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SUMMARY

Classical semi-implicit backward Euler/Adams—Bashforth time discretizations of the Navier—Stokes
equations induce, for high-Reynolds number flows, severe restrictions on the time step. Such restrictions
can be relaxed by using semi-Lagrangian schemes essentially based on splitting the full problem into an
explicit transport step and an implicit diffusion step. In comparison with the standard characteristics
method, the semi-Lagrangian method has the advantage of being much less CPU time consuming where
spectral methods are concerned. This paper is devoted to the comparison of the ‘semi-implicit’ and
‘semi-Lagrangian’ approaches, in terms of stability, accuracy and computational efficiency. Numerical
results on the advection equation, Burger’s equation and finally two- and three-dimensional Navier—
Stokes equations, using spectral elements or a collocation method, are provided. Copyright © 2001 John
Wiley & Sons, Ltd.
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1. INTRODUCTION

In spectral simulations of incompressible viscous flows, the linear terms are often treated
implicitly and the non-linear convective term explicitly, to obtain a linear system in space after
the time discretization. However, such semi-implicit treatments have generally severe stability
restrictions on the time step when high-Reynolds number flows are computed. Another
popular approach for the treatment of the convective term is the characteristics method (see,
for example, References [1-4]), sometimes termed as ‘transport + diffusion algorithm’. It

* Correspondence to: Laboratoire J.A. Dieudonné, UMR CNRS 6621, Université de Nice-Sophia Antipolis, 06108
Nice, France.

! E-mail: cjxu@xmu.edu.cn

2 E-mail: richard.pasquetti@unice.fr

Received August 1999
Copyright © 2001 John Wiley & Sons, Ltd. Revised February 2000



320 C. XU AND R. PASQUETTI

consists of splitting the computation at each time step into two steps: transport of the previous
solution on the characteristics and resolution of Stokes-like equations or diffusion-like
equations, e.g. in the framework of projection methods. The characteristics method, which
makes use of direct approximations of the material derivatives, was first introduced in the
finite element framework (see above mentioned references). Adaptation of such an approach to
the spectral methods are more recent [5]. Theoretically, if a backward differentiation scheme is
applied, the characteristics method is an unconditionally stable numerical procedure. As a
result, large time steps can be used in the computations.

However, some difficulties remain, especially when high-order spatial approximations are
involved. First, a difficulty arises from the location of the feet of the characteristics and from
the evaluation of the solution at these points: to retain high-order accuracy, high-order
Lagrange interpolants have to be used, which is expensive in terms of CPU time. Second, if the
spatial discretization is based on a multi-domain or spectral element method, it may be
necessary to trace back the characteristics over several sub-domains or elements. This can
introduce additional errors and furthermore affect the total stability property of the scheme.
Third, no general effective theoretical results are available concerning the analysis of stability
and convergence of the characteristics method, as soon as the transport step is only solved
approximatively.

An alternative method, also based on the splitting transport step—diffusion step but avoiding
the costly interpolations required for the solution evaluations at the feet of the characteristics,
is to use a semi-Lagrangian approach. Such a method can be recast in the general integration
factor splitting scheme generator introduced in Reference [6]. It consists of determining the
transport of the previous solution on the characteristics via solving an advection equation with
appropriate sub-time discretization. The aim of this paper is to verify the properties of the
resulting algorithm, for different problems and using different spectral approaches, in terms of
stability, accuracy and also computational efficiency, with comparisons with standard semi-im-
plicit schemes.

In the first part of the paper (Sections 2—4), the semi-Lagrangian method is introduced, a
few illustrating schemes are described and the sensitive point of the boundary conditions for
the transport step is discussed. Then we give detailed comparisons on the stability and
accuracy between the semi-Lagrangian and semi-implicit schemes. These comparisons are first
performed on one-dimensional problems (Burger’s and advection—diffusion equations), then
for the two-dimensional regularized driven cavity problem, using a spectral element method,
and finally for a three-dimensional cavity problem, using a Chebyshev collocation method. For
this latter test, we also compare the efficiency of the two different approaches in terms of CPU
time with justification of the results by operation counts.

The main notations used in the paper are the following:

— u(x, t): exact solution u at the point x and time ¢

— u": numerical approximation of u at time ¢ =1¢"

— y(x,t; t), 0 <t <t: characteristics equation

— da:dx, t; 1)=u(y(x, t; 1), 1)

— @™ approximation of # at time 7= ¢", with r=¢""!

