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Abstract. In this work, new finite difference schemes are presented for dealing with the upper-
convected time derivative in the context of the generalized Lie derivative. The upper-convected
time derivative, which is usually encountered in the constitutive equation of the popular viscoelastic
models, is reformulated in order to obtain approximations of second-order in time for solving a
simplified constitutive equation in one and two dimensions. The theoretical analysis of the truncation
errors of the methods takes into account the linear and quadratic interpolation operators based on
a Lagrangian framework. Numerical experiments illustrating the theoretical results for the model
equation defined in one and two dimensions are included. Finally, the finite difference approximations
of second-order in time are also applied for solving a two-dimensional Oldroyd-B constitutive equation
subjected to a prescribed velocity field at different Weissenberg numbers.
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1. Introduction. The solution of constitutive equations for viscoelastic fluids
involves some important considerations, as for instance, the theoretical issues concern-
ing the existence results [10, 16, 29, 46], and the development of numerical schemes
for solving complex fluid flows [13, 20, 24].

Some forms of viscoelastic constitutive equations can be constructed considering
the upper-convected time derivative or Oldroyd derivative [39], which is defined as

(1) Em %t )¢ (V) — (V)T

where u(z,t) € R? is the velocity field of the flow and ((z,t) € Rg;nil is a tensor
to represent the non-Newtonian contribution for d = (1), 2, 3. Roughly speaking, the
derivative form of (1.1) is generally used for describing responses of viscoelastic fluids,
as for instance, the deformation induced by the rate of strain. Therefore, the upper-
convected time derivative (1.1) is employed to formulate the constitutive equations
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of the most popular models, as for instance, the Oldroyd-B, Phan-Thien-Tanner,
Giesekus, etc. [33, 47].

In particular, we are interested in the numerical approximations for model equa-
tions based on the classical differential constitutive equation for the Oldroyd-B fluid
in a dimensionless form:

Y

(1.2) C+Wi¢ =2(1-p5)D(u),

where D(u) = [Vu+ (Vu)']/2 is the strain-rate tensor, and the nondimensional
positive parameters Wi and [ are, respectively, the Weissenberg number and the
viscosity ratio (8 € (0,1)).

The Weissenberg number [59] is a parameter related to the memory of the fluid,
i.e., for a viscoelastic material, Wi is a dimensionless number which can represent the
relaxation time of the fluid. From a rheological point-of-view, the Weissenberg number
can be interpreted as a number which can be used to measure the competition between
elastic and viscous forces present in the concept of the viscoelasticity. A naive form
to interprete the mathematical effect of this nondimensional number is considering
if Wi = 0in (1.2) and, in this case, the stress, represented here by (, is given by
an explicit relation with the strain-rate tensor D(u). Otherwise, for Wi # 0, the
relation between the stress and the velocity gradient (rate-of-strain) can be modeled
by a differential model, as for instance (1.2). Notice that increasing the value of the
Weissenberg number in (1.2), the convected time derivative assumes a more significant
effect in the equation and, therefore, the numerical treatment of this term needs to
be improved in order to obtain a correct approximation of the solution. More details
concerning the effect of the Weissenberg number on the partial differential equations
which describe viscoelastic fluid flows can be found in the works of Renardy [45, 47].

From a numerical point of view, in order to preserve the stability of the solutions,
Eulerian frameworks for solving (1.2) need to apply a high-order spatial discretization
for treating the convective terms in (1.1). Generally, the methods for dealing with
convection-dominant terms of the upper-convected time derivative are based on the
explicit and implicit upwind methodologies [2, 21, 50]. Considering explicit upwind
strategies, many numerical approaches have been proposed in the literature for solv-
ing constitutive equations of viscoelastic models based on (1.2), e.g., the Eulerian
schemes using finite element [9, 19, 23, 49], finite volume [1, 12, 41, 43], finite dif-
ference [17, 34, 56], etc. It is worth noticing that the main drawback of the explicit
upwind schemes is the severe time step limitations, and the application of implicit
time integrators has been used for developing more robust frameworks [8, 50, 60],
where a typical example is the Courant—Friedrichs—Levy (CFL) condition. However,
the construction of fully implicit upwind algorithms is complex resulting in general in
high-cost computational schemes due to the solution of large systems. An additional
drawback of implicit upwind schemes for solving convection-dominant problems is the
excessive numerical diffusion.

In a different framework, Lagrangian methods combined with the method of char-
acteristics [5, 6, 14, 37, 51] for solving viscoelastic fluid flows have been proposed
by [3, 4, 15, 28, 30, 31, 32]. In these schemes, the Eulerian discretization of the
convective term in (1.1), i.e., (u- V)¢, is avoided by using a Lagrangian discretiza-
tion of the material derivative, i.e., /0t + (u - V), with the idea of the method
of characteristics. The idea is to consider the trajectory of a fluid particle and dis-
cretize the material derivative along the trajectory. Since it is natural from a physical
viewpoint and such Lagrangian schemes have advantages, e.g., the symmetry of the
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resulting coefficient matrices of the system of linear equations in the implicit frame-
work, no artificial parameters, and no need of the CFL condition, they are useful for
flow problems appearing in the field of scientific computing.

A different approach for avoiding numerical instabilities and to obtain accurate
solutions of (1.2) is mathematically rooted on the concept of the generalized Lic de-
rivatives (GLDs) [25, 26, 27] which modifies the definition of (1.1). In particular, this
elegant methodology was first presented by Lee and Xu [25] (see also a similar idea
proposed in [42]). In that pioneer work, the authors reformulated (1.2) using some
mathematical properties to define generalized Ricatti equations in terms of GLDs. In
summary, the upper-convected time derivative (1.1) was rewritten using the concept
of the transition matrix. This idea was adopted in the context of the finite element dis-
cretization in Lee, Xu, and Zhang [27] to numerically solve the Poiseuille flow between
two parallel plates around a cylinder while in [25] the authors presented theoretical
results concerning the discretized version of the formulation proposed in [27].

In spite of the good stability properties observed in the numerical results and the
sophisticated theoretical analysis of the works in [25, 27], to the best knowledge of
the authors, the application of the GLD for solving equations in the form of (1.2)
is limited to finite element discretization resulting in schemes of (mainly) first-order
in time. In [25], two finite element schemes of second-order in time are presented
based on the Crank—Nicolson method or the second-order backward differentiation
formula (BDF2) along the trajectory of a fluid particle. There are, however, no
truncation error analyses of second-order in time and no numerical results yet, while
numerical results by a GLD-based finite element scheme of first-order in time are given
in [27]. Therefore, the main contributions of this work can be summarized as follows:
(i) the combination of the GLD strategy with the method of characteristics to develop
temporal second-order finite difference schemes for treating the upper-convected time
derivative (1.1), and (ii) the application of simple stable algorithms avoiding the need
to solve large systems as commonly occur for implicit upwind schemes.

In this paper, we present finite difference approximations of the upper-convected
time derivative (1.1) based on GLDs, and apply them to simple models. The approx-
imations are of second-order in time, where the truncation error of second-order in
time is proved in Theorem 1, and a practical form is given in Corollary 1. To the
best knowledge of the authors, it is noted that the form (cf. (3.12)), in the corollary
is new and that there are no proofs of the truncation error of second-order in time for
time-discretized approximations using the GLD approach. Combining the approxi-
mation with the (bi)linear (p = 1) and (bi)quadratic (p = 2) Lagrange interpolations,
we present full discretizations of the upper-convective time derivative of second-order
in time and pth order in space, i.e., O(At? + hP), which are proved in Theorem 2. We
present two numerical schemes for simple models in d-dimensional spaces (d = 1,2)
(cf. (4.1)), which are both explicit. The difference of the schemes is the accuracy in
space, i.e., one is of first-order (p = 1) and the other is of second-order (p = 2) in space
as (bi)linear and (bi)quadratic Lagrange interpolation operators have been employed,
respectively. After the presentation of the schemes, numerical experiments for simple
models in d-dimensional spaces (d = 1, 2) are presented. They are consistent with the
theoretical accuracies shown in Theorem 2.

In the case of Lagrangian finite element methods (often called Lagrange—Galerkin
methods), a numerical integration is often employed in a real computation for an in-
tegration of a composite function, since it is not easy to compute the integration of a
composite function exactly. In fact, a rough numerical integration may cause instabil-
ity (cf. [52, 53]), where a robustness of a scheme of second-order in time with a choice
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of At depending on h is discussed in the papers. On the other hand, a quadrature-free
scheme is proposed by using a mass-lumping technique in [44], and schemes with the
exact integration of a composite function are proposed by introducing a linear inter-
polation of the velocity and implemented in two-dimensional numerical experiments
in [54, 55]. In these quadrature-free schemes, there is no discrepancy between the
theory and real computation. Besides them, to the best of our knowledge, it is still
a standard technique for the integration of a composite function to employ a high-
order quadrature rule (cf., e.g., [7, 11, 22, 36, 37]), whose computation cost depends
mainly on the number of quadrature points. In the end, we need to choose a suit-
able high-order quadrature rule by considering the computation cost and the error
depending on the (expected) solution, At, h, and so on. In the case of the Lagrangian
finite difference method, however, there is no need to choose a quadrature rule as no
integration is used. This is an advantage of the Lagrangian finite difference method;
cf [35]. The GLD-type Lagrangian finite difference schemes which will be presented
in this paper also have this advantage.

The paper is organized as follows. In section 2, basic concepts for the flow map
and the upper-convected time derivative in the framework of the GLD and a simple
model to be dealt with in this paper are introduced. In section 3, finite difference
discretizations of the upper-convected time derivative are presented, where truncation
errors are proved. In section 4, GLD-type numerical schemes of second-order in time
and pth order in space for the simple model and their algorithms are presented.
In section 5, numerical results by our schemes are presented to see the experimental
orders of convergence. In section 6, conclusions are given. In the appendix, properties
of GLD introduced in section 2 are proved, and the main algorithms of the work are
described in detail.

2. Preliminaries. In this section, we present some basic concepts concerning
the flow map and the ideas of the GLDs. For these purposes, we need to consider
some mathematical statements.

Let 2 C R? (d = 1,2,3) be a bounded domain and T be a positive constant. Let
u: 2% (0,T) — R be a given velocity with the following hypothesis.

