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test cases. NLjs and NLjs3 formulae produce the largest CFL bounds in the 2D flow
around the cylinder for 2°- and 3'9-order methods, respectively. However, the same
formulae produce the smallest CFL bounds in the 2D lid-driven cavity. Second, the
CFL bound and 7 have opposite behaviour in 2"4- and 3'%-order SBDF methods
that had not been explained in Section 4.4 of Chapter 2. Third, the stability is weaker
for DC methods than for SBDF methods though DC methods have the structure of
18%-order backward-forward Euler usually associated with a better stability. We don’t
have a clear explanation for these contradictions except the fact that the stability
behaviour is sometimes case dependent.

Next, we compare our stability results in terms of CFL and © with the one obtained
using a linear stability analysis in [37]. Figure 4.3 shows the stability region for 1%'-,
2nd_ and 3'9%-order SBDF methods; i.c., the bounding curve for the CFL number for
various © values.

0.8 0.41 9=

|

0.6 0 0.1 0.2 03 0.4 0.5 0.6
u

Figure 4.3: Stability domain for 15%-(left), 2"d- (center) and 3'9-order (right)
SBDF methods for various values of the parameter ©. These plots are taken
from Kress and Lotstedt [37].

The space discretization employed in [37] is a 4*™-order compact finite difference
scheme with equidistant staggered Cartesian grid. The CFL number is thus dependent
on the direction of propagation of the wave. Our CFL number is computed using the
diameter hx of an element K, hence it is not directly linked with their directional CFL
number; e.g., u;~ and v— where h, and h, are the mesh size in z- and y-direction,
as shown on Flgure 43. We compare our CFL number with either uz- or vy~ to
have a rough estimate of the CFL bound as a function of ©. The “Range ©” that
are given in Tables 4.3 and 4.4 correspond to the (approximate) value of © such that
ug- (or vy~ ) equals our CFL bound. For DC, GM and GM-SRM methods, we use
the graph for the semi-implicit BDF-1 method [37] (similar to the SBDF methods in
our work) since the defect correction method has the structure of backward-forward
Euler method.
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In Tables 4.3 and 4.4, the blue font is used to indicate that the © values obtained
with our methods fall within the “Range ©” found in the [37] for a given CFL bound.
The red font denotes that the © values lie outside the published “Range ©”.

For 2D flow around the cylinder (see Table 4.3), the © values of all methods agree
well with “Range ©” except for DC-2 (NLge-formula), DC-3 (NLgys formula), DC-2
(NLss3 formula), GM-3 (NLgss formula) and GM-3 (NLggs formula) methods which

are about 2% to 8% off their bounding curve (see Figure 4.3).

For the 2D lid-driven cavity flow at Re = 8500, we do not have a favourable com-
parison. Only the © values of SBDF-2, SBDF-3, DC-2 (NLj, formula), DC-3 (NLja3
formula) and DC-3 (NLyss formula) methods agree with the “Range ©” from [37].
Linear stability analysis conducted in [37] may not be applicable to study flows with
high Reynolds numbers and time-stepping methods where a grad-div stabilization
term is present (such as GM and GM-SRM methods).

4.3.3 Testing the nonlinear interpolation formulae: The prop-
agation of numerical error in time

We found that some error can potentially grow when simulation are carried over
long period of time. This error is otherwise almost undetectable when test case is
computed over a very short period of time or when time step 7 is chosen very small.
This numerical issue however, does not affect the 2"d-order DC, GM, GM-SRM and
all SBDF methods.

To illustrate this, we computed the 2D flow around the cylinder at Re = 100 which
was used in Section 4.3.1 except that we set T' = 2000 and take a reasonably large
time step for the semi-implicit methods; i.e., 7 = 0.005. We solve the test problem
with DC-3 and GM-3 methods using the formulae NLjg3, NLgss, NLogs and NLgss.
Figures 4.4 and 4.5 show the time-evolution of the z-velocity u monitored at two
locations; i.e., near the upper boundary (13, 3) and near the free exit (22,0).
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Time evolution of x-velocity,u iputed using DC-3 near upper boundary (13, 3)
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Figure 4.4: Time evolution of the z-velocity u monitored at the point (13, 3)
near the upper boundary and at the point (22, 0) near the free exit with DC-3
method and the extrapolation formulae NLjs3, NLgos, NLoss and NLgss.
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Time evolution of x-velocity,u computed using GM-3 near upper boundary (13, 3)
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Figure 4.5: Time evolution of the a-velocity u monitored at the point (13, 3)
near the upper boundary and at the point (22, 0) near the free exit with GM-3
method and the extrapolation formulae NLjs3, NLgss, NLoss and NLgss.

The velocity of the 2D flow around the cylinder at Re = 100 is periodic with one
frequency mode having a period of about 5.9 time units. The velocity u obtained with
NLjs3 and NLggg formulae is very far from achieving the above expectations. Error
propagates in time and becomes more severe at the point near the free exit than
near the upper boundary. On the other hand, the full periodic solution is maintained
with both NLgs3 and NLss3 formulae with a period of about 5.9 time units. We plot
the same curve for both NLgss and NLss3 formulae since they overlap. Using NLgss
formula, the DC, GM and GM-SRM methods produce nearly identical periods for
this flow (see Chapter 2).

We observe that DC-3 and GM-3 methods with the NLjs3 and NLgss formulae pro-
duce solutions with similar numerical artifact. Hence, we rule out that the grad-div
stabilization term or the decoupling of velocity and pressure produce this type of
error. Clearly, the error propagating in time can be improved by implementing NLos3
and NLjs33 formulae in DC-3 and GM-3 methods.
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4.3.4 Testing the nonlinear schemes: Short conclusions

In Section 4.3.1, we have illustrated numerically that the NLyy formula (2nd—order
methods) as well as NLys3 and NLgsz formulae (3"-order methods) produce the least
numerical error (in time) while still maintaining the theoretical order of convergence.
A stability comparison was made with test cases for all methods in terms of the critical
time step 7., the maximum CFL number and ©-stability condition. We noted that
the stability behaviour induced by the nonlinear interpolation formulae depends on
the test case and is difficult to predict, at least in term of which method is the most
stable.

For the 2"d-order methods, NLs formula produces a better numerical stability than
NLyy formula when computing 2D flow around the cylinder. However, for 2D lid-
driven cavity flow, NLgy formula produces a better numerical stability than NLis
formula. For the 3"d-order variants, NLi,3 formula is the most appealing in terms of
stability when computing 2D flow around the cylinder, while NLs333 formula is the
best for 2D lid-driven cavity flow. A good balance in term of stability for both test
cases is provided by the NLgss and NLgsz formulae. Moreover, NLyss formula is the
best candidate for 3"-order methods since it does not produce numerical error in
computations over a reasonably long time interval.

To conclude, NLsgy and NLgss formulae seem to be the ideal choices for all 2" and
3*%order methods, respectively, justifying why these interpolation formulae had been
implemented in Chapter 2.

4.4 The grad-div splitting for GM and GM-SRM

We have seen in Chapter 2 that both GM and GM-SRM methods are very promising
in terms of accuracy since they can reach arbitrary order from the defect correction
strategy. Moreover, computations with GM and GM-SRM do not require the solution
of a large saddle point problem. By using velocity and pressure splitting akin to
a formulation that mimics ALM, the saddle point problems in GM and GM-SRM
methods are broken into smaller linear system with symmetric and positive definite
matrices. With Py-IP; elements, the ratio of the degrees of freedom between velocity
and pressure is about 9:1 in 2D while being 19:1 in 3D. The linear system for the
momentum equation in GM and GM-SRM is still significantly larger than the linear
system for the pressure update (continuity equation). Below we will present the GM
method only but the proposed strategies apply to GM-SRM as well.

In this section, we further reduce the complexity of the linear system for the momen-
tum equation in GM methods using a grad-div splitting. Grad-div splitting uncou-
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ples the velocity components u, v and w (in 3D problem). As a result, much simpler
linear systems are solved which involve only scalar parabolic problems for each veloc-
ity component. We got our inspiration from [24]. This results in a smaller symmetric
and positive definite matrice, for each velocity component separately. However, the
trade-of is that more linear systems (e.g., two linear systems for 2D flows and three
linear systems for 3D flows) are solved in each subproblem. Also, we recall that the
number of subproblem follows the order £ of the method. Nonetheless, if a finer grid
is required in 3D computations, this approach is viable, especially if combined with
an iterative linear solver.

To give a general idea how this can be realized, we first recall from Proposition 4.1.1
that the resulting grad-div term in GM methods does not vanish with Po-P; elements.
Since GM methods treat the pressure in an explicit way in the momentum equation,
the only coupling mechanism between the velocity components in the linear solve
comes from the mixed partial differential operators from the grad-div term; i.e., Oy
and 0, for 2D problem, and 0.y, Oy, Oz, 0.z, Oy, and 0., for 3D problem. To
uncouple the velocity components, these mixed differential terms can be computed
explicitly.

In the two-dimensional case, we consider the mass matrix M, the stiffness matrix A
is built from —vAu, and the matrices obtained from discretizing 2"%-order differen-
tial terms; i.e., 011 = —Aam, 012 = —)\axy, 021 = —/\ny and C22 = —)\ayy. For
brevity, the right hand side of the linear system for the z- and y-components (which
contains the past steps, nonlinear advection term, pressure gradient, higher-order de-
fect correction term and external forces) are noted with F} = F(ul, v, p*, 1) and
Fy = F(ul, v, pl, f;‘“), respectively. Then, the momentum equation of all subprob-
lems in GM-3 method (4.0.3)—(4.0.5) can be expressed algebraically as follows:

M
—+A+Cn Cia s F
prava e ][]
Coy - + A+ Cy ‘ 2
where ¢+ = 0,1,2 is the index representing the variable for subproblem 1, 2 and

3, respectively. The superscript n is the time index. The data u?,v? and p{ for
i =0,1,2 are required to initiate the computations. The above linear system (4.4.1)
can be solved independently for the z-velocity u and y-velocity v, using the block
Gauss-Seidel iterative method (see [48]): For any given (u®? v%9 p9) := (u° 2%, p°)
and n fixed, we compute

(2

M
(? + A+ Cll) UjHrl’erl = Fl _ Cfl2uzl+l,m7
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7

M
(— +A+ 022) o T = By — Gyt i =0,1,2,
.

for m = 0,1,2,... until [Ju™™™*H — u"*t™m|| < ¢ for a given tolerance € > 0. Then,
1,m+1 1,m+1 1m+1 . .
we set ul Tl = o THTE gt = L and pPtt = pt ™ and the iteration

goes on with the next value of n. The convergence of this algorithm is important to
ensure numerical accuracy. We require that these solutions be as close as possible to
the solution produced by GM methods without the grad-div splitting.

The convergence of grad-div uncoupling can be enforced in several ways. In the
following section, we present three different approaches: first, a variant that em-
ploys Jacobi/Gauss—Seidel iterations with stopping criterion; second, the approach
proposed by Guermond and Minev [24] which is known as the “bootstrapping” tech-
nique; and third, a correction method similar to the one used for the nonlinear term.
For the second and third methods, no iteration is needed and no stopping criterion is
required for the convergence of the grad-div uncoupling. This is very appealing for
numerical efficiency. For the sake of illustration, all grad-div splitting schemes are
constructed based upon GM-3 method. Similar techniques are also applicable to the
GM-SRM method.

4.4.1 Grad-div splitting: Iterating using the Jacobi/Gauss—
Seidel method

Let us define the following matrices

0 Cip Ci3
CA:[S 682:| CA— O O 023 y
0 0 0
for 2D and 3D Navier-Stokes equations, respectively. Here, C;; = —\0J;; where
1,7 = 1,2 or 3 denotes the z-, y- and z-component of the velocity, respectively.

The Jacobi method applied to the 3'-order GM method with NLyss formula and
grad-div splitting reads: Given the initial condition (u, p3) = (u(0),p(0)) and set-
ting (u,p?) = (ud,pd) = (0,0), we compute (u"*! p"*') n > 0, by solving the
equations (4.4.2), (4.4.3) and (4.4.4) for (ug*h, pp™), (u,p?) and (ui ' pi—t), re-
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spectively.
( 1n+1 B(u3)7 fOrOSnS 17
n =
0 B} +ru™h), forn > 2,
Initialize ug™ = uy. Set @ = uj™" and solve for uj™ the equation
TL+1 _ n
Forn > 0. o —vAuit =AYV ugt - Ca(uj — W) + Vi

_ fn+l n+1
=" —nlj™,

until |uf*! — 1| < e for a small e > 0.

pott =pf = AV -ugt
dup™ = (ug*™ — )/, dpptt = (it - pi)/T.

