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energy and vorticity, besides the primary quantities mass and momentum. This method
was extended to fourth order accuracy by several researchers [25,14,21]. In this paper
we propose a new consistent boundary treatment for this method, which is such that
continuous integration-by-parts identities (including boundary contributions) are mimicked

ﬁgg:ggissible Navier-Stokes equations in a discrete sense. In this way kinetic energy is exactly conserved even in case of non-
Symmetry preservation zero tangential boundary conditions. We show that requiring energy conservation at the
Energy conservation boundary conflicts with order of accuracy conditions, and that the global accuracy of the
Boundary conditions fourth order method is limited to second order in the presence of boundaries. We indicate
Fourth order accuracy how non-uniform grids can be employed to obtain full fourth order accuracy.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Recently, symmetry-preserving and energy-conserving discretization methods have gained popularity for the solution of the
incompressible Navier-Stokes equations [26,18]. In a symmetry-preserving discretization, the discrete difference operators
mimic certain symmetry properties of the continuous differential operators. These discrete symmetry properties ensure that
not only mass and momentum are conserved, but also derived quantities such as kinetic energy. Conservation of kinetic
energy implies unconditional (non-linear) stability and absence of numerical diffusion. The latter is a favorable property
when simulating turbulent flows with LES and DNS [9,13,17].

When combining symmetry preservation with high-order accuracy one can obtain very efficient methods for simulating
turbulence [26]. Examples of high-order symmetry-preserving methods on Cartesian grids are the following. On uniform
grids, Morinishi et al. [14] constructed a fourth order finite difference method which conserves mass, momentum and
kinetic energy. On non-uniform grids strict conservation and a fourth order local truncation error could not be obtained.
Vasilyev [21] uses the idea of symmetry preservation to extend the finite difference method of Morinishi et al. [10] to
non-uniform grids, but he is not able to obtain simultaneous conservation of mass, momentum and energy on non-uniform
grids (not even for the classic second-order method of Harlow and Welch). Ham et al. [5] show how the interpolation
of the convective velocities should be performed on non-uniform meshes. They argue that second order is recovered for
smoothly varying meshes. Verstappen and Veldman [25,26] recognized that on non-uniform grids conservation could be
obtained by respecting the symmetries of the underlying operators and keeping the weights of the difference operators mesh
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independent. Their method (which is the finite-volume equivalent of [14] on uniform grids) conserves mass, momentum and
kinetic energy on both uniform and non-uniform grids. Their results show that the local truncation error, on which [14,21,5]
focus, does not have to be fourth order to let the global error be fourth order. This result is in agreement with theoretical
work of Manteuffel and White [10].

An ongoing challenge in combining symmetry properties with high order is the prescription of discrete boundary
conditions. Morinishi et al. [14] introduce ghost cells with values obtained by higher-order extrapolation and enforcing
momentum conservation, but they do not respect the skew-symmetry of the convective operator. Furthermore pressure
boundary conditions are prescribed, something which is not necessary in the original method of Harlow and Welch. Des-
jardins et al. [3] extend the approach of [14] to higher order. Their method is not energy-conserving for orders higher than
two; the higher the order of the method, the larger the energy-conservation error. Again, explicit boundary conditions for
the pressure are prescribed. The boundary conditions given in Verstappen and Veldman [26] are energy conserving for ho-
mogeneous Dirichlet conditions, but do not mimic the continuous integral properties in a discrete sense if the boundary
conditions are non-homogeneous. Furthermore these conditions effectively introduce a Dirichlet condition for the pressure.

In this paper we propose new boundary conditions for the fourth order method such that mass, momentum and kinetic
energy are conserved on a discrete level, including the case of non-homogeneous boundary conditions. First, in Section 2
we derive the conservation properties of the continuous equations from a number of integral identities. In Section 3 these
integral identities are enforced in a discrete setting, for both the second and fourth order scheme, by a proper choice of
boundary volumes and boundary conditions. In Section 4 we investigate the effect of the boundary treatment on the local
and global error by employing a one-dimensional error analysis. This theoretical accuracy analysis is supported by numer-
ical experiments in Section 5. In this section we also show the conservation properties of the newly proposed boundary
conditions.

2. Conservation properties of the continuous equations

In this section we will discuss a number of properties of the continuous incompressible Navier-Stokes equations: con-
servation of mass, momentum and kinetic energy, and the equation for the pressure. These properties will be mimicked in
a discrete sense in Section 3.

2.1. Mass and momentum

We consider the incompressible Navier-Stokes equations, written as

V-u=0, (1)
ou 2
E+V~(uu)=—vp+vv u, (2)

in a domain £2 with boundary I = 942, and supplemented with either no-slip boundary conditions

u=u, onl (3)
or periodic boundary conditions, and a divergence-free initial condition

u=ug. (4)

See for example Gresho and Sani [4] for well-posedness of these equations. In integral form these equations read:

/u-ndF:O, (5)
R

ou
/Ed.@—i-/uwndl“:—/pndl"—i-/vVu~ndF, (6)
2 aQ a0 aQ

expressing conservation of mass and momentum in the domain £2. In case of periodic boundary conditions, all boundary
integrals disappear and one obtains the global momentum balance

d

— ds2 =0. 7

dt/u 7)
2

In case the normal velocity vanishes at the boundary (no penetration, u - n = 0), only the contribution of the convective
terms disappears.
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2.2. Kinetic energy

In incompressible flows the (kinetic) energy is a secondary conserved quantity, which follows from conservation of mass
and momentum. The energy equation in integral form is derived by taking the inner product of the momentum equation
with a function v(x,t) and integrating it over a domain §2, where v satisfies the same boundary conditions as u. The
resulting scalar equation reads:

ot
2 2 2 2

5
—u-vd.Q+/V-(cu)-vd.Q:—/Vp-vd9+v/V2u~de. (8)

I Il I \%

Here u(x,t) and v(x,t) are elements of L%(£2), the space of square integrable functions on $2, with the following inner
product:

(u,v)szvd.(z, 9)

2

implying the norm |u|® = fg |u|2d$2. 1t should be stressed here that we have introduced an explicit distinction between
the convecting quantity ¢ and the convected quantity u, see Eq. (8).

