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Abstract

In Xu [14], a class of parametrized flux limiters is developed for high order finite differ-
ence/volume essentially non-oscillatory (ENO) and Weighted ENO (WENO) schemes cou-
pled with total variation diminishing (TVD) Runge-Kutta (RK) temporal integration for
solving scalar hyperbolic conservation laws to achieve strict maximum principle preserving
(MPP). In this paper, we continue along this line of research, but propose to apply the
parametrized MPP flux limiter only to the final stage of any explicit RK method. Compared
with the original work [14], the proposed new approach has several advantages: First, the
MPP property is preserved with high order accuracy without as much time step restric-
tion; Second, the implementation of the parametrized flux limiters is significantly simplified.
Analysis is performed to justify the maintenance of third order spatial/temporal accuracy
when the MPP flux limiters are applied to third order finite difference schemes solving gen-
eral nonlinear problems. We further apply the limiting procedure to the simulation of the
incompressible flow: the numerical fluxes of a high order scheme are limited toward that of a
first order MPP scheme which was discussed in [3]. The MPP property is guaranteed, while
designed high order of spatial and temporal accuracy for the incompressible flow computa-
tion is not affected via extensive numerical experiments. The efficiency and effectiveness of

the proposed scheme is demonstrated via several test examples.
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1 Introduction
In this paper, we consider the following scalar hyperbolic conservation laws
u+V-Fu) =0, u(x,0)=uy(x). (1.1)

Popular methods for solving (1.1) include finite difference/volume schemes based on high
order essentially non-oscillatory (ENO) and Weighted ENO (WENO) reconstructions |2,
6] and finite element discontinuous Galerkin (DG) methods coupled with total variation
diminishing (TVD) Runge-Kutta (RK) time discretization [8]. Our focus of this paper is the
finite difference RK-WENO scheme. The close relationship between the finite difference and
finite volume scheme was first explained by Shu and Osher [8, 9], by introducing a sliding
average function h(z). Compared with finite volume schemes, high order finite difference
schemes are more computationally efficient for high dimensional implementations. Compared
with DG, finite difference schemes with WENO reconstruction are more robust in capturing
shocks without oscillations, although the finite difference schemes are not as compact and
flexible in domains with complicated geometry.

An important property of the solution for hyperbolic conservation laws (1.1) is the strict
maximum principle [4], namely w,, < u(x,t) < up, if wy < wp(x) < up. The TVD
schemes satisfy the strict maximum principle, but it is only first order at the smooth extrema.
ENO and WENO schemes are essentially non-oscillatory around discontinuities; however, the
numerical solutions do not necessarily preserve the strict maximum principle. A genuinely
high order conservative scheme to preserve the global maximum principle has recently been
developed by Zhang and Shu in [16, 18]. MPP limiters are applied to the reconstructed high
order polynomials in the finite volume/DG framework around the cell averages in order for
the updated cell-average values of the numerical solutions to satisfy the maximum principle.
The maintenance of high order spatial accuracy and maximum principle is theoretically
proved and numerically verified when suitable CFL numbers are chosen. The techniques have
recently been applied to a number of problems including the compressible/incompressible
Euler equations, shallow water equations, among many others [17, 20, 13, 12]. However,
it was also pointed out in [19] that it is not trivial to apply the MPP limiters to the finite
difference schemes without destroying the designed order of accuracy. Also the time step size
required to preserve the MPP property is smaller than the one for the original scheme, e.g.
it is about % of the original CFL for a third order finite volume scheme with MPP limiters
[16].



In [14], Xu developed a parametrized MPP flux limiting technique to maintain the MPP
property of numerical solutions of the one-dimensional scalar hyperbolic conservation laws.
Compared with limiting the cell-wise reconstructed polynomials in [16, 18], in [14] the MPP
property is achieved via limiting high order numerical fluxes toward first order monotone
fluxes in a conservative scheme. Compared with traditional flux limiters for the TVD prop-
erty (which is a stronger stability requirement than MPP), as discussed in [10, 11] and the
references therein, the MPP flux limiting approach in [14] has the potential to be designed
with higher than second order accuracy. The MPP requirement of u,, < u, < uys is de-
scribed by a group of explicit inequalities. By decoupling these inequalities, the numerical
fluxes are locally redefined, leading to a consistent, conservative maximum principle preserv-
ing high order scheme. When coupled with the TVD RK scheme, a successive parametrized
limiting approach with some ‘relaxed’ upper and lower bound is proposed for each stage of
the RK method. The method was later generalized to the high order methods for solving
multi-dimensional scalar hyperbolic conservation laws [15]. The MPP property is guaran-
teed under the same CFL time step restriction of the first order monotone scheme. However,
the scheme suffers from additional time step restriction for the preservation of high order
accuracy.

In this paper, following the idea in [14], we focus on developing the MPP flux limiter for
conservative high order schemes, exemplified by the finite difference WENO scheme coupled
with TVD RK time discretization. There are two new ingredients in this paper. First,
we propose to implement the parametrized MPP flux limiters only at the final stage of
the multi-stage RK time discretization. It was commented in [14] that if the MPP flux
limiter is applied at each of the intermediate stage of RK method, due to the influence of
the special cancellation of RK, high order temporal accuracy could be lost. With the flux
limiter applied only at the final RK stage, the implementation complexity is significantly
reduced. Error analysis is performed to prove the maintenance of third order spatial and
temporal accuracy when the high order flux is limited toward a first order local Lax-Friedrich
(LFF) flux or Godunov flux. Secondly, we apply the MPP flux limiters to the high order
FD WENO method solving the incompressible Euler equation in vorticity stream-function
formulation to maintain a maximum principle for vorticity. We remark that, compared with
the unified high order limiting procedure for arbitrary high order reconstructed polynomials
of Zhang & Shu in [16, 18], the maintenance of high order spatial and temporal accuracy
so far can only be proved for the original third order finite difference scheme solving the

one-dimensional nonlinear equations. We largely rely on extensive numerical experiments to



verify the maintenance of high order spatial and temporal accuracy for general high order
schemes, high dimensional case, and for the incompressible flow without additional time step
restriction.

The rest of the paper is organized as follows. In Section 2, we will first review the high
order finite difference schemes [7] and the parametrized MPP flux limiters in Xu [14]. In
Section 3, we describe on how to apply the MPP limiter on the final stage of a multi-stage
RK method in one- and two-dimensional cases. Third order error analysis is provided to
show that the newly proposed limiter preserves high order accuracy in both space and time
without excessive time step restriction. In Section 4, MPP flux limiters are proposed for
high order finite difference schemes solving incompressible flow. In Section 5, we perform
numerical tests on both scalar conservation problems and incompressible Euler equations to
demonstrate that maximum principle is preserved with designed order of accuracy, without

additional time step restriction.

2 Review of finite difference WENO scheme [7] and
parametrized MPP flux limiter [14]

2.1 Finite difference WENO scheme.

We first briefly review the finite difference WENO scheme [7] for a simple one-dimensional

hyperbolic conservation equation
u+ f(u), =0, z€l0,1] (2.1)

with initial condition u(z,0) = ug(z). Without loss of generality, we assume periodic bound-

ary condition. We adopt the following spatial discretization for the spatial domain [0, 1]
OZZ% <JJ% <~"<$N+%:1,

N
point z; = %(xj,% + z; +%) at continuous time ¢. The finite difference scheme evolves the

where I, = [z, 1,z %] has the mesh size Az = &. Let u;(t) denote the solution at grid

point values of the solution by approximating the differential form of the equation (2.1)

directly in a conservative form

d 1 . .