(4.4.2)

(q2u!t! = (duf™ — duf) /7,

I B(u} + ru}™h), forn =1,
n —=

! B} +ru} "t + r2uy ), forn > 2,

Initialize uf := uf~'. Set W = u? and solve for u} the equation
n n—1
uf —u
For n > 1, % —vAul — A\VV -ul — Ca(u} —u) + V(p! ™ +dpp)
_ Ly _nhionk
2 0 T
until ||u} —u|| < e for a small e > 0.

9

Py =pi" +dpy — AV - uf,
(duf = (uf —u}™)/7, dpt = (py —pi ")/ 7

(4.4.3)
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012111 — (clu1 du’f‘l) /T d3ug+1 = (d2u)™" — d2u}) /7,
Initialize u} ™' := uj 2 Set W= uj ' and solve for uj ' the equation
n—1 _ .. .n—2
Do —% yAug—l AV w ! Ca(ul ! - 1)
for n > 2, T alr—! — -t
n—2 n—1\ 2 3u n+1 2 — 1
+V(py ™ +dp?™) = ——d 1+ 6d S R
until |uy™! — 1| < e for a small e> 0.
Pyt =py A dp T = AV up T
\unfl — ug—l + Tul + 7_2 n— 1, pnfl — pg—l + Tprlz—l + 7_2ng 1‘

(4.4.4)

Remark 4.4.1. For the Gauss—Seidel method, the assignment of u is modified. When
solving the z-component of the momentum equation in each subproblem, we set

n

u™ Uy

u= n an u = v;
V!

) w

i

for 2D and 3D problems, respectively. When solving the y-component of the momen-
tum equation in each subproblem, we set

n+1
ut! U;
u=| °, and u= (A
V-
1 n
w.

)

for 2D and 3D problems, respectively. When solving the z-component of the momen-
tum equation in each subproblem, we set

=]

for 3D problem, where i = 1,2, 3 is the index of the subproblems involved. We ob-
serve that the Gauss—Seidel algorithm converges faster than Jacobi algorithm. Hence,
Gauss—Seidel method is chosen in our work.

The only drawback of the method above is the need to solve several scalar parabolic
problems to satisfy the stopping criterion. The CPU time becomes prohibitive for
3D problems with high-order methods; e.g., GM-3 method. However, in certain test
problems when steady flows are involved, the Gauss—Seidel iterations can be limited
to two or three iterations since time-stepping eventually resolves the fully coupled
system.
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4.4.2 Grad-div splitting: Guermond and Minev

The computation of grad-div splitting in GM methods can be accelerated using a
scheme proposed by Guermond and Minev [24]. However, the setback is a small
lost of accuracy in both time and space. This method for 3"-order GM method
proceeds as follows: Set (uf, p§) = (u(0),p(0)) and (u?,p?) = (ud,pd) = (0,0). We
compute (u** p"*1) n > 0, by solving the equations (4.4.5), (4.4.6) and (4.4.7) for

(g™ pp ™), (uf,pit) and (w3~ p3 "), respectively.

ln+1 B(uo)
uﬁ“ —up

—vAulT =AYV - ultt - Ca(uf ™ —ud) + Vpi
For n > 0, Z gl _ n]ngl,
p8+1 — pg )\V u6L+1’
(duf™ = (ugt =)/, dpptt = (ot - P/

(4.4.5)
(d%uf™ = (duj™ — dup)/,
nlj = B(ug + 7uf ™),
1 1
o n— O . n—
L vAu? — A\VV -u? — Ca(u? —ul ™) + alug —up )
Forn > 1, < T 1 nl” — nl? 7
+V@?*+@ﬁy:—?ﬁﬁﬁﬁ——L7—£+Avv-mﬁ,
py =pi"! +dpy — AV - u,
\duf = (u} —uy™Y)/7, dp} = (0F —pi)/7
(4.4.6)
(d?u? = (du} — du}™) /T d3uf™ = (d?uj™ — d2u))/7,
nly ' = B(ug™' + rul 7t 4 TPuy 2),
u?~ 1 u 2
=2 2 . 2 _pAu - AVV o ul ! = Ca(ud T —ud?)
C unfl o un72 "
for n > 2, + a(uf 1) + V(p§_2 +dp§‘_1) _ ——dzul + 6d3 +1

nln—l _7r_11n—1
——2 1 L AVV.dull,

2
T
P gAY
un—l — ug—l + Tul + 7_2un 17 pn—l — pO + Tp? 1 4 7_2ng 1

\

(4.4.7)
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One advantage of such scheme is that there is no subiterations done to address the
grad-div splitting. A careful investigation of the algorithm shows that this can be
achieved for two reasons. The first is the defect correction strategy to improve the
error from uncoupling from one subproblem to the next in a cascade manner. Second,
a bootstrapping technique is used to improve the divergence free condition; i.e., the
extra terms AVV - duj and AVV - duj ™' that can be seen in the right hand side
of the momentum equation (4.4.6) and (4.4.7), respectively. This is similar to the
bootstrapping technique that is used for the pressure; i.e., the two extra terms dpj
and dp?~! in the momentum equation (4.4.6) and (4.4.7), respectively. The stability
and convergence of this approach are investigated in [24].

4.4.3 Grad-div splitting: An analogue to the nonlinear ansatz
formulation

In this section, we propose a third approach to handle the grad-div splitting in GM
and GM-SRM methods. Let us define the following matrices

= 0 0 | (W A) O — vy, 0 .
CA o |: 021 0 :| and A = |: 0 _Vax:c - (V+ A)ayy ,
0 0 0
Ca=1|Cux 0 0
Cs1 Cz 0
and
—(V + )\)axaj — V<ayy + azz) 0 0
Z = 0 _V<aac;t + 6,27;) - (V + )\)82/9
0 0 —V(Oax + Oyy) — (v + A) 0z

for 2D and 3D Navier—Stokes equations, respectively. Using GM-3 method as an illus-
tration, we provide the algorithm of the method as follows: Set (u), pJ) = (u(0), p(0))
and (u?,p?) = (ud,pd) = (0,0). We compute (u"** p"*1), n > 0, by solving the
equations (4.4.8), (4.4.9) and (4.4.10) for (ug*', pi™), (u}, p}) and (uh~', ph~1), re-
spectively.
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gt ug, formn=0orn=1,
o up +7ult, forn > 2,
nly™ = B(si™),  gdyt! = Caspt,
For n >0, ¢ yrt! — y»
0 0

+Auf ™ + Vpp =t —nlptt — gdl T — Caul
Pt = = AV ugT

(dug™ = (ug™ —uf)/7, dpiT = (gt — ) /7

(4.4.8)
’d2ugJrl = (duf™ — du})/T,
L Jup+Tul forn =1,
t ug + 7'u§“1 + TQu;"l, for n > 2,
nl}f = B(s}), gd} = Casy,
Forn>1{ uf —upt _ 1 n nl} — nlj
- 4 < . L+ Auf +V(py ' +dph) = _§d2u0+1 -1 -9 - 0
d’ —edl —
- e N 5 S
T
Py =pi " +dpy — AV - uf,
ldu} = (uf —uiY)/7, At = (- pi)/T
(4.4.9)
(d?u] = (du} — du}™)/7, d:"ugJrl = (d2ugJrl —d?uy)/T,
spt=ult + a4+ T2
nlg_1 = B(sg_l), gdg_1 = CAsg_l,
n—1 n—2
u —u - . - 1 n 1 n
for n > 2, % + Aug T+ V(py 4+ dp ) = —§d2‘11 + 6d3u0+1
nly ™' —nlf™" gdy! —gdi! C sl
B T2 B T2 VA%
Py = dp Tt = AV up
\unfl — ug—l + Turlz—l + 7_211721—1’ pnfl — pg—l 4 Tp?—l + T2p721—1'
(4.4.10)

The convergence of the grad-div splitting is done using a correction algorithm similar
to the one implemented to approximate the nonlinear advection term, the “nonlinear
ansatz”. For instance, we recover the global grad-div term (right hand side of the
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momentum equation) by summing all the momentum equations from each subprob-
lem: (4.4.8)]p=;+7(4.4.9)],=j+1+72(4.4.10)|,,—+2 for any fixed positive integer j > 0.
Ignoring all terms except the grad-div term, we have the following:

j+1 j+1 j+1 j+1

T T2
= —CAS%+1
Cn Cra ué“ + Tu]1+1 + T
Cyr C 4 ol )
= —AVV- (w)t +rult )
= AUV - 22UV (u)T - ud).
If the condition ||u}™ — u}| < ¢r is met, then the grad-div splitting produces a
truncation error of order 3 (in time). This can be achieved with a suitable choice of
the time step 7 and stabilization parameter A\. The simplicity of this algorithm is

similar to the one proposed by Guermond and Minev since no Jacobi or Gauss—Seidel
methods is involved.

4.4.4 Numerical results

In this section, we conduct simple numerical test cases to compare various grad-div
splitting approaches in terms of L2-error (in time only) on velocity and pressure. This
L?-error is computed by taking the difference between the reference and numerical
solutions on the same mesh at each time step for a span of time 7. The reference
solution is generated with GM-2 method with a very fine time step 7 = 6.25 X
107°. All these are done using the two manufactured solutions used in Section 4.1
(Manufactured Solution I) and Section 4.2 (Manufactured Solution II) of Chapter 2.

For both manufactured solutions, we use the same domain, mesh, boundary and
initial conditions as in Chapter 2. In this numerical test, we use only the 2°-order
GM method. The extension to the 3™-order GM can be done in a straightforward
manner but is not attempted here. We denote by GMS2-GS,, the first variant of the
grad-div splitting technique presented in Section 4.4.1 which combines GM-2 with a
stopping criterion based on a fixed tolerance e and by GMS2-GS,, the variant with
a fixed number n of Gauss-Seidel iteration. We denote by GMS2-GM the variant of
the grad-div splitting proposed in [24] (Section 4.4.2) and by GMS2-NLGD the one
proposed in Section 4.4.3. Various stabilization parameters used for each of these
grad-div splitting for Manufactured Solution I and II are summarized in Tables 4.5
and 4.6, respectively.
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Table 4.5: Parameters used with different grad-div splitting techniques for
the Manufactured Solution I.

Manufactured Solution I

Method T n e A

GM-2 0.02 — — 25.0
GMS2-NLGD 0.02 — - 25.0
GMS2-GM 0.02 — — 7.0
GMS2-GS, 0.02 — 10715 250
GMS2-GS,, 0.02 3 — 25.0
GM-2 0.002 -— — 6.5
GMS2-NLGD 0.002 — — 6.5
GMS2-GM 0.002 — — 6.5
GMS2-GS, 0.002 — 1075 65
GMS2-GS,, 0.002 3 — 6.5

Table 4.6: Parameter used with different grad-div splitting techniques for
the Manufactured Solution II.

Manufactured Solution IT

Method T n e A

GM-2 0.02 — - 3.13
GMS2-NLGD 0.02 — — 1.0
GMS2-GM 0.02 — — 1.0
GMS2-GS. 0.02 — 1071 1.0
GMS2-GS,, 0.02 2 — 3.13
GM-2 0.002 — — 0.75
GMS2-NLGD 0.002 — — 0.75
GMS2-GM  0.002 — — 1.0
GMS2-GS.  0.002 — 107 0.75
GMS2-GS,, 0.002 2 — 0.75

For Manufactured Solution I, the time evolution of the numerical error (in time only)
on velocity and pressure is shown in Figure 4.6. Here, we also include GM-2 method
for benchmarking purpose. For 7 = 0.02, we observe that the GMS2-GS,, method
produces the largest error on velocity and pressure followed by GMS2-GM, GMS2-
NLGD and GMS2-GS, methods. The GMS2-GS, method converges to the solution
of GM-2 method by setting the tolerance e = 107!® at the expense of a very large
CPU time.