The separate terms in Eq. (8) will be rewritten with the divergence theorem to reveal a number of important properties.
The second, convective, term is first written by employing the product rule as:

V.-(cw)-v=u-v)V-c+[(c-Vu]-v. (10)
Consequently we have
[(c-Vu]-v=V-(u-v)c)—@-v)V-c—[(c-V)v]- u. (11)
When using V - ¢ =0, integrating over the domain, and applying integration by parts (divergence theorem) we obtain
II: f[(c Vu]-vde = /[(u -v)c]-ndrr — /[(c -V)v] - udg. (12)
Q a2 Q

In case of periodic or no-penetration boundary conditions the boundary integral on the right-hand side vanishes, and the
resulting equation can be written in terms of the inner product (9) as

((c-Vyu,v)=—(u, (c- V)v). (13)

This relation expresses the skew-symmetry of the convective operator; it holds if V- ¢ =0 and boundary conditions are
periodic or of no-penetration type. Denoting the convective operator by (¢ - V)u = C(c)u it can alternatively be written as

C(c)=—C(0)", (14)
where * denotes the Hermitian conjugate. Consequently, the convective term does not change the total energy of the flow:
(C(c,u),u)=0. (15)
The third term, which expresses the work done by pressure forces, is written as
1II: /Vp-de:fpv-ndF—/pV-vd_Q. (16)
Q 982 Q

Again, in case of no penetration, periodic, or zero pressure boundary conditions this relation can be written as

(Vp,v)=—(p,V-v)=0. (17)

This equation expresses the compatibility relation between the divergence and gradient operator.
The last term, the viscous dissipation, is rewritten with V2u-v =V - (v-(Va)T) — Vv: Vu,! leading to:

ou
Iv: U/VZu-vd.Q:v/v-%dF—V/Vv:Vud.Q. (18)
2 982 2

! The Frobenius product : is defined as A:B=Y; > AijBij =tr(ATB).
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Ignoring boundary terms and performing integration by parts once again one obtains the symmetry of the diffusive operator
D(u) = Vu:

D =D". (19)

To arrive at the equation for the evolution of the total kinetic energy we assume no-penetration or periodic boundary
conditions and take ¢ = u, v = u. The convective and pressure terms vanish, so the evolution equation for the kinetic energy
k= 1|u|? becomes:

d ou
—/kd.Q:v/u-—dF—v/Vu:Vud.Q. (20)
dt on
Q 082 Q
In case of periodic boundary conditions the first term vanishes, so
dK
ar =—v(Vu, Vu), (21)

where K := fkd.Q = %(u, u) and the term on the right-hand side should be seen as a Frobenius product. Since Vu : Vu > 0,
this equation shows that the total energy of the flow decreases due to viscous dissipation only; the convective and pressure
terms do not contribute. If Eq. (21) is satisfied in a discrete sense, then the solution is bounded, independent of grid layout
or time step.

2.3. Pressure

In the incompressible Navier-Stokes equations the pressure is a Lagrange multiplier which makes the velocity field
divergence-free. There is no pressure evolution equation and as such it is not a conserved quantity like mass, momentum
and energy. Furthermore, the original PDEs (1)-(2) do not contain boundary conditions for the pressure. However, an equa-
tion for the pressure with associated boundary conditions can be derived, and it is important to see if a discretization of the
incompressible Navier-Stokes equations inherits the continuous properties of the pressure in a discrete sense. The pressure
Poisson equation (PPE) is obtained by taking the time-derivative of the continuity equation and substituting the momentum
equation [4]:

V2p =V N(u), (22)
where N(u) = —(u - V)u + vV2u. On no-slip boundaries, where u = u;, the boundary condition for the pressure is found
by taking the normal component of the momentum equations at the boundary, i.e.

ap ouyp

—=|—-——+N@) ) -n. 23

o ( L )) (23)

3. Conservation properties of the discrete equations

In this section we will find discrete equivalents of the (continuous) equations of Section 2: conservation of mass (Sec-
tion 3.2), conservation of momentum (Section 3.3), conservation of kinetic energy (Section 3.4) and the equation for the
pressure (Section 3.7). The fourth order staggered grid discretization that will be used in these sections is first introduced
in Section 3.1.

3.1. Introduction

We spatially discretize Eqs. (5)-(6) on a staggered Cartesian grid in two dimensions. A staggered grid yields a natural
coupling between the divergence and gradient operator, which ensures that the pressure gradient does not contribute to the
energy equation, as we will show later. The resulting semi-discrete system of equations reads:

Mu =0, (24)
U+ C(w)u=—Gp + Du. (25)

We have switched from bold to normal font to distinguish between the continuous and discrete quantities. The unknowns
u and p are point values of velocity and pressure in the center of the finite volumes (not volume averages), which depend
on time only. Note that u is used to denote both the vector with unknowns u and v, and the u-component; the difference
should be clear from the context. The diagonal matrix 2 = diag(£2¥, £2¥) contains the finite volume sizes of the u- and
v-volumes (from the context confusion with §2 as arbitrary integration volume should be avoided). M, C, G and D represent
the discrete divergence, convection, gradient and diffusion operators. To mimic the symmetry properties (14), (17), (19) in
a discrete setting a discrete inner product has to be defined:
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W, v):=u' Qv. (26)

This is a discrete analogue of Eq. (9).