)+ o (Hywaje — Hjmap2) = 0. (2.2)
Hjrpo = fuj_p, -+ u;.4) is a numerical flux consistent with the physical flux f(u) and is
Lipschitz continuous with respect to all arguments. The stencil {u;_,, -+, uj4,} is chosen
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to be upwind biased. Especially, when f'(u) > 0, one more point from the left (p = ¢q)
will be taken to reconstruct fj I otherwise one more point from the right (p = ¢ — 2) will
be taken. When f’(u) changes sign over the domain, then a flux splitting, e.g. the Lax-
Friedrichs flux splitting can be applied. The spatial accuracy of the scheme is determined

~

by how well ﬁ(H i+l — H i %) approximates f(u),. To obtain a high order approximation,

Shu and Osher [8] introduced a sliding average function h(z), such that

&L Hed = ). 23)

Taking the x derivative of the above equation gives

A (e + 5D -0 - 5) = .. 2.4)

Therefore the numerical flux H j+1 in equation (2.2) can be taken as h(z; +%), which can
be reconstructed from neighboring cell averages of h(z), h; = A= fli h(§)d¢ 22 fu(z;, b)),
t=j—p,-,74+qby WENO reconstruction. By adaptively assigning nonlinear weights to
neighboring candidate stencils, the WENO reconstruction preserves high order accuracy of
the linear scheme around smooth regions of the solution, while producing a sharp and essen-
tially non-oscillatory capture of discontinuities. Equation (2.2) can be further discretized in
time by a high order time integrator. For example, the scheme with the first order forward

Euler time discretization is

~ ~

Un—‘rl = U? — A(HjJrl/Q - Hj71/2)7 (25)

J

where u} denotes the numerical solution at z; and at time ¢", A = ﬁ—fc and At is the time
step size.

The finite difference WENO schemes have been extended to the adaptive mesh refine-
ment (AMR) framework [5] and have been applied to a wide range of problems including
computational fluid dynamics, astrophysics, plasma physics, semi-conductor device simula-
tions among many others [7]. Tt is well-known that the schemes enjoy the mass conservation,
high order spatial accuracy, and the flexibility in implementation for high dimensional prob-
lems when compared with the finite volume framework. However, the maximum principle
preserving (MPP) property of the solution for hyperbolic equation (2.1) is not preserved on

the numerical level. For more details, please see [7] and the references therein.



2.2 A parametrized MPP flux limiter [14]

Below, we illustrate the idea of parametrized flux limiters for preserving the maximum
principle of the high order finite difference scheme. For simplicity, we first consider the one
step forward Euler time discretization. The idea will be generalized to a high order TVD
Runge-Kutta time discretization in the next section.

Let

Uy, = mzin(u(x, 0)), uy= mgx(u(:z:, 0)).

To preserve the MPP property
Uy S Supy,  Vim (2.6)

it is proposed in [14] to modify the numerical fluxes H; . /2 as

Hitrjo = Oi1p(Hirrje = hisag) + hjsipe (2.7)
where izj+1/2 = f (uj,u;j41) is the first order monotone flux. Notice that with the first

order monotone flux in equation (2.5), it is well-known that the MPP property (2.6) will be
preserved. 0,1/5 € [0,1] is designed by taking advantage of the MPP property with the use
of the first order monotone flux ﬁj+1 /2 and the high order accuracy of H j+1/2 reconstructed
from WENO procedure.

Below is a detailed procedure of designing ¢;,1/,. For each 0,1/, limiting the numerical

flux FIjH /2, we are looking for upper bounds A_; /5, and A /57, from the need of keeping

n+1

27 within [u,, upy]. Consequently,

u

Oir12 € [0, A 010, ] N[0, Ay yo g, ], V) (2.8)

provides a sufficient condition for the scheme to preserve the maximum principle. Let

~ ~ ~ ~

D3 =unr —uy + Mhyrajp = hjoage), T =t = uj 4+ Mhjaya = hyo1y2),

then from the MPP property of a first order monotone scheme,

M m
¥ >0, <o

n+1

To ensure uj™" € [Upm, wpr] With F[jﬂ /2 as in equation (2.7), it is sufficient to have

~ ~ A ~

Nj-1/o(Hjo1o = hj-1j2) = Mijajo(Hipao = hjap) =T <00, (2.9)
M _1j2(Hj1j2 = hy—1j2) = Mjsajp(Hizays — hjapp) =TT > 0. (2.10)
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The discussion is case by case based on the sign of
Fit12 = [:[j:tl/Q - ilj:l:l/Z-

1. Assume

9j—1/2 € [OaA%/zlj]v 9]+1/2 = [0 A+1/21]

where A s, and Afl Jo,1; A€ designed to preserve the upper bound by equation (2.9)

()IfF 1/2<OandF+1/2>O
(A]yl/Z,I]WATl/Q,Ij) = (17 1)-

(b) IfF 1/2<Oand F+1/2<0

R4
AM o AM ) = (1, min(l, —L—
(AZyyor Ao r,) = ( ( AFH/Q))

()IfF 1/2>OandF+1/2>0

(A 1/2,1; 7A+1/21) (min(1, )\Fjj_1/2)7 1).

(d) IfF 1/2>0and F+1/2<0
e If equation (2.9) is satisfied with (6;_1/2,0;41/2) = (1,1), then
(A%/Q,Ij’ A%/le) = (17 1)
e If equation (2.9) is not satisfied with (6;_1/2,0;41/2) = (1,1), then

M R4
(A 1/2,1; 7A+1/21) ( ! ) . )
AFj_ 170 = AFjp12 A1 — AFja)0

2. Similarly assume

ej—1/2 S [OaATl/sz]a 93+1/2 € [O A+1/21]

where A, and AT , ;- are designed to preserve the lower bound by equation (2.10).

()IfF 1/2>OandF+1/2<O

(AT1/2,1j>AT1/2,1j) = (L 1)-



(b) If Fj_l/g >0 and F}‘.:,.l/g > 0,

rr
A" o AT ) = (1, min(1, ——2——
( 1/2,1; +1/2,1]) ( ( N1
(c) If Fj_1/2 <0 and Fjq1/5 <0,
( T ) = (min(1 FFT ), 1)
AT o A _ in(1, 1),
1/2,1;0 A y1)2,15 N1

(d) If F}_l/g < 0 and F‘j_;_l/z > 0,

e If equation (2.10) is satisfied with (0;_1/2,0;41/2) = (1,1), then

(ATI/Q,Ijv AT1/2,IJ-) = (1,1).

e If equation (2.10) is not satisfied with (6;_1/2,0;11/2) = (1,1), then

RLTRLE NEy 1ys — A’ AFj 1 = A

Notice that the range of 6,1/, (2.8) is determined by the need to ensure both the upper
bound (2.9) and the lower bound (2.10) of numerical solutions in both cell I; and I;;;. Thus

the locally defined limiting parameter is given as
9j+1/2 = min(/\+1/2,1j, A—1/2,Ij+1)7 (2-11)

with Ajy/o7, = min(A%/Q,IijT1/2,1j)> A rjor,, = min(A%/Q,IjH’AT1/2,1j+1)' The mod-
ified flux in equation (2.7) with the 6;,,/, designed above ensures the maximum prin-
ciple. Such modified flux is consistent and monotone since it is a convex combination
(04172 € [0,1]) of a high order flux ﬁj+1/2 with the first order flux ij+1/2. Since the scheme
is in the flux difference form (2.5), the mass conservation property is preserved. It is proven
in [14] that if the time step size At is small enough, fourth order spatial accuracy of the
scheme with regular WENO flux H j+1/2 is maintained with the modified flux H j+1/2 for the

linear case.