For 7 = 0.002, error curves on velocity computed with all grad-div splitting are
in good agreement with the one computed by GM-2 method except for GMS2-GM
and GMS2-GS,, methods. This suggests that the GMS2-GS,, method requires more
Gauss—Seidel iterations, (e.g., n > 3) to produce better results on velocity. In fact, the
number of Gauss—Seidel iterations required with e = 1071° are 29 and 22 iterations
for subproblems 1 and 2, respectively, if 7 = 0.02 while 8 and 7 iterations are required
in subproblems 1 and 2, respectively, if 7 = 0.002.
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The error on pressure computed by all grad-div splitting techniques are in good
agreement with the one computed by GM-2 method. We notice that the GMS2-
NLGD method is the most efficient since it is both accurate and requires the least
CPU time among all grad-div splitting techniques.

Numerical oscillations (in time) were produced at startup but were quickly damped
in 20-30 time steps. This shows that the choice of A for each of the grad-div formula
is almost optimal in the sense that the numerical error from over-stabilization is
minimized and the solution is very accurate for ¢ > 0.5. Larger \ can be used to
damp these oscillations more quickly but the risk of having numerical errors due to

over-stabilization increases.
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Figure 4.6: Time evolution of the L?-error on velocity and pressure for the
Manufactured Solution I (see Chapter 2) with various grad-div splitting
strategies.

Different numerical results are observed for Manufactured Solution II. For instance,
GMS2-GM produces the largest numerical error followed by GMS2-NLGD, GMS2-
GS,, and GMS2-GS, (see Figure 4.7). In particular, we observed that GMS2-NLGD
method is not as accurate as GMS2-GS,,. The GMS2-GS,, method produces very small
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error for both time steps 7 = 0.02 and 0.002 with only two Gauss—Seidel iterations.
However, the efficiency and the resulting error in GMS2-NLGD method could be as
competitive as GMS2-GS,, method if a smaller time step, (e.g., 7 = 0.001) is chosen.

In Manufactured Solution II, the number of Gauss—Seidel iterations required with
e = 1071% are 25 and 42 iterations in subproblems 1 and 2, respectively, if 7 = 0.02,
while 3 iterations are required in subproblems 1 and 2 if 7 = 0.002. We did not carry
out any efficiency analysis for these methods applied to our manufactured solutions
as we did in Chapter 2, where the CPU time to reach a certain error is investigated.

Numerical error for the velocity (t = 0.002)
T T T

Numerical error for the velocity (t = 0.02)
0.5 T T T ) T 3.0 ) T
10 GMS2-NLGD _ GMS2-NLGD
. GMS2-GM =+=#s== GMS2-GM === ===
GMS2-GS, v W 35 - GMS2-GS, vl T
1.5 GMS2-GS,, . . GMS2-GS,,
G20 4 S0 | T SRR ILIL IR
= PUPPPSPRT LR REEE TEEE EERT e =
=-25 | - i =
3 ol S5t 1
=30 4 = :
s S "
&35 F 4 £-50 . -
-4.0 - - “TJ
' - ., —
45 is =3 R —
5 ) e s e — - S
R L = —
I * |' I I I I I I I I ArEeae
5.0 -6.0
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Time Time
1.0 Numerical error for the pressure (T = 0.02) 25 Numerical error for the pressure (T = 0.002)
T T T T GMIZ T T T T GMIZ T
GMS2-NLGD GMS2-NLGD
L5 - GMS2-GM ] GMS2-GM »
GMS2-GS, GMS2.GS, rovvensBhosess
. GMS2-GS,, B30 F 0 s GMS2-GS,, —
20 F &l . E a
s -\
S SRR T JPTeN 3 3
25 e 4 3 € 3
= n BabiEt = .35 B ® -
T30 % - Al »
2 % Y \ ;
< | ] S \ L ‘%
oS-35 .40 % * JEN -
= i = & “eg., - .
4.0 o S— Tl s Sld -
LT Sang
45 | il T 45 - e =R -
. .y T,
vy
5.0 | | | | | | | | | | | |
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Time Time

Figure 4.7: Time evolution of the L?-error on velocity and pressure for the
Manufactured Solution II (see Chapter 2) with various grad-div splitting

strategies.

4.5 Concluding Remarks

The first part of this chapter has been devoted to complete the justification of the GM
and GM-SRM methods introduced in Chapter 2. For a fixed A in GM method and
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fixed ay,as in GM-SRM method, we showed that these methods converge to SBDF
and DC methods with an additional grad-div stabilization term under Py-P; finite
element approximation. However, the optimal choice of stabilization parameters in
GM and GM-SRM methods is still an open problem. We only resort to a method of
trial and error to obtain a nearly optimal value for the stabilization parameter (by
comparing to the exact solution or a reference solution obtained with reasonably fine
mesh and time step using the most efficient SBDF-3 method). This provides insight
on the choice of the stabilization parameters in many applications of 2D flows, but
cannot be used in practice since no exact or reference solution is available.

The second part of this chapter proposed several numerical improvements to reduce
the numerical error in DC, GM and GM-SRM methods, for instance new extrapolation
formulae for the nonlinear term. The NLy, and NLgss formulae are a good trade-off
in terms of stability and accuracy for 2"4- and 3"-order methods, respectively. The
final part of this chapter introduced grad-div splitting techniques which reduce the
complexity and size of the resulting linear systems in GM and GM-SRM methods.
We proposed a new grad-div splitting which is based on a nonlinear ansatz and
works satisfactorily well with no Gauss—Seidel iteration. It is preferable over the
one proposed in [24] (which was less accurate but CPU efficient) and Gauss—Seidel
iterations with small tolerance (which was very accurate but CPU intensive).



Chapter 5

3D Computations with
Semi-Implicit Methods

In this chapter, we illustrate how semi-implicit methods perform to compute 3D flows.
Three-dimensional flows arise naturally in many practical and industrial applications.
As 3D computations typically involve many unknowns, the application of our semi-
implicit methods becomes more relevant. First of all, we require the global matrix
to be assembled only once. This also allows the preconditioner to be built only
once when an iterative method is used at each time step. Fully implicit methods,
such as BDF and operator splitting, may fall short in terms of efficiency, especially
when computing 3D unsteady flows, since reassembling the matrix and recomputing
a preconditioner becomes expensive.

Undeniably, the required CPU time and computer memory can be exhaustive when
3D computations are carried with fine meshes and small time steps are required for
the numerical solution of Navier-Stokes equations with high Reynolds numbers. In
the realm of computational fluid dynamics (CFD), this is known as direct numerical
simulations (DNS). For certain fluid simulations, DNS is deemed to be less practical
even with the best available supercomputers. This limitation can be mitigated by
resorting to Large Eddy Simulation (LES), where only the mean flow is computed
on coarser meshes while turbulent scales that occur on a finer grid are resolved using
subgrid or turbulence closure models (see for instance [36, 38, 52]). On the other
hand, DNS does not require such subgrid modeling. Using higher-order methods
both in time and space, DNS may not have to rely on overly fine meshes and small
time steps to produce accurate results. This potentially makes DNS more appealing
and promising for certain applications.

In our work, the computations are done with FreeFEM++ in sequential mode. Par-
allel implementations based on domain decomposition method (DDM) and similar

107
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techniques can be applied with our time-stepping methods, but none were attempted
here. Computations in a full parallel mode with high performance computer (HPC)
can handle up to hundreds of millions of unknowns depending on the computing
resources. Moreover, the computer memory offered in HPC goes up to a thousand
of Gigabytes (Gb) which is nowhere to be compared with the memory available on
personal computers. Our 3D computations in sequential mode done on personal com-
puters can handle up to 5 millions of unknowns. This will be enough to showcase the
performance of our time-stepping methods.

The 3D computations done in this chapter split into two parts. For the first part, we
showcase 3D computations with GM method and a grad-div splitting algorithm to
handle the larger number of unknowns required in 3D lid-driven cavity flows. Two
experiments for lid-driven cavity are proposed. The first one involves steady solutions
with the Reynolds number at 100, 400 and 1 000, and the other involves an unsteady
3D flow by setting Re = 1970. For the second part, we compute two closely related
unsteady flows with GM-SRM method, one being the 3D flow around the circular
cylinder at Re = 100 and the other, the 3D flow around the sphere at Re = 300. We
noted that GM and GM-SRM methods are preferable over SBDF and DC methods
since the resulting linear systems with the first two methods are smaller. We make
qualitative and quantitative comparisons of our results with the values reported in
the literature. From a qualitative standpoint, we compare the overall flow patterns
such as vortex shedding patterns and streamlines. From a quantitative standpoint, we
compare lift and drag coefficients, and the Strouhal numbers of the periodic flows. We
devote the last section of this chapter to an efficiency comparison of all the methods
studied, gathered from all 2D and 3D test cases presented in this thesis, in terms of
CPU time per degree of freedom per time step.

5.1 Special considerations for large scale compu-
tations

Unique characteristics in the methods presented can be exploited to tackle different
types of test problems in the most efficient manner with available computing resources.
For instance, if a saddle point system is not too large (typically less than 700000
unknowns), computation can be very efficient with SBDF and DC methods using
a direct linear solver. For a slightly larger problem (between 700000 to 900 000
unknowns), GM and GM-SRM can be used since these methods requires only the
solution of linear systems with relatively smaller symmetric and positive definite
matrices than the former saddle point problems. Nonetheless, the factorization step
in the direct linear solvers may require large RAM, beyond the memory available.
Therefore, iterative solvers are recommended to solve larger problems with more
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than 1 million of unknowns since they require far less memory. For an exhaustive
discussion on iterative solvers, we refer the reader to several main references [3, 51].
Iterative solvers like the Conjugate Gradient method can be implemented and work
efficiently with GM and GM-SRM methods since the resulting linear systems involve
symmetric and positive definite matrices. Though it is possible, we did not attempt
computations using SBDF and DC methods with any iterative linear solver since
the global matrix associated with saddle point problem is poorly conditioned and
the preconditioner used, (e.g., HIPS [16]) required very long time to setup at the
beginning of the execution.

In this chapter, we consider only GM and GM-SRM methods with 2"d-order of accu-
racy to carry out all 3D computations since these methods produce a good accuracy
on velocity and pressure in time with the built-in defect correction strategy. The
accuracy and efficiency of several methods based on defect correction strategy, (e.g.,
DC, GM and GM-SRM methods) have been demonstrated in Chapter 2. The 3"-
order GM and GM-SRM methods can be used to achieve sufficiently small error in
time on a fixed mesh at the expense of larger CPU time. However, the global er-
ror in our 3D computations is predominantly induced by the spatial resolution since
the mesh employed may not be sufficiently fine. As a result, the advantage of using
higher-order in time cannot be showcased to its full potential.

5.1.1 Mesh generation

All the tetrahedral meshes for the purpose of computing 3D flows can be generated
using two methods. First, it can be done using a program called TetGen. This pro-
gram was developed by Hang Si at Weierstrass Institute for Applied Analysis and
Stochastics (WIAS) [57]. TetGen is based on Delaunay tetrahedralizations and in-
cludes advanced features, such as mesh refinement and various adaptive strategies.
This software can be used either as an executable standalone program or as a library
linked to various numerical softwares for solving PDEs, (e.g., FreeFEM++, Open-
Foam, etc). Another 3D mesh tool available with FreeFEM++ (only) is called msh3.
This mesh tool has its own unique approach to generate a 3D mesh based on a func-
tion called buildlayers. This function allows users to extend and manipulate a 2D
mesh to generate a 3D mesh by extrusion of the 2D mesh in the simplest way.

With limited computing resources, computations of 3D flows require a delicate plan-
ning since the number of unknowns can easily be overwhelming. To produce an
“optimal” number of unknowns while achieving a reasonable accuracy in space, finer
mesh is only required in a few specific areas. We do not consider dynamic mesh adap-
tation to avoid any matrix rebuild and recalculation of the required preconditioner,
which may hinder the efficiency of semi-implicit methods. In our case, a finer mesh
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is generated based on an educated guess, which is prescribed within a sub-region of
a domain. For instance, for the 3D flow around the circular cylinder, a finer mesh is
generated around and behind the cylinder to capture the formation of the boundary
layer, the recirculation and vortex shedding behind the cylinder.