Eqs. (24)-(25) are general expressions that are equally valid for the second order discretization of Harlow and Welch
(HW) [6] and the fourth order discretization of Verstappen and Veldman (VV) [26]. The discretization of HW is constructed
on a finite volume 21 = AxAy, see Fig. 1(a) for the u-component. On non-uniform grids the velocity unknowns are still
placed on the pressure volume boundaries. The boundaries of the velocity volumes are midway between two velocity
unknowns, so that the velocity unknowns are not placed in the center of the velocity volumes. The discrete operators for
the second order discretization are given by M = M1, §2 = §21, etc. The discretization of VV is constructed by combining the
discretization on §2; with the discretization on a coarser finite volume $23. The discrete operators on 23 are indicated by
M3, C3, etc. The coarse volumes are three times as large as the fine volumes (in each direction), see Fig. 1(b). £21 and £23 are
combined such that the leading order error term of the local truncation error cancels (Richardson extrapolation), resulting in
a fourth order approximation. For example, the fourth order approximation to the u-component of the divergence equation
reads

a1 (Miu)i j — (Msu); j = a1 (U j — di—1,j) — (Hit1,j — Ui-2.}), (27)
where the face-integrated quantities ii; ; and ; ; are related to the point values u; ; via the midpoint rule:

uj j = Ayu;j, (28)

ﬁ,’,j =2 AYyU; ;. (29)

In three dimensions an additional Az appears in these expressions. The bar (.) indicates integration in x- or y-direction;
this should be clear from the context. The coefficients o1 = 3279 and oy = 391, with d the number of dimensions, are such
that the leading order error term cancels. The effective finite volume size is given by £2" = 12} — £2§; in case of a uniform
grid, 24 = 3‘1.(21“, SO

Q"=37(32-1)2}. (30)

Upon division of the semi-discrete equations by this effective finite volume size one obtains the equations in ‘finite-
difference form’. For example, the divergence operator becomes

QU"'—U'_L' 1u+1,_u—2,
(051A}’(ui,j_”i—l,j)_azAY(uH—Lj_ui—2,j)):g -] Axl ]—g : J3Axl L, (31)

39(32 — 1)AxAy

The coefficients % and f% are the coefficients that appear in the finite difference method of Morinishi et al. [14] — the
methods of Morinishi et al. and VV [26] are equivalent on uniform grids, and the analysis presented in the next sections
is therefore equally valid for the finite difference method. On a non-uniform mesh, Morinishi et al. use mesh-dependent
interpolation and differentiation to get fourth order accuracy, but sacrifice energy conservation properties. Vasilyev [21]
improves Morinishi’s scheme by constructing the discretization in computational space, but does not distinguish the inter-
polation operators for the convecting and convected quantities. Such a distinction is made by Ham et al. [5] (second order)
and VV (fourth order), which leads to fully conservative discretization methods.

To make this paper self-contained we have detailed the spatial discretization at interior points in Appendix A. In the next
sections we will focus on the spatial discretization near boundaries and investigate whether they satisfy discrete equivalents
of the continuous identities expressing conservation of mass, momentum and energy.

3.2. Mass

We will investigate if the second and fourth order discretizations satisfy a discrete equivalent of

/V-udQ:/wndl‘:O. (32)
Q 08

3.2.1. Second order
It suffices to focus on the fluxes of the u-component (in x-direction). In matrix notation the discrete divergence operator,
Eq. (A1), reads

up,j

_ uy,j
M?u: -1 ﬁzj ’ (33)
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Vi j Ui.j

DPij Dij Uiy

o

(a) fine (b) coarse

Fig. 1. Fine and coarse finite volumes centered around u; ;.

see Fig. 2(b). Discrete global mass conservation is found by summing the contribution of all finite volumes in x-direction
(taking the column sum of (33)):

lTM?ﬂ = —1lp, j + (right boundary contribution). (34)

Here 17 denotes a row vector with entries one. Eq. (34) is the discrete equivalent of (32). Since we have a finite volume
formulation, it is preferable to use the exact integral i ; in the discretization of the continuity equation, so that no dis-
cretization error is introduced in this equation. However, this integral value might not always be available (e.g. experimental
data). When the midpoint rule (28) is employed for iip j, and up ; is not constant along a boundary, an O(h?) error is
introduced in this equation, and it does not evaluate to zero (like (32)). Fortunately, flow problems with an inflow boundary
(non-zero uy_ ;) necessarily include an outflow boundary, where the velocity adapts itself such that (34) evaluates exactly
to 0.

3.2.2. Fourth order
The divergence operator for the fourth order method is given by Eq. (A.9). To investigate the boundary contribution
we evaluate (A.9) for i =1, ie. the finite volume around pq ;. Fig. 2(b) shows that the coarse volume extends over the

physical boundary. We can focus on M3. The choice for 1:1,1, j should be such that the resulting divergence operator satisfies
a summation-by-parts property. By taking the second order extrapolation

5_1,j=2L:lb,j—L:l1,j, (35)

the resulting divergence operator reads

p,j
-2 1 1 i i
~ | 1 - N
M3u = -1 1 :2 il, (36)
u3,j
and the discrete equivalent of (32) is
1TM§’ﬁ = —BEM + (right boundary contribution). (37)

After employing (29), a factor 9 results, which is due to coarse grid volumes being 9x larger than the fine grid volumes (in
two dimensions). In other words: each fine grid volume is covered by 9 different coarse volumes. We note that with the
boundary condition for the divergence operator suggested in VV [26],

U_q,j=1uyj, (38)

the summation-by-parts property (37) is not satisfied.
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Fig. 2. Boundary conditions divergence operator.