3 A new parametrized MPP limiter for the RK-WENO

3.1 Omne-dimensional problem

A ‘successive’” MPP limiting procedure was proposed in [14] for limiting the upper and

lower bounds of solutions at internal stages of a third order TVD RK method [1]. In this

8



section, we propose to apply the MPP flux limiting procedure at the final stage of RK time
discretization only. The newly proposed limiting procedure is very general in the sense that
it can be applied to any high order explicit RK method. Moreover, the time step restriction
to ensure both MPP property and high order accuracy in both space and time is relieved
compared with that proposed in [14], see Theorem 3.2 below.

To illustrate the idea, without loss of generality, we use a third order TVD RK time
discretization below as an example. With the method-of-lines approach, the third order

TVD RK time discretization [1] can be written as

ut = w4 AtL(u),

1 1
u® =t (L") + L)),
1 2 1
T At(gL(u") + gL(u@)) + EL(u(l))). (3.1)

We note that the second term in equation (3.1) approximates ftfﬂ L(u(r))dr. Here L(u") =

—ﬁ(Hﬂ 1 — H;_“L_ 1), where H;LJF ; is the numerical flux from WENO reconstruction based on
2 2 2

u". Similarly, let I:[](fr)l and I:I](i)l be the numerical fluxes reconstructed based on u(!) and
2 2

u®. The equation (3.1) can be rewritten as

n+l _ n rrk rrk
where
R 1. 2 A 1.
rk -~ 1n 4 77(2) LM
ik, = i, + A%, i),

Based on equation (3.2), we propose to replace the numerical flux If[;_’il by the modified one
2

~

rrrk rrrk 7
HiLy =05 (HiLy = hypa) +hyy

Jt3

(3.3)

1
2

where ﬁj 1 is the first order monotone flux and 6, 11 is designed in the same way as that in
the review Section 2.2 to preserve the MPP property. It shall be pointed out that most of the
explicit RK temporal approximation method can be written in the form of (3.2). Therefore,
the newly proposed MPP flux limiting procedure can be directly applied to most of the high
order conservative schemes equipped with an explicit RK temporal integration. It is proven
in Theorem 3.2 below that the proposed flux limiters maintain high order spatial accuracy

of the original finite difference scheme and temporal accuracy of RK discretization.

Remark 3.1. The proposed flux limiting procedure is very simple and computationally

efficient, compared with that in [14]. Notice that numerical solutions at intermediate RK
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stages, i.e. u and u®, are low order in time approximations to the exact solutions at the
corresponding stages. If the MPP properties are enforced at these intermediate stages, the
special cancellation of RK method may be affected. As a result, very restrictive time step

size would be needed to maintain high order accuracy in time, see [14].

In the following, we will show that the high order accuracy in both space and time is
maintained with the newly proposed MPP limiter when the solution is smooth enough. As
there is no rigorous error analysis for finite difference scheme with high order reconstruc-
tion by introducing the sliding function h(z) and high order RK method for hyperbolic
equation (2.1), we make some assumptions on the error of the original high order finite dif-
ference scheme. Notice that these assumptions have been numerically verified extensively,
but haven’t been rigorously proven. In the Theorem below, we rigorously justify that the

amount of modification performed by the parametrized flux limiter is of high order.

Theorem 3.2. Consider solving advection equation (2.1) using a third order finite difference
spatial discretization and a third order RK time discretization with the scheme written in the

form of equation (3.2). Assume the global error,

n

el = [ul —u(z;, t")] = O(Az® + At?),  Vn,j. (3.4)

J

Consider applying the proposed MPP limiter to the numerical fluzes ﬁﬁ; in equation (3.2),
2

and taking h; 1 in equation (3.3) to be the local Lazx-Friedrichs (LLF) flux, then

|13_r;§% — ﬁ;ﬁg = O(AZ + A, Y, (3.5)
with Amax, |f'(u)| < 1, where A = At/Ax.

Proof. We only consider the limiters for the maximum value case, it is similar for the mini-
mum value case. The statement is proved via discussing four cases described in Section 2.2.
Without specifying, we use u; instead of u} and use u(x) instead of u(x,t"). From our as-
sumption (3.4), the difference between u(z;,#") and u} is of high order. In our proof below,
we use u(x;,t") and u} interchangeably when such high order difference allows.

Case (a): No limiters are introduced in case (a) decoupling, therefore equation (3.5)
holds.

Case (d): This is the case of F;_1 > 0 and F}, 1+ < 0. From (3.3), it is sufficient to show

_1
2

that
M — (AF,_1 — \F, 1)
J =3 Jt3 5 )
Fi1=0(Az" + At .
AFj 4 =AFjy 7T Olba™+ A8, (3.6)



when Fé” < )\Fj_%—/\FjJr%. Since Fj_% > (0 and Fj+% < 0, we have 0 < —ﬁ <1/A
Recalling
L} = (AFj_y = MFjp) = ung — {uy = AHSy = H51)} <0, (3.7)
it suffices to show
(3.8)

fuss — {uy — AEE, — B} = O(Aa® + AP,
Equation (3.8) can be justified by using equation (3.4), since in this case we have u(z;, ") <

uy < u”Jrl where 1/“rl =u; — A(H;_]ﬁ; - Hﬁ;)-
2 2

Case (b): Similar to case (d), we only need to consider the case when

M
A1, = J < 1. (3.9)
+2.1; _/\Fj-i-%
with
rk 7
k. _F;V+AF].+% _uM—( ~—>\(H]+7—hj_%)) 1
i+3 i+ts Y - Y : ( . )
To prove (3.5), it suffices to prove
Jusr — (u; = MHY L = hy_1))] = O(Az® + AF?), (3.11)
if up — (uj — )\(H;"Jkr_ Bj_%)) < 0. For the high order RK flux, we have
1 tn+1
Aty = E/n My, )it + O(AL). (3.12)

Using the 3-point Gauss Lobatto quadrature for (3.12), we can get

I 1 ., 2 LAt 1 ., 5
A h(z ﬁl,t)dt 6h($j+%’t +At)+§h( it +7)+6h( Tip1,t )+ O(A).
(3.13)
The sliding average function h can be given in the following expanded form [9]
h(x Tigl, t) = f(u Tip1,t )+ Z agr Azt (8 o (u(z, t))) +O(Az*1?)  (3.14)
Tl

11



with properly defined {ag} to ensure (h(z Tip1, t)=h(z;_1,t))/ Az = f(u)s(z;, t)+O(Az*th)
for arbitrary s. For a third order approximation, taking the first two terms in (3.14) and

approximating f,,(u) by a central difference, we have

Az?