— #i: exact solution of each transport equation solved at each time cycle
— @ approximation of # at sub-time cycle m
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2. THE SEMI-LAGRANGIAN METHOD

For the sake of simplicity, we consider the standard advection—diffusion problem: given v, v
and f, find u such that

d
alll—l—V'Vu—vAuzf, xeQ, 0<i<T (1)

completed with appropriate initial and boundary conditions. Here Q = R (d=1,2,3), v=
(vy, ...,v,) is a velocity field and v is a positive constant diffusion coefficient.
Equation (1) can be rewritten in the form

Du
Dr vAu=f )

where D/Drt is the material (Lagrangian) derivative, i.e. the total derivative in the streamline
direction v. The basic idea of the classical characteristics method consists in the discretization
of Equation (2), rather than Equation (1). For example, using the first-order backward Euler
(BE1) difference scheme, one obtains

1 1
n+1 __ A n+1 _ fn+1 n n+1. 4n
Al vAu f +Atu (e, 7Y 1) 3)

where At is the time step, n is the time cycle index and y(x, ¢; 7) is the solution of the
characteristics equation

d;{zv()(,z), O<t<t
de “4)
x(x 15 1) =x

which defines the trajectory of the particle that reaches the position x at time z.
After the spatial discretization, for each collocation point the classical characteristics method
consists of the following two steps:

(1) location of the foot of the characteristic;
(i1) evaluation of u” at this point.

Such a procedure is clearly expensive and, moreover, may be unstable when high-order
approximations are concerned, such as spectral, spectral elements or Ah—p finite element
methods.

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2001; 35: 319-340
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The semi-Lagrangian approach appears to be able to preserve the main advantages of the
characteristics method together with being less expensive in computational time. As shown
hereafter, for the advection—diffusion equation it is also based on the splitting transport
step—diffusion step.

To be more general than in Equation (3), let us introduce the backward Euler approxima-
tion of order Q (BEQ) of Equation (2). Considering the @ consecutive time instants
prHlma=y+l _gAt, g=1,..., O, then we have

OCOM)’+1+0€1L7}1+"'+OCQL7"+17Q

_ VAM" +1 _ fn+1 5

= f 5)

where the o, are appropriate constants (for example, if Q =3 then dy=", o= —3, o=
3, 3= —1). As previously mentioned, u"*! is an approximation of u(x, ¢) at time t=¢"*!
and, for simplification, we have denoted by #"*'~9% g=1,..., 0 approximations of

ﬁ(x, Zn+l; ln+17q)::u(x(x’ Zn+l; ln+17q), Zn+lfq)‘

Clearly, once the #”*+!~¢ are known in Equation (5), u”*! results from the resolution of a
diffusion-type problem (the diffusion step). But it is easy to show that the calculation of these
#i"*1~ % may result from the resolution of a set of O advection equations (the transport step).

Lemma 2.1
Given the function v, we have @(x, t"*!'; t")=i(x, t" "), the solution at t=¢"""' of the
following advection problem:

oi(x,
M: —v(x, 7)'Vi(x, ), t"<t<t"t!

ot (6)

a(x, t")y=u(x, t")

Proof
Equation (6) is nothing but the material derivation of # set equal to zero, so that

daa(y(x, "' 1),7)

0
dr

Hence, we have
a(r (e, et ), )y =aly (et et et
That is

alx, "t My =d(x, t" Y O
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Similarly, it is clear that
ﬁ(x, Zn+1; l"+17")=ﬁ(x, ln+1)’ q=2,’Q
where i(x, 1" ") is the solution at 7= """ of the following advection problem:

oi
wx.7) —v(x, 1) Vi(x, 1), t"tlTi<r< !

ot (7)

IZ(X, tn+17q) — l/l(x, Z)1+17q)

Remark 2.1

We have assumed that for any values of x in Q and 7 <1¢, y(x, ¢; 7) belongs to the domain Q.
This is valid for confined domains, such as for any xeI', v(x)*n(x) = 0, where n(x) denotes the
unit outwards normal at point x of the boundary I = 0Q. For open domains, some feet of the

characteristics may fall outside the computational domain. This point is discussed in Section
4,

3. SCHEMES FOR THE TRANSPORT STEP

If the @+ '~ were exactly computed, i.e. if the Q auxiliary advection problems

oi(x, v
( )=—v(x,r)-VL'¢(x,r), i< <!

ot ®)

a(x’ tn+ 1 7{/) — u(x’ Zn+ 1 7(/)

qg=1,2,...,0, were exactly solved, then scheme (5) for the diffusion problem would be
unconditionally stable. However, in practice we can never obtain the exact values of the
@"+1=4 In fact, advection problems (8) have to be approximated using a suitable time scheme.
Hereafter, we present possible choices for the time discretization of advection problems (8),
which may be solved with a sub-time step Az, such as At = M Ar, where M is a positive integer.
In the case of the Navier—Stokes equations, the velocity field v is also unknown and so we
focus on explicit time schemes. Consequently, stability constraints have to be considered. They
depend on the stability region of the time scheme and on the spectrum of the spatial discrete
operator (see, for example, Reference [7]).