HypoTHESIS 1. The velocity u is sufficiently smooth and satisfies ujpo = 0.

Let At > 0 be a time increment, Ny := |T/At| the total number of time steps,
and t" == nAt (n € Z). For a function f defined in 2 x (0,7), let f" := f(-,t") be
the function at the nth time step. We define two mappings X1, X; : 2 x (0,T) — R?
by

Xi(x,t) =z — Atu(z,t), Xi(z,t) = x — 2Atu(x, t),
which are upwind points of z with respect to u(z,t). We introduce a symbol “o” to
represent a composition of functions defined by

(90 X7)(2) = g(X7'(2))
for a function g defined in {2, where X7 (z) = X;(x,t") = z — Atu"(x). We prepare
an hypothesis for At.
HyYPOTHESIS 2. The time increment At satisfies At|u|co (o, r);w.00(2)4) < 1/8.
Remark 1. Hypotheses 1 and 2 ensure that X;({2,t) = X1(2,t) = 2, and that
Jacobians of the mappings X (-, t) and X;(-,t) are greater than or equal to 1/2 for

t € [0,T]; cf. [48, 55]. We note that Hypothesis 2 has no relation with the CFL
condition as any spatial mesh size is not included in it.
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2.1. Lagrangian framework and the GLD. For a fixed (z,t) € 2 x [0,T],
let X(x,t;8) € R? be a solution of the following ordinary differential equation with
an initial condition,

(2.1a) ﬁX(w,t; s) =u(X(x,t;s),s), s€(0,1),

0s
(2.1b) X(z,t;t) = x,

for (x,t) € £2 x (0,T). Physically, X(z,t;s) gives the position of a fluid particle at
time s whose position at time ¢ is z. It is known as a flow map and an illustration of
this concept can be seen in Figure 1.

time

7b---2-

o | X@fns)

t R

&t (x,t)
Fic. 1. Sketch of the flow map for X (z,t;s).

For (x,t) € 2 x (0,T), let us introduce a matrix-valued function L(z,t;-,-) :
(0,T7) x (0,T) — R¥? defined by

0
7Xi(2,t1;t2):| iv.j::lv"'ad7

(2.2) Lij(z,ti by, ) = [c'?z-
J

|z=X(z,t;t1),

which is the so-called deformation gradient. It is known that the function L has the
following properties:

(233) L(x7t;t1,t2)L(x7t;t2,t1) = L($7t;t1,t1) = I,
(2.3b) %L(Jc,t;tl,s) = (Vu) (X (z,t;5),s) L(z, t;t1, 5),
(2.3¢) %L(:ﬁ, tys,t1) = —L(z, t; s, t1)(Vu) (X (, ¢ 5), 5)

for ty,ty € [0,T], where I € REX? is the identity matrix. Although the proofs can be
found in, e.g., [27], we give the proofs again in Appendix A.1 under the assumption
of unique existence of smooth regular L.

Let D/Dt be the material derivation defined by

D 0
— = —4u-V.
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For a function ¢ : 2 x (0,T) — R4 it is well known that the material derivative
of ( can be written as

D 0
pe(et) = [ 5 (VI (8) = £ (X :5),5) oy

Here, we define the so-called GLD L, by
(2:5)  (LuQ)(X(2,t;5),5)
=1L

(x,t;t, s)% {L(m, t;s, t)C(X(m, t;s), s)L(m, t; s, t)q L(z,t;t,5)".

From (2.3), the upper-convected time derivative can be rewritten by using £,(, i.e.,

(2.4) %

(2.6) C(,t) = (LuQ) (1) = (£u0) (X (2,155, 5) 0
which is shown in Appendix A.2.

2.2. The model equation. Based on the above description, we consider a sim-
plified model equation in order to present the application of finite difference schemes
for dealing with the GLD. Particularly, based on the Oldroyd-B constitutive equa-
tion (1.2), the problem is to find ¢ : 2 x (0,7) — R%*? such that

Sym
(2.72) C=F w02x(0,7),
(27b) < = Cin on —rin X (07 T)>
(2.7¢) ¢(=¢ inn att=0,

where [}, is an inflow boundary defined by I, = {z € 902; u(z,t) - n(z) < 0}
for the outward unit normal vector n : 92 — R? and F : 2 x (0,T) — ngxrr(f,
G : Iin x (0,T) = R¥4 and ¢ : 2 — RZX9 are given functions.

sym » sym

Remark 2. (i) From (2.6), (2.7a) can be reformulated using the GLD resulting in
(2.8) L,=F in2x(0,T).

(ii) In general, the inflow boundary I3, depends on time ¢, i.e., I}, = [i,(t), while
I3, is the empty set under Hypothesis 1. Throughout the paper, we deal with the
inflow boundary I3, independent of time ¢ (€ (0,7)).

3. Finite difference discretizations. In this section, we present descriptions
concerning the spatial and temporal discretizations. The main results related to the
numerical analysis of the schemes are also described in details.

3.1. Space discretizations and interpolation operators. In this subsection,
we introduce spatial discretizations and interpolation operators in one and two dimen-
sions. Before starting them, for an integer i and a positive number §, we prepare two
functions 77(1)( -;6) and 77(2)( ;0) : R — R. The former, 172(1)( -3 0), is defined by

i i

S—i+l (seli-1)0,4)),
771(1)(8,(5) =qi4+1— g (5 S [15, (Z+1)5])7
0 (otherwise) ;

and the latter, 17(2)( -3 0), is defined by

i
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(i) ¢ is an even number:

(g s 1) (% — 2+ 1) (s € [(i — 2)5,i5)),
) (s:6) = (i+1-2) (3' +1- o) (s € fi0, (i +2)2)),
0 (otherwise) ;
(ii) 7 is an odd number:
f—i+1>(i+1— 5) (s € [(i = 1)d, (i + 1)d)),

0 (s:0) = (5 0
0 (otherwise) .

The functions 77@(1)( -;0) and nl@( -;0) are used below for the definitions of (bi)linear
and (bi)quadratic interpolation operators IT }(11) and I }(12), respectively.

3.1.1. One-dimensional case (d = 1). Initially, we consider one spatial di-
mension, i.e., d = 1. For the sake of simplicity, we assume {2 = (0, a) for a positive
number a. Let N € N be a number, h := a/N a mesh size, and z; := ih (i € Z)
lattice points. We define a set of lattice points (25, and a discrete function space V},
restricted to the number N, by

Qp={x; €02; i=0,...,N} (C 2 CRY=R),
Vh = {’Uh : Qh — Rg;ig} = {’Uh : Qh — R}
We introduce a set of basis functions {gagl) :2 = R; i=0,...,N} defined by
oM(@) =0 (@), =0, N.

The functions gpél) and gag\}) are simplified to

_Z h—x
B e e
0 (otherwise) 0 (otherwise) ,
X r—ITN-1
T OoNL1 B TZIN-L
<Pi\1r)(x) —Jn +1 (z€zn_1,2n]) _ . (z € [zn_1,2n]),
0 (otherwise) 0 (otherwise),

as defined in 2 = [zo,2x] = [0, a]. Let H}(Ll) : Vi, = CY(£2) be the linear interpolation
operator defined by

(Hf(tl)vh) (x) = Z vh(xi)gpgl)(m).
i=0

We describe the ideas for using a quadratic interpolation. Let N € N be an
even number, and M = N/2 € N. For the definition of the quadratic interpolation

operator H,(lz), we define a set of basis functions {3052) 2 —R;i=0,...,N} by

P (@) =P (x;h),  i=0,...,N,
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where cp((f) and gof,) (= @(221\)/1) are reduced to

(z1 —z)(22 — ) (z € [0, x2]),

ot (@) = 21
0 (otherwise) ,
@IV IN) (o o)
N (@) = 202 e
0 (otherwise) .

Let H,(LZ) V= C’O(!_Z) be the quadratic interpolation operator defined by

N
(H}(F)vh)(x) = th(xi)wgm(m).
i=0
Remark 3. For a, B € R (@ < B), and Ny € N with §y = o(c, 3, No) =
(8 —a)/Nyg > 0, let Z(;, 8, Ng) : R — {0,...,Np} be an integer-valued index
indicator function defined by

(3.1) I(s;a,8,No) := 0 (s < ),

We note that the integer i = Z(s;«, 8, Ny) satisfies igdg + o < s < (ip + 1)dp +
a for s € (a,f), and that, for an even number Ny with My = Ny/2 € N, the
integer ko = Z(s; , 8, My) satisfies 2kodp + a < s < 2(ko + 1)dp + « for s € (o, f) as

50 = (6 — Oé)/MO = 2(6 — Oz)/No.
For d = 1, we introduce two notations of intervals,

Kﬁ)l/z = [m, Ti11], ie€{0,...,N—1},
K2(i)+1 = [o, Tap+2], ke{0,...,.M —1},

whose measures are h and 2h, respectively. Let © € R be given arbitrarily. Then, the

following are practically useful in computation:
(i) Let ig == Z(x;0,a,N) € {0,...,N}. When x € (2, the integer i( satisfies
1)

reK; 1= [%i,, Tig+1], and we have a two-points representation of (Hf(bl)vh)(x),

(32) (I 0n) (@) = vig ol (2) + vig41 0 4 (),
where we have used the notation v; = v, (z;).

(ii) Let ko == Z(x;0,a, M) € {0,...,M}. When x € 2, the integer ko satisfies
T € K§i21+1 = [X2kys Take+2], and we have a three-points representation of (H,(lz)vh)(x),

2 2 2 2
(3.3) (P00 (x) = varg 53 () + Vakg 10500 11 (2) + Vagg 2050 4o ()
for v; = vp(x;).

(iii) If the value (Hf(bp)’uh)(x) (p = 1,2) is needed for = ¢ {2, we can employ, instead
of it, the closest end value of vy, i.e., vo = v (0) (x < 0) or vy = vp(a) (r > a), while
the value vy or vy should be given by using (in as x corresponds to an upwind point
and z ¢ (2 means the high possibility of existence of “inflow” boundary near z. The
function Z(+; o, 8, N) is, therefore, also useful for x ¢ (2 in the sense that Z(x; «, 5, N)
provides the closest index of the lattice point.
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3.1.2. Two-dimensional case (d = 2). We consider two spatial dimensions,
i.e., d = 2. For the sake of simplicity, we assume 2 = (0,a;) x (0,a2) for positive
numbers a; and ay. Let N; € N (i = 1,2) be numbers, h; == a;/N; (i = 1,2) mesh
sizes in the x;-direction, Amiy = min{h;; ¢ =1,...,d}, and h = hpax = max{h;; i =
1,...,d} minimum and maximum mesh sizes, and x; ; := (ih1,jha) " (i,j € Z) lattice
points. We assume a family of meshes satisfying the next hypothesis.