Pty t) = Sl 1) - gfmw(xﬂ%,t)) +o(art) (3,15
13 1 ,
= D 1) — 5Py 1) + Sy 1) + O(AY). (316)
Now (3.13) can be written as
1
A7, e
= 5 (ot + 80) = G uly 38+ 80) + Flute 4.7+ 80) )

+§ (gﬂ (2101, m%)) - 2—14(f( (22 ,t"+5>> + /(u( j-vm%))))
5 (1o ulieyo ) = g (F (a3 ) + Flula, 3, 0)) + 086 + A0,

Following the characteristics, we have

1
A ’ h(z ]+1,t)dt
_ LB — A A ! A1 Ax, t" A Ax, t"
— 5 (D0l = Ar ) = (g~ d o, )+ flula, = duo, )

+§ (%f(U(xﬁ% — ApAz, ")) — %(f(“(xﬁ% ~Anha, )+ flulzjy = Al tn))))

5 (1o 0y ) = G uliy ) + a3 ) + O + A% 1)

where
A1 = )\f'(u(xj_% — AAz, t"), A = %f’(u(xj_% — ApAx, ")), (3.18)
Aop = )\f'(u(xﬁ% — A1 Az, ")), Ao = %f’(u(xﬁ% — ApAz, ")), (3.19)
A3 = )\f’(u(ijr% — A51Ax, ")), Az = %f’(u(ijrg — AppAz, t")). (3.20)

We prove (3.11) case by case. For the high order flux, we approximate f(u(z,t")) in (3.17)
by a third order polynomial interpolating f(u;_1), f(u;) and f(u;;1). We take the local Lax-
Friedrichs (LLF) flux as the first order monotone flux ﬁj 1= S(f(ug) + flujr) — aj_%(uj -

uj-1)) , where o;_1 = maxye(a,p) |f'(w)| with A = min{u;_q,u;} and B = max{u;_1,u;}.

12



We first consider the case xy € I, with upy = u(zy), vy, = 0 and uf, < 0. We perform

Taylor expansions around s

wj = unr+dy(z; — oar) + uMM +O(A2?) (3.21)
flug) = flun) + flund)uhy (@5 — oar) + (F (war)uly + F7 (uar) (uwy)?)
(gjj_zixm? +0(A%) (3.22)
fluj—r) = flunr) + fluan)yy 2y — oar = Az) + (f (war)ulyy + f" (uar)(uw)y)?)
(2; i AT L o(as?) (3.23)
Flujen) = flunr) + fluan)uyy (25 — 2ar + Az) + (f (war)uy, + " (uar) (u)y)?)
(2 =2 £ AT | 6 (pg?) (3.24)

2
If we denote A1 = Ao + 1Az + O(Az?) and Ao = ’\2—0 + Cp2Az + O(Ax?) for k =1,2,3,
where Ao = Af'(uar), substitute into (3.18)-(3.20) to determine 7 ; and (j 2, we have

1
A = o+ [ (up)uiy ANz — 5 o)Az + O(Ax?),
Ao y ;A 1 X 9
Az = 5 +f (UM)UM§(Z 5 7)A$+O(A$ )
1
Aot = Ao+ [ (up)uy Nz + 5 o)Az 4+ O(Ax?),
A A 1A
Ay = S flus)uy S (2 + - — S AT+ O(Az?),
2 2 2 2
3
As = Ao+ f(un)uiy Nz + 5 Xo)Az + O(Az?),
A A 3 A
A = =+ flup)uly = (2 + 2 — Az + O(Az?).
2 2 2 2
with z = (z; — x)/Aw.
With above notation and v, = 0, we have
Lo 7 Uh A2 3 3
uj— A Y h(xj+%, t)dt — hj_y | =un+ EAw g(z, Xo) + O(Az® + At°)  (3.25)
t'n/

with

9(2,20) = (Bay_1 A+ 2X0 + A5 — 2X) + 6(—a;_1 A — 209 + A5)z + 627 (3.26)

J
We discuss ¢(z, A\g) with the following two cases:

o If f'(up) > 0, we have \g = Af'(up) € [0,1] since Amax, |f'(u)] < 1, and we can
write g(z, Ag) to be

A= 2o)(= + 2) (3.27)

g(z, >‘0) = 91(Z> )\0) + 6(043-7 5

1
2
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with

91(2,20) = (BAg +3A2 — 203) +6(—3X\ + A2)z + 622 (3.28)
the minimum value of function g; with respect to z is
A
(91)min = g1(2, \o) = (N —2)(A —1)(5—3X) >0 (3.29)

z:—%)\o()\o—fﬂ) 2

J

f'(up)| = O(Az), that is g(z,Ao) = q1(z, \o) + O(Azx) with ¢1(z,A\g) > 0. Since
ulj; <0, we obtain (3.11).

and since |Ozj_% — f'(up)| = O(Ax), we have |(a-_%)\—)\0)(% +2)] = |A(3 —l—z)||aj_% —

o If f'(upr) <0, we have A\g € [—1, 0], similarly we have

1
9(2, Ao) = g2(2, Ao) + 6(a;_1 A+ )\0)(5 +2) (3.30)
with
92(2,00) = (=X + 305 — 2A3) + 6(—Xo + \3)z + 622 (3.31)
the minimum value of go with respect to z is
A
(92)min = g2(2, Ao) = 2o+ —1)(2-3X) >0 (3.32)

z=—3xo(Mo-1) 2

and similarly |(aj_%/\+)\0)(% +2)| = O(Ax), we get g(z, Ao) = g2(2, o) + O(Ax) with
g2(2, Ag) > 0. Since u)y; < 0, we also obtain (3.11).

Now if zjs ¢ I;, however there is a local maximum point z/%¢ inside the cell of I}, the

above analysis still holds. We therefore consider that u(x) reaches its local maximum u’f

over I; at zif = z;_1, we have u;._l < 0. From the Taylor expansions in (3.21)-(3.24),
2

following the same procedure as above, with 2z = (z; — 2)/Az = (z; — xj_%)/Ax =1/2,

we have

I
u; — A(Kt/tn h(xj+é,t)dt—hj>

Azs; + (u;_%)zAa:Qsz +

S

Ax?

-3 9

+ s3+ O(Az” + At?)  (3.33)

!
i=3
where

1 A
S1 = 5(1—2)\04—)\3)—5& 1

)
So = _f”(uj_

1
53 = E(3 — 8 + 1202 — 4\))

N=

A
)6(2 — 6o+ 3)2)
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If f'(u;_1) = 0, we have a;_1 — f'(u;_1) = O(Az) and Ao € [0,1]. We can write (3.33)

to be
1 tn+1
u;  — )\(Kt/ﬂ h(z ]+1,t)dt hA %>

= u(r;_1 —/s301) + u;_%Ax( (1= 13X+ A5) ++/53) + %Ax254
+O(AZ* + AP?) (3.34)
o, 1=f(u;_1)
where s4 = u;._lSQ — §——2—+—"2 which is in the order of O(1). It is easy to check that

s3> 0 and %(1—3/\0+/\3)+\/§ZO.
However, if f’(uj;%) < 0and A\ € [-1,0]. We can write (3.33) as

1 e
wp - A(Ktln Wy, t)dt — hj>

= u(w;_1 — V/s30z) + u;_%Aaﬁ(sl +/53) %A;c234
+O(AZ® + At?) (3.35)

D=

where s4 = u;._lsz. s3>0, 81+ /53 >0 for \g € [~1,0] and Ao, 1 <L
2
In the above two cases, to prove (3.11), it is sufficient to Show u(z; 1 — \/s3Az) +
Amzu;_%&l < uys or u;._l = O(Ax). If [z T 1= /ssAr — Aw,x; 0 — «/ A:U] is not a