3.1. Adams— Bashforth schemes

Adams—Bashforth schemes are frequently used in the calculation of the convection term of the
Navier—Stokes equations. For advection problems (8), they yield the following generic form:

ﬁm+ 1 _ am _ A‘L’(V'VIZ)*

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2001; 35: 319-340



324 C. XU AND R. PASQUETTI
with

NORVAT First-order

3 1
(Vi) =<4 5 MCON vy LI 3 vy = Daygm—1 Second-order

23 16 5
T vy — B v Deygm =14 I p™=2.Vig"m =2 Third-order

To begin the iterative procedure, i.e. for m =0, one uses #° =u" "'~ 9. The iteration number
is equal to gM, in such a way that #"*!'~ 9= The v are the values of v at time
t=t"+*1=94 mAr. The full Q-order backward Euler/L-order Adams—Bashforth (BEQ/ABL)
scheme is formally of order min(Q, L) in time, as a result of a consistency analysis successively
applied to Equations (8) and (5). There is no stability restriction on Az due to the uncondi-
tional stability of the BEQ approximation, but the sub-time step At should be determined from
the condition that the spectrum of the spatial discretization of the operator Azv+V belongs to
the absolute stability region of the explicit ABL scheme. Note that the spectral Legendre
approximation of the first-derivative operator shows imaginary eigenvalues, so that in this case
we should choose the AB3 scheme because it is stable along some portion of the imaginary
axis. This is no-more true in case of a spectral Chebyshev approximation, where the AB2
scheme should be considered.

Now let us determine @#”, 4"~ !, ..., #"*!~7in Equation (5) from the AB1 approximation
applied to the sub-problems (8), with the time steps Az, 2At, ..., QAt respectively, i.e.

ﬁ;1+17q_un+lfq

— n+17q_v n+1—gq 1< <
Yy v u , I<q=<0

Then, this approach results in

o
z aqun+l—q

q=0 Y —vAu”+1=f"+1—(V°Vu)+

where

o
(V'VH)+ — < Z _qaqv}1+1—q.vun+]_q>

qg=1

which is exactly the standard Q-order semi-implicit BEQ/ABQ scheme, as can be easily
recovered by Taylor developments of u(x, t"+!79), 1 <g<Q, at time "+

Let us emphasize that the notation AB here simply refers to the so-called ‘Adams—Bashforth
extrapolation’ (at time " *!). For example, one obtains
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v'-Vu" First-order
(v-Vu)* =< 2v-Vu" —y' —1.yyn ! Second-order
3veVu' —3v'~LVy" !+ v"~2.Vy" 2 Third-order
3.2. Runge—Kutta schemes

For illustration, we consider the fourth-order Runge—Kutta (RK4) scheme

given 71"
Ry= —v"-Vig™
‘ 1
R2 - v(m+ 1/2).V<am +§ ATR1>

: ©)
R3 - _ v(m + 1/2)_V<12m + E A‘L’R2>

R, = — V" +DV(@” + AtR,)

A
gmtl :ﬁm_‘_%(Rl —|—2R2+2R3+R4)

~

where again the v are the values of v at time 7= ¢""!~94 mAr.

The semi-Lagrangian BEQ/RK4 scheme is formally of order min(Q, 4) in time. As for the
BEQ/ABL, there is no stability restriction on Az but stability restrictions on Az. They can be
determined from the absolute stability region of the explicit RK4 scheme, together with the
discrete spectrum of the operator v-V. Theoretically, the RK4 scheme is more stable than the
AB2 or the AB3, due to its larger absolute stability region. This is why it will be used in our
numerical experiments (Section 5). However, the RK4 algorithm needs four consecutive
gradient operations at each sub-time step, rather than two (or three) for the AB2 (or AB3)
scheme.

To conclude this section we apply the semi-Lagrangian BEQ/RK4 scheme to the Navier—
Stokes equations

0

14- (u-Vyu —vAu+Vp=0

ot (10)
Vou=0

The BEQ approximation of the material derivative yields the Stokes-like problem

aoun+l+alﬁn+ +“Qﬁn+17Q

A _vAunJrl_'_Vanrl:O’

Veurtl =0
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where the previous solutions & ™' ~¢ are computed by solving the Q advection sub-problems

e
8, 7) = —u(x, 7)-Vi(x, ), "tlTi<r<t!

at (11)
l-l(X, tn+17q)=u(x’ Zn+17q)

forg=1,2,..., Q using a RK4 scheme. It should be remembered that, for ¢ fixed, & *! ¢ is
an approximation of #i(x, " ™) (see Lemme 2.1).
The details of the algorithm, with the sub-time step At = At/M, can be written as follows:

Initialization: m=0, @ =uw*+!1 ¢
Step m:

Given w”

R, = —u™-Vi”
1
I{2 — u(m + 1’/2)‘V<l-lm + E A‘L’R1>

, 1
R; = _u(m+1/2).V<ﬁm+2ATR2>

R,= —u”*D-V(@” + ArR))

A
ﬁm+1 =l-lm+%(Rl —|—2R2+2R3+R4)

End: If m=qgM, let " +'!—¢ =™ Stop.

Similar notations to previously ones have been used, except that dot products have been
replaced by vector—tensor products. Moreover, the u® are only approximate values of u at
time t=¢""'"9+ mAz. They must be evaluated by sufficiently high-order extrapolations/in-
terpolations from data at the previous time steps (u”, w*~!, " =2, ...), in order to preserve

the global accuracy of the semi-Lagrangian scheme.