In Section 3.4.2 the divergence of a coarse volume centered around the ghost point pg j will be needed in the discretiza-
tion of the convective terms (see Fig. 2(a)):
(Mu)g,j = a1 (llp,j + Vo,j — U—1,j — Vo,j—1) — (U1,j + Vo, j+1 —U_2,j — Vo,j—2)- (39)

This divergence is not enforced to be zero by the divergence operator. However, by properly choosing the ghost values it
can be expressed in terms of (Mu) ;, the divergence of the volume centered around p;,j. We take, like (35) (see also [14]),

2

il

i — 1), (40)

-2,j b,j
_1,j =2Up j — Uy j. (41)

£

The linear extrapolation given by (41) leads to (g—i),] 12,j = (g—ﬁh 2,j- Consequently, for mass conservation one requires
(g—;),]/z,j = (g—;’,)uz_j, which is accomplished by choosing Neumann-type conditions for v:
Vo,j=V1js (42)
Vo,j=V1,j. (43)
With these conditions Eq. (39) can be written as
(Mu)g,j =aq(Up,j+ Vo j—U_1,j— Vo,j—1) — (1211,]‘ + \70,j+1 - 572,]‘ - \30,]'72)
=o1(Uy,j+ V1,j—Upj— Vi j-1) — (U, j+ V1 jp1 + U j— Vi j_2 — 2Up j) = (Mu)1,j =0. (44)

Once the boundary conditions for the divergence operator are chosen, the gradient operator for the pressure is fixed by
requiring a discrete equivalent of Eq. (16), as will be discussed in Section 3.4. The boundary conditions for the pressure
should therefore not be set separately from those for the velocity (in contrast to what is done in [14]). The boundary
conditions for the divergence operator also influence the boundary treatment of the convective operator. This will be further
detailed in Section 3.4.

3.3. Momentum

In this section we investigate the discrete equivalents of the following identities:

/(u~V)ud.Q:/uu~ndF, (45)
2 bYel

/Vpd.Q:/pndF, (46)
2 bYel

and
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[Vzud.Q /—dF (47)

082

In contrast to the pressure finite volumes, the finite volumes associated with the u- and v-velocity components do not cover
the entire computational domain (see for example Fig. 3(a)). In order to mimic (45) and (46) discretely, we propose a new
approach that includes a discretization of the boundary volumes. This allows us to perform a discrete summation over the
entire domain. Even though this discretization is not needed in practical computations, it is necessary to study the boundary
contributions to the energy equation (Section 3.4). An alternative approach, which does not require the discretization of the
boundary volumes, follows by writing (45) and (46) for the domain covered by the interior finite volumes (instead of the
complete computational domain), but this approach is less suitable for the fourth order discretization.

3.3.1. Second order

We start again with the second order discretization to provide insight into the derivation of the fourth order method. In
the interior the discretization conserves momentum since the fluxes of neighboring finite volumes cancel (the telescoping
property of the finite volume method); see Appendix A.1. The conserved quantities are

1TQ%u, 1T Q. (48)

Near a vertical boundary we introduce the discretization of a ‘half boundary volume (the hatched area shown in
Fig. 3(a)), so that the entire computational domain is covered. This discretization is taken such that global momentum
is conserved:

u dub E E
(Q )b] dr +U1/21U1/2]—Ub]llb]:—(plj Pp,j) +V I 1/2]‘_ e bj, (49)

We have left out the vertical fluxes, because they cancel upon summation in y-direction. After summation in x-direction
we obtain:

lTC“(ﬁ, V)u = —1up jup j + (right boundary contribution), (50)

G p = —pp,j + (right boundary contribution), (51)

17 AY ( ) ( ) + (right boundary contribution). (52)
b.j

These are the discrete counterparts of the u-component of equations (45)-(47). Face-integrated quantities such as u and
p are approximated by the midpoint method, which is an @ (h?) approximation to the exact integral value. The discrete
summation-by-parts expressions (50) and (51) do therefore not mimic the continuous relations exactly, except if the bound-
ary values are constant or varying linearly along the boundary. One particular and important example is uj j =0, when the
discrete convective terms do not contribute to the global momentum balance, and (50) mimics (45) exactly in a discrete
sense.

The finite volumes of the v-component are aligned with a vertical boundary, so no boundary volume is necessary. The
discretization of the first volume reads (leaving out vertical fluxes):

(£27) dvi, I +q v u v v ov v (53)
1)1,j dt 1,j+1/2V3/2,j b,j+1/2Vb,j = 8X 32, 9% bi .

The discrete equivalent of the v-component of (45) is

lTC"(ﬂ, V)V = —Up i11,2Vp i + (right boundary contribution), (54)
1 ,j+1/2Vb, j

and similarly (47) becomes

3 v
1 A" ( v) =— (_v) + (right boundary contribution). (55)
0x X Jp

The second order discretization of the convective terms does not require the imposition of ghost values. The diffusive
gradients "—” and 3; are still to be expressed in terms of u and v. This will be done in section 3.4, in such a way that the
diffusive terms are dissipative.

The analysis near a horizontal boundary can be performed in a similar fashion.
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3.3.2. Fourth order

In the interior, conservation of momentum is obtained as for the second order case, although the cancellation of interior
fluxes for the coarse volumes takes place over a distance of 3Ax: the flux through the right face of a coarse volume around
u; j cancels with the flux through the left face of a coarse volume around u;3 ;. The conserved quantity is 1T (o Qf —2Hu.
Note that 1T.Ql“1 = [d§2 =[], and that 1T.(2§’1 =9|82|: every small volume is covered by 9 different coarse volumes.
The total momentum conserved by the discretization is therefore not the discrete analogue of the single volume integral
f_Q u ds2, but the analogue of a combination of two instead.