M

monotone region, there is a point 27! in this region, such that «'(z#!) = 0. Similarly, if
[a:j_% — /S3Ax — Ax, Tj1— V/S3Az] is a monotone increasing region, since u;_% < 0, there
is one point z%? in [:Ej_% - ,/sgAw,:L’j_%], such that u/(2%?) = 0. For these two cases,
u;_% = O(Az). We then focus on the case when [x»_% VSsAr — Aw,x; 1 — V/S3Ax] is a

monotone decreasing region. We assume

w(z; 1 —/S38z) + cAx? > upy

1
2

where ¢ = |u;.7154|. Since
2

u(z;_

— /$3Az) = u(z Ti1— Vs3Ar — Ax) +u/ (27?) Az,

N[

where u/(z#3) < 0, we have
u' (2% Aw + cAx? > 0,
which implies |u/(2#3)| < cAx, therefore, u,_y = O(Az).
T2

rloc = Tyl with u/(2%¢) > 0 can be proved similarly. Combining the above discussion,

(3.11) is proved. O
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Remark 3.3. From Theorem 3.2, we have proved that the proposed MPP flux limiter with
LLF fluxes as the first order monotone fluxes introduces a third order modification to the
original RK fluxes f[;i% for a third order finite difference scheme without additional time
step restriction. When Godunov flux is used as the first order monotone flux, the same
conclusion holds. However, when global Lax-Friedrichs (LF) flux is used as the first order
monotone flux, additional time step restriction would be needed, as s; + ,/s3 is not always
positive in (3.33) when f'(u;_1) > 0 (see the form (3.35)). However, under a smaller CFL
number, i.e., A\a = Amax, |f'(u)| < 0.886, s1+/s3 > 01in (3.33), thus the 3rd order accuracy
is maintained. Extension of the above analysis to higher order case would be very technical

and algebraically complicated and is out of the scope of the current paper.

3.2 Two-dimensional problem

We consider the two-dimensional scalar problem

u+ f(u)e+g(u)y =0, u(z,y,0) = uo(z,y). (3.36)

The multi-dimensional parametrized MPP flux limiters for high order schemes solving (3.36)
are developed in [15]. We refer to [15] for the algorithm description and implementation
details of the successive MPP flux limiters for multi-dimensional problems. In this section,
we would like to apply the MPP flux limiters at the final stage of the multi-stage RK-WENO
schemes solving two-dimensional problem (3.36). As in the one-dimensional case, the high

order finite difference RK-WENO scheme can be written as

iyt = U?J - /\x(Hrfl/zj - Hz‘rfl/zj) - /\y(GZI;‘+1/2 N G;,];—l/?)’ (3.37)

%] %

where H™® and G are linear combination of fluxes from RK multiple stages. Let Biﬂ /2.5 Jij+1/2

be any first order monotone flux satisfying maximum principle,

~ ~

U S U — Np(higay2g — hicay2g) — Ay (Gigrayz = Gij—1/2) < unr. (3.38)

In order to ensure maximum principle, we are looking for the type of limiters

Hij1p0; = 9i+1/2,j(Hz‘Tf1/2,j - hi+1/2,j) + hiy1y2,5,

Gijri2 = 9i,j+1/2(G;];'+1/2 — Gij+1/2) + Gijr1)2 (3.39)

such that

Uy < U?] - /\x<Hi+1/2,j - Hi—1/2,j) - )\y(Gz’,j—i-l/Z - Gi,j—l/Q) < upy. (3-40)
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(3.39) and (3.40) form coupled inequalities for the limiting parameters 0;,1/2;,0; j+1/2. As
for the 1-D case, for each node (i,7), the maximum principle preserving limiters can be
parametrized in the sense that we can find a group of numbers Az ;;, Arij, Apij, Avij,

such that the numerical solutions of (3.37) satisfy the MPP property (3.40) with
(91'—1/2,ja91‘-‘,—1/2,]’;9i,j—1/279i,j+1/2) € [OaAL,i,j] X [OaAR,i,j] X [OaAD,i,j] X [OaAU,i,j]-

For the maximum value case, let

~ ~

Fi,j = Uy — (Uzg - )\z(hi+1/2,j - hifl/Z,j) - )‘y(gi,jJrl/Q - Qi,jq/z)) >0, (3'41)

when a monotone numerical flux is used under suitable CFL constraint o, &t Ao E oy Qyag At <1,

here o, = max, |f'(u)| and o, = max, |¢’(u)|. Denote

Fi1jaj = Ao (H! Py — hi—1/2.4),

Fivi25 = )\x(Hz+1/2y hi“/gvj)’ (3.42)

Fij- 1/2—>‘y( zj 1/2 gz,J—l/Q)v
FiJJrl/Q_ )\( 2]+1/2 gi,jJrl/Q)‘

The coupled inequalities (3.39) and (3.40) can be rewritten as
Oiv1/25Fiv1y25 + 0ic1y25Fic1y25 + Oiju1yoFijiiye + 0ijo1y2Fij12 < Tij, (3.43)
We shall now focus on decoupling the inequalities (3.43). For the single node (i, j),

1. Identify positive values out of the four locally defined numbers F;_1 5 ;, Fit1/2,5, Fij—1/2,

Fi,j+1/2§

2. Corresponding to those positive values, collectively, the limiting parameters can be

defined. For example, if Fii /9, Fi_1/2; > 0 and Fj j_1/2, Fj j41/2 < 0, then

M M o i
A’H‘l/?vj’ AZ 1/2,5 — mln(Fi-&-l/Q,]""JFi—l/Q,j’ 1)’ (344)
AM 1 ,AM =1.
4,j—1/20 "N, 4+1/2 T
For the minimum value part, let
Uij = wm — (wij — Ae(hiry2; — hic125) — My(Gijrrse — Gij-1/2)) < 0. (3.45)

The coupled inequalities (3.39) and (3.40) can be rewritten as
F S 91+1/2j i+1/2,5 + 92 1/2,] 1—1/2,5 + 97, ]+1/2Fz j+1/2 + 9 1,j— 1/2F,j 1/2- (346)
A similar procedure would be applied
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1. Identify negative values out of the four locally defined numbers Fi_i/;, Fit1/2;,

Fi,j—l/Q; Fz‘,j+1/2;

2. Corresponding to the negative values, collectively, the limiting parameters can be
defined. For example, if Fj;_1/9, Fj j11/2 > 0 and Fi_y/2 5, Fiy1/2,; < 0, then

. Ty
m m — 3
{Ai_l/ 250 M2, mm(Fi_l/z,jJrFm/z,j 1)

m m — 1
17‘7_1/27 2).]"'_1/2 o ’

(3.47)

Namely, all high order fluxes which possibly contribute (beyond that of the first order fluxes)
to the overshooting or undershooting of the updated value shall be limited by the same
scaling. Similarly we can find A% 112 and A;”] +1/2 The range of the limiting parameters

satisfying MPP for a single node (i, j) therefore can be defined by

Api; = mln(Azj‘wl/Q,j’Aﬁl/Zj)?
Arij= min(Aﬁl/Q,ijﬁuz,j)a 3 48
Avij = mln(Ai,jJrl/Q’ i,j+1/2)7
AD,i,j = min(A%_l/Q, A?fj—l/Q)'

Considering the limiters from neighboring nodes, finally we let
0@'4—1/2,]’ = m%n(AR,i,ja AL,i—l—l,j)’ (3.49)
9i,j+1/2 = mln(AU,i,j> AD,z’,j+1)-

The flux limiters designed for two-dimensional problem (3.36) can be easily generalized to
higher dimensional problems. The analytical tools in performing Taylor expansions, han-
dling the sliding average functions and in tracing characteristics in proving Theorem 3.2 can
be generalized for 2-D problems. However, in our current approach, more algebraic compu-
tations are needed for schemes of higher orders and for problems of higher dimensions. It is
our future work to find a general approach in investigating the maintenance of high order

spatial and temporal accuracy, without a case-specific discussion.