4. BOUNDARY CONDITIONS FOR THE ADVECTION SUB-PROBLEMS

The advection sub-problems (8) that result from the semi-Lagrangian splitting method may
need to be completed with appropriate boundary conditions. In fact, due to the hyperbolicity
of the advection equation, boundary conditions are only needed at the inflow part I';, of the
boundary T, i.e. such as v(x)'n(x) <0. This case corresponds to open flows. For flows in
confined geometries, such as I';, = ¢J, no boundary conditions are needed: Especially, if
v|r =0, then explicit schemes like ABL or RK4 yield the correct result on the boundary,

ﬁn+lfq:un+lfq.
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The case T';,, # J is less straightforward and hence has significantly restricted the develop-
ment of characteristics-like methods. Usage of the same boundary conditions for both the
diffusion and transport steps may result in low-order convergence, even if high-order schemes
are used for the splitted sub-problems. Indeed, for each xeI’;,, the characteristic necessarily
traces back into the outside of Q. Specification of i(y(x, ¢; ), ) by the same value as u(x, 7)
on I}, means that the function u(x, ¢) is locally extended constantly into the exterior of Q,
which introduces a discontinuity of the gradiant of u except for the case Vu(x):n(x)=0.
However, in practice, such an assumption is less restrictive than it looks, because the
computational domain is generally chosen such that the flow is simple at the inlet part of the
boundary (parallel, stationary, ...) and becomes complex inside the domain, e.g. due to the
presence of an obstacle.

In different situations, to recover high-order accuracy of the splitting scheme, it is necessary
to derive better suited inflow boundary conditions for the advection subproblems. The idea
comes from the fact that the Q values of #, defined in problem (8), on the inflow boundary
xel,, at time /! are nothing but the value of u at times " *'~¢, along the characteristic
which passes at x at time " "', The ‘natural’ choice for # on I';, must be the one that allows
u to pass smoothly via the inflow boundary, in such a way that the gradient of u shows no
discontinuity.

These considerations lead us to check a ‘no inflow boundary condition” approach for the
advection problems. Indeed, the most natural extension of u into the outside of I';, is obtained
using a Taylor development. But this one is in fact automatically achieved by using an explicit
scheme without any additional boundary conditions. Thus, the RK4 scheme applied to
Equation (6) may be viewed as an approach of Taylor developement of u(y(x, t"*1; ), t") at
x. To see that readily, we rewrite Equation (9) in the following form, assuming At = At and no
extrapolation on v:

1 1 1
@"=da'=u"+ Atv'-Vu" + 3 (Atv*-V)u" + A (Atv*-V)u" + 2 (Atv*-V)*u"

where (v'+V)* denotes operator multiplication. On another hand, the fourth-order Taylor
developement of u(y(x, t"*'; "), t") at x gives

u( e, " 1), 1) = ulx 4+ 2 (x, 1" 1) — x), 1)

=u(x + Ox, t") [where dx = y(x, t"*'; ") — x]

1 1
=u(x, t") + oxVu(x, t") + 3 (0x-V)u(x, t") + 3 (0x-V)Yu(x, t")
1
+ 7 (0x-V)*u(x, t") + 0O(6x)>

Furthermore, if a first-order approximation is simply used for Jx, then

ox = Atv"
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and we have

1 1
u(y(x, "+ Y 1), t") = u(x, t") + Atv'-Vu(x, ") + 3 (Atv"-V)u(x, t") + 3 (Atv"-V)*u(x, )

1
+ 7 (Atv V) *u(x, ") + O(Ar)®

Thus, the explicit RK4 scheme for the sub-problem (6) is just an approximative form (they are
equivalent when v is constant) of the fourth-order Taylor development of u(y(x, t"*1'; "), "),
which equals @(x, " !; ). In the case of variable velocity v and sub-cycling calculation, more
detailed but similar analysis can be carried out. Nevertheless, as mentioned below, usage of ‘no
inflow boundary conditions’ makes more severe the stability constraints and consequently
affects the main interest of the semi-Lagrangian approach.

5. NUMERICAL RESULTS

The main goal here is to compare the accuracy and stability properties between the semi-
implicit and semi-Lagrangian schemes. This is done by considering one-dimensional and multi-
dimensional problems, using spectral approximations of different kinds. First we consider
one-dimensional problems: two tests are done with the viscous Burger’s equation and one with
the advection—diffusion equation. For semi-Lagrangian methods of different orders and based
on the RK4 algorithm for the transport step, we check the accuracy and also investigate the
problem of the inflow boundary conditions. Then we go to a two-dimensional problem,
namely the so-called regularized driven cavity problem, which we solve by using a spectral
element method. The stability properties of the semi-Lagrangian and semi-implicit methods are
compared, using for the latter different forms of the convective term (convective, divergence
and skew-symmetric forms). Finally, we compute a three-dimensional flow in a confined
cavity, using a Fourier—Chebyshev collocation method. Again we make comparisons of
stability but also consider the computational cost, in terms of CPU time and elementary
operation counts.