5.1.2 High Performance Sparse Linear Solvers

With any finite difference, finite volume and finite element methods, the number
of unknowns increases dramatically as the mesh is refined, especially in 3D setting.
Moreover, with finite element approximations, the unknowns increase proportionally
to the degree of the polynomials (e.g., Px, k£ = 0,1,2,...) used for the Lagrange
basis functions. For the same physical mesh, the number of unknowns is larger
if the continuous piecewise elements are replaced with the discontinuous elements.
Therefore, the number of unknowns has to be controlled wisely to have a good balance
between the computational efficiency and numerical accuracy of the results.

The P5-P; element produces the smallest number of unknowns in the class of Taylor—
Hood elements. On the other hand, the P»-PP; element is more expensive than the
P,-P; element used in conjuction with stabilization methods when computing 3D
flows on the same mesh [34, 59]. Still, the Po-P; element is preferable over the P;-IP
element since the highest order of accuracy of the Py-P; method eventually makes
this one competitive over P1-IP; stabilized method.

The effort to improve the convergence of iterative solvers using preconditioner is
immense and well documented in the literature (see e.g., [3, 4, 5, 12, 51, 69]). The
underlying concept of preconditioner is simple. Suppose that we have a linear system
Az = b with a global matrix A. Whenever the condition number of a matrix A is
large [48], (i.e., k(A) > 1) a preconditioner P~ ~ A~! is usually required in the
hope of getting a new matrix P~' A with a small condition number (P71 A) ~ 1,
so that the linear system P~'Ax = P~!b could be solved more easily with iterative
solvers. Fewer iterations are then required to satisfy ||7]| := [|P7}(Az — b)|| < tOl,es
for a small tol,,s > 0. Often, the preconditioner P~! does not have to be evaluated
explicitly. More details about the construction of preconditioners can be found in the
literature mentioned above.

In this chapter, we use the library for a numerical linear solver called HIPS (Hierarchi-
cal Tterative Parallel Solver) which has a built-in preconditioner based upon multilevel
Incomplete Factorization (ILU) [16, 17]. HIPS is already linked to FreeFEM++. Only
two types of Krylov-based iterative solvers are available in HIPS; namely, the Gen-
eralized Minimal Residual (GMRes) and Preconditioned Conjugate Gradient (PCG).
Since the matrix involved in GM and GM-SRM methods is symmetric and positive
definite, the PCG method is sufficient and more efficient to solve the linear system.
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There are few key parameters that have to be tuned properly to control the con-
vergence of HIPS, among them: the number of iterations before Krylov restart, a
threshold to control the fill-in in ILUT and a relative residual norm. For instance,
requiring the ILUT preconditioner to be closer to the actual LU factorization of the
global matrix A often requires larger memory and longer time for the start-up since
this involves a lot of fill-in within ILU [51]. On the other hand, less fill-in in ILU
results in a significant faster HIPS startup process but in a larger number of iterations
to achieve the same relative residual norm.

The parameter settings that we used in our numerical experiments are obtained
through trial and error. We did not attempt any intensive study on the optimal
parameter values to produce the most CPU efficient and accurate solutions for HIPS.
We only implement the set of parameters which, in our opinion, give an ideal gain
in terms of the convergence of PCG and CPU time required for start-up. These
parameter values will be provided whenever HIPS is applicable.

5.2 3D lid-driven cavity flow

This test case is sometimes known as the lid-driven flow in a cube. Several numerical
experiments for the 3D lid-driven cavity can be found in [29, 30, 46, 55| and references
therein. The domain is given by = (0,1)?. To build the mesh, we first set a 2D lid-
driven cavity in the zz-plane. We extend the geometry to 3D in the y-direction using
msh3 with a thickness of 1 unit length to obtain a uniform tetrahedral mesh of size
50 x 50 x 50. The domain is discretized in about 750 000 nearly identical tetrahedra.
This gives an element diameter 0.020000 < hx < 0.028284. Using the Py-P; finite
element gives a total of 3090903 unknowns for velocity and 132651 unknowns for
pressure. The number of unknowns for the 3D lid-driven cavity easily reaches millions
even with a seemingly ‘coarse’ mesh resolution of 50 x 50 x 50. Computing this flow
on fine meshes is therefore particularly challenging.
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Figure 5.1: The mesh used to compute the 3D lid-driven flow: 3D mesh of
the domain Q € (0,1)3 (left) and 2D 50 x 50 mesh used to generate the 3D
mesh as viewed in the xz-plane (right).

For the boundary condition, we set the following:

(1,0,00T, O<wmzy<landz=1,

5.2.1
(0,0,0)7, on other boundaries. ( )

u=u(x,y,z2) :{

We mention that the velocity is prescribed to be null along the top edges, in the spirit
of the boundary condition used for the 2D lid-driven cavity in Chapter 2. This type
of boundary setting is called the watertight lid-driven cavity. We did not attempt a
numerical comparison between watertight and leaky 3D lid-driven cavity flows where
leaky means that u = (1,0,0)7 is prescribed along the top edges. For 2D lid-driven
cavity, the comparison of these two sets of boundary conditions has been done in
Appendix C.1. Our preference for the watertight cavity setting here is solely based
on the fact that more realistic numerical results were produced in the watertight 2D
lid-driven cavity for a moderate Reynolds number, e.g., Re = 8 500.

To handle the resulting millions of unknown, we use GM-2 method in conjunction with
the grad-div splitting strategy presented in Chapter 4. To ensure the convergence of
the grad-div splitting, we use two different approaches, i.e., the “nonlinear ansatz”
or Gauss—Seidel method depending on the test cases to be presented below. In either
case, the stabilization parameter A = 0.3 is set, which is sufficient to enforce the mass
conservation in this test case. Since k(A) = O(\) for a fixed mesh and time step,
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the resulting matrix is not so poorly conditioned. Hence, the ILUT preconditioner in
HIPS requires little fill-in and less memory. The HIPS preconditioner is set as follows
for this test case (refer to the FreeFEM++ manual [28] for definitions):

e Strategy use for solving — Iterative,

e Krylov methods — PCG,

e Maximum of iterations in outer iteration — 300,

e Krylov subspace dimension in outer iteration — 50,

e Matrix — Symmetric,

e Pattern of matrix — Symmetric,

e Relative residual norm — 10713,

e Numerical threshold in ILUT for interior domain — 107,

e Numerical threshold in ILUT for Schur preconditioner — 106,

All other parameters are set to default values. The given parameters produce an
“optimal” balance between the CPU time for the startup and the convergence of
PCG. On average, it takes about 550 seconds of CPU time to produce the HIPS
preconditioner and the PCG needs at most 4 iterations to reach a relative residual
norm of 107!3 when solving the linear systems associated with the scalar parabolic
problem for the velocity and at most 3 iterations for the pressure update. To reduce
the number of iterations in PCG to 2 for the velocity, we have experimented with
smaller numerical threshold in ILUT, for instance 107!°, but this requires more CPU
time for the startup (typically > 3 hours). With this larger threshold, the startup
process may exhaust the computer memory; e.g., it consumes more than 40Gb of
RAM, similar to what is required with the direct solver MUMPS for the same number
of unknowns.

Increasing the time step and the stabilization parameter A may also induce larger
CPU time and memory requirements during the startup, since larger time step and A
produce a stiffer matrix for the scalar parabolic problem. Whenever a larger time step
or a large A is required, the numerical thresholds in ILUT have to be increased accord-
ingly. We use the same domain, mesh, HIPS parameters and boundary conditions for
the steady and unsteady flows in the 3D lid-driven cavity.

5.2.1 Steady 3D lid-driven cavity

In this section, we verify our methods by computing several steady flows in the cubic
3D lid-driven cavity, by choosing Reynolds numbers at 100, 400 and 1 000. These test
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cases have been studied intensively in [30, 46, 55]. We conduct numerical verification
in several ways. We make comparison with results from those articles in terms of
streamlines and velocity fields projected on zy-, z2- and yz-planes.

For numerical efficiency, we apply GM-2 method with the grad-div splitting based
on the “nonlinear ansatz” (4.4.8)-(4.4.10) presented in Section 4.4.3. With this tech-
nique, the linear systems from the momentum equation (with all velocity terms) are
reduced to few scalar parabolic problems, one for each velocity component, and con-
sists in 1030301 unknowns to be solved one at a time. While reaching about one
million of unknowns, iterative linear solvers are preferable over direct linear solvers.
Since our goal is to capture steady solutions, (i.e., let ‘Z—‘; — 0) the lack of accuracy
in time due to the grad-div splitting at each time step does not have a significant
impact as when computing unsteady flows.

We note that the constructed linear systems from the momentum equations become
very stiff (or equivalently the resulting matrices are poorly-conditioned) for the it-
erative solver when both the time step and Reynolds number increase. It is also
known that higher Reynolds numbers impose weaker dampening on the solution to
reach steady state. Here, we adopt a heuristic numerical setting in order to maintain
“similar stiffness” of these linear systems. For instance, for every increase by a factor
of m of the Reynolds number, we decrease the time step by the same factor of m.
We compute the flows at Re = 100, 400 and 1000 with the time steps 7 = 0.02,
0.005 and 0.002, respectively. We assume that we have reached a steady flow when-
ever Ljup™ — up||r2@) < 5 x 107°. We then consider u}*' to be the steady state
velocity field. To reduce the total CPU time, these computations are initiated using
a steady solution of the same experiment with the same Reynolds number but on a
coarser 30 x 30 x 30 mesh. These steady solutions are then interpolated linearly on
the 50 x 50 x 50 mesh.

Table 5.1 shows the statistics regarding the time and number of time steps required to
reach a steady state. It is observed that the number of time steps required to reach
steady state increases dramatically with the Reynolds number. This is expected.
We note that there are a few additional advantages when a smaller time is used to
handle steady flows with high Reynolds numbers. First, smaller time step produces
better stability in terms of CFL condition since GM-2 is a semi-implicit method
(conditionally stable). Second, our strategy does not involve Jacobi/Gauss—Seidel
iteration to ensure the convergence of grad-div splitting. Our numerical computation
shows that a smaller time step may also help to ensure the convergence of grad-div
splitting at each time step as well.
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Table 5.1: The steady state in the lid-driven cavity.

Re Time step v No. of steps Time unit T %Hu — up||r2(0)

100 0.020 338 6.760 4.93599 x 1075
400 0.005 1652 8.260 4.99233 x 10~°
1000 0.002 14051 28.102 4.99983 x 10~5

Table 5.2 provides the statistics regarding the performance of the HIPS solver for all
test cases, the second column gives the total startup time which includes the CPU
time (in second) required to compute the two HIPS preconditioners; i.e., one for the
matrix associated with the momentum equation and another for the mass matrix
associated with continuity equation. The third column in the table provides the
average CPU time required to compute one time step while the last column gives us
the fill-in ratio of the computed preconditioner matrices. The fill-in ratio corresponds
to the number of non-zero entries in the preconditioner over the number of non-zero
entries in the original matrix before factorization.

Higher fill-in ratio corresponds to more efficient ILU preconditioner and lead to better
convergence of the iterative solver. The observed CPU time per time step is more or
less the same among the three test cases. However, the total CPU time to achieve a
steady solution increases dramatically with the highest value recorded was for Re =
1000, followed by the computations at Re = 400 and Re = 100. We also note that
the fill-in ratio is the highest for the computation with smallest Reynold number.
We conjecture that the largest time step 7 = 0.02 used in this particular test case
produces a stiffer linear system despite having the smallest Reynolds number among
the three cases.

Furthermore, the stiffness induced by increasing the Reynolds number is less pro-
nounced than the stiffness induced by larger time steps. From our computational
result for a fixed mesh, we suspect that the condition number of the global matrix

(e}

may behave like k(A) ~ O(I;T), where 0 < f < a < 1, but getting the exact value

of a and (3 is still an open problem.

Table 5.2: Statistics about HIPS linear solver and preconditioner when com-
puting the steady state solution for the lid-driven cavity.

Re Startup (s) CPU/time step Fill-in Ratio Total CPU (hrs)

100 683.34 230.64 12.1397 21.84
400 431.01 228.04 9.4989 104.76
1000 546.09 227.14 10.8785 886.69

For comparison purposes, Figure 5.2, 5.3 and 5.4 show the projected 3D stream-
lines for the lid-driven flows plotted on various cross-sections of the cube. Projected
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streamlines on a zz-plane are defined as the streamlines for the velocity field (u,w),
where u = (u, v, w) is the velocity field for the 3D flow. A similar definition applies to
the projected streamlines on yz-planes. We observed that these streamlines are per-
fectly in agreement with Shankar and Deshpande [55] (shown in Figure 14), both in
terms of detailed features of the projected streamlines and the location of the center
for each vortex.