The implied discretization at the boundary is more involved than in the second order case. It is necessary to intro-
duce boundary volumes at i =1, i =2 and i = 3, see Figs. 3(b)-3(d), which are taken such that the entire domain is
covered completely by finite volumes. The boundary volumes are such that on each coarse grid discretization (I, Il and III)
a summation-by-parts identity is satisfied:

oo (), 20 Gy~ Foairyag) = — oy — o) — v (T (56)
: 3 gt b,jUb,j — U—1/2,jU-1/2,j) = —(DP0,j — Pb, ] ox ) ; 0x) 12 ’
dub' = = = = ﬁ ﬁ
I (24), =2 jtl1/2,j — Up,jup j = —(P1.j — Pb.j — o v 7
(@5)u—gp M2ty = Un jlinj = =P pb’])+v<(8x>1/z,1 (8X>b,j)’ 7
dup; = - - - u Em
L ($25)y—5;~ + U3/2,u3/2,) = Ub,jttn,j = = (P2,j = Pb.j) + V((g)mj - (5)19) (58)

Here we have focused again on the horizontal fluxes. The boundary volumes (.Q;’)], (Q;’)ll and (.Qg)m are illustrated by the
hatched areas. The implied discretization of the boundary volume is given by the sum of the three expressions above:

dub i = = - —
gz = = =
(.Q;‘)b’j t+u71/2,jufl/2,j+U1/2,ju1/2,j+U3/2,jll3/2,j—3llb,jub’j

d
(Po.j + P1,j+ P2,j — 3P )+v(<m> +<m> +<m> 3<ﬁ> ) (59)
= —(Po,j 1,j 2,j —3Db,j P o o el ,
J J J ] x) 4 x )1/, X )3 x )/

(Q;‘)b,]‘=_(~Q.§sl)1‘F (52_-?)"—!— (Qg)mz (-Q;l)m' (60)

Summing the contribution of all (interior and boundary) fluxes gives

where

17cY (@, v)u = -3y, jup, j + (right boundary contribution), (61)
1TG§p = —31:71,,]- + (right boundary contribution), (62)
and
u u
1T AY (_u) =-3 (_u) + (right boundary contribution), (63)
0x X /Jp

the discrete counterparts of Eqs. (45)-(47).

For the v-component near a vertical boundary a different technique has to be applied. When introducing, like for the
u-component, a (‘negative’) boundary volume for i =1 and a (‘positive’) boundary volume for i = 3, such that on each
coarse grid momentum is conserved, one would obtain a discretization for a boundary volume with zero size, which is not
appropriate when studying the energy equation. Instead, we construct the discretization for v ; as the sum of the boundary
volumes of coarse grid II and III, see Fig. 4:

(£2)) dvl’j—i-ﬁ i 1/2V3/2 i 4+ U2 iv1/2V5/2 i — 20p i41/2Vh i =V v + av 2 v
Shi g 1,j+1/2V3/2,j + U2 j41/2V5/2,j b,j+1/2Vb,j = s, ), i ),,)
(64)

where (£27)1,j = §2;1 + $2y1. In contrast to Eq. (59), vy j in Eq. (64) is an unknown in the system of equations and is solved
for. Summation in x-direction gives

u,v)v=— ﬁb i11/2Vp. i + (right boundary contribution),
1Tcy @, v) 3ip,j41/2Vs,j + (right bound bution) (65)

and
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U3/4,j
V1,5

Up,j ULj U4,j

Ub,j

(b) coarse grid I: i =1, i =4

(a) fine grid
T
N3
o
S
I
up uz,g b, us,
Qrr
(d) coarse grid I1I, i = 3

(c) coarse grid II, ¢ = 2

Fig. 3. Momentum conservation near a boundary; u-momentum.

(66)

1TA‘3’ — | =-3{ — + (right boundary contribution),
ox X /) p j
which are the discrete equivalents of the v-component of (45) and (47). B
Finally it may be noted that momentum is conserved independently of the treatment of the ghost values (such as pg j,

U_1/2,j, etc.).

3.4. Kinetic energy
In this section we investigate if Eqs. (12), (16) and (18), with v replaced by u, i.e.

/[(u~V)u]-ud.Q= % /[(u~u)u] -ndr, (67)
Q a0
/Vp~ud9=/pu~nd1“—/pV~ud.Q, (68)
2 a0 2
2 ou
Vu-ud = u~%d1"— Vu:vuds2, (69)
882 Q

Q
can be satisfied in a discrete sense. The total kinetic energy that should be conserved by the discretization in case of inviscid
flow (according to Eq. (21)) is obtained by multiplying the u-momentum equation with u, the v-momentum equation

with v, like in the continuous case:
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V2,5
i
I
ulvj
(a) fine grid (b) coarse grid I: 4 =2

SRR

U3,j U4,j

(c) coarse grid II, ¢ = 3 (d) coarse grid III, ¢ = 4

Fig. 4. Momentum conservation near a boundary; v-momentum.
1 u 1 v
K := E(u,fz u) + E(V’Q v). (70)

3.4.1. Second order

Eq. (67) indicates that in the interior the convective terms do not contribute to the kinetic energy. This can be proven
in a discrete sense by showing that the divergence form (A.3) can be written in skew-symmetric form. Indeed, if C is
skew-symmetric, then u” C(c)u = 0 for any u. When constant (grid-independent) weights are used to interpolate i and ¥,
Eq. (A.3) can be written in the skew-symmetric form

_ _ 1 _ 1 _ 1 _ 1
(Ci(, V)U)i,j = Uis1/2,j5 Ui~ Uic1/2,j5 i1, + Vit1/2,j5 U1 = Vidt/2,j-15 Ui -1
1 1 _ _ _ _ 1 _ _ _ _
+ FUij 5(U1+1,j —Ujj+ Viy1,j — Vig1,j-1) + E(Ui,j —Uj_1,j+Vij—Vij-1) | (71)

The term in square brackets features the sum of the divergence of the pressure volumes to the left and right of u; j: the
diagonal coefficient of the convective operator is therefore zero, like in the continuous case (Eq. (11)).