In this section we use the notations: SL for semi-Lagrangian, SI for semi-implicit and again
BE for backward Euler, AB for Adams—Bashforth and RK for Runge—Kutta. SL(BE3/RK4)
denotes a semi-Lagrangian splitting scheme based on a third-order implicit backward Euler
approximation for the diffusion step and on a fourth-order explicit Runge—Kutta scheme for
the transport step.

5.1. One-dimensional model problems

5.1.1. Burger’s equation with homogeneous Dirichlet boundary conditions. We consider the
one-dimensional viscous Burger’s equation

ou ou 0%u

PR M il

where v is a positive constant.
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The computational domain is taken to be Q =10, z[ and homogeneous Dirichlet boundary
conditions are imposed. In this case, there is no ‘inflow’into Q. It is known (see Reference [8])
that with the initial condition

u(x, 0) = sin(x)

the one-dimensional Burger’s equation has an exact solution, given by

4v Y na, e~ " sin(nx)
ulx, 1) = —"=1 (12)
ap+2 Y a, e " cos(nx)

n=1

with

1
a, = ( - 1) In<2v>

where I, is the exponentially increasing Bessel function of the second kind. In the calculations
we take v =0.05. The profile of the exact solution at time = 1.0 is plotted in Figure 1.

T T
Exact solution —

Figure 1. Profile of the exact solution of Equation (12) at t=1.0.
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Figure 2. Errors in the L?>-norm at time ¢ = 1.0 versus the time step Atz for the solution of Equation (12)
of the one-dimensional viscous Burger’s problem, using the SL(BEQ/RK4) scheme with Q=1 (), 0 =2
(+), 0=3 ().

We first verify the time discretization accuracy of different SL schemes and then make
comparisons with standard SI ones. The numerical solutions are calculated until the time
t=1.0 with different time steps. In all cases, the spatial approximation consists of K=3
Legendre-based spectral elements with a maximum polynomial degree of N = 16. The spatial
discretization errors were checked to ensure no spatial contamination of the time discretization
errors. Figure 2 shows the errors in the L2norm at = 1.0 given by the SL(BEQ/RK4)
schemes for Q =1, 2, 3 and different time steps. The results were obtained with At = A¢, i.e.
no sub-cycling was used. As expected, the scheme is Q-order accurate because the leading-
order error is determined by the backward differentiation.

The SL(BE3/RK4) and the SI(BE3/AB3) schemes are compared in Figure 3. One notes that
the SL scheme gives more accurate results than the SI scheme, probably due to less
leading-order error terms for the former: one leading-order error term rather than two. One
notes also that the SL scheme yields a time approximation order slightly less than the SI one:
the slopes are 2.87 and 3.0 respectively.

5.1.2. Burger’s equation with non-homogeneous Dirichlet boundary conditions. This second test
considers an exact solution of the one-dimensional Burger’s equation, with v=1.0, in a
domain Q =10, 1]

u(e, 1) =1 (13)

+e¥ 7
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The non-homogeneous Dirichlet boundary conditions and the initial condition are imposed to
be consistent with the above exact solution. Now x =0 and x =1 are ‘inflow’ and ‘outflow’
points respectively. The solution is again integrated until 7 = 1.0 with different time steps. The
polynomial degree is N =24 with no spectral element decomposition. Again the spatial
discretization errors have been checked to be sure that they may be neglected compared with
the time discretization errors.

Figure 4 shows the errors in the H'-norm at 7 = 1.0 for the SI(BE3/AB3) and SL(BE3/RK4)
schemes, with and without inflow boundary conditions for the advection sub-problems of the
SL scheme. It is noted that with ‘no inflow boundary condition’, the high-order convergence
of the splitting scheme is maintained, while the specification of the non-homogeneous Dirichlet
boundary condition on the inflow boundary for the advection sub-problems results in worse
accuracy. This is in agreement with the previous analysis. Nevertheless, the ‘no inflow
boundary condition’ approach induces stability constraints that are more severe, so that no
gain is obtained when using the SL scheme rather than the SI one.

5.1.3. Advection—diffusion equation. Now we consider the one-dimensional advection—diffusion
equation

ot T Yox Vox2

0.0001 -
SL(BE3/RK4) -0~
SI(BE3/AB3) -+
1e-05 | /,* _
1e-06 E
1e-07 | ]
1e-08 E
1e-09 .
0.001 0.01 0.1

Figure 3. Errors in the L*norm at time # = 1.0 versus the time step At for the solution of Equation (12)
of the one-dimensional viscous Burger’s problem, using the SL(BE3/RK4) () and the SI(BE3/AB3)
schemes (+).
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0.01 .