HypoOTHESIS 3. There exist positive constants hg, y1 and 2 such that

h

min

h e (0,hg] and v <

< 7e.

Remark 4. The hypothesis is set for d = 2 essentially, as it always holds for d = 1
with Y1 = Y2 = 1.

We define a set of lattice points 2, and a discrete function space Vj, restricted to
the numbers N; € N (i = 1,2) by
Qh = {xi,j S Q; iZO,...,Nl, jZO,...,NQ},

Vi, = {’Uh : Qh — RdXd

sym J

where it is noted that 2, C 2 C R? (= R?). Using 771(1)( -;0), we introduce a set of

basis functions {gaglj) 12— R; ;5 € 2y, i,j € Z} defined by

1 1 1 1
P (@) = ol (a1, 22) = 0V (21 b)Y (2 ha).

Let IT }(Ll) : Vi, = CY(£2) be the bilinear interpolation operator defined by
(T 0n) (@) = > wnlmig)ell) (@),
Iz‘,jGQh,

The extension of the above interpolation using the biquadratic interpolation strat-
egy can be defined as follows. Let N7, No € N be even numbers, and M; := N;/2 € N

for ¢ = 1,2. For the definition of the biquadratic interpolation operator IT ,(12), we
introduce basis functions {<p52j) 12— R; z;j € 24} defined by

2 2 2 2
P2 (@) = o) (w1, 22) = 0> (@13 h )0 (w2 ha).

Let IT ,52) : Vi, = CY(£2) be the biquadratic interpolation operator defined by

(TP o) @)= Y onlwig)el ().
Iz‘,jGQh
Remark 5. For d = 2, we introduce two notations of boxes (cells),
Ko g0 = i, (04 D] x [jho, (5 + 1)hal,
(Z,]) S {O,...7N1 - 1} X {O,...,NQ — 1},
K§2 1 oy = [2KRa, (2K + 2)] x [2lha, (20 + 2)hs),
(k1) €40, ..., My —1} x {0,..., My — 1},
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whose measures are hihy and 4h,ho, respectively. Let x € R? be given arbitrarily.
Then, the following are practically useful in computation:
(l) Let ig = I(xl; 0,a1, Nl) S {0, ceey Nl} and jg == I(iﬁz; 0, as, NQ) S {07 . ,NQ}.

When z € {2, the set of integers (i, jo) satisfies x € Kz‘(ol)+1/2,jg+1/2 = [ioh1, (ig+1)h1]

X [joh2, (Jo + 1)h2], and we have a four-points representation of (H}(ll)vh)(a:),

1 1
(3.4) (Vo) (@) = D Vigsmaosn P josn (),

m,n=0,1

where we have used a simplified notation v; ; = vp(x; ;).
(ii) Let ko = Z(x1;0,a1,M;) € {0,...,M;1} and lyp = Z(x2;0,a2, M3) €
{0,...,M5}. When z € {2, the integer ko satisfies = € Kéilﬂ = [T2ky, T2ko+2],

and we have a nine-points representation of (IT ,(12)11;1)(36),

2 2
(3.5) (Hi(L )Uh) () = Z U2ko+m72lo+n@ék)o+m,2lo+n(f)‘

m,n=0,1,2

(iii) If the value (H,(Ip)vh)(x) (p = 1,2) is needed for = ¢ {2, we can employ, instead
of it, the closest end value of vy, i.e., one of the values of vy, (x; ;) (z;; € £2, N OL2),
while the value should be given by using (i, as z corresponds to an upwind point.

Remark 6. We omit the extension of the interpolation operators IT ,Sp ) (p=1,2)
to the three-dimensional case, i.e., d = 3, since it is naturally defined by introducing
(p) (p) (p)

basis functions S"z('?,k(x) = ¢, (@1, 22, 23) = 0" (T13 1) (xg;hg)n,(f) (x3; h3) for

p = 1,2 in a similar manner.

3.2. Time discretization: Truncation error analysis. For the velocity u,
let Ly, Ly : 2% (0,T) — R¥? be matrices defined by

(3.6) Li(z,t) = I+ At(Vu)(z,t), Li(z,t) =TI+ 20L(Vu)(z,t),

which are approximations of L(z,¢; t — At,t) and L(x,t; t — 2At,t), respectively;
cf. Lemma 1 below. Now, we present a theorem which provides an approximation of
the upper-convected time derivative of second-order in time.

THEOREM 1. Suppose that Hypotheses 1 and 2 hold true. Let ¢ : £2 x [0,T] —

R% be a sufficiently smooth function. Then, for any x € 2 and t € [2At,T], we
have

(3.7) C(at) = QLN [34@, t) — ALy (2, )C(X1 (2, 8),t — ALy (2, 8)

+ Li(a )C(Xa (@, 0),t = 280 L (2,6) | + O(A8).

We give the proof of Theorem 1 after giving a remark and preparing two lemmas.

Remark 7. (i) Let us consider (z,t) € 2 x [2At,T] as a fixed point and employ
simple notations X = X(«,¢; -) and L(-, -) = L(x,t; -, -). Then, an approximation

of Z (z,t) of first-order in time is obtained as follows:

C(w,t) = (LuO) (X(5),9),., (by (2.6))
— L(t, s)% [L(s,t)C(X(s), s)L(s,t)T}L(L ), (by definition (2.5))
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~ L, s)é (L5 ¢ (X (). 8) L(s. 1)

— L(s — ALBC(X (s — At), s — AL L(s — At t)T] L(t, )] _, +O0(a)
(by the Euler method with respect to s)
= — [C(X(t), t) — L(t — At, )¢ (X (t — At), t — At)L(t — At, t)q + O(AY)

(by substituting ¢ into s and (2.3a))
1

= A7 [C(f& t) — Ly (2, )¢ (X1 (z, 1), t — At) Ly (z, t)T} +O(AY),

where the last equality holds true from the initial condition (2.1b) for X i.e., X (t) = x,
and the relations

Li(z,t) = L(t — At, 1) + O(A#?), Xy (z,t) = X(t — At) + O(At?),

which will be shown in Lemmas 1 and 2 with & = 1 below, respectively.

\v4
(ii) Theorem 1 presents an approximation of ¢ (z,t) of second-order in time based
on the BDF2, i.e., for a smooth function f: R — R,

F0) = S F6))oy = 5 BT — 45— Ab) 4 (2 — 280 + O(AP)

in place of the Euler method in (i).

LEMMA 1. Suppose that Hypotheses 1 and 2 hold true. Let k =1 or 2 be fized.
Then, for any x € 2 and t € [kAt,T], we have

(kAt)?

(3.8) L(z,t;t — kAt t) = I + kAY(Vu)(z,t) + Ul(z,t) + O(AF?),

where U : 2 x (0,T) — R4 js a function defined by

o D(Vu)
U = (Vu)? - DL

Proof. From the Taylor expansion, we have

(3.9) L(z,t;t — kAt t) = L(w,t;5 — kAL, ) 5=

= [L(x,t; s,t) — kAt%L(x,t; s5,t) + (kA;)z ;;L(x,t;s,t)} Lt O(At?)
= [L(m,t; s,t) — kAt[—L(z,t;5,1)(Vu) (X (2, t; 5), 5)]
@% [—L(x, t; 5, 1) (V) (X (. 1; 5), s)]} o O(A)  (by (2.3¢))

W™ (10,15, 0)(Vu) (X (2, 1:5),5)]

= I + kEAt(Vu)(z,t) —
+ O(At?).

|s:t
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We evaluate % [L(z,t;5,t)(Vu) (X (2, t;5),5)] o=t 8 follows:

[L(z,t;5,t)(Vu) (X (z,t;5),5)] o=t

[(%L(m, t;s, t)) (Vu) (X (2,1 5), 5)
+ L(z,t;s,1) (%(VU) (X, t;9), S)H

Pl

(3.10)

|s:t
D(Vu
Dt

~—

= [—L(m,t;s,t)(Vu)Q(X(x,t; s),s) + L(x,t;s,t)

D(Vu)
Dt
Combining (3.10) with (3.9), we obtain (3.8). 0

LEMMA 2. Suppose that Hypotheses 1 and 2 hold true. Let k =1 or 2 be fized.
Then, for any x € 2 and t € [kAt,T], we have the following:
(i) It holds that

—(Vu)?(z,t) + (x,t) = =U(x,1).

(kAt)? Du

X(z,t;t — kAt) = x — kAtu(z, t) + 5 E(w,t) + O(At?).

(ii) Let ¢ : 2 x (0,T) — R4 be a sufficiently smooth function. It holds that

(kAt)?

C(X(z,t;t — kAL), t — kAt) = ((z — kAtu(z,t),t — kAt) + Z(z,t) + O(At?),

where Z : 2 x (0,T) — R4 45 a function defined by

Z = (% V)C

Proof. We prove (i). Recalling that X (x,t;s) is a solution to (2.1) and noting
that the following identity,

t
X(x,t;t — kAt) 2.13—/ u(X(ac,t;s),s)ds,
t—kAt

holds true, we have
X(z,t;t — kAL) — [x — kAtu(z, t))]
t t
:x—/ u(X(x,t;s),s)ds— [m—/ u(X(x,t;t),t)ds}
t—kAt t—kAt

/tt kAL [U(X(x,t;t),t) - u(X($7t;3),s)}dS - /tt kAt

/ ds/ (x,t;81) 31 d51 / ds/ (z,1) —|—O(At))d81
t— kAL t— kAL

kAt)2 Du
2 Dt

t

ds [u(X(x,t; 51), 51)}

81=S8

——(z,t) + O(At?),

which completes the proof of (i).
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We prove (ii). From (i) and the Taylor expansion, we have

C(X (z,t;t — KAL), t — kAL)

= o[- kavuto) + ESE D 0.0 - kat) + oae)
2 Dt
(kAt)?