Figure 5.2: 3D lid-driven cavity at Re = 100: At the left, the streamlines
are projected on xz-planes at y = 0.02 (red), y = 0.5 (blue) and y = 0.98
(brown). At the right, the streamlines are projected on yz-planes at x = 0.02
(red), = 0.5 (blue) and x = 0.98 (brown).
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Figure 5.3: 3D lid-driven cavity at Re = 400: At the left, the streamlines
are projected on xz-planes at y = 0.02 (red), y = 0.5 (blue) and y = 0.98
(brown). At the right, the streamlines are projected on yz-planes at x = 0.02
(red), = 0.5 (blue) and x = 0.98 (brown).

Figure 5.4: 3D lid-driven cavity at Re = 1000: At the left, the streamlines
are projected on zz-planes at y = 0.02 (red), y = 0.5 (blue) and y = 0.98
(brown). At the right, the streamlines are projected on yz-planes at x = 0.02
(red), x = 0.5 (blue) and x = 0.98 (brown).

Figure 5.5, 5.6 and 5.7 show the velocity fields captured on the zz-plane (y = 0.5),
yz-plane (x = 0.5) and zy-plane (z = 0.5) of the cube at Re = 100, 400 and 1000,
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respectively. Our solutions are in good qualitative agreement with the results docu-

mented in Pan and Glowinski [46] at Re = 100 (Figure 15), 400 (Figure 16) and 1000

(Figure 17) and in Zunic et al. [72] for Re = 100 and 1000. These results are also

supported by other references cited therein.
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For instance

].

46

[

51 time units to reach a steady solution at Re

Stokes equations is considerably shorter than that in

tations required T' ~

= 1000 with a

time step 7 = 0.001. The difference of final time 7" to reach a steady solution is due

in part to the initial condition used since Pan and Glowinski [46]; namely, a periodic
solution that requires a regularization mechanism at the upper left and right corner
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of the cavity. On the other hand, the stopping criterion used in their experiment,

Llup* — w2y < 1074, is slightly larger than the value tol = 5 x 107° that was

5.2.2 Unsteady 3D lid-driven cavity

Now, we turn to the unsteady case. To induce an unsteady flow, we fix Re = 1970
to produce an oscillatory flow since this Reynolds number is over the critical value
for a Hopf bifurcation (Req; ~ 1914 for the cubic 3D lid-driven cavity) [39]. We use
GM-2 method with a similar grad-div splitting to solve this problem. However, we
employ the Gauss—Seidel method for a faster convergence of the grad-div splitting
to ensure the accuracy of the solution at each time step. The algorithm is given
in (4.4.2)-(4.4.4) of Section 4.4.1. To maintain a reasonable CPU time, we do at
most two Gauss—Seidel iterations for each subproblem of the GM-2 method, with a
time step 7 of 0.005.

In this test case, the computation is initialized from a state of rest; i.e., (u,p) = (0,0)
at time ¢ = 0 in the domain 2 = (0, 1)? with boundary forcing given in (5.2.1). It takes
about 14 days of CPU time to obtain a developed flow (but not yet periodic) on a
i7-3770 3.40 GHz desktop computer with about 15.7GB of RAM. The memory usage
is considered small for such 3D computation which consists in a total of 3090903
unknowns for velocity and 132651 unknowns for pressure. Here, we only present
partial results in terms of the fully developed periodic flow since reproducing a fully
periodic flow as in 2D requires a large time ¢ and consequently a great deal of CPU
time in sequential mode.

Figure 5.8 shows the time-evolution of the streamlines, colored by magnitude of the
velocity. The streamlines illustrate the growth of the 3D primary (center) and sec-
ondary (bottom right and left) vortices starting from the state of rest. GM-2 method
with grad-div splitting captures well the formation of the major vortex and other
secondary vortices that represent the physically sound transient solutions from state
of rest. At least, these flow patterns mimic closely the ones observed in the 2D cavity.
Our computations have not yet reached a periodic state. A successful computation
is shown to have a periodic solution with a single mode whose frequency is about
0.61 [39]. This test case requires enormous amount of CPU time to reach periodic
flow. Moreover, a good accuracy in the space discretization is paramount when it
comes to reproducing the right frequency for this flow, likely beyond what we used in
our grid resolution. To improve this, more efficient iterative solver and preconditioner
are needed to handle the exorbitant number of degrees of freedom required.
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Re=1970 Time: 0.1

Re=1970 Time: 27.0

Figure 5.8: Snapshot of streamlines for 3D lid-driven cavity flow (Re = 1970)
shown from ¢ = 0.1 (initial flow development from the state of rest) to t = 30
(driven cavity flow is developed but it has not reached the periodic state) by
increments of about 3 time units (the time ¢ is increasing from the left to
right, then top to bottom).
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Figure 5.9 shows the velocity field projected on three midplanes; namely, zy-, xz- and

yz-planes. While the solution may still be in a transient stage, the flow field is not far

from the one shown in Figure 6 in [39] for Re

2000. The

1970 and in [30] for Re =

location of the primary and secondary vortices projected on the midplane and the
detailed features of the upstream and downstream eddies at the corners (projected in

present in our flow match qualitatively the results in these papers.
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Figure 5.9: 3D lid-driven cavity at Re = 1970: Velocity vector during tran-

sient flow on the midplanes at y = 0.5 (top left), z = 0.5 (top right) and

z = 0.5 (bottom).

Figure 5.10 shows the time evolution of all velocity components and pressure for
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all test cases involving the 3D lid-driven cavity; all probed at point (0.2, 0.3, 0.25).
For Re = 100, 400 and 1000, the velocity components all reach a steady state. At
Re = 1970, the flow is not yet periodic but the main portion of the transient phase
is over. This can be seen from the progressive decay of the oscillations (be aware of
the difference in scale from one graph to the next).
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Figure 5.10: The time evolution of z-velocity u, y-velocity v, z-velocity w
and pressure p at probing point (0.2, 0.3, 0.25) for Re = 100, 400, 1000
(steady lid-driven flow) and Re = 1970 (unsteady lid-driven flow).

5.3 3D flow around the cylinder at Re = 100

To setup the geometry of this 3D test problem, we first generate a 2D rectangular-
shaped domain minus a circular disk centred at the origin; Q; = (—3,9) x (=3, 3)
\{(z,y) € R* | 2> + y* < 0.25}. A non-uniform triangular mesh is generated with 40
elements along the edge of the rectangle in the x-direction, 20 along the y-direction
and 60 along the boundary of the circular disk. This domain is then extruded in the z-
direction with z € (—2,2). This extrusion creates a 3D domain with a hollow cylinder



5. 3D COMPUTATIONS WITH SEMI-IMPLICIT METHODS 125

of diameter D = 1 with Q = (=3,9) x (=3,3) x (=2,2)\{(z,y,2) € R® | 22 +¢* <
(0.5)?, z € (—2,2)}. To generate the required tetrahedral mesh, the edge along the z-
axis is divided equally in 10 sub-intervals and the prismatic element is split into three
tetrahedra. The 3D mesh generated has 118 500 tetrahedra with the smaller elements
located near the cylinder and the element size increasing progressively away from the
cylinder. This produces tetrahedra of varying diameter 0.040964 < hy < 0.486 931.
The discretization with Po-IP; finite elements produces a total of 509 040 unknowns
for velocity and 22715 for pressure. This is considered a small mesh for such 3D
problems. The resulting mesh is shown on Figure 5.11.

3.0
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1.0

Y-Axis
0.0

-1.0

-2.0

-3.0

o —>

X-Axis

Figure 5.11: The mesh for the flow around the cylinder: 3D view from side
angle (top) and 3D view from top (bottom).

Along the inflow boundary (plane at = —3), u = (1,0,0) is prescribed. Along
the outflow boundary (plane at z = 9), homogeneous Neumann boundary conditions
are prescribed. No-slip velocity u = (0,0,0) is used on the surface of the cylinder.
For other boundaries, vanishing normal velocity (zero flux) is imposed while allowing
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natural flow tangential to the plane. GM-SRM-2 method is used with a direct solver,
MUMPS, to handle the linear systems since the number of unknowns is relatively
small. The stabilization parameters are set to a; = 2007 and ay = 200. With
a constant time step 7 = 0.008, the computation of this 3D test problem requires
about 7500 time steps (total time ¢ = 60 and CPU time is approximately 96 hours
50 minutes) to reach full periodic solution. The computation was initialized using
the periodic solution at Re = 100 obtained on a coarser mesh and reinterpolated
on the mesh presented above for the actual computation. The size of the computer
memory needed to compute this 3D flow problem was about 16.3GB which is deemed
large for about 500 000 unknowns. However, the computation is still efficient with a
direct solver at the expense of computer memory. The computation of this test case
was terminated at ¢ = 100 (a total of 12500 time steps) to ensure that the acquired
periodic solution is reliable enough for data analysis (i.e., the lift and drag coefficients,
Strouhal number, frequency, etc).

Figure 5.12 illustrates the time evolution of velocity (left), and streamlines and vor-
ticity (right) for t; = jf, where j = 0,1,2,...,8. One period cycle ¢ is equivalent
to 5.080 8 time units in this test case. Within this time window, the vortex shedding
behind the 3D cylinder is fully periodic for all of the variables; e.g., velocity, pressure,
lift and drag coefficients. At any given time, the velocity fields, vorticity and stream-
lines are nearly identical on arbitrary xy-planes taken at —2 < z < 2. This confirms

the 2D nature of the flow, as expected for the flow around the cylinder at Re = 100.
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Velocity magnitude Streamlines and vorticity Velocity magnitude Streamlines and vorticity

Velocity magnitude Streamlines and vorticity Velocity magnitude

Velocity magnitude Streamlines and vorticity Velocity magnitude Streamlines and vorticity

Velocity magnitude Streamlines and vorticity Velocity magnitude Streamlines and vorticity

Velocity magnitude Streamlines and vorticity

Figure 5.12: For each plot, velocity magnitude (color-coded) is shown in the
left column, while both streamlines and vorticity (color-coded) are displayed
in the right column. The plots are shown at every quarter period for ¢; =
J—f, j=20,1,2,...,7,8 where ¢ = 5.0808. The sequence goes from left to
right, and from top to bottom.
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The lift and drag along the cylinder denoted as ¢; and ¢y, respectively, are evaluated
using the volume integration method which has been used in the previous chapter for
2D flow around the cylinder at Re = 100 (see [41, 54]). The only difference is that
the resulting drag and lift will have to be divided by a factor of 4, the length in the
z-direction of the 3D cylinder used in this test case.

Figure 5.13 shows the evolution of the lift and drag coefficients for ¢ € [50, 100] while
the computed mean, amplitude and frequency for these coefficients are summarized
in Table 5.3. At first glance, we observe that the drag coefficient oscillates with a
frequency twice as large as the lift coefficient. In fact, we notice a slight variation of the
peak-to-peak value of the drag coefficient with the same frequency as the pulsation of
the lift coefficient. This is a numerical artifact which can be reduced by taking larger
stabilization parameters in GM-SRM-2; i.e., a; > 2007 and as > 200. The choice
of larger stabilization parameters, a; and s, is undesirable since over-stabilization
may produce numerical inaccuracy of the overall results (in space). To compute the
amplitude of the drag coefficient, we took the average of the two different peaks of
the drag coefficient once a fully periodic flow is achieved (see Figure 5.13: right).
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Figure 5.13: 3D flow around the cylinder at Re = 100: Time evolution of the
lift ¢; and drag ¢4 for ¢ € [50, 100].