SL(BE3/RK4) with inflow boundary condition -e—
SL(BE3/RK4) with no boundary condition ~+--
SI{BE3/AB3) -a--

0.001 |

0.0001 | ]

1e-05 r

1e-06 | ]

1e-07 T ]
1008 | L i

1600 | i

te-10 1
0.001 0.01 0.1

Figure 4. Errors in the H'-norm at time ¢ = 1.0 versus the time step At for the solution of Equation (13)
of the one-dimensional viscous Burger’s problem, for the SL(BE3/RK4), with () and without (+)
inflow boundary condition, and for the SI(BE3/AB3) scheme ([J).

in the computational domain Q = ]0, 1[ and where «a is a positive constant.
For the exact solution we choose the analytical function

2n — 1+ sin(2nt) .
sin
2n

u(x, t)=x" X (14)

where o is a non-negative constant. The Dirichlet boundary conditions and the initial
condition are taken consistent with the exact solution. The constant « is fixed to a = 1. Figure
5 shows the profile of this exact solution at ¢ = 1.0 for various values of «.

For all o > 0, the solution is vanishing at the two extreme points, x =0 and x = 1, which are
an ‘inflow point” and an ‘outflow point’ respectively. Here again we can expect that using x =0
the same boundary condition for the diffusion step and the transport step will introduce
splitting errors, especially in the case of small «. Indeed, with a constant velocity propagation,
the extension of the solution for values of x <0 does not coincide with the homogenecous
boundary condition. Nevertheless, one can expect that a zero derivative of the exact solution
at the ‘inflow point’ (this is the case when « > 1) will limit the splitting errors and even that
these errors will decrease when inceasing the parameter o.

The calculations are done with K = 6 spectral elements and a maximum polynomial degree
N =28. We first compare the stability properties of the SL(BE3/RK4) and SI(BE3/AB3)
schemes, as a function of v, using o =2 (but similar results have been observed for « =0 and
o =1). In the present test, no sub-cycling is used, i.e. At = Atz. Table I lists the critical time
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Figure 5. Profile of the exact solution defined by Equation (14) at r=1.0 for « =0, 1, 2.

Table I. Critical time steps for the SL and SI schemes for different values of v

(M=1).
v SI(BE3/AB3) (At,) SL(BE3/RK4) (At)) Speed-up (Az./At.)
1.0 Unconditionally stable 0.019 4+ 0.001 0.00
0.1 0.07 £0.01 0.016 +0.001 0.23
0.01 0.007 +0.001 0.013 +0.001 1.86
0.001  0.0029 4+ 0.0001 0.013 £ 0.001 4.48
0.0 0.0026 + 0.0001 0.011 +0.001 4.23

steps At for the SL scheme and At, for the SI one for different values of the viscosity. The
speed-up in the last column is calculated as the ratio of Az, and Af.. One observes that for
large values of the viscosity the SI scheme takes advantage on the SL one: in such cases the
diffusion term is dominant and so stabilizes the global schemes. But as expected, when the
viscosity decreases, the speed-up resulting from using the SL scheme increases. The maximal
speed-up is obtained for v ~ 0. Thus, the SL(BE3/RK4) scheme is of interest for small values
of the viscosity.

Note that if sub-cycling is used in the solution of the advection sub-problems, then the
critical time step of the SL scheme can be increased. For v=0.001 and « =2, Table II shows
the influence of the sub-time step number M on stability. As expected, the variation of the
critical time step At with respect to M is essentially linear. We attribute the slight departure
from linearity to the fact that x =0 is an inflow point.
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Table II. Critical time steps for the SL scheme and speed-up for different
values of the sub-time step number M.

M SL(BE3/RK4) (At)) Speed-up (Atl/At,)
1 0.013 +0.001 4.48
2 0.025 £+ 0.001 8.62
3 0.036 + 0.001 12.4
4 0.049 £+ 0.001 16.9
8 0.096 + 0.001 33.1
16 0.190 £+ 0.001 65.5
0.01 T
alpha=0 o—
alphas1 -+-
alpha=2 -8a--
0.00t | p
0.0001 |- 4
1e-05 -
16-06 |- A J
- "H."
1607 _
o
4 L

608
0.001 0.01 0.1

Figure 6. Errors in the L?-norm at time 7= 1.0 versus the time step Az for the solution of Equation (14)
of the one-dimensional advection—diffusion equation, with « =0 (), « =1 (+) and o =2 (), using
the SL(BE3/RK4) scheme.

For investigations on the accuracy, we test the following three cases: « =0, 1, 2. Figure 6
shows the time accuracy order for different values of o using the SL(BE3/RK4) scheme in the
case v=0.001. When a« =0, the derivative of the exact solution at the inflow boundary is not
zero and so the homogeneous inflow boundary condition is not compatible with the value of
the solution along the characteristics. The utilization of this inflow boundary condition results,
as mentioned previously, in worse accuracy. But as expected, when « increases, errors
stemming from the inflow boundary condition decrease.

In Table IIT we compare the time errors obtained respectively with the SL(BE3/RK4) and
the SI(BE3/AB3) schemes for various values of o and two different time steps in the case
v=20.1. One observes that the time error of the SL scheme is larger if « = 0. However, the SL
scheme is more accurate than the SI scheme, as soon as o > 1.
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Table III. Time errors in L?norm of the SI and SL schemes for different
values of o and for two time steps.