4 The MPP flux limiter for incompressible flow

Consider 2D equations describing advection in incompressible flow,
u + (vi(z,y, t)u), + (vo(z, y, t)u), =0, (4.1)
in conservative form with the divergence free condition of the velocity field
Vy-v=0. (4.2)
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The solutions of such equation enjoy the properties of mass conservation and strict maximum
principle thanks to the divergence-free condition. The challenge of computing (4.1) by a
conservative scheme is to preserve a discrete divergence-free condition, especially when a
high order method is used. In this section, we start from introducing a first order monotone
scheme in flux difference form which is in a similar spirit to that discussed in [3]. With the
divergence-free condition, there exists a potential function ®, s.t. v = (=, ®,)”. In some
cases, when the analytical formulae of the potential function is hard to be determined from

vy and vy, it can be computed through solving the Poisson equation
AP = —8yv1 + &Uvg (43)

with a stable scheme, i.e., a five-point central difference scheme. The previously computed
discrete values of the potential function can be used to design the following first order
monotone scheme. Assuming

B At
Qi1 = AxAy

At
QG -1 = M(q)i,j—l -
Let D::ttq)%] = i(q)i:tl,j — ®Z,j) and D;:q)%] = j:(@i,j:l:l — q)%]) The first order monotone

scheme is designed by using the potential function &:

(i1 — Pig,j-1) >0,

®;_1,-1) >0,

Wt =, — At(=D; ((Dy @)™ + Dy (DF®)u"))

7:7‘7‘

n n n
QU Qo UGy QG Uy g (4.4)

with

QG5 = 1-— (Ozi_l’j + Oéi7j_1).
At
Ay
max |D, ®|/Ay and o, = max|D;®|/Az. With the updated solution being the convex

These coefficients o are positive under the CFL condition Ozm% + < 1, here a, =

combination of the solution from previous time steps, it is easy to check that the first order
scheme (4.4) satisfies the MPP property.
For the general case, we perform a flux splitting of ®. For example, with the Lax-

Friedrichs splitting, we let

(® — (azz + ayy)) (4.5)

DN

1
(I>+:§(<I>+ozzx+ayy), o =
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with a, and a,, large enough, so that D (&%) > 0, D, (®*) > 0, D} (®7) < 0and D, (¢7) <
0. A first order monotone scheme satisfying the MPP property can be designed as

W = ut, — AL (DY ((=Dy & )u") + Dy (=D )u)

2] x Y

+D, (D)) + D) ((D; & )u™) . (4.6)

Similar to equation (4.4), it is easy to check that the scheme (4.6) satisfies the MPP property.

Similar to the MPP flux limiters presented in Section 3, the high order finite difference
RK-WENO scheme for the conservative form of incompressible flow (4.1) can be written in
the form of (3.37) with the MPP flux limiter (3.39), where

3 PQiv1j — Piv1-1 i1 — Piy Qg

hivi;=— SAy Ui~ Ry i Ty (Mg Ug)

B.irs = Qi1 — (I)i,ju ;1 — (I)ifl,jJrlu Qy (ul i ;)
= 1 — =y
A 20z 2Az Mg

is the numerical flux from the first order scheme (4.6) with MPP property.

The application of the high order FD RK-WENO scheme with general MPP flux limiters
presented in the previous sections to the incompressible flow problem is convenient based
on the above description. However, a rigorous justification on maintenance of high order
accuracy, following the line of proof for the third order scheme solving advection equation,
is technically prohibitive due to the increased complexity of the flux function and tracing of

the characteristic etc. A thorough analysis will be part of our future investigation.

Remark 4.1. The computation of incompressible flow can also be applied to the incom-
pressible Euler equations with vorticity stream-function formulation in the form (5.7) and
(5.8). In this case, we solve the potential function from the Possion equation by the Fourier

spectral method.

5 Numerical simulations

5.1 Basic tests.

In this section, we present numerical examples for the proposed parametrized MPP flux
limiters for high order finite difference schemes with high order RK time discretization. There
are two schemes we tested. One is the 3rd order finite difference scheme with 3rd order Runge-
Kutta time discretization, denote as “FD3RK3”, here the 3rd order finite difference scheme

is the 3rd order finite difference WENO scheme but with linear weights; the other is the 5th
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order finite difference WENO scheme with 4th order RK time discretization [8] denoted as
“WENO5RK4”. We use the global Lax-Friedrichs scheme as the first order monotone scheme,
unless otherwise stated. And the CFL condition in our numerical experiments is defined to
be max, | f'(u)|5t < CFL for one dimensional case, and max, | f(u)|£L 4+ max, [¢'(u) 2—; <

CFL for two dimensional case.

Example 5.1. Consider the 1D linear equation
U + ugy =0, u(z,0) = up(x) (5.1)

on [0,27] with periodic boundary conditions. We take the initial condition to be uy(z) =
sin®(x). We list the L' and L™ errors at T = 0.5 in Tables 5.1-5.4 with CFL = 0.6 . The 3rd
order for “FD3RK3” and 5th order for “WENOS5RK4” schemes with the MPP flux limiters
are numerically observed. The minimum values are observed to be strictly non-negative from
schemes with limiters. We also test CFL = 1.0 for “FD3RK3” and report results in Tables

5.5-5.6. Similar behaviors are observed.

Table 5.1: L' and L* error and order for “FD3RK3”, T' = 0.5, CFL = 0.6, 1D linear
equation with initial condition ug(x) = sin*(z), without limiters.

N | L' error | order | L™ error | order | (up)min

20 | 2.21e-02 — 4.43e-02 — -2.26E-02
40 | 3.49e-03 | 2.66 | 6.48e-03 | 2.77 | -3.69E-03
80 | 4.54e-04 | 2.94 | 8.77e-04 | 2.89 | -5.16E-04
160 | 5.76e-05 | 2.98 | 1.11e-04 | 2.98 | -6.68 E-05
320 | 7.22e-06 | 3.00 | 1.40e-05 | 3.00 | -8.36E-06

Table 5.2: L' and L* error and order for “FD3RK3”, T' = 0.5, CFL = 0.6, 1D linear
equation with initial condition uy(x) = sin®(z), with limiters.

N | L' error | order | L™ error | order | (up)min
20 | 1.83e-02 - 4.43e-02 - 3.55E-14
40 | 3.24e-03 | 2.50 | 6.48e-03 | 2.77 | 1.23E-14
80 | 4.57e-04 | 2.82 | 8.77e-04 | 2.89 | 6.38E-23
160 | 5.75e-05 | 2.99 | 1.23e-04 | 2.83 | 1.72E-16
320 | 7.22e¢-06 | 2.99 | 1.71e-05 | 2.85 | 9.61E-22

Example 5.2. Consider the 1D nonlinear Burgers’ equation with periodic boundary condi-

tions on [0, 27]

up + (“;) =0,  u(x,0) = uo(x) (5.2)
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Table 5.3: L' and L*™ error and order for “WENO5RK4”, T' = 0.5, CFL = 0.6, 1D linear
equation with initial condition ug(x) = sin*(z), without limiters.