Near boundaries the convective discretization should not be skew-symmetric in case energy flows in or out of the
domain, corresponding to the boundary integral in Eq. (12). We elaborate the discretization near a boundary, given by (49),
where now the vertical fluxes are considered too:

(CY@. Vyu), ;= 1U1y2,ju1/2,j — Up,jp,j + V3/4,jUp,j+1/2 = V3/a,j-1Ub j—1/2. (72)

These terms are used to rewrite the divergence form into skew-symmetric form. In matrix notation C% (i1, v) reads

= 1= 1,5 = 1
—Upj+ 5Uiy2,j+ 5(V3saj— V3/4,j-1) FU1/2,j

o —501/2,f 0 i3
Cl(@, 7) = . (73)
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The first row represents the equation for u j, the first column represents the contribution of uj ;. The lower-right part of
the matrix (which is indicated by the line) represents the internal discretization. The matrix Cj (i, v) is skew-symmetric
except for its upper left entry, so the discrete version of (67) becomes

_ _ 1_ 1 _ _
ul i@, vyu= uﬁ,j <—ub,j +otmgt §(V3/4,j - V3/4,j—1))- (74)

The vertical flux V3,4 j should be computed as V3,4 j = %\71,]‘ since this leads to

_ 1 _ 1 _ _ _ _
ul ¥, vyu = _Eug,jub,j + Z”i.j(uhj —Upj+V1,j—Vi,j-1), (75)
1 _
= —Eui’jub,j, (76)

which is indeed the discrete equivalent of (67). Property (75) is only exact if up is constant or varying linearly along a
boundary; in all other cases it is an ©(h?) approximation to equation (67).
The convective matrix for the v-component reads

1= 1,5 = 1~ _
2U1j+12 + 51(V1,j+1/2 = Vij-172) 3U1j+1/2 ] Vi —Up, j4+1/2Vb,j
C{/(L_l, V)V = —5U1,j+1/2 0 U2 j+1/2 v | 4+ ’ (77)
and the contribution to the energy equation becomes
Teveg o 1 .
v Cq (u,V)V=—§V1,jub,j+1/2(2vb,j—Vl,j)- (78)

Surprisingly, this term does not evaluate to —%vi jﬂb, j+1/2, Which one might have expected intuitively. However, upon
Taylor expanding v1 j around v j,

1
Vi,j=Vpj+ Eh(vx)b,j‘f'o(hz), (79)
we see that
1 _ 1_ 2 2
§V1,jub,j+1/2(2vb,j —Vvi,j) = Ub.j+1/2Vh,j + o(h?), (80)

which is, like (75), a second order approximation to the continuous boundary integral. However, in contrast to (75), this
approximation is not exact for constant uj and vy,.

For the pressure gradient terms the discrete second order version of (68) reads (here we concentrate again on summing
in x-direction):

ulGip+vicip=ua"Gip+v'Glp (81)
=1p j(p1,j — Pp,j) +U1,j(p2,j — p1,j) + - (82)
+V1,j(P1.j+1 — P1.j) + V1 j—1(P1j — P1.j-1) + -
= —Up jpp,j — P1,j (U1, j — Up j + V1,j — V1,j—1) —D2,j u +-e- (83)
(Mqu)q,j (Myu)z,
= —1lp, jpp,j + (right boundary contribution). (84)

In Eq. (81) we have switched from p to u: this is valid, even on non-uniform grids, since both face quantities are approxi-
mated using (28). In matrix notation the above result can be written as

uTG1ﬁ = —1p jpp,j + (right boundary contribution) — pTMlﬁ. (85)

In case of no-penetration or periodic boundary conditions one obtains the well-known symmetry relation between the
divergence and the gradient operator:

M; = —GT. (86)
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The contribution of the diffusive terms to the energy equation reads

ot=us((5), (), ) (), (), ) o
=up || — - = Lil{ = = 2.+
1 I\ ax 12 x )y I\ ax 3/2.] X )1/, J

au au du
=_ub.j<_) - <—> (u1,j —up,j) — (—) (ug,j—ugj)+---. (87)
X/ p X )12, 9% /372,
With the following discretization of the first order derivatives,
F Wiy i —Us
<—> = Ay(4’+]” ’) (88)
X/ it172,) Ax
Eq. (87) can be written as
= 2 2
ou Ug,j—Up,j U j—Upj
T pu JJ .J JJ JJ
u' Diu=—-up | — — AXA e, 89
o (5),, - () + (5) ) )

which is the discrete equivalent of (69). The derivative at the boundary does not have to be specified since it is not needed
in practical calculations.
The v-component can be treated in a similar fashion:

. v v v v
viDiv=vyjl | — —| = +vail | —= —| = +v3 i)+
X 3/2,j X b j ax 5/2,j ax 3/2,
= 2 2
av Vo j—Vij V3 j— V2 j
=—viil — — AxA . : : . - 90
V“(ax)bJ X y<< AX * AX + (90)

By taking the approximation

d Vij—Vpj
) cay( L), (91)
9 1

X b.j EAX

Eq. (90) can be written as

2 2 2
T v V1j = Vb,j 1/Vvij—Vp Va,j — Vi V3,j—Vaj
viDiv=—vp jAy[ ——= | — AxAy( = o), (92
1 y( 1AX> y<2( Ax>+< Ax>+< Ax>+>”

2

which is the discrete counterpart of Eq. (69). The approximation of the derivative at the boundary can be viewed as a
centered approximation with ghost value vq ; =2vp j — V1 j.