= ((v — kAtu(z, t),t — KAL) +
+0(At%)

[(@(”f’ b V) C} (z — kAtu(z,t),t — kAt)

2 Dt

2
= ((z — kAtu(z,t),t — kAt) + (kAQt) Z(z,t) + O(AP),
where we have used the relation,

[(%: (2,8) - v)g} (x — kAtu(z, t),t — kKAL) = Z(x, 1) + O(At)

for the last equality. 0

Proof of Theorem 1. In the proof, we often employ simple notations, L(-,-) =
L(z,t; -,-) and X = X (x,¢; -), if there is no confusion, since (x,t) is considered as a
fixed position in space and time. From the BDF2, i.e., for a smooth function g defined
in R, ¢'(s) = 5x7[39(s) — 4g(s — At) + g(s — 2At)] + O(At?), we have

(311) C(o,1) = (LuQ)(,1) = (LuO)(X(5),5) .,

= L(t, s)% [L(&t) C(X(s), s)L(sJ)T]L(t, ) e

= L(t, S)Mt[ L(s,t) ((X(s),8)L(s,t)"
—AL(s — At t) (X (s — At),s — At)L(s — At )T
+ L(s — 24, 1) C(X (s — 2AAt), s — 2A) L(s — zAt,t)T]L(t,s)T
+O(At?)

= 2At[3<( z,t;5),s)
—AL(t,s)L(s — ALt
+ L(t,s)L(s — 2At,t
+ O(At2) (by (2.3a)

(
(

|s:t

)C(X (s — At),s — At)L(s — At,t) ' L(t,s)"
)C(X (s — 2At), s — 2At) L(s — 2At,t) T L(t,s) " ot
)
= oA [3{(1« t) —AL(t — At t) ((X(t — At),t — At)L(t — At,t) "
+ L(t — 2At,1) C(X (t — 2A¢), ¢ — 2At) L(t — 2A¢, tﬂ + O(At?)
(by (2.1b) and (2.3a))

1
T oAt [34(33 2

_ 4[L1 + AT#U} (z,t) (X (t — At), t — At) [Ll + AT#U}T(x,t)

+ [Ly 4 28820 (2, 8) C(X (t — 2A8),t — 2At) [ Ly + 2At2U]T(a:,t)}
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+ O(At?)  (by Lemma 1 with definitions of L; and L)
1
= 9A1 [34(9@0 — ALy (2, 8) C(X (¢ — A), t — ALY L] (,1)

+ Li(,t) C(X(t — 2A¢),t — 2At) L] (,t)
— 20 [((X(t — At), t — At) — (X (t — 2A¢),t — 2A8) U T (x, t)
— 288U (2, 1) [C (X (t — Ab), t — At) — (X (t — 2A8),t — 2At)”
+0(At?)

= zim [3g(x,t) — ALy (2, 1) C(X (t — A),t — At)L] (1)
+ Ly (2, 1) C(X(t — 2A8),t — 2At) L] (x, t)] +O(AR),

where the relation,
C(X(t— At), t — At) — ((X(t — 2A¢),t — 2At) = O(AY),

has been employed for the last equality. Combining Lemma 2(ii) with (3.11) and
recalling  — Atu(x,t) = X (z,t) and z — 2Atu(z,t) = X1 (x,t), we obtain

C(at) = QLN [3((:}37 £) — ALy (2, £)C (X1 (2,8),t — At L] (x, 1)
+ Lo (2, )C(Xy (2, 1), — zAt)zf(x,t)} +O(AP),

which completes the proof. 0

Substituting " into ¢ in (3.7), the discrete form of second-order in time for the
upper-convected time derivative is given as follows.

COROLLARY 1. Under the same assumptions of Theorem 1, we have
_1
- 2At

+ @) (¢ o XY (@) EL (@) | + 0(ar?)

(3.12) (.t [3¢" (@) = ALY (@) (¢ o X7 (2) L ()T

form=2,... Nr.

\4
Remark 8. Although the approximation (3.12) of ¢ (x,t") of second-order in time
is combined with the finite difference method in this paper, one can combine it with
other methods, e.g., the finite element method and the finite volume method.

3.3. Full discretizations of the upper-convected time derivative. Sup-
pose that ¢ € C([0,T]; C(2;RE)) and ¢, = {¢rNr, < W, are given. For n €
{1,...,Nr} and p € {1,2}, let A" : 2 — REE and APPg, : 2, — R be
functions defined by

ZLAt [3C”(:c) — 4L (2)(¢" o XT) (x) L () T
[A™C)(@) = FE@ o XD @EH@T] (> 2),
L [0 - L@ (o XD @ L@ (=1,
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ﬁ [SC;’:(x) — ALy (@) [(IP ) o XP] () L () T
(313) [AZ’(P)C}L](Z‘) = + i?(ﬂl‘) [(Hi(zp) }7;—2) ° X{m} (l‘)i?(aﬁ)T} (TL > 2)7

A 6@ - @) o Xl @Lh@)T] (0=,

respectively. Using the notation A™(, we can write (3.12) as, for n = {2,..., Nr},

C(x, 1) = [A"(2) + O(AL).

Now, we present a theorem on the truncation error of our finite difference approx-

imations of the upper-convected time derivative, where the function AZ’(p )C D02, =
R4X4 to be used in the theorem has meaning since ¢ € C([0,T]; C(£2;R%%%)) can be

Sym Sym

considered as a series of functions in Vj,, i.e., ¢ = {¢"}N7, C Vi.

THEOREM 2. Suppose that Hypotheses 1, 2, and 3 hold true. Let ¢ : 2 x [0,T] —
R4 be q sufficiently smooth function. Then, we have

(3.14) L, 1) = [AP((2) + O(A + hP)
forxz e 2, ne{2,...,Nr}, andp=1,2.
Proof. Since for x € 2, we have
C(x,t7) = [A™C)(x) + O(AF)
= [P ¢)@) = (147 (@) = [A7C](@) ) + O(Ar)

(315) = AP + o @[T =) o X @) )T
S A@[(IPC? = ) 0 K1) @) L1 (@) + 0(A%)

from Corollary 1, it is enough for the proof to show the following estimates,

(3.164) 2P ¢ o X (@) = O(R),

(3.16b) ﬁ (TP ¢ — "2) o X7](x) = O(hP),

where simple estimates (3.21) are easily obtained as shown in Remark 9 later and the
key issue is to eliminate the negative order in At from (3.21) and get (3.16). We prove
the former equality of (3.16) for d = 2 only, as the equality for d = 1 is simpler and
the latter one is proved similarly. Let z = x; ; € 2, and y" == XJ'(z) = z —u"(z) At.
To simplify notations, we omit superscripts "~! and ™ from ("' and y" in the rest
of the proof, respectively, if there is no confusion.

Let us start with p = 1. From Hypotheses 1 and 2, we have y € 2 and there

exists a pair of indexes (ig,jo) such that y € Ki(oi-l/2,jo+1/2 (= [ioha, (io + 1)h1] x

[joha, (o + 1)ha]). Let A1 (y) be a set of pairs of indexes of lattice points near
y defined by AM(y) == {(iq, jo), (io + 1,70), (i0,jo + 1), (io + 1,750 + 1)}. Let a =
(a1,a2)" = y — @i g, = ((i —do)h1 — uf(wi))At, (j — jo)ha — uf(w; ;)At)T and
a = (a1,a0)" = Tig+1,jo+1 — Y. Without loss of generality, we can assume that
up(zi ;) >0 (k=1,2), 39 <14, jo < j, and ag,ax > 0 (k = 1,2); cf. Figure 2.

© 2022 SIAM. Published by SIAM under the terms of the Creative Commons 4.0 license



Downloaded 06/06/22 to 143.107.14.21 . Redistribution subject to CCBY license

2970 D. D. MEDEIROS, H. NOTSU, AND C. M. OISHI

X = X

Xig+1go+1

y =X (x) T—&

Xio.jo K .
L0+1/2,]0+1/2

Fic. 2. Notations in the proof of Theorem 2.

Then, we have
(¢ = ¢) o X7 (@) = (TP Ow) - <)
= Y [Clr) —CW]eil) by Cgneamy Pl @) =1)

(k,)EAM (y)

= Z [C(y-i—S(fk,l —y))K Sﬁz(clz)( )

(k,)EAM (y)

= Z /1 <[(sck)l —y) - V]C) (y+ s1(zx1 — y))ds1 S"Sl)(y)

(k,D)eAM (y) Y0

(3.17) = / dsy / (Try — ) VPC) (?J + so(wk,1 — y))ds2 ‘/’l(el?l)(y)

(k l)eA<1>(
(by X enyenm o (@ — 1) - VIO®)eL] (v) = 0),

and, for (k, (40, Jo),
dSl (zr; —y) V]QC) (y + s2(ziy — y))dso 90;(;1) (y)‘
aia
d81 ([a'V]QC) (y — s2a)dsy T
hihs
a10o
< n—1 Yy ————
Cl(al + 112) ||< ||02(K1(;)+1/2 sot1/25 Dynﬁl) hihs
(3.18) < ) (a1a1 + azdn)||¢" o2 2irexay

(by ag,ar < hi, k=1,2, and Hypothesis 3)

for positive constants ¢; and ¢} independent of h and At. -
We evaluate aiar. Let U™ = [[ullc(o,1,c(0rey) = max{|ug(z,t)[;z € 2,t €
[0,T],k=1,2}. From y1 = [x;; — u™(z; ;) At]1 € [ioh1, (40 + 1)h1], it holds that

(i —io — Dy < uy(2,5) At < (i —idg)ha.

In the case of i —ig — 1 € N, from hy < 150802 < UXAt, we have a1d; < h? <
hiU>*At. In the case of i —ip — 1 =0, from a1 < hy and @1 = uf(z; ;) At < UAL,
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we have a1a; < hyU®°At. Hence, it holds that, for any case,
a1a1 < hfUAt.