N | L' error | order | L™ error | order | (up)min

20 | 1.01e-02 - 1.90e-02 - -2.58E-03
40 | 1.59e-03 | 2.66 | 4.27¢-03 | 2.16 | -5.93E-04
80 | 1.13e-04 | 3.82 | 6.00e-04 | 2.83 | -5.64E-05
160 | 3.77e-06 | 4.90 | 2.74e-05 | 4.46 | -1.20E-05
320 | 9.76e-08 | 5.27 | 7.59e-07 | 5.17 | -2.03E-08

Table 5.4: L' and L*™ error and order for “WENO5SRK4”, T' = 0.5, CFL = 0.6, 1D linear

equation with initial condition ug(x) = sin®(z), with limiters.

N | L' error | order | L™ error | order | (up)min
20 | 9.47e-03 | -~ 1.90e-02 - | 7.84E-15
40 | 1.49e-03 | 2.67 | 3.83e-03 | 2.31 | 1.16E-04
80 | 1.02e-04 | 3.86 | 5.42e-04 | 2.82 | 2.83E-05
160 | 3.26e-06 | 4.97 | 2.17e-05 | 4.64 | 2.18E-07
320 | 9.76e-08 | 5.06 | 7.59e-07 | 4.84 | 9.61E-15

and with the initial condition ug(x) = sin*(x). The exact solution is smooth up to t = 47\(3 R
0.7698. The errors at T" = 0.5 are reported in Tables 5.7-5.10. The numerical solutions
are observed to enjoy the MPP property. The order of accuracy is maintained for both

“FD3RK3” and “WENO5RK4”. After t = #, the solution develops a still shock. We
show the solutions at 17" = 1.2 in Figure 5.1. For “FD3RK3” at mesh N = 160, without
limiters, there are several large overshoots and undershoots. However with the MPP flux
limiters, the overshoots and undershoots are completely under control with the minimum
value (up)min = 3.90752FE —22 and the maximum value (up)mq, = 1.00000. Without limiters,
the minimum value for “WENO5RK4” is also negative, which is (up)min = —1.27153E — 05

at mesh N = 160, but with limiters, the minimum value is (u)min = 1.20706E — 22.

Example 5.3. Consider the 2D linear equation on [—1, 1] x [—1, 1]
Ut + Uy + Uy = 0, U(IL’, Y, 0) = UO(:E7 y) (53)

with discontinuous initial condition

1, Yy > x;
uO(‘TJy) = _1 y <7

We show the cuts of numerical solutions for “FD3RK3” along y + = 0 in Figure 5.2.

With the MPP flux limiters, numerical solutions are observed to be non-oscillatory without
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Table 5.5: L' and L* error and order for “FD3RK3”, T' = 0.5, CFL = 1.0, 1D linear
equation with initial condition ug(x) = sin*(z), without limiters.

N | L' error | order | L™ error | order | (up)min
20 | 2.54e-02 — 4.95e-02 — -2.40E-02
40 | 4.42e-03 | 2.52 | 8.62e-03 | 2.52 | -4.91E-03
80 | 5.98e-04 | 2.88 | 1.16e-03 | 2.90 | -6.84E-04
160 | 7.70e-05 | 2.96 | 1.49e-04 | 2.96 | -8.90E-05
320 | 9.72e-06 | 2.98 | 1.88e-05 | 2.99 | -1.13E-05

Table 5.6: L' and L* error and order for “FD3RK3”, T' = 0.5, CFL = 1.0, 1D linear
equation with initial condition uy(x) = sin®(z), with limiters.

N | L' error | order | L> error | order | (up)min

20 | 2.01e-02 — 4.94e-02 — 1.66E-23
40 | 4.11e-03 | 2.29 | 8.62e¢-03 | 2.52 | 0.00E-00
80 | 6.01e-04 | 2.77 | 1.16e-03 | 2.90 | 0.00E-00
160 | 7.69e-05 | 2.97 | 1.76e-04 | 2.71 1.19E-90
320 | 9.72e-06 | 2.98 | 2.27e-05 | 2.96 | 4.43E-158

overshoots and undershoots. For “WENObJRK4”, without limiters, the numerical solution
is observed to be non-oscillatory. However, numerically it shows values under the minimum
value —1. For example, with mesh 100 x 100, (up)min = —1.00133 and (up)mae = 1.00109
from the scheme without limiters, but (us)min = —1.00000 and (up)mee = 1.00000 from the

scheme with limiters.

Example 5.4. Consider the 2D Burgers’ equation

gy + (U;L + (g)y =0, u(z,y,0) = uo(z,y) (5.4)

on [0,27] x [0,27] with periodic boundary conditions. The initial condition is uy(z,y) =
sin'(z + y). The results are similar to the 1D case, see Tables 5.11-5.14. The cuts of
the discontinuous solution along =z + y = 0 are showed in Figure 5.3 at 7' = 0.8. With
limiters, the numerical solution performs much better than the solution without limiters for
“FD3RK3”. For the “WENOS5RK4” scheme, the numerical solution is observed to be non-
oscillatory. However, MPP property is violated from the scheme without limiters (up)min =
—3.02538F — 05. When the MPP limiter is applied, (up)min = 3.06377E — 15.
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Table 5.7: L' and L* error and order for “FD3RK3”, T" = 0.5, CFL = 0.6, 1D Burgers’
equation with initial condition ug(x) = sin*(z), without limiters.

N | L' error | order | L™ error | order | (up)min | (Un)mae
20 | 3.56e-02 - 1.47e-01 - -2.39E-02 | 0.973
40 | 7.92e-03 | 2.17 | 5.05e-02 | 1.54 | -3.95E-03 | 1.009
80 | 1.65e-03 | 2.26 | 1.85e-02 | 1.45 | -4.71E-04 | 0.999
160 | 2.58e-04 | 2.68 | 4.12e-03 | 2.17 | -6.02E-05 | 1.000
320 | 3.28e-05 | 2.97 | 6.75e-04 | 2.61 | -7.56E-06 | 1.000
640 | 4.16e-06 | 2.98 | 8.70e-05 | 2.96 | -9.46E-07 | 1.000

Table 5.8: L' and L* error and order for “FD3RK3”, T' = 0.5, CFL = 0.6, 1D Burgers’
equation with initial condition uy(x) = sin®(z), with limiters.

N | L' error | order | L> error | order | (un)min | (Uh)mae
20 | 3.32e-02 - 1.47e-01 — 1.05E-13 | 0.973
40 | 6.91e-03 | 2.26 | 5.04e-02 | 1.55 | 1.86E-15| 1.000
80 | 1.65e-03 | 2.06 | 1.85e-02 | 1.45 | 9.85E-18 | 0.999
160 | 2.58e-04 | 2.68 | 4.12¢-03 | 2.17 | 2.72E-22 | 1.000
320 | 3.28e-05 | 2.97 | 6.75e-04 | 2.61 | 1.13E-20 | 1.000
640 | 4.16e-06 | 2.98 | 8.70e-05 | 2.96 | 7.44E-21 | 1.000

5.2 Advection in incompressible flow

Example 5.5. Consider the rigid body rotation
Uy — (yu)l‘ + (:zru)y =0, z¢€ [_Wa’”]a /RS [_’ﬁa ,ﬂ' (55)

The initial condition includes a slotted disk, a cone as well as a smooth hump, see Figure
5.4. The cuts of the numerical solution for “FD3RK3"” are displayed in the Figure 5.5. With
limiters, the numerical solution is clearly within the range [0, 1]. For “WENO5RK4” | without
limiter, the minimum value for the numerical solution is (up, )mim = —1.21853E—04. With the
limiter, the minimum value is strictly within the range [0, 1] with (up)min = 6.22799E — 15.