Figure 5.14 shows the time history of the three velocity components u, v and w at
several probing points for ¢ € [50,100]. The time history of the z-velocity u, y-velocity
v and pressure p are monitored at (5,0, —2), (5,0,0) and (5,0,2). These monitoring
points are chosen such that they align together and stand on a line parallel to the
cylinder. The time history of the z-velocity is monitored at (5,—2,0), (5,0,0) and
(5,2,0). These monitoring points are chosen such that they align together and form a
line orthogonal to the cylinder. All z-velocity u, y-velocity v and pressure p produce
similar results at all these probing points. Further, the amplitude of the variation on
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the z-velocity is less than 1073 at these points, i.e., at least two orders of magnitude
smaller than that for the other two components. It is known that the flow around
the 3D cylinder at Re = 100 is still two-dimensional from the literature. Our results
follow these trends. For Reynolds number Re > 180 [49] or Re > 200 [59], it has been
documented that 2D model may fail to represent the 3D flow realistically. Moreover,
large difference is observed between 2D results and experimental data.
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Figure 5.14: 3D flow around the cylinder at Re = 100: Time evolution of the
x-, Y-, z-velocity and pressure monitored at various locations for ¢ € [50, 100].

The drag coefficient from our results is bigger than the values found in the literature
(see Table 5.3). For instance, the computed mean drag is about 20% and 26% greater
than the mean drag reported in [49] and [42], respectively. The computed mean lift is
very close to zero, which suggests that our computation reproduces quite accurately
the space-time symmetric (across the zz-plane or y = 0) vortex shedding with a single
frequency of oscillation. Our frequency is about 17% bigger than the commonly agreed
value of 0.168 for the flow around the cylinder at Re = 100 (see [21, 49]). Our lift
amplitude is 28% bigger than the reported value in [42].
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The coarse mesh and smaller domain used in our computation may result in these
over-predicted values. In conclusion, the mesh used for the spatial discretization in
our computation should be made finer to produce more accurate results on lift and
drag coefficients and the Strouhal numbers. This can be done with more CPU and
memory resources but we did not attempt this here.

Table 5.3: 3D flow around the cylinder at Re = 100: The comparison of the
computed average, amplitude and frequency of the drag and lift coefficients
with values from the literature.

Drag cq4 Mean Amplitude Frequency
Current results 1.6851 1.3177 x 1072 0.3936
Ranjani et al. [49] 1.3349 - -
Mittal & Raghuvanshi [42] 1.4020 - -
Lift ¢; Mean Amplitude Frequency
Current results —5.6667 x 1073 0.4527 0.1968
Mittal & Raghuvanshi [42] — 0.3550 0.1680

5.4 3D flow around the sphere at Re = 300

There are many ways to setup the computational domain for this test problem. Due to
several technical reasons, a cylindrical domain is preferable than a rectangular domain
as the external boundary for this test case. First of all, the number of unknowns can
be optimized since the volume of a cylinder is smaller than that of an elongated
cuboid when the width of the elongated cuboid and the diameter of a cylinder are
close to each other. Second, the flow between the sphere and the outer cylindrical
boundary is not subject to an artificial break-up of (axi)symmetry since the nearest
distance from the surface of the sphere to the side wall of the cylinder is identical in
all directions. On the other hand, a domain with a square cross-section would induce
preferred directions in the shedding vortices behind the sphere. Apparently, this does
not reflect the right physics of the flow. Thirdly, we noticed that the 3D flow around
the sphere with a cylindrical domain has a shorter transient time to reach a fully
periodic flow (not shown).

To setup the 3D geometry, we first define a 2D domain €2; composed of the rectangle
[0,12] x [0, 3] in the xz-plane minus the semi-circular hole centered at (z,z) = (3,0)
with a radius of 0.5, as shown at the top of Figure 5.15. We fix €; on the zz-plane
to facilitate the boundary labelling for the top and bottom part of the 3D cylindrical
domain. Small elements are prescribed along the lower boundary and around the
semicircle to account for the larger variation on the solutions in these regions. To do
this, we equally divide both edges on the left and right into 6 elements, top edge into
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30 elements, bottom edge into 120 elements and the boundary of the semicircle into
30 elements. Next, using msh3 the 3D cylindrical domain is generated by rotating
the plane along the z-axis. The resulting mesh is shown at the bottom of Figure 5.15.
The cylindrical domain generated is defined as Q = {(z,y,2) € R®* | 2? +¢? <9, z €
(0,12)}\{(z,y,2) e R® | 2> +y* + (2 — 3)* < 0.25}.
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Figure 5.15: The 2D mesh for Q; (top) and the 3D mesh for Q (a sphere
inside the cylinder). The 2D mesh is shown lying inside the 3D cylinder
(bottom).

With the above setting, a tetrahedralization is generated in FreeFEM++, which gives
a total of 171356 tetrahedra, 24474 nodes and a varying element size 0.038 269 <
hx < 1.000650. Figure 5.16 shows the trace of the mesh on the yz-plane, xz-plane
and a cross-section in the xy-direction at z = 3. It can be seen that the resulting
mesh is fine near the sphere and in the wake behind the sphere to properly catch the
boundary layer and shedding vortices. The size of the mesh increases near the inflow
boundary I',—g, outflow boundary I',_;2 and the cylindrical boundary I'. = {z,y, z €
R|22+y* =9, 2z € (0,12)}, since the fluid velocity tends to constant values in these
areas. We tried to mesh this geometry with TetGen but msh3 turned out to be easier
to use and sufficient to obtain a relatively nice mesh for this test case.
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Figure 5.16: The mesh around the sphere: Views of the mesh in the yz-plane
(top left), zz-plane (top right) and zy-plane at z = 3 (bottom).

Similar to the 3D flow around the cylinder, a fixed velocity u = (0,0, 1) is prescribed
along the inflow boundary I',—y. Homogeneous Neumann boundary conditions are
prescribed along the outflow boundary I',—15. No-slip velocity u = (0,0,0) is set
along the boundary of the sphere. Lastly, along the cylinder boundary I'., the velocity
normal to the surface is set to zero, which allows for free tangential flow along the side
wall of the cylinder. We considered a Reynolds number of 300 which is slightly above
the critical value for a Hopf bifurcation Reqi € [270,280] [33]. This value is higher
than the one required for the 3D flow around the cylinder which is about Re..; = 70.

The discretization with Po-IP; elements produces a total of 573 915 unknowns for the
velocity and 24474 for the pressure. The resulting number of unknowns is considered
moderate for a 3D problem, hence the direct linear solver MUMPS can be still used
and is CPU-efficient. We solve this problem with the GM-SRM-2 method by fixing
the stabilization parameters oy = 507 and ap = 50. This choice of the stabilization
parameters produces minor oscillations (in time) of the velocity and pressure at start-
up, but these oscillations are quickly damped in a few time steps. The choice of our
stabilization parameters is close to optimal since by picking oy < 507 and a < 50, the
minor oscillations generated at startup are not as quickly damped as for the optimal
values. We also checked that computations with a; = 1007 and ay = 100 produce
smaller Strouhal number for drag, lateral and side lift coefficients, i.e., Str = 0.1329,
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which could be a sign of over-stabilization in GM-SRM-2 with these larger values of
ap and as.

Here, we suggest an adjustment on stabilization parameters a; and oy by comparing
the closeness of our Strouhal number to the one obtained in the literature. The
Strouhal number is chosen because it is the least sensitive parameter and relatively
easy to reproduce. This approach may not be supported by any theoretical analysis
but we found that this method although non-rigorous to be very useful to guess
optimal a; and a», at least for this test case.

In this test case, we do not apply the computation of lift, drag and side coefficients
using volume integration technique which was proposed in [32, 54] and implemented in
our earlier test cases. We remind the reader that the volume integration technique has
been used in Chapter 2 to compute ¢z and ¢; involving 2D flows around the cylinder.
The computation of ¢; and ¢; does not involve the volume integration technique in
most of the literature. To ensure a similar comparison with the published results, we
resort to the direct boundary integral technique from [33]:

calt) = % S E (818”5) 4 ag(;>>nx o (ag;) T ag(;))ny (5.4.1)
+uaq“§it) n, — p(t)nz} ds,
alt) = —% i [g (a;f) 4 82(;))% + uag(;)ny (5.4.2)

+g (ag(;) + 815?)% - p(t)ny] ds,

co(t) = —%/S {Vag—f;)nx + g(ag—g) + ag—if))ny (5.4.3)

W (3;(;) N &;(f))nz _ p(t)m} as.

where n = (ng,,n,,n,) is the vector normal to the boundary S of the sphere. We
set the far-field flow speed to U, = 1, the diameter to D = 1 and the viscosity to

v= ﬁ, to get Re = 300 for this test case. Further, the external force is set to f = 0.

The computations were stable with the time step 7 = 0.005 and were run until a fully
periodic flow was observed. A periodic solution is reached for about t = 120 (i.e.,
24000 time steps), starting from a periodic solution at Re = 1000 computed on a
coarser mesh to initiate the von Karman alley behind the sphere. The required total
CPU time was about 21 days on a i7-3 770 3.40GHz personal desktop, using 23GB of
memory. The computation was terminated once it reaches ¢ = 140.
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Figure 5.17 shows the time evolution of the streamlines of the flow which are plotted
for 2 periods of the flow.

Figure 5.17: Snapshots of the streamlines for the 3D flow around the sphere
(Re = 300), colored by the flow speed, shown at t = 22, j = 1,2,...,6,7
(from left to right, then top to bottom), ¢ = 7.4074.
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The flow exhibits many 3D characteristics which cannot be represented by an axisym-
metric 2D flow. The streamlines are color-coded by the magnitude of the velocity.
Higher fluid velocity is observed along the streamwise direction. The velocity increases
moving away from the sphere in the crosswise direction and the smallest flow speed
occurs behind the sphere which results in the generation of two separating vortices, as
can be seen as two major closed loop and interconnected streamlines (recirculations)
in this area. In the wake behind the sphere, the periodic occurence of swirling flow
is observed, for instance by comparing the streamlines at ¢t = £ and %’ which are

4
identical to each other. The period ¢ of the flow is approximately 7.4074 time units.

We adopt the technique that we have discussed earlier (see Section 5.2.1) for the
projection of streamlines on 2D planes. Figure 5.18 illustrates the planes used to plot
the projected streamlines.

X-Axis

30 20 10 0.0 -10 20 . 2 4 ) % A i
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@

Figure 5.18: The three planes used for the projection of stream-
lines/streamtubes: xy-plane behind the cylinder at z = 3.5 (in red); both
yz-plane (in blue) and zz-plane (in green) are rotated counter-clockwise of
35° around the z-axis.

The bifurcation occuring at Reqi, € [270,280] results from the transformation of
the axisymmetric flow for Re < Re.; into a non-axisymmetric flow for Re > Reg;
but with reflexion symmetries (in space and space-time) with two symmetry planes
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parallel to the z-axis. The cylindrical domain used in our experiment prevents any
locking of the symmetry planes at a specified angle. By plotting the so-called rear
surface-limiting streamlines on the zy-plane (see Figure 5.19), our result shows the
existence of a symmetry plane with a pair of symmetric vortices on both sides of the
plane. The symmetry plane is tilted with a counter-clockwise angle of about 35° + 2°.
Minor oscillations of the angle about the z-axis occurs over time with a maximal
amplitude of +2°. As a result, the stagnation point (for streamlines projected on
the xy-plane at z = 3.5) at the back of the sphere shifts slightly over time in a
periodic fashion. The period of these oscillations follows the period of the lift and
drag coefficients, i.e., ¢ = 7.4074 time units. The rear stagnation point is captured
at (-0.13, 0.18,3.5) at t = 0, (-0.12, 0.16, 3.5) at t = =, (-0.14, 0.17, 3.5) at t = £ and
(-0.16, 0.22, 3.5) at t = 22 and (-0.13, 0.18, 3.5) at ¢ = ¢ (not shown), and similar
pattern repeats in a periodic fashion.

Figure 5.20 and 5.21 show the streamlines projected on the rotated yz- and xz-plane
(counter-clockwise by 35°), respectively, over a single period of the flow. In addition
to this rotation of 35° (see Figure 5.18), these planes are slightly adjusted within +2°
to match as closely as possible the symmetry axis in the projection plane at different
times within each period. The plots in Figure 5.20 show the existence of a reflexion
symmetry with axis x = 0 for the projected streamlines in the tilted xz-plane. Our
results for the projected streamlines on the tilted yz- and xz-plane match very closely
with the ones shown in Figure 25 of [33].