Since it holds that asas < hoUAt, similarly, we obtain

(3.19) a1y + axis < 2RU A,

where this estimate also holds for (k,l) = (ip + 1,40), (i0,J0 + 1), (i0 + 1,50 + 1)
similarly. Combining (3.18) and (3.19) with (3.17), we have, for a positive constant ¢y
independent of h and At,

2

= U1¢ = ) 0 X7 (@) < UKl oo rycm sty = O

sym )

which implies the former equality in (3.16) with p = 1, and the latter is obtained
similarly. Thus, we get (3.14) with p = 1.

In the case of p = 2, the result, i.e., (3.14) with p = 2, are obtained similarly by
taking into account the next identity,

[(H(z)C _ <> o Xn:| (z)
/ dsl/o d52/0 (xk1 —y) V]SC) (y + ss(zry — y))dss %%) (y),

(k l)eA<2>(
where A®)(y) == {(2i, + p,2j. +q); p,q = 0,1,2} for i, € {0,...,M;} and j, €
{0,..., My} satisfying y € [2i.h1, 2(ix + 1)h1] X [25.ha, 2(Jx + 1)ha]. O
Remark 9. It is obvious that

(3.20) (o, tm) = AP (@) + 0(Ar + h:sl)

for x € 2, n € {2,...,Nr}, and p = 1,2, since H ( has an accuracy of O(hPT1).

In fact, from the approximation property of IT }(Lp ¢, we have

2 n—1 n—1 n _ hp+1
(3.21a) At[( Pt =) o X (@) _O( At )
1 2 n—2 a0 hp+1
(3.210) 7 (T2 = %) o X7 (@) = 05

and the relation (3.20) is obtained by combining (3.21) with (3.15). Theorem 2
eliminates the negative order in At from (3.20) and ensures that we can take small At
even for a fixed mesh size from a view point of accuracy.

4. Numerical schemes. In this section, we present finite difference schemes of
second-order in time and of first- and second-order in space for problem (2.7) by using
the ideas of discretizations given in section 3.

Suppose that u € C°([0,T]; C*(2;R%)) and ¢° € CO(£; Rg;n‘f) are given, and
that Hypotheses 1, 2, and 3 hold true. Our schemes are written in a unified form for
d=1,2,(3) and p=1,2; find {¢}) € V},; n=1,..., Ny} such that

(4.1a) (AP e (@) = F™ (), z e, n>1,
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(4.1b) Ch(z) = ¢*(x), x € O,

which are equivalent to

(420) o [3G() —4 <>[(H<p>< ) P@)Li ()"

L2 (@) [(ITP ¢ 2) 0 X T} = F'(z), z€ 0 n>2,
(4.2b) Ait [g;(x) — LH@) [(ITP¢) o X1 T} =Fl(z), z€ 2,
(4.2¢) Q) =), x€.

The unified scheme (4.1) (equivalent to (4.2)) includes four schemes, i.e., p = 1 and
2 correspond to schemes of first- and second-order in space, respectively, and the
spatial dimension d (= 1,2) is implicitly dealt with in the symbols 2, and V},. An
approximate initial value ¢} € V}, is given by (4.2c). We find ¢} € V}, from (4.2b) and
¢pr € Vi for n > 2 from (4.2a). Here, we additionally provide a practical form of (4.1):

(430)  Go) = S @[T ) o X7] ()L (@)

- %i?(x)[(n,@ n=2) o X7 (@) L2 ()T + %MF”(w), xe 2,

n>2,
(4.3b)  Gi(x) = Li(2) [(IT"¢) o X{] (@) Li(2) " + AtF (), v € O,
(4.3c) () = (@), € O,

which imply that scheme (4.1) is explicit.
Remark 10. From Hypotheses 1 and 2 and Remark 1, we have I}, = 0 and

X1(02,t) = X, (2,t) = 2 (t € [0,T)), i.e., all of the upwind points are in 2. Hence,
the functions (H,(Zp)g;*l) o X7 (n>1) and (H,Sp)g,’;*) o X' (n > 2) are well defined

in 2 for p=1,2.
Remark 11. In scheme (4.1), we employ the backward Euler method (4.2b) of

first-order in time once to find ¢} needed in (4.2a) with n = 2. It is expected that
there is no influence on the second-order convergence in time; cf. [38].

Remark 12. Suppose that Hypotheses 1 and 2 hold true. Then, under F' € C(2x
[0, 77; ngxrff) and ¢° € C(2;RL%Y), the scheme (4.1) preserves the symmetry, ie.,
)T =) (v € 2y, n=0,...,Nr) from the following. For d = 1, it is obvious,
and let us consider d = 2, (3). C,?(J;) (x € £2;,) is symmetric from the symmetry of ¢°.
We show the symmetry of (}(z) (v € £2;,). Noting (4.3b) and letting A(x) = L}(x),

B(z) = [(H}(Lp)(,?) o X1](z), and C(z) = AtF'(z), we have

i) = [A@)B@)A@)" +C@)] " = A@)B@)TA@)T +C()"
= A(2)B(2)A(x)" + C(z) = G(x),
which implies symmetry of (}(x) for z € (2, where we have used the fact that

B(x) and C(x) are symmetric for the second equality from the last. For n > 2, the
symmetry of (' (x) is obtained similarly from (4.2a).
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4.1. Schemes in one-dimensional space (d = 1). In this subsection, we
rewrite the finite difference scheme (4.1) in a unified form for d = 1 and p = 1,2.
We introduce simplified notations, (" = (j'(x;), ul = u™(x;), Vu} = (Vu")(z;),

Fl' = F(x;,t"), A :={0,...,N}, and Ap == {1,..., Nr}. The schemes are to find
{¢" €R; i € A, n € Ap} such that

(1d0) ¢ = 200+ MU G) 0 X7 )

- 1(1 +2AtVu)? (TP 2) o X7 () +

3
2At

-+ ?Fn ) S A_Q7 n Z 2a

(4.4b) ¢} = (1+ AtVul)?[(IIP¢)) o X1 () + ALFL, i€ Ao,

(4.4c) ¢ =¢Oxy), i€ Ap.

We give the algorithm as follows.

Algorithm 1 (d = 1). Set 2, = {z; € 2; i € Ag} with h = a/N, and
{¢Y; i € Ap} by (4.4¢) to get ¢} € Vi, where N is an even number and M = N/2 for
p=2.

Set n = 1.
For each i € Ap do:
1. Compute F}, u}, Vul, and yt = X{(2;) = 2, — Atul.
2. Compute Z,” @' = [(II}; )Cg) o X{(z;) = (H,ﬁf’)g,?)(y}) according to (3.2) with
io = Z(y};0,a,N) for p =1, or (3.3) with ko = Z(y};0,a, M) for p = 2.
3. Compute ¢} by (4.4b), which is equivalent to

¢t =1+ Atvul)? zH® 4 ALF)

(Here, computation of ¢} € V}, is completed.)
Set n = 2.
While n < Np do:
For each 7 € A do:
1. Compute F*, ul’, Vul, yI' = X7 (x;) = x; — Atul
x; — 2Atul.
2. Compute Z"?) = [(H(p)C" DoXM(z;) = (H,(lp)gl’_l)(y?) according to (3.2)
with ig = Z(y;0,a,N) for p =1, or (3.3) with ko = Z(y};0,a, M) for p = 2.
Similarly, compute Z"® = [(IT"¢?=2) 0 X](2;) = (TP ¢ 2)(50).
3. Compute (" by (4. 4a) which is equivalent to

and 7 = X} (x;) =

70

g §(1+AtVu )2 ) ;(1+2AtVu) "(p)+2§tF".

(Computation of ¢ € V}, is completed.)
Set n =n+1.

4.2. Schemes in two-dimensional space (d = 2). Similarly to the previous
subsection, we rewrite the unified finite difference scheme (4.1) for d =2 and p = 1, 2.
Let us introduce simplified notations: (}'; = (j}(zi5), uil; = u"(2i ), Vui; =

(Vu") (i), FYj = F(w;5,t"), and Ag = {(4,5); i=0,..., N1, j=0,...,Na}. The
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schemes are to find {(}'; € R2%2; (i,5) € Ap, n € Az} such that

Sym

4
(45a) ¢ =3 [1+ AHVuP )] [P o X7 (wag) [T+ AH(VUE)] T
-3 [1 F204(Vul )] (TP ¢2) o X (i j) [T+ 2A8(Vul ;)] T
+LNan]7 (ivj)eAQ’ TLZZ,
(4.5b) ¢ = [+ AUVl )] [(IPER) o X1 (i g) [I+ At(Vu,{j)} + AtF},
(i,5) € Ag,
(45C) i, ] - Co(xl j) (Z,j) € Ap.

We give an algorithm of schemes (4.5) for d = 2 and p = 1,2, while the construc-
tion is analogous to Algorithm 1 for d = 1.
Algorithm 2 (d = 2). Set 2, = {z;; € 2; (i,j) € Ap} with h; = a;/N; (i =
,2), and {¢}; (i,7) € Ao} by (4.5¢) to get () € Vj, where N; (i = 1,2) are even
numbers and M; = N;/2 (i =1,2) for p = 2.
Set n = 1.
For each (i, ) € Ag do:
1. Compute lej, Lo Vg, and yl o= X (25 5) = 2 j — Atug
2. Compute Z " = [(II"¢)) o X{)(xs;) = (" (D)(y},;) according to (3.4)
with ig = I((yw-)l; 0,a1, N1) and jo = Z((y; ;)2; 0,az, Na) for p =1, or (3.5)
with kg = I((yllj)l; 0,a1, M) and Iy = I((yij)Q; 0, ag, M) for p = 2.
3. Compute ¢} ; by (4.5b), which is equivalent to

L= [T+ AVl )] ZHP [T+ At(Vul )] | + AtFL.

Here, computation of ¢} € V}, is completed.
h
Set n = 2.

While n < Np do:
For each (i,7) € A do:

1. C~0mpute Flyyouly, Vuls, ylty = X{(wiy) = @iy — Atuly, and g7 =
XP (i y) = @iy — 20t uy,
n,(p) ._ () rmn—1 n ) — (P) /n 3
2. Compute Z.' = (11,7 ¢ ) o XP(wsy) = (I, ¢ )(y”) according

to (3.4) with ig = Z((y;*;)1; 0,a1, N1) and jo = Z((y}';)2; 0,az, N2) forp =1,
or (3 5) with ko I((y”)l,O al,Ml) and lo— (( )Q,O,CLQ,MQ) fOI’p—2.