3.4.2. Fourth order

Like the second order scheme, the fourth order convective discretization (A.11) can be rewritten in skew-symmetric form.
To that end, the diagonal coefficient is expressed in terms of the divergence of four surrounding finite volumes. For details
we refer to [26].

Near boundaries this skew-symmetric form is used to derive the contribution to the energy equation. The analysis is
detailed in Appendix B.1. An important point is the choice of the ghost values. Here the ghost values for the u-component
at a vertical boundary are defined by a second-order extrapolation, for example u_; j = 2up j — u1,j. The ghost values for
the v-component at a vertical boundary are given by Neumann type conditions, see (42), (43) and (B.15). This leads to

3_

uTC§‘u=—§ﬁb,ju§’j+O(h2), (93)
3:

VTCé/V = —Eub,jﬂ/zvi’j + O(hz) (94)

These equations reveal that the boundary integrals in (67) are not satisfied discretely (not even for constant boundary data)
but contain an O(h?) error. However, in the important case of iy, j =0 the discretization mimics the continuous property
(no energy contribution by the convective terms) exactly. At a horizontal boundary the same analysis applies.

The contribution of the pressure gradient to the energy equation for the fourth order method is given by

u'G4p+ v Gyp =1 j(po.j + P1,j + P2.j — 3Pb.j) +U1,j(P3,j — Po.j) + U2, j(pa j — P1.j) + (v-component) (95)

= =3 ipp.j+ Po.j(U1,j — Up. ) + p1.j(Ha,j — Up j+ V1 j41 — V1,j—2) + - (96)
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=3 jppj+p1.j Uz + U1 —2Up j+ V1 jp1 — V1,j—2) +- - (97)
(M3u)q,j
= —3ﬁb,jpb,j + (right boundary contribution). (98)

The Neumann condition po j = p1,j is necessary to write Eq. (96) as (97): the term in brackets in (97) then evaluates to
0 since it is the divergence of a coarse volume around p1,; (see Section 3.2.2). In short notation, the fourth order scheme
satisfies

uTG3p = —3p jpp.j + (right boundary contribution) — p” Msl. (99)

There are two important notes to be made regarding condition po ; = p1,j. Firstly, this condition follows from the discretiza-
tion of the divergence operator and by requiring (99). Consequently, for the discretization of the interior points, no explicit
pressure boundary conditions need to be specified separately from those for the velocity, as was the case for the second order
discretization. Notice that pressure boundary conditions were not specified for the continuous problem either. Secondly, the
‘implied’ discrete Neumann condition is not homogeneous, in contrast to what pg j = p1 j suggests. This will be detailed in
Section 3.7. We note that boundary condition (38), as suggested in [26], effectively leads to a Dirichlet condition for the
pressure. Near solid walls this results in an artificial boundary layer in the pressure.

Lastly, we discuss the contribution of the diffusive terms to the energy equation. In Appendix B.2 we show that for the
fourth order scheme:

u Quyj—up: Tugitupi—2upi\>
uTD”u:—(—> (a1—9)ub7j+..._72AxAy|:<§ L= by 2T L) b”)
b,j

ox Ax 8 3Ax
2
Qupj—upj Tusj—upj
- === : 100
+<8 AXx 8 3AX + (100)

This is the discrete equivalent of Eq. (69), with the first term representing the boundary integral, and the second term the
volume integral.

3.5. Extension to higher order

The boundary conditions that are derived in Sections 3.2-3.4 are all based on first or second order extrapolations. This
limits the local truncation error of the fourth order scheme, as will be shown in Section 4. In this section we will investigate
if the ghost values can be obtained by higher order extrapolations while still satisfying discrete equivalents of the continuous
properties derived in Section 2. We start with the divergence operator. Eq. (35) can be generalized to

U_1,j=30lp j+S1U1,j + 82l j + 8313, + -, (101)

hence the divergence operator becomes

lp,j
—_810 -8 1-4, —183 lzl,j
MY = 1 1 Laj |. (102)
us j
The only solution that satisfies the summation-by-parts identity (37) is 8o =2, 81 = —1, 8 = 3 = --- = 0, which equals

boundary condition (35). The other boundary conditions derived in Section 3.2, Egs. (40)-(43), cannot be changed following
similar reasoning.
We can also try more general formulations for u_q/2 ; and uy j (see Egs. (B.1)-(B.2)):

U_1/2,j = Polp,j + Prui,j+ Pouy j+ B3uz j+ - - -, (103)
U1/2,j = YolUp,j + Viu1,j + Yol j+ yaus j+---. (104)

The coefficients 8 and y are to be determined from order and symmetry requirements. Requiring skew-symmetry in case
of up j =0 leads to

do — 61+ B1=0, (105)

=8 —Po+p2=0, (106)
8 —p1=0, (107)
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Si=p2=
83 =f3=

Requiring a consistent (first-order) interpolation gives the conditions §p + 81 + 82 =1 and Bo + B1 + B2 = 1. The solution
to these equations leads to interpolations (B.1)-(B.2). The resulting coefficients also satisfy the conditions for second or-
der interpolation, but not higher order conditions. Skew-symmetry and higher order are therefore conflicting requirements.
Higher-order treatment of boundary conditions, as in [14] for instance, violates the skew-symmetry of the convective oper-
ator.