Table 5.4 summarizes the drag, lateral lift and side lift coefficients computed with
GM-SRM-2 and the values found in the literature. The computed mean drag is
underestimated within a range 16%—21% compared to values in the literature (see [33,
50, 53, 67] and the experiment [50]), while the computed drag amplitude is about 30%
smaller than the value in [67]. Our computations produce very close values for the
frequencies of the drag, lateral lift, and side lift coefficients. For the lateral and
side lift coefficients, we compare well to the few published values, at least within the
bounds set by the numerical accuracy of our spatial discretization. The mean and
amplitude for the side coefficient computed with our method are larger than zero,
while these should be zero from theory. The side lift being null corresponds to the
ability to reach a planar-symmetric flow in a tilted midplane, in our case with an angle
of 35° counter-clockwise off the yz-plane. We have a time-variation of +2° on the
tilting angle, resulting in a side lift coefficient potentially off from zero. Nonetheless,
our GM-SRM-2 method is capable to reproduce the fully periodic unsteady flows
with a frequency close to values found in the literature, which shows that the time
approximation with GM-SRM method is reasonably accurate to solve this 3D test
case. The accuracy of the side and lateral lift coefficient can be further improved by
using a finer mesh and a larger domain. Again however, finer meshes require a more
efficient solver to handle larger linear systems.
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X-Axis X-Axis

Figure 5.19: Snapshots of rear-surface limiting streamlines for the 3D periodic
flow around the sphere (Re = 300) projected on the zy-plane at z = 3.5 for
t =0 (top left), t = £ (top right), ¢t = £ (bottom left) and ¢ = 22 (bottom
right) time units, where ¢ = 7.4074.
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Figure 5.20: Snapshots of the streamlines for the 3D periodic flow around
the sphere (Re = 300) projected on the zz-plane (tilted counter-clockwise
by 35° £ 2°) for ¢t = 0 (top left), t = £ (top right), t = £ (bottom left) and
t = 22 (bottom right) where ¢ = 7.4074.

Figure 5.21: Snapshots of the streamlines for the 3D periodic flow around
the sphere (Re = 300) projected on the yz-plane (tilted counter-clockwise
by 35° £ 2°) for ¢t = 0 (top left), t = £ (top right), t = £ (bottom left) and
t = 22 (bottom right) where ¢ = 7.4074.



5. 3D COMPUTATIONS WITH SEMI-IMPLICIT METHODS 139

Table 5.4: The average, amplitude and frequency of the drag, lateral and
side lift coefficients for 3D flow around the sphere at Re = 300.

Drag cq4 Mean Amplitude Frequency
Current 0.5302 1.9651 x 1073 0.1350
Johnson & Patel [33] 0.6560 3.5000 x 1073 0.1370
Tomboulides [67] 0.6710 2.8000 x 1073 0.1360
Roos & Willmarth [50] 0.6290 - -
Sakamoto & Haniu [53] — — 0.1500 — 0.1650
Lateral lift ¢; Mean Amplitude Frequency
Current —1.1170 x 10~1  1.8018 x 1073 0.1350
Johnson & Patel [33] | —6.9000 x 1072 1.6000 x 10~2 0.1370
Tomboulides [67] - - 0.1360
Sakamoto & Haniu [53] — - 0.1500 — 0.1650
Side lift c; Mean Amplitude Frequency
Current 6.4800 x 1072  1.1721 x 1072 0.1350
Johnson & Patel [33] 0 0 —

5.5 A Comparison on the Computational Efficiency

In this section, we compare the CPU and memory requirements of all 2D and 3D test
cases attemped in this thesis. We did not do efficiency comparisons as were presented
in [41] since we do not have sufficient information about the convergence (in time)
for our 3D test cases. Our goal in this chapter was not so much in comparing our
results with reference solutions than to illustrate the potential of the methods. Since
we did not carry the computation to search truly periodic flows but just far enough
to obtain the general features of the flows, CPU times might not be comparable to
some of the published result.

Table 5.5 summarizes all test cases done in the thesis with the respective Reynolds
numbers, time-stepping methods, the presence of grad-div stabilization term (GD),
number of unknowns, computer memory (in Mb) and CPU time (in second) involved
to compute one time step. Here, the computer memory is the maximum memory
required to solve the linear systems and to store all variables. Also presented in this
table is the ratio of the CPU time per degree of freedom per time step, here noted as
ratio®. All computation were carried out on the same personal desktop with an Intel
Core i7-3770 CPU 3.4GHzx8 cores processor.

All the test cases employ MUMPS as the linear solver except two test cases in the 3D
lid-driven cavity where a GM method with grad-div stabilization and the iterative
linear solver HIPS were used. The parameter ratio® provides a reasonable clue on
required CPU resources with different linear solvers, e.g., MUMPS and HIPS, both
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for the 2D and 3D computations independently from the order of the method. For
instance, we deduce that higher-order SBDF methods are the most CPU-efficient with
MUMPS since their ratio® is the smallest. Furthermore, the value of ratio® between
the 2" and 3"d-order SBDF methods are close to each other.

Table 5.5: Statistics for all test cases carried in this thesis.

Test case Re Method GD #dof (u,p) Mem. CPU.- Tratio@
2D cavity 8500 SBDF-2 No (137618, 17323) 392 0.98 6.32 x 10~ °
2D cavity 8500 SBDF-3 No (137618, 17323) 392 1.31 8.45 x 107°
2D cavity 8500 DC-2 No (137618, 17323) 392 1.99 1.28 x 1072
2D cavity 8500 DC-3 No (137618, 17323) 392 3.62 2.34 x 107°
2D cavity 8500 GM-2 Yes (137618, 17323) 273 2.46 1.58 x 1072
2D cavity 8500 GM-3 Yes (137618, 17323) 273 4.19 2.70 x 107°
2D cavity 8500 GM-SRM-2 Yes (137618, 17323) 272 2.88 1.86 x 102
2D cavity 8500 GM-SRM-3 Yes (137618, 17323) 271 4.85 3.13x 107°
2D cavity 50000 SBDFB-3 Yes (381242, 47856) 1308 2.73 6.36 x 10~
2D cavity 100000 SBDFB-3 Yes (592602, 74326) 2107 4.75 7.12 x 1076
2D cylinder 100 SBDF-2 No (108474, 13648) 307 1.00 8.19 x 10~°
2D cylinder 100 SBDF-3 No (108474, 13648) 289 1.05 8.60 x 10~°
2D cylinder 100 DC-2 No (108474, 13648) 302 2.24 1.83 x 10°
2D cylinder 100 DC-3 No (108 474, 13648) 289 3.06 2.51 x 107°
2D cylinder 100 GM-2 Yes (108474, 13648) 214 2.71 2.22 x 10~°
2D cylinder 100 GM-3 Yes (108474, 13648) 223 3.32 2.72 x 107°
2D cylinder 100 GM-SRM-2 Yes (108474, 13648) 223 2.61 2.14 x 10~°
2D cylinder 100 GM-SRM-3 Yes (108474, 13648) 222 3.23 2.64 x 107°
2D cylinder 1000 SBDFB-3 Yes (721760, 90500) 2574 5.91 7.28 x 1076
3D cavity (HIPS) 100, 400, 1 000 2 GMS2-GSs, Yes (3090903,132651) 15680 228.61 7.09 x 107°
3D cavity (HIPS) 1970 3GMS2-NLGD Yes (3090903,132651) 15680 381.80 1.18 x 104
3D cylinder 100 GM-SRM-2 Yes (509 040, 22715) 13766 33.89 6.37 x 10~°
3D sphere 300 GM-SRM-2 Yes (573915, 24474) 23058 51.75 8.65 x 10~°

We observe that parameter ratio® for all DC, GM and GM-SRM methods can be
approximately scaled by the number of subproblems involved in the methods by
comparing it with the ratio® of the SBDF methods. For instance, we found a factor
of k larger in the ratio® of the k"@-order DC, GM and GM-SRM than the ratio?
of SBDF-k£ method since the former methods have k subproblems per time step to
deal with. Between the methods with the defect correction strategy in general, DC
methods have the smallest value of ratio® which are followed closely by GM and
GM-SRM methods. Even though the resulting linear systems in GM and GM-SRM
methods (with symmetric and positive definite global matrix) are easier to solve than
the saddle point global matrix in DC methods, the ratio® is still controlled by the
total number of the linear system to be solved.

The 3D test problems produce a ratio® about 3 to 4 times larger than for 2D prob-
lems using GM-SRM methods. This occurs due to the different sparsity pattern in the
global matrix between 2D and 3D problems. 3D problems have a larger bandwidth
than 2D test problems, which requires more fill-in in the matrix during the factoriza-
tion step in MUMPS. The combination of GM methods with grad-div splitting and

ratio® = CPU, /dof
2GMS2-GS, is GM-2 method with grad-div splitting with only two Gauss—Seidel iterations
3GMS2-NLGD is GM-2 method with grad-div splitting with “nonlinear ansatz”
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HIPS is very promising to compute 3D flows with a large number of unknowns which
is otherwise not feasible using MUMPS.

Most of our 2D problems require reasonably small memory and can be easily handled
by modern personal desktop. This memory rarely exceeds 4Gb. However, for 3D flow
around cylinder and sphere, the memory required with MUMPS reaches about 14Gb
and 23Gb, respectively. We should mention that for these flows the meshes were fine
enough to reproduce qualitatively solutions from the literature but not quantitatively,
hence more memory could be needed. For 3D lid-driven flows, computations with a
direct solver fail to work as the method requires more than 64Gb, exceeding what
is available on our desktop. By switching to the iterative solver HIPS, the memory
requirement drops to 16Gb, for 3 millions of unknown.



Chapter 6

Conclusions and Future Works

6.1 Concluding remarks

In Chapter 1, we reviewed several time-stepping methods and found out that semi-
implicit methods (e.g., CNAB method) are very competitive in terms of accuracy and
efficiency when solving unsteady incompressible Navier—-Stokes equations. This sets
our fundamental motivation to develop more robust time-stepping methods based on
their order of accuracy (in time), stability, and CPU and memory efficiency. This is
possible with semi-implicit approach.

In Chapter 2, we first studied several high-order semi-implicit time-stepping methods;
namely, the known method SBDF and the newly-developed/modified methods DC,
GM and GM-SRM. Rigorous numerical assessment had been conducted to verify their
theoretical rate of convergence. Our analysis also includes comparisons in terms of
numerical error, required CPU time and numerical stability. Several parameters of
interest were benchmarked with the values found in the literature. For 2D unsteady
flows, SBDF and DC methods are the most efficient methods based on ratio error
size over CPU time, followed by GM and GM-SRM methods.

In Chapter 3, we showed that SBDF methods with grad-div stabilization are more
stable and accurate based on the strength of the local mass conservation while main-
taining the advantage of being very efficient when computing 2D unsteady flows. Also,
several nonlinear extrapolation schemes were studied which have great potential to
reduce the numerical errors on velocity and pressure while bringing the accuracy of
this method closer to that of BDF (fully-implicit) methods. The enhanced SBDF
methods showed their robustness when computing (2D) nearly turbulent flows.

In the first part of Chapter 4 we improve the DC, GM and GM-SRM methods with

142
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the introduction of new extrapolation formulae for the nonlinear advection term. The
new extrapolation formulae further reduce the error on velocity and pressure while
maintaining the theoretical order of convergence in time, and give better numerical
stability depending on the test cases. We observed that a triggered numerical error
propagating in time is not generated with these improved formulae. The second part
of this chapter includes results that improve the accuracy and efficiency of grad-div
splitting proposed in [24], and allow us to reduce the size of the resulting linear system
in GM methods when solving larger flow problems.

In Chapter 5, we showcased the computation of 3D flows using GM and GM-SRM
methods but only for 2"9-order schemes. To handle the millions of degrees of freedom
arising in the computation of 3D lid-driven cavity flows, a GM-2 method in conjunc-
tion with grad-div splitting is employed to break the resulting linear system into
smaller systems. Also, an efficient iterative solver known as HIPS is used to handle
these moderate size linear systems. The numerical results for the 3D lid-driven cav-
ity at Re = 100, 400 and 1000 (steady flows) produce very satisfactory qualitative
results. For the 3D lid-driven cavity at Re = 1970 (unsteady flows), our results have
not yet reached a fully periodic state but the partial results showed that the flow is
unsteady, with the general features well reproduced. Our results for 3D flows around
the cylinder at Re = 100 and 3D flows around the sphere produce fully periodic solu-
tion with the Strouhal number very close to the one in the literature. The qualitative
estimates of lift and drag coefficients for both cases are however falling short of the
values in the literature because the space discretization in our experiments is not fine
enough. Nonetheless, the GM-SRM-2 method produces with good accuracy the right
periodic flows; at least a good accuracy is achieved in time. The ratio CPU time over
degree of freedom per time step showed that high-order SBDF methods are the most
CPU-efficient (with MUMPS). The usage of computer memory can be significantly re-
duced by using an iterative solver, such as HIPS, to compute 3D flows. For about the
same number of unknowns, the resulting global matrices in 3D problems are sparser
(more null elements), with a larger bandwidth than those in 2D problems, making
iterative linear solvers more competitive compared to direct solvers (e.g., MUMPS)
in 3D.