At o SI(BE3/AB3) SL(BE3/RK4)
0.0025 0 0.364E — 06 0.245E—05

1 0.198E—06 0.858E—07

2 0.125E—06 0.428E—07
0.01 0 0.226E—04 0.111E—03

1 0.127E— 04 0.532E—05

2 0.815E—05 0.184E—05

5.2. Regularized driven cavity problem

The two-dimensional driven cavity problem is considered as a classical test for the Navier—
Stokes numerical solvers. The computational domain is Q =10, 1[%, at the initial time the fluid
is at rest and we consider for the boundary conditions [9,10], with u = (u, v)

u(x,1,0)= —16x%(1 — x)%, v(x,1,0)=0

on the top side and zero on the three other sides, in order to avoid C° discontinuities of u in
the corners of the cavity. The Reynolds number is defined by Re = Lu,,,,/v, where L and u
are the dimensioned side length and maximum training velocity respectively. Calculations have
been carried out for Re =400 and Re =1000. In both cases, the flow converges to a steady
state.

The spatial solver is based on the Legendre P, x P, _, spectral element method (polynomial
approximation for the pressure is two degrees less than for the velocity components). The
Stokes system is solved by the Uzawa procedure, which splits the resolution process for the
pressure and velocity. The pressure system and the velocity system are solved respectively by
the outer/inner conjugate gradient iterative algorithm with preconditioning (see References
[11-14] for more details).

In the case Re =400, we use K =16 uniform spectral elements and a maximal polynomial
degree N = 16 in each element and spatial direction. In the case of Re = 1000, we take K = 100
and N =8. The vorticity (defined as the curl of u) and pressure (up to a constant) fields
obtained for this Reynolds number are shown in the Figure 7. Different time schemes are used
to perform the computations, in an effort to compare their stability properties. For a given
time step Af, we say that the scheme is stable for this time step if the steady solution is
obtained.

We first compare the stability of the SI(BE3/AB3) and SL(BE3/RK4) schemes without
sub-time step, i.e. At =At. Then, we vary the number M of the sub-cycles, i.e. we take
At = At/M, to determine the maximum time step Atz allowed by the SL scheme for a fixed
value of M. Keeping in mind that different discrete forms of the convective term may influence
the stability of the SI scheme, comparisons have been performed for the convective, conserva-
tive and skew-symmetric forms of this term. Table IV lists the critical time steps. It is noted
that the SL scheme allows critical time steps about three times larger than those of the

max
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Figure 7. Vorticity and pressure fields for the regularised driven cavity problem at the steady state,
Re =1000, —38.74 < w <20.86, —0.0424 <p <0.1223.

Table IV. Critical time steps for the SL and SI schemes, with different treat-
ments of the convection term.

SI(BE3/AB3) SL(BE3/RK4)
Re Convect. Conserv. Skew-symm. Ar=Atr Ar<At
Re =400  0.0040 0.0027 0.0033 0.010 0.070 (M =238)
Re =1000 0.0042 0.0030 0.0036 0.015 0.16 (M =11)

The data are determined with a relative error up to 10 per cent.

standard SI schemes, even without sub-cycling. As previously mentioned, this results from the
large absolute stability region of the RK4 algorithm. If sub-cycling is used with M =8 in the
case Re =400, the SL scheme allows a critical time step Af=0.07, which is about 18 times
larger than those of the SI schemes. In the case Re = 1000, if using sub-cycling number
M =11, the maximum time step of the SL scheme can reach 0.16 for the SL(BE3/RK4)
scheme. This value is 38 times larger than the one obtained with the SI(BE3/AB3) scheme.

5.3. Three-dimensional cavity flow problem

For the comparison of the SL and SI schemes, the definition of the speed-up as the ratio
Atl/At, is only justified if the computation time of the transport step can be neglected. This is
generally true, since the diffusion step is treated implicitly, whereas the transport step is treated
explicitly. This is still more true for the Navier—Stokes equations, when using the Uzawa
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algorithm to solve the Stokes-like problem, as done previously for the two-dimensional
regularized driven cavity flow.

When a direct method is used to solve the Stokes problem, or when projection methods are
involved, efficient solvers can be developed for the diffusion step. Then, defining the speed-up
as the ratio At /At, is no longer justified. This situation is the one met in this section, where
it is shown that the SL scheme can still take advantage on the SI one, but in a less convincing
way.

The computational domain is the three-dimensional cavity Q=]—0.5, 0.5> with one
periodic direction (z-periodic direction). At the initial time, the fluid is at rest and the
three-dimensional flow results from a non-homogeneous Dirichlet condition at the face
x= —0.5; with u= (u, v, w)

1/3
v(—0.5,y,z)=(1—4y?? sin<7z<025> >, u(—0.5,y,z)=w(—0.5,y,z)=0 (15)

On the three other faces also parallel to the z-axis, no-slip conditions are considered.