To save space, we omit the figure here.

Example 5.6. (Swirling deformation flow) Consider solving

Uy — (cosQ(g) sin(y)g(t)u), + (sin(z) cosQ(%)g(t)u)y =0, xz€l|-mn|, ye€][-mmn] (5.6)

with ¢(t) = cos(mt/T)m. The initial condition is the same as Example 5.5. We also use
“FD3RK3” and “WENO5RK4” to compute this example, for which similar results are ob-
served. Solutions from “FD3RK3” with and without MPP limiters are displayed in Figure
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Table 5.9: L' and L™ error and order for “WENO5SRK4”, T' = 0.5, CFL = 0.6, 1D Burgers’
equation with initial condition ug(x) = sin*(z), without limiters.

N | L' error | order | L™ error | order | (up)min | (Un)mae
20 | 2.74e-02 — 1.10e-01 — -6.32E-04 | 0.934
40 | 4.03e-03 | 2.76 | 2.24e-02 | 2.30 | -2.25E-04 | 0.990
80 | 6.81e-04 | 2.56 | 1.10e-02 | 1.03 | -9.46E-05 | 0.998
160 | 6.79e-05 | 3.33 | 1.29e-03 | 3.10 | -5.11E-06 | 1.000
320 | 2.97e-06 | 4.52 | 9.46e-05 | 3.77 | -1.31E-08 | 1.000
640 | 1.07e-07 | 4.79 | 3.76e-06 | 4.65 | -3.69E-10 | 1.000

Table 5.10: L' and L™ error and order for “WENO5SRK4”, T' = 0.5, CF L = 0.6, 1D Burgers’
equation with initial condition ug(x) = sin®(z), with limiters.

N | L' error | order | L> error | order | (un)min | (Uh)mae
20 | 2.72e-02 — 1.10e-01 - 9.73E-15| 0.934
40 | 4.00e-03 | 2.77 | 2.25e-02 | 2.30 | 9.52E-15| 0.990
80 | 6.74e-04 | 2.57 | 1.10e-02 | 1.03 | 8.92E-15| 0.998
160 | 6.78e-05 | 3.31 | 1.29¢-03 | 3.10 | 8.57E-22 | 1.000
320 | 2.97e-06 | 4.51 | 9.46e-05 | 3.77 | 9.73E-15| 1.000
640 | 1.07e-07 | 4.79 | 3.76e-06 | 4.65 | 9.92E-15| 1.000

5.6. For “WENO5RK4”, without the limiter, the minimum and maximum values for the
numerical solution are (up)min = —1.74885E — 03, (up)maz = 1.01114. With the limiter,
(Up)min = —2.57912E — 13, (up)maz = 1.00000 within the range [0, 1].

Example 5.7. Consider the incompressible Euler equations

wi + (uw), + (vw), = 0, (5.7)
AYp=w, (u,v) = (=1, U,), (5.8)
w(z,y,0) = wo(z,y), (u,v)- n=given on O (5.9)

on the domain [0,27] x [0,27] with periodic boundary conditions. The initial condition
wo(z,y) = —2sin(x) sin(y). The exact solution stays stationary with w(z, y,t) = —2sin(x) sin(y).
We tested the order of accuracy for “WENOSRK4” in Tables 5.15-5.16. We can see that
the numerical solution with limiters can be within the range [—2, 2] without affecting the
order of accuracy. The numerical solution for “FD3RK3” is already within the range [—2, 2]
without limiters, the results with limiters are the same as those without limiters, so we do

not list the results here.

Example 5.8. (The vortex patch problem) Consider the same problem as in Example 5.7,

25



12 12

Figure 5.1: Numerical solutions for 1D Burgers’ equation at 7' = 1.2. Mesh: N = 160.
CFL=0.6. Left: without limiter; Right: with limiter. Top: FD3RK3; Bottom: WENO5RKA4.
Solid line: exact solution; Symbols: numerical solution.

but with the initial condition given by

3 3.

_1, %Sxﬁ%,%gygf’

wol@,y) =1, 5<e<F P <y< T
0, otherwise.

We show the contour plots of vorticity w and the cut along the diagonal at T" = 5 in Figure 5.7.
The mesh size is 128 x 128. For “FD3RK3” without the limiter, overshoots and undershoots
are observed. However, the numerical solutions from the scheme with limiter are observed
to be in the range of [—1,1]. For “WENO5RK4”, we cannot observe any visible difference
between the results without and with the limiter. The minimum and maximum values of

the numerical solution without limiters are (wp,)min = —1.00051 and (wp,)mae = 1.00051, and
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Figure 5.2: Numerical solutions for 2D linear problem with discontinuous initial condition
for FD3RK3 at T' = 0.5. Mesh: 100 x 100. CFL=1. Left: without limiter; Right: with
limiter. Cuts along x + y = 0. Solid line: referred maximal and minimal values ; Symbols:
numerical solution.

with limiters are (wp)min = —0.99998 and (wh)maez = 0.99998.

6 Conclusion

In this paper, we propose to apply a parametrized flux limiters only at the final stage of a
multi-stage RK finite difference WENO schemes, to achieve the MPP property for solving
scalar hyperbolic conservation laws. We use a formal local truncation error analysis to prove
that, the proposed limiting approach maintains third order spatial and temporal accuracy
if the high order flux is limited toward a first order local Lax-Friedrich flux or a Godunov
flux under the linear stability condition of the original third order finite difference scheme.
We also apply the MPP flux limiters to the conservative high order FD RK-WENO scheme
solving the incompressible flow problems. Numerical experiments have demonstrated the
efficiency and effectiveness of our new approach. FError analysis for arbitrarily high order

schemes and extension to Euler systems will be explored in the future.
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Figure 5.5: Plots of slides of numerical solutions for equation (5.5) with FD3RK3 at 7" = 127.
Mesh: 100 x 100. CFL=1. Left: without limiter; Right: with limiter. Cuts along = = 0,
y = 0.8 and y = —2 from top to bottom, respectively. Solid line: exact solution; Symbols:
numerical solution.
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Figure 5.6: Plots of slides of numerical solutions for equation (5.6) with FD3RK3 at 7" = 1.5.
Mesh: 100 x 100. CFL=1. Left: without limiter; Right: with limiter. Cuts along = = 0,
y = 0.8 and y = —2 from top to bottom, respectively. Solid line: exact solution; Symbols:
numerical solution.
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Figure 5.7: Plots of numerical solutions for Example 5.8 with FD3RK3 at T = 5. Mesh:
128 x 128. CFL=1. Left: without limiter; Right: with limiter. Top: 30 equally spaced
contours from -1.1 to 1.1; bottom: cut along the diagonal. Solid line: referred maximal and
minimal values ; Symbols: numerical solution.
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