Similarly, Compute Z" (P) [(H,(Lp)( Ho X{L](xw) = (H,(LP)C;LL_Q)@%).
3. Compute (', by (4. 5a) Wthh is equivalent to

1 [I + AVP )] 28 [T+ AtV )]

i j 3
2A
-3 [I +2A¢(Vul,)] 2 “”’ [I+2At(Vu ”)] + TtF”

(Computation of ¢ € V}, is completed.)
Set n =n+ 1.
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5. Numerical results. In this section, numerical results for problems with man-
ufactured solutions are presented to observe experimental convergence orders of pro-
posed schemes. In the following, we denote scheme (4.1) with p = 1 and p = 2 by (S1)
and (S2), respectively. From Theorem 2, the expected orders of convergence are of
O(At2 + hP) for p = 1,2. To see the experimental orders of convergence, the efficient
choices of At for (S1) and (S2) are, respectively, At = ¢v'h and At = ¢'h for positive
constants ¢ and ¢’. The choices of At for (S1) and (S2) lead to an expected order of
convergence of O(At?) (= O(hP)). In the computations below, as mentioned in Re-
mark 3(iii) and Remark 5(iii), we employ a value of (j, at the closest lattice point to
an upwind point XJ(z) or X7 (x) for = ; (d = 1) or #; j (d = 2) when the upwind
point is outside the domain, where the integer-valued index indicator function Z given
by (3.1) is used.

For ¢p, : 2, — Rand ¢, = {¢7 : 2, = R; n=1,..., Nz}, let || - ¢ (2,) and
|| - lg== ¢y be norms defined by

[nlle (@) = 1Unlle (2,m) = max{[tn(@)]; = € 20},
|60l g0 g0y = max{llgb}fllgoo(gh); n=1,...,Nr}.

Let E;; = E;j(At,h), i, = 1,...,d, be errors between a numerical solution ¢, =
{¢NT € Vj, and a corresponding exact solution ¢ € C([0,T7; C(82; REXD)) defined
by

Eij = Eij (At h) = [|[Glig = Gisll oo ooy, 823 =14,
and F4; is simply denoted by E when d = 1.

Remark 13. To solve the problems proposed in this section, we are assuming a
defined source term and a prescribed velocity field. In addition, we need to establish
at least one initial condition and a wall condition which we can call the flow inlet.
The initial condition ¢} (z) is directly derived from the exact solution exact(,0). The
boundary condition is computed assuming a Dirichlet-type condition, i.e., we use the
exact solution (i, = (%, (o) at the first point of the boundary for a positive velocity
field (if u™(z) < 0 then the inlet of the domain is located on the opposite side, making
us consider ¢, . (zn)). Therefore, when we have the case described in Figure 3, the
interpolated point X7*(zp) at a previous time is outside the domain; thus we have
imposed the boundary condition (% () = (Zaot ().

For the opposite side of the domain as represented by Figure 4, we do not impose
any wall conditions, since our method can also be used to update the value of an
unknown function (7 (zy) on the outflow wall. In addition, it is also possible to
assume a Neumann boundary condition on this wall and then we apply the method
until z_; and update the last point as in an explicit scheme (! (zn) = (L (xn_1)-

More details about the implementation of these strategies can be found in Ap-

pendix A.3.

5.1. Examples in one-dimensional space (d = 1). We consider the next
example in one-dimensional space.

Ezample 1 (d = 1). In problem (2.7), let d = 1, 2 = (0,1), and T = 1. We
consider three functions for the velocity:
(i) u(z, t) =t, (i) u(x,t) =z + 1, (iil) u(x,t) = sin(x + t),

which imply I}, = {0} (¢ € (0,7]). The functions F, (i, and ¢V are given so that the
exact solution is
C(x,t) =sin(x +t) + 2.
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TABLE 1
Ezample 1 by (S1) with At = cv/h (¢ = 1/50): values of E and their slopes in At.

(i) (ii) (iii)

N E Slope E Slope E Slope
10 1.54 x 10~2 - 3.45 x 10~ 2 - 2.11 x 10~ 2 -
20 8.07x 1073 1.86 1.83 x 102 1.87 1.11 x 102 1.86
40 4.15x 1073 1.92 9.38 x 10~3 1.92 5.69 x 10~3 1.92
80 2.10 x 10~3 1.96 4.75 x 1073 1.96 2.88 x 10~3 1.96
160 1.06 x 10~3 1.98 2.39 x 10~3 1.98 1.45 x 103 1.98
320 5.31x 104 1.99 1.13 x 103 2.16 7.27 x 10~ 1.99

We solve Example 1 by (S1) with At = ¢v/h for ¢ = 1/50 and (S2) with At = ¢'h
for ¢’ = 1, where the mesh is constructed for h = 1/N with N = 10, 20,40, 80, 160, and
320, the constants ¢ and ¢ are as large as possible in order to numerically verify the
convergence order of the temporal discretizations. Tables 1 and 2 show the values of
error F and their slopes in At. According to the results in the tables, we can confirm
that (S1) and (S2) are of second-order in At for the three cases of velocity, (i), (ii),
and (iii). These results are consistent with the theoretical results in Theorem 2.

In order to numerically verify that our methodology is stable for small time steps,
we have fixed a coarse mesh h = 1/40 and the finest mesh h = 1/320 simulating

the reduction of the time step as At(k) = \/gé‘r’o for the first-order scheme and as
At(k) = 2 for the second-order method. Results for (S1) are in Table 3 while in

Table 4 we have described the results for (S2).
According to the tables, we can confirm that our methodologies, first- and second-
order spatial discretization schemes, work well also for small time steps, at least in this
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TABLE 2
Ezample 1 by (S2) with At = h (¢’ =1): values of E and their slopes in At.

(i)

(ii)

(iii)

N E Slope E Slope E Slope
10  4.65 x 1073 — 8.05 x 10~ 2 — 1.65 x 102 —
20 1.11 x 1073 2.07 2.19 x 10~2 1.88 5.45 x 103 1.60
40 2.68 x 10~4 2.04 5.63 x 10~3 1.96 1.53 x 103 1.84
80 6.59 x 10~2 2.03 1.42 x 103 1.98 4.02 x 104 1.93
160 1.63 x 1075 2.01 3.58 x 104 1.99 1.03 x 104 1.97
320 4.06 x 106 2.01 8.96 x 10~° 2.00 2.61 x 10~° 1.98

Ezample 1 by (S1): reducing the time step as At(k) =

TABLE 3

h =0.025
k At Error
0 3.16x 1073 1.18375 x 102
1 1.58x 1073 1.08387 x 10~2
2 7.91x10~% 1.03445 x 102
3 3.95x10~% 1.01025 x 10~2
4 1.98x10% 9.98198 x 103
5 9.88x 1075 9.92182 x 103
6 4.94x1075 9.89128 x 1073
h = 0.003125
k At Error
0 1.12x10~3 1.94633 x 103
1 559x107% 1.57935 x 10~3
2 2.80x10~% 1.39709 x 103
3 1.40x10~%* 1.30627 x 10~3
4 6.99x1075 1.26087 x 103
5 349 x107% 1.23823 x 103
6 1.75x 1075 1.22691 x 10~3
TABLE 4

Vh/50
2k -

Ezample 1 by (S2): reducing the time step as At(k) = 2%

h =0.025

k At Error

0 250x10~2 5.63x10°3
1 125x1072 1.50x 1073
2 6.25x1073 4.30 x 1074
3 3.13x1073 1.58 x 10~*
4 1.56x1073 8.97x107°
5 7.81x10~% 7.27x10°°
6 3.91x10"%* 6.84x10°°

h = 0.003125

k At Error

0 3.13x1073 8.96x10°°
1 1.56x1073 2.34x10°°
2 7.81x107% 6.64x10°6
3 391x10~% 241x10°6
4 195x107%* 1.36x 1076
5 9.77x107% 1.10x 1076
6 4.88x1075 1.03x10°6

2977
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TABLE 5
Ezample 2 by (S1) with At = cv/h (c = 1/20): values of E11 and their slopes in At.

(0 (il (i)

N F11 Slope Fi1 Slope Fi1 Slope

10 3.87 x 1072 — 3.84 x 1072 - 3.87 x 1072 -

20 1.98 x 102 1.94 1.96 x 102 1.94 1.98 x 102 1.94

40 9.99 x 1073 1.97 9.94 x 10—3 1.97 9.99 x 103 1.97

80 5.03x 1073 1.98 5.01 x 10~3 1.98 5.03 x 10~3 1.98
TABLE 6

Ezample 2 by (S2) with At = ¢'h (¢’ =1/10): values of E11 and their slopes in At.

(0 (i) (i)

N FE11 Slope E11 Slope Fi1 Slope
10 2.07 x 10~% - 2.18 x 10~ 3 - 9.79 x 10— % -
20 5.10 x 1075 2.02 5.35 x 104 2.02 2.53 x 104 1.95
40 1.27x 1075 2.00 1.32 x 104 2.02 6.39 x 10~° 1.98
80 3.17x 1076 2.00 3.27 x 10~° 2.01 1.61 x 10—5 1.99

example, since the errors are decreasing as At is reduced. It is important to highlight
that error for the smallest time step in Table 4 for h = 1/40 is approximately two
order smaller than the error of the largest time step, confirming the good stability
property of the second-order scheme.

5.2. Examples for the two-dimensional case (d = 2). We set the next
example in two-dimensional space.

Ezample 2 (d = 2). In problem (2.7), let d = 2, 2 = (0,1)%, and T = 1. We
consider three functions for the velocity:

() u(z,t) = (t, )", (i) u(z,t) = (z1 +t, 20 +1) 7,
(i) u(x,t) = (sin(zy 4 2o +t),sin(zy + 22 + 1)) 7,

which imply I}, = {(s,0)T € 882; s € [0,1]}U{(0,s)" € 902; s € [0,1]} (t € (0,T)).
The functions F, (i, and ¢° are given so that the exact solution is

C(a,t) = sin(zy +x2+t)+2  sin(zg + 22 + 1)

’ sin(x; +xo+1t)  sin(xy; a0 +¢)+2|°

We solve Example 2 by (S1) with At = c¢v/h for ¢ = 1/20 and (S2) with At = ¢/h
for ¢/ = 1/10, where the mesh is constructed for hy = ho = h=1/N, i.e., Ny = Ny =
N with N = 10, 20, 40, and 80. Tables 5 and 6 show the values of error F1; and their
slopes in At. Slope results for F15 and Ess adopting different velocity fields (i), (ii),
and (iii) are very similar to those obtained for Ej; thus they are omitted here in
order to save space. We can confirm that (S1) and (S2) are of second-order in At in
two-dimensional space for the three cases of velocity, (i), (i), and (iii). These results
are consistent with the theoretical results in Theorem 2.