The approximation in the z-periodic direction makes use of a Fourier method, in such a way
that at each time step one has to solve a set of two-dimensional Stokes problems. To this end
we use a Py x P, (polynomials of same degree for the pressure and the velocity components)
Chebyshev collocation method. We first solve a Poisson equation for the pressure and then
elliptic Helmholtz equations for the velocity components. An influence matrix technique is
used to determine the boundary conditions for the pressure, in such a way that the resulting
velocity field is perfectly divergence-free (see Reference [15] for more details). For the spatial
discretization we use a 61 x 61 x 60 grid, i.e. N =60 in the x- and y-directions and 30 Fourier
modes.

For the advection sub-problems, appropriate boundary conditions are a priori needed at the
two faces orthogonal to the z-periodic direction, since there is flow entering into the cubic
domain through these faces. This would be especially complex, since the inflow and outflow
parts of the boundary may be time-dependent. However, a simple analysis shows that the
Fourier first-derivative operator has only imaginary eigenvalues, as a result, RK4 scheme
applied to the corresponding one-dimensional model problem may be stable for both negative
and positive velocity, so that no boundary conditions are in fact required. This was further-
more confirmed by our numerical experiences.

The computations are carried out for a Reynolds number Re = 10000, where Re is as
previouly based on the maximum of the velocity at the training face and on the side-lenght of
the cubic cavity. The resulting flow is such that no steady state is reached, i.e. the flow remains
unsteady. The comparison of the SL and SI schemes is performed starting from the same initial
condition, i.e. the state obtained at 1 =25 with the SI-based code. Figure 8 shows isosurfaces
obtained for the levels u = + 0.02 of the u-component of the velocity.

We compare the stability properties of the SI(BE2/AB2) and SL(BE2/RK4) schemes. The
critical time steps are found to be Az, =(0.64 +0.01) x 102 and Af,=3.44+0.1) x 102
respectively. Thus the ratio Ar./At, approximately equals 5.31.

Accuracy comparisons are difficult to perform, since the exact flow is not known. Neverthe-
less, one may expect that for a given time step the SL scheme is slightly more accurate, due to
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Figure 8. Isosurfaces u = + 0.02 of the u-component of the velocity for the three-dimensional cavity flow
problem, =25, Re =10000.

the presence of only one leading error term rather than two for the SI scheme. However, in
order to take advantage of the SL scheme, a five times larger time step has to be used, resulting
in a loss of time accuracy of about 25.

As mentioned above, a comparison of the computational costs of the two schemes does not
reduce here to the ratio of the critical time steps: the speed-up must take into account the fact
that the SL scheme is more time-consuming than the SI one. This is why we first evaluate the
numbers of elementary operations and then confirm these evaluations with CPU time
measurements. For three-dimensional problems, the calculation of the convective term with the
ST scheme requires 3 x 3, i.e. 9, velocity component differentiations, at each time step, while
the SL one requires 3 x 4 x 9, i.e. 108, differentiations. Hence, the total operation numbers
needed to treat the convection term are about 9N* for the SI scheme and 108N* for the SL
scheme. The resolution of the Stokes-like problem with the present direct method is estimated
to need 34N* operations. Therefore, the total cost at each time step is IN* + 34N* for the SI
scheme and 108N*+ 34N* for the SL scheme. The speed-up obtained from using the SL
scheme is then
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IN* + 34N*

108N 1 34ne < 231 =161

With a SGI-R10000 workstation, the CPU time to compute the convection term at each time
step is about 2 s by the SI(BE2/AB2) scheme, to be compared with 22 s by the SL(BE2/RK4)
scheme. The ratio equals 11, which is in satisfactory agreement with the previous evaluation,
108/9 = 12. The resolution of the Stokes-like problem needs about 8§ s.

The realized speed-up is therefore

2s+8s

L5TOS 531 =1.77
2 5+8s

All the above results have been obtained without sub-cycling in the advection sub-problems. If
sub-cycling is used, the speed-up can be further increased. For example, with M = At/A7 =2,
the critical time step reaches 0.066, and 41 s are now required by the RK4 algorithm. In this
case, the effective speed-up is

2s+8s o 0.066
41 s+8 s 0.0064

=2.10

However, one may now expect a loss of two orders of magnitude in the time accuracy of the
calculation.

6. CONCLUSION

The direct numerical simulation of high-Reynolds number flows remains a challenge for the
numerical methods, due to the severe stability constraints induced by the non-linear convective
term. The classical characteristics method allows to relax these constraints, but is too much
CPU time-consuming in the framework of spectral method. This is why semi-Lagrangian
methods, which do not require high-order interpolations, are attractive. Then it was of interest
to make comparisons with the standard semi-implicit methods. In all the considered cases,
semi-Lagrangian schemes based on backward differentiation for the diffusion step and
fourth-order Runge—Kutta method for the transport step, have permitted a non-negligible
speed-up, in comparison with semi-implicit schemes based on backward Euler differentiation
and Adams—Bashforth extrapolation. Nevertheless, improvements of the explicit scheme used
for the transport step, in terms of stability properties and computational cost (see, for example,
Reference [16]), would permit to still increase the speed-up, especially when the calculation
time of the convective term cannot be neglected.
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