An important starting point in our analysis is that (skew-)symmetry is defined in terms of the standard inner product,
Eq. (26). When generalizing the inner product higher order can be combined with symmetry properties, see e.g. [20,12]
for hyperbolic and parabolic problems, respectively. Perhaps also for the incompressible Navier-Stokes equations such an
adapted inner product can be found. However, the pressure will then contribute to the energy equation. This is a subject of
further research.

. (108)

© NI=

(109)

3.6. Summary of new boundary conditions

In Table 1 we summarize the old and new boundary conditions for the fourth order scheme needed for the discretization
of the convective terms and the divergence-free constraint in order to make the convective terms energy-conserving. The
boundary conditions for the diffusive terms are unaltered and are of Dirichlet type. The old boundary conditions (110) form
a rather unclear mix of Dirichlet and Neumann conditions for both u- and v-component. The new boundary conditions (111)
feature Dirichlet conditions for the u-component, whereas Neumann type conditions are prescribed for the v-component.
Furthermore, our new discretization of the v-component near the wall does not require the prescription of v_ ;.

Some remarks on the ‘multi-valuedness’ of the v-component near a solid wall (Neumann for convective terms, Dirichlet
for diffusive terms) are in place. First we note that for a one-dimensional problem, e.g. the convection-diffusion equation
(see also Section 4), the boundary conditions for both convective and diffusive terms are the same, and are simply of Dirich-
let (no-slip) type. In two dimensions this is still true for the u-component at a vertical boundary, but for the v-component
it only holds for the diffusive terms. The discrepancy appears when the mass conservation constraint appears, in fact upon
requiring mass conservation of a ghost volume, Eq. (39). A ghost cell need not have a physical interpretation, it is just
a way to implement the boundary conditions. Here, the velocity in the ghost cell becomes multi-valued. If the boundary
condition is added to the convective operator, the incompressibility constraint is to be taken into account, since otherwise
the skew-symmetry and energy conserving property is lost. The diffusive operator, however, does not require the incom-
pressibility constraint to be symmetric. In other words, the boundary treatment of the convective term is more restricted
(by incompressibility). Applying that treatment to the diffusive term would reduce the accuracy of the diffusive part of the
discretization. Therefore, we discretize the boundary conditions for the convective and diffusive terms in a different manner.
This leads to multi-valued ghost velocities.

Secondly, in literature it is not uncommon to have discretization methods that have different ghost values for convec-
tion and diffusion discretizations. For example, the high-order summation-by-part discretizations in adapted inner products
described by Mattson and Nordstrom [12] effectively have different boundary conditions for the convective and diffusive
terms, which becomes clear when rewriting their finite difference stencil in terms of ghost values.

Table 1
Old and new boundary conditions for fourth order discretization of divergence constraint and
convective terms.

Old [26] New

U_yj=2upj— Ui j U_yj=2Upj—Uyj

U_pj=1uy;j U_pj=2Upj—Uy;j

ij=i; Uy, =2ip,j — U,

L:l,Lj:ﬁLj E—l,jzzl:lb,j_ﬁl,j

E—Z,j:ﬁlj (1]0) E—Z.jZZEb,jfﬁZ,j (1]1)
Vo,j =2Vpj— V1 Vo,j = V1,j

VO,jZZVb,j_Vl,j Vo_j:V]yj

ﬁo,jzz‘ib.j*‘ﬁl.j \:’O.j:Vl,j

Vo2, j=V3j
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3.7. Pressure

Like in the continuous case, in a discrete setting the pressure Poisson equation is formed by differentiating the
divergence-free constraint (in time) and substituting the momentum equations:

MQ7'Gp = M2~ (=C(c)u + Du) = MN(u). (112)

The boundary conditions are ‘built’ into the operators M and G; see the discussion at the end of Section 3.4. To obtain the
effective boundary conditions for the pressure, we compare the Laplace operator at the boundary to the Laplace operator at
an inner point, and subtract these two [22,4]. For the second order method it is known that this gives a boundary condition
which is the discrete equivalent of Eq. (23). In Appendix C we detail such an analysis for the fourth order method. The

resulting effective boundary conditions at i=1,i=2 and i =3 are
1 /1 27 783 u u u .
Ax g(m,j —p-2)— Z(Pz,j —Dp-1,j)+ ?(Pu —Po,j) | =a1N ; — az(N_Lj + N],J-) + (—aq + 2a2)up j,

(113)

1 /1 27 u .
Ax g(PZ,j —D-1,j)— T(I’” —Po,j) | = —a2Ny ; + o2l j, (114)
L (pry— Pop) =0 (115)
Ax 8 P1,j — Po,j) =0.

The effective pressure boundary conditions at the three points i =1, 2, and 3 are not consistent approximations to the

continuous boundary conditions (23). This appears to be in line with a remark made by Sani et al. [19], who state ‘Whenever
the discrete PPE is generated from a consistent (but low order) discretization of the Navier-Stokes equations, the resulting
PPE will always converge to (23). On average the pressure boundary conditions are still correct. This follows by summing
the effective boundary conditions for i =1, i =2 and i = 3, leading to

1 /1 53 365
Ax g(PB,j_sz)_g(PZ,j_P—1,j)+T(P1,j_PO,j)
= (a1 — )Ny j — (N7 ; + NYy ;) + (—a1 +3a2)ip . (116)

Expanding the left side in Taylor expansions around the boundary gives

1 /1

53 365 X .
Ax g(P3,j —p-2)— g(Pz.j —p-1,j)+ T(Pl,j —po,j) | =72(px)p — 3AX° pxxx + O(AX?). (117)

Similarly, expansion of the right side gives

(@1 — a2)Np ; — o (NY j+ N ) + (—a1