5.3. The Oldroyd-B constitutive equation in two-dimensional space.
We apply our approximations of the upper-convected time derivative of second-order
in time (3.14) in Theorem 2 for solving a problem governed by the Oldroyd-B con-
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stitutive equation in two-dimensional space; find ¢ : 2 x (0,T) — RE%? such that

(5.1a) C+Wil=21-B8)Dw)+F  inQ2x(0,T),
(5.1b) ¢ = Gin on Iy, x (0,7),
(5.1c) ¢=¢° in 2 at t=0.

The scheme to solve problem (5.1) is to find {(}} € V;,; n=1,..., Nr} such that
(5.20)  Gh(@) + Wiy PGul(2) = 201 = H)D(u")(a) + F" (), w€ @, n 21,
(52b> C;?(.’L') = Co(m)> HRS Qh,
where AZ’(p)Ch : 0 — ngxn‘f is the function defined already by (3.13). When an
upwind point is outside the domain, we employ a value of (i, at the closest lattice
point to the upwind point similarly to the case of scheme (4.1) as mentioned in
Remark 5(iii). In the following, scheme (5.2) with p =1 and p = 2 for problem (5.1)
are called (S1)" and (S2)’, respectively.

We set two examples below.

Ezample 3 (d = 2). In problem (5.1), let d =2, 2 = (0,1)¢, T =1, and 8 = 1/9.
We consider six values of the Weissenberg number Wi,

Wi =0.025,1, 5, 10, 50, 100,
and the following function for the velocity field,
u(z,t) = (sin(xy + 2o 4 t),sin(x; + 20 +1)) ",

which implies I}, = {(s,0)" € 892; s € [0,1]} U {(0,s)" € 092; s € [0,1]}. The
functions F, (i, and ¢° are given so that the exact solution is

C(a,t) = sin(zy +xo+1t)+2 sin(z1 + x2 + t)
| sin(wy 4 a2 1) —sin(x; +z9+1t)+2|°
Ezample 4 (d = 2 [57]). In problem (5.1), let d = 2, 2 = (0,1)4, T = 0.5,
B =0.75, and Wi = 0.25. We consider the following function for the velocity field,

u(z,t) = (exp(—0.1t) sin(mz1 ), —7 exp(—0.1t) x5 cos(mzy)) ',
which implies I3, = {(s5,0)" € 892; s € [0,1]} U {(0,s)" € 002; s € [0,1]}. The
functions F, (i, and ¢° are given so that the exact solution is

(o) = exp(—0.1¢) sin(mz1) —m exp(—0.1t)z3 cos(mxy)

’ —mexp(—0.1t)xs cos(mxy) exp(—0.1¢) sin(mzy) cos(mza)|

We solve Example 3 by (S1)’ with At = cv/h for ¢ = 1/50 and (S2)’ with At = ¢'h
for ¢ = 1/5, where the mesh is constructed for hy = hg = h =1/N,ie., Ny = N = N
with N = 10, 20, 40, and 80. In order to further investigate the errors and the orders
of convergence of the schemes for solving problem (5.1), we give the results for the
three different components (11, (12, and (22. Tables 7 and 8 show the results by (S1)
and (S2)’, respectively, for Wi = 0.025. From a quantitative point of view, the results
are consistent with the theoretical results in Theorem 2.
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TABLE 7
Ezample 3 by (S1)" with At = cvh (¢ =1/50): values of each tensor entry FEi1, E12, E22 and
their slopes in At for Wi = 0.025.

N F11 Slope F1o Slope FEso Slope

10 2.03x 1073 - 2.03 x 10~ 3 - 2.03 x 10~3 -

20 1.02x 1073 1.99 1.02 x 103 1.99 1.02 x 103 1.99

40 5.11 x 10~% 1.99 5.11 x 10~4 1.99 5.11 x 10~4 1.99

80 2.56 x 10~* 1.99 2.56 x 10—+ 1.99 2.56 x 10~4 1.99
TABLE 8

Ezample 3 by (S2)" with At = c'h (¢’ = 1/5): values of each tensor entry E11, E12, E22 and
their slopes in At for Wi = 0.025.

N F11 Slope FE1i2 Slope FEoo Slope
10 7.62x107? — 7.24 x 107° - 7.62 x 107° -
20 1.89 x 10~6 2.02 1.80 x 106 2.01 1.89 x 10—5 2.02
40  4.75x 1076 1.99 4.57 x 10~6 1.98 4.75 x 10~6 1.99
80 1.21x10°6 1.97 1.17 x 106 1.96 1.21 x 106 1.97

A computational challenge in viscoelastic fluid flows is the application of high val-
ues of the Weissenberg number, i.e., Wi > 1. In fact, the infamous high Weissenberg
number problem [18, 23, 34] depends on some particular factors of viscoelastic flows,
as, for instance, domain geometry, boundary conditons, fluid type, mesh size, etc. In
summary, this instability is related to the unbounded values of the stress tensor during
the transient solution resulting in the fail of the numerical methods. It is important
to highlight that some classical methods, i.e., without stabilization techniques, have
failed for Wi = O(1) exhibiting numerical oscillations of the solution. Roughly speak-
ing, the high Weissenberg number problem can be interpreted as a limitation of the
codes for maintaining the stability of the numerical solution. In particular, for classical
constitutive formulations, there is a critical value of the Weissenberg number, Wic,;s,
where below this value, the numerical solution is bounded for all simulation time. For
example, considering the traditional Oldroyd-B model, Fattal and Kupferman [18]
described Wig,i; = 0.5 for the cavity flow while Oliveira and Miranda [40] pointed out
Wigit & 1 for unsteady viscoelastic flow past bounded cylinders. Moreover, Walters
and Webster [58] presented results for the 4 : 1 contraction problem with the critical
Weissenberg number near 3. Therefore, there is an effort of the researchers to circum-
vent the high Weissenberg number problem developing new formulations that can be
stable in simulations with Wi > Wig;.

It is important to highlight that the schemes presented in this current work
can deal with high values of Wi without the need to employ stabilization strate-
gies. To test the accuracy of (S2)', we vary the values of Weissenberg number as
Wi = 1,5,10,50,100 in Example 3 and the results are presented in Table 9. The
main focus for varying the Weissenberg number is to verify the ability of (S2)" for
dealing with the Oldroyd-B constitutive equation defined on the context of high elas-
ticity. From the results presented in Table 9, we can notice that the numerical order
of convergence of (S2)’ is of second-order in both time and space, and that the effect
of varying the Weissenberg number is not significant for this example.

Finally, example 4 employs the manufactured solution used by Venkatesan and
Ganesan [57]. Notice that in this study we are investigating the numerical behavior
of the schemes for nonhomogeneous boundary conditions in parts of the domain.
Table 10 describes the results for Example 4 by (S2)" with At = ¢'h for ¢ = 1/10,
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TABLE 9
Ezample 3 by (S2)" with At = c'h (¢ =1/5) and different values of Wi number.

Wi=1.0
N F11 Slope FE12 Slope Eoo Slope
10 1.55x10°3 — 1.06 x 103 - 5.54 x 10~ % —
20 4.23x 1074 1.88 2.93 x 104 1.85 1.48 x 10~4 1.91
40 1.09 x 10~4 1.95 7.65 x 1075 1.94 3.79 x 10~° 1.96
80 2.77 x 1075 1.98 1.95 x 102 1.98 9.58 x 10~ 1.99
Wi=5
N F11 Slope FEio Slope FEoo Slope
10 1.97 x 1073 - 1.37 x 103 - 713 x 10~ % -
20 5.36 x 1074 1.87 3.80 x 10~4 1.85 1.97 x 10~4 1.86
40 1.39x10~% 1.95 9.90 x 10~° 1.94 5.14 x 10~° 1.94
80 3.51x10°° 1.98 2.52 x 10~° 1.98 1.31 x 10—° 1.97
Wi=10
N F11 Slope FE1o Slope FEoo Slope
10 2.03x 1073 - 1.42 x 103 - 7.38 x 10~ % -
20 5.54x 1074 1.87 3.93 x 104 1.85 2.04 x 104 1.85
40 1.43x10~% 1.94 1.03 x 104 1.94 5.35 x 10~° 1.93
80 3.63x107° 1.98 2.61 x 10~° 1.98 1.36 x 10—5 1.97
Wi =50
N FE11 Slope FEi9 Slope FEao Slope
10 2.08 x 103 — 1.46 x 10—3 — 7.59 x 10~ 4% -
20 5.69 x 104 1.87 4.05 x 104 1.85 2.11 x 104 1.85
40 1.47x 1074 1.95 1.06 x 10—4 1.94 5.53 x 10~° 1.93
80 3.72x 1073 1.98 2.68 x 10~° 1.98 1.41 x 105 1.97
Wi = 100
N F11 Slope FE12 Slope Eoo Slope
10 2.09 x 10~3 — 1.46 x 103 - 7.62 x 10~ 4% —
20 5.71x 1074 1.87 4.06 x 104 1.85 2.12 x 10~¢ 1.85
40 148 x 1074 1.95 1.06 x 104 1.94 5.55 x 10~° 1.93
80 3.74x 105 1.98 2.69 x 10~° 1.98 1.42 x 102 1.97
TABLE 10

Ezample 4 by (S2)" with At = c'h (¢’ = 1/10): wvalues of each tensor entry E11, E12, E22 and
their slopes in At for Wi = 0.25 and 8 = 0.75.