6.2 Future works

It would be interesting to investigate the potential of GM and GM-SRM methods
with order of accuracy larger than 3 since these methods have better stability prop-
erties than SBDF methods. The major issue however would be the efficiency since
these higher-order methods (k > 3) require more evaluations of auxiliary variables
and involve more subproblems. One way to improve efficiency is to parallelize the
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computations based on the subproblems since they can be made “independent” of
each other; e.g., by performing the computations of the upper subproblems one or
two steps ahead of the lower subproblems (according to the dependence tree in Fig-
ure 4.1).

We could investigate the use of other mixed finite elements, in particular the conser-
vative pair of elements for space discretization. This may result in different numerical
behaviour; for instance, regarding the need for the stabilization term in the Navier—
Stokes equations which is closely linked to mass conservation. Such numerical study
has not been attempted.

For Taylor—-Hood elements, the optimal choice for the stabilization parameter A for
GM methods, and a; and ay for GM-SRM methods, is still an open problem. This
particular topic connects many aspects of the computations; e.g., minimizing the ve-
locity and pressure error, and fulfilling mass conservation, numerical dissipations and
stability when dealing with flows with high Reynolds numbers. A rigorous mathe-
matical analysis is needed to improve the selection of A for Navier—Stokes equations,
and should be supported by numerical test cases.

For finite element methods, fancy iterative solvers play a vital role. Unfortunately,
our work has paid little attention to this critical area. Such work is required to
handle more degrees of freedom and larger problems. This should include domain de-
composition techniques in conjunction with parallel implementations. Incorporating
more efficient techniques to solve larger linear systems (e.g., multigrid methods) and
the development of more specific preconditioners are other avenues. In the current
computational setting, the selection of optimal parameters in MUMPS and HIPS for
better numerical efficiency has been left out due to the time constraint in completing
this thesis. Such work would allow our high-order time stepping methods to solve
large scale industrial flow problems.



Appendix A

Fundamental Theorems on Finite
Element Methods

Theorem A.0.1 (Error estimates for Stokes equations using P,-P; finite
elements (see Ern and Guermond, [13])). Assume that the solution (u,p) to
the Stokes problem (1.1.1) is sufficiently smooth, i.e., u € [H*(Q) N HY(Q)]? and
p € H?(Q) N LA(Q). Then, the solution (un,pn) of (1.1.8) with X, and My, as
defined in (1.1.4) satisfies

Vh, [lu—upllia+Illp = prlloa < ch*([ullso + pll20),
for some constant ¢ > 0. Moreover, if the Stokes problem has smoothing properties,

Vh, fu—ullon < ch*([lullso + Ipll20).
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Appendix B

Useful Concepts, Definitions and
Numerical Tools

B.1 Regular Triangulation

For a given set S, the diameter of S is defined by [28§]
diam(S) =sup{|x —y| : x,y € S}.

The family of meshes {7}, discretizing a domain (2, is called regular if it fulfills
the following conditions.

(1) lgiglmax{diam | T € Tn} = 0.
(2) There exist a constant ¢ > 0 independent of h such that

p(Tk)

—_— 1.
diam(TK) >0, VTx €T, (B 1 1)

where p(Ty) are the diameter of the inscribed circle of T.

B.2 Newton—Raphson’s method

We are interested in computing solutions X € R™ of the system F(X) = 0, where
F : R" — R" is a general nonlinear function. Newton’s method consists in iterating

X = X" - [F/(X™)] TR (X" (B.2.1)
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starting from some X° € R". When applying Newton’s method to the stationary
Navier—Stokes equations, we define the variable

and the function

F(X):F([u1>: —yAu+u-Vu+Vp—f]. (B.2.9)
D V-u+ep
Applying (B.2.1) to the (B.2.2), we get
F Uk Ugt+1 — Uk - _F Uk
Pk Pk+1 — Pk Pk
or written in a component-wise form
—vAug, + Upi1 - Vug + 4 - Vuge + Vo = 4 ug - Vu, (B23)
V- Uiyl — €Pp+1 — 0. (B24

From a practical point of view, few other issues have to be considered: first is that
(B.2.3) and (B.2.4) are written in variational form and second, a stopping criterion
is required to assess the convergence of X"”. One way to achieve this is by fixing
|1 — Wgl|2() < tol where tol > 0 is any user-define small real number.

To write down the general formulation of Newton’s method for nonstationary Navier—
Stokes equations with time-stepping methods requires care. For instance, when in-
volving multistep methods (e.g., BDF), one may simply add the time-discretization
term and freeze the past step value(s) whenever the Newton’s method is iterated at
each time step. When using BDF-2 for time-stepping, the algorithm is written as

follows: Given a proper initialization of u® and u', and we fix uj*® := u"*! by con-
vention, for n = 0,1,2,... we seek the solution (u""2, p"*2) through the convergence

of Newton’s iteration for some value k € N (with a proper stopping criteria) using

3u? — 4qutt +un
k+1 n+2 n+2 n+2 n+2 n+2
— vAu +uk+1-Vuk + u,, -VukJrl

o k+1
n+2 n+2 n+2 n+2
+Vpiii— f = u, " -Vu,
n+2 n+2
Vewiy —epyp = 0.
’ n+2 .__ nt2 n+2 .__ ,n+2
At convergence of Newton’s method, we fix u"** := u; 77 and p"™ := p7; for some

value k € N and for all n=10,1,2,...
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B.3 Bound associated with the nonlinear term

We define the nonlinear term B(u) = u- Vu where u € R, d = 2,3 is a vector field.
Let a,b,c € R? are non-zero vector fields. Then following bound holds

|Bla+b)—B(a+c)|<|[(a+b)-V(b—c)|+|(b—c) - V(a+c)| (B.3.1)
Proof:

B(a+b)—B(a+c) = (a+b)-V(a+b)—(a+c)-V(a+c)

a-Va+a-Vb+b-Va+b-Vb—a-Va—a:-Vc -
c-Va—c-Vc

= a-V(b—c)+(b—c)-Va+b-Vb—b-Vc+b-Vc-—
c-Vc

= a-V(b—c)+(b—-c)-Va+b-V(b—c)+(b—c)-Vc

b)-V(b—c)+(b—c)-V(a+c)

(a+
|Ba+b) — Bla+c)| [(a+Db)-V(b—c)|+|(b—c)-V(a+c)|
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Appendix C

Several modeling considerations

C.1 Boundary conditions for the 2D lid-driven cav-
ity flow at Re = 8 500

The domain Q = (0,1)? is typically used to compute 2D lid-driven cavity flows.
Homogeneous Dirichlet boundary conditions with velocity u|r = (0,0) is prescribed
along left, right and lower boundaries. Along the upper lid, the velocity u|r = (1,0)
is set to provide a constant flow. The boundary settings at the corner produce dis-
continuous solutions for the lid-driven cavity. We consider two types of boundary
conditions at the two upper corners. Figure C.1 shows the “watertight cavity” (de-
noted as CAVITY-1) which fixes u|r = (0,0) (in blue) at the top corners while the
“leaky cavity” (denoted as CAVITY-2) fixes u|r = (1,0) (in red) at the top corners.

(0, 1) ulp = (1,0) (1,1) (0,1) ulr = (1,0) (1, 1)

=(0,0)
(0,0)

CAVITY-1 CAVITY-2

ulr = (0,0)
ulr = (0,0)

|
ulp

(0, 0) ulp = (0,0) (1,0) (0,0) ulp = (0,0) (1, 0)

Figure C.1: Two types of domain setting for 2D lid-driven cavity: “Water-
tight cavity” (CAVITY-1) and “leaky cavity” (CAVITY-2).
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We compute the 2D lid-driven cavity using both CAVITY-1 and CAVITY-2 and
we compare the numerical results. The discretization of the domain is done using
non-uniform triangular mesh with 120 triangles along each edge of the square. This
results in a varying mesh size 0.00628 < hx < 0.01660 with 34164 vertices and
17323 elements. With Py-IP; elements, a total of 154941 unknowns are generated
for both velocity and pressure. We compute the 2D lid-driven cavity using different
combinations of methods, boundary conditions, Reynolds numbers and time steps.
All these are given as follows:

(a) CAVITY-1, BDF-2 method, Re =8000, 7= 0.05
(b) CAVITY-1, DC-2 method, Re=8000, 7= 0.0027
(c) CAVITY-2, BDF-2 method, Re=8000, 7= 0.05
(d) CAVITY-2, BDF-2 method, Re=8500, 7= 0.01.

Here we consider two values of Reynolds number; namely 8000 and 8500. Many
authors have reported that the first Hopf bifurcation can be triggered at about Re =
8000 (see [2, 8, 14, 66]) while [18] reported that bifurcation is possible with a smaller
critical value Re..; < 7500. This can only be achieved for a sufficient long simulation
time 7. Computations are initialized from the state of rest. The time evolution of
x-velocity u are monitored from time to time at three points; i.e., near bottom left
(0.2,0.3), bottom right (0.8,0.3) and top right (0.8,0.7).

Figure C.2 shows the z-velocity u monitored at three points for ¢ € [1000, 1200]
using the above test cases. We observed that the z-velocity u at all monitoring points
becomes fully periodic when CAVITY-1 is implemented with Re = 8 000. However,
both computations with CAVITY-2 produces steady solution. Even with the higher
Reynolds number, Re = 8500, and smaller time step 7 = 0.01, we were not able to
trigger flow instabilities in CAVITY-2.

In [41], we produced unsteady periodic flows with all methods for CAVITY-1 at
Re = 8500 with various time steps 7 = 0.001,0.0014 and 0.0025. We tested that
the periodicity is observed with CAVITY-2 at Re = 10000 and time step 7 = 0.01
using BDF-2 method (result not shown). The “leaky cavity” (CAVITY-2) is a type
of regularized cavity which results in lower sensitivity to flow instabilities induced by
high Reynolds number. On the basis of these results, we were convinced that the
“watertight cavity” (CAVITY-1) is the best option to compute 2D lid-driven cavity
at Re = 8500.
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Time evolution of x-velocity at bottom left (0.2, 0.3)
T

-0.14

0I5
<
§ -0.16 CAVITY-1 (BDF-2, Re=8000, t = 0.05)
= up CAVITY-1 (DC-2, Re=8000, T = 0.0027)
3 " CAVITY-2 (BDF-2, Re=8000, T = 0.05)
§ 0.18 CAVITY-2 (BDF-2, Re=8500, © = 0.01)
YY) |
U
0.20 AR RN
-0.21
ot Time evolution of x-velocity at bottom right (0.8, 0.3)
-0 T T
017 | _
018 |- E
S o - —
g CAVITY-1 (BDF-2, Re=8000, T = 0.05) =mmmm
T 020 CAVITY-1 (DC-2, Re=8000, T = 0.0027) e ]
T .2 CAVITY-2 (BDF-2, Re=8000, T = 0.05) = _|
< . CAVITY-2 (BDF-2, Re=8500, 7= 0.0]) mmmmmmm
2 .02 |- -
)
023 |- E
-0.24
-0.25 L L L
010 Time evolution of x-velocity at top right (0.8, 0.7)
- T T
0.09 AR A R AR R R A A A R A
=~
£ s CAVITY-1 (BDF-2, Re=8000, © = 0.05)
= CAVITY-1 (DC-2, Re=8000, T = 0.0027)
3 0.07 CAVITY-2 (BDF-2, Re=8000, © = 0.05)
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Figure C.2: Time evolution of the z-velocity u at three locations with differ-
ent methods, model and boundary conditions used to compute 2D lid-driven
cavity at Re = 8 500.
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