N FE11 Slope FEi2 Slope FEao Slope
10  4.10 x 103 — 7.64 x 102 — 1.98 x 102 —
20 1.02x 1073 2.01 2.11 x 10~3 1.86 5.19 x 103 1.93
40 2.82x 1074 1.86 5.83 x 104 1.85 1.32 x 103 1.97
80 7.47 x 1073 1.91 1.54 x 10~% 1.92 3.30 x 10~¢ 2.00

where the mesh is constructed for hy = hy = h = 1/N, i.e., Ny = Ny = N, with
N = 10,20,40, and 80. From this table we can see that these results are consistent
with our truncation error analysis in Theorem 2.

6. Conclusions. The application of the GLD for constructing schemes to deal
with the upper-convected time derivative is an alternative form in the numerical
solution of constitutive equations. In spite of the success of this strategy first proposed
by Lee and Xu [25], to the best knowledge of the authors, the methodology was only
applied in the context of finite elements. In this work, we have combined a Lagrangian
framework with GLD to develop new second-order finite difference approximations for
the upper-convected time derivative. Particularly, the schemes are constructed based
on bilinear and biquadratic interpolation operators for solving a simple model in
one- and two-dimensional spaces. The schemes are explicit and no CFL condition is
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required as the Lagrangian framework is employed. Truncation errors of O(A#? +
h?) (p = 1,2) for the finite difference approximations of the upper-convected time
derivative have been proved. A numerical integration of composite functions may
cause an instability in the case of the Lagrangian finite element method; our schemes,
however, do not have such instability since there is no numerical integration thanks to
the finite difference method. According to our numerical results for simplified model
equations, the new finite difference schemes can reach second-order accuracy in time
and space (p = 2) corroborating the theoretical analysis. Moreover, the proposed
strategy has been also applied to solve a two-dimensional Oldroyd-B constitutive
equation subject to a prescribed velocity field. The results have been very satisfactory
since the increasing of the Weissenberg number did not influence the good properties
of accuracy and stability of the finite difference approximations. As a future work, we
intend to extend our schemes for solving viscoelastic fluid flows governed by different
constitutive equations at high Weissenberg numbers.

Appendix A.

A.1. Proofs of properties in (2.3). First, we prove (2.3a). The second equal-
ity of (2.3a) is obtained immediately from the definition of L in (2.2) as
0

0
Li j 7t§t 7t = |:7 - [7 Z:|
J(.T 1,t1) ‘z:X(a:,t;h) (9ij |z=X (z,t;t1)

9z Xi(27t1;t1)}

= [6”] |z:X(w,t;t1) = (sij’

where d;; (¢,7 =1,...,d) is Kronecker’s delta function. For the first equality of (2.3a),
we prove

(Al) I:L(x,t;tl,tQ)L(x,t;tg,tl).
Let © € 2 and t1,t5 € [0,T) be fixed arbitrarily. For any y € §2, it holds that
y =X (X(y,ta;t1), t15t2),

which is equivalent to

(A2) Yi :XZ(X(y7t2>tl)at17t2)ﬂ i= 177d

The differentiation of both sides of (A.2) with respect to y; (j =1, ...,d) implies that
0

(A.3) 0ij = T(Xi(X(yvt%tl)vtl?h))
Yj

0
7X to: t
‘Z:X(yah;tl) [8ZJ k(Z, 23 1):|

I
M=

[%Xi(z, t tg)]

2=y

=

=1
Substituting X (x,t;t2) into y in (A.3) and using X (X (z, t;t2),t2;t1) = X (z,¢;11), we

get

~

0
ka(thz;h)}

0
Xi ,t ;t
(Z ! 2):| ‘z:X(z,t;tl) |:6Z]

5iy [6—%

|z:X(m,t;t2)

M= IM-

Li(w, 1, t2) Ligj (z, 82, t1),
k
which implies (A.1). Thus, the first equality of (2.3a) holds true.

1
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Second, we prove (2.3b). From the definition of L in (2.2), we have

0 0 0
—Lij(z,t;t1,s) = {gé)iz
j

95 Xi(Z,t1;S)]

|z=X(x,t;t1)

0
|z:X(m,t;t1) B |:87,ZJUl (X(Z’ b 5)’ S)] |z:X(m,t;t1)

Zj :| |Z=X(a:,t;t1)

Zj :| ‘z:X(a:,t;tl)

d
:;8 (X(gc,t;s)7s) {TXk(%tl;S)

d
= Z[Vu]ik (X(,t;8),8)Lij (2, t; 11, 8),

which implies (2.3b).
Finally, we prove (2.3¢). Property (2.3a) gives an identity

I =L(x,t;ty,s)L(x,t;s,t1).

Considering the derivative of the identity above with respect to s, we have

0= 9 {L(z,t;tl,S)L(matsvtl)}

0s
0 0
— [%L(a:, tity, s)} L(z,t;s,t1) + L(x, t: £y, ) {%L(aj, t s, tl)}
- (VU’) (X(I,t, 5)7 S)L(Ivtatla S)L(I7t7 Svtl) + L(I,t, t17 5) [agL(l',t, Satl)
S

(by (2.3b))

= (Vu) (X(x, t;s), S) + L(z,t;t1,8) [%L(z, t; s, tl)} (by (2.3a)),

which completes the proof of (2.3¢) as

0
%L(I, ta S, tl) = _L(I7 t7 tla 3)71(vu) (X(xv ta S)a S)
= —L(z,t;5,t1)(Vu) (X (2, t; ), 5) (by (2.3a)).
A.2. Proof of (2.6). For the sake of simplicity, we employ simple notations,
L(-,-)=L(x,t; -,-) and X = X(=,¢; - ), as there is no confusion. From the definition
of the GLD in (2.5) and the properties of L in (2.3), we have

(LaQ) (@) = (£uC) (X (5),5),_, = L(t,s)% {L(sJ)C(X(s),s)L(s,t)T}L(t,s)T‘s:t

= L(t,s) (a—L(s, t))C(X(s), s)L(s,t)" + L(s,t) (%C(X(s), s))L(s7 )"

+ L(S’ t)C(X(S)7 S) (QL(S’ t)T):| L(t7 S)T ‘s:t

D¢

= L(t,s) (—L(s,t)(Vu (X (s), s))((X(s), s)L(s,t)" + L(s,t)E(X(s), s)L(s,t)"
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= L(0,5)] — L (T (X610 (X (5):8) L) + L6 6) P (X(3)8)L(s,0)T
= L(s, )¢ (X (5), ) (Vu) T (X (), 8) L(s, 1) " | L(t, 9) T},

= [T X 600) + T (X6009) = KT (K09

= (VU 0 t) + oo, 0) = (V) ()

which completes the proof of (2.6).

A.3. Pseudocodes for the proposed scheme. Algorithm A.1 contains the
steps of the interpolation process for the evaluated function on the characteristic
curve at a previous time.

Algorithm A.1 Interpolation algorithm.

Require: y}';,ha(d = 1,2), (i,5), Ao, p, Zij, 24, and .
1: Calculate the index on the discretized mesh (ig,jo) € Ag, ie., index(y;;) =
(40, Jo)-
2: Calculate 771(5 ) and 77%7 )
3: if p=1 then

(@€ fmig-w),
hq
1, . — io+1
D (@ h) = W (v € i, wig 1])
1
0 (Otherwise) ’

and the same to calculate the function 77(-1) using the index jy and space step hj.

Jo
4: else
T—Tjp—1 T — Tj—2

(:U € [zig—2, 9%)),

h1 th
@ (.. = Tjg41 — T T — Tjo42
i (3 h1) zo+h1 . 2h110+ (z € [ig, Tig 1)),
0 (otherwise) ,

and then again to compute the function 77(2)

. Jo
5. end if
6: Define the basis function ¢

using the index jo and space step hs.
().
20,70

PP ) = 0P (R b))l () ho).

7: Compute the interpolation of the given function ¢y at y;'; by

as

11 . n n
Zi,j(p) = (H;(Lp)Ch) (yzj) = Z Ch(xi,j)@g?jo (yi,j)‘
wi,jEQh

return Zi}(p).

The main algorithm (Algorithm A.2) has all declarations and computations used
to update the numerical solution on time.
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Algorithm A.2 Main algorithm.

Require: The domain 2 with ag (d = 1,2), division numbers Ny (d = 1,2), interpo-

1:

TR w

i

10:
11:

12:
13:
14:
15:
16:

17:

18:
19:

20:

21:

22:
23:
24:
25:

lation order p, final time T, time step At, and the exact solution (Z,.(i ;)
Calculate hy = aq/Ny (d = 1,2) and §2;,, where N4 (d = 1,2) are even numbers
and My = Ng/2 (d = 1,2) for p = 2, the indexes domain A, = {(i,j); ¢ =
0,...,N1, j=0,..., Ny}, and the number of time steps Np.

Initialize the value ([\(2; ;) = (%act (@i ;) for n =0 with (4,5) € Ap and z;; €
I ={(5,0)T €002; s€[0,1]}U{(0,5)" € 092; s€[0,1]} (t € (0,T)).

Define the functions ', Vu;';, and F;.
Set n = 1.
for (i,j) € Ap do
Calculate the interpolation point yi ;= X (i) = 2 — uf ;AL
if (y;; ¢ ©2) then
1= Gu(mig).
else
Compute Vu;'; and F}"; using the velocity field u;’;.
Use Algorithm A.1 for y7'; to get Zi{’j(p) = (H,(lp)(:h) (yllj)
Update Cil, ; by an approximation of first-order in time
L= T+ AV )] Z7 [T+ ALV ;)] + AtFY.
end if
end for
while n < Nt do

for (i,j) € Ap do
Calculate the interpolation points y7'; = X{'(v;;) = z;; — u';At and
Uiy = XT(i5) = xij — 2ui ;AL
if (y;fj ¢ () or Ui ¢ (2) then
/Z:Lj = C;Ill(xiaj)
else
Compute Vu;'; and F"; using the velocity field u;’;
Use Algorithm A.1 for y7'; to get ZZZ-(p) = (H}(Lp)Ch) (yp;) and solve

again for g7'; to get Z;L}(p) = (H}(Lp)gh)(g]ﬁj).
Update (’; by an approximation of second-order in time

n 4 n mn, n T
ny = g [+ 8Vl )] 250 [+ At(Vary)]
1 n A AT, noT  2At
=3[+ 280(Vul )] 2050 [T+ 2088(Vuiy)] - + == F.
end if
end for
n<+<n+1.
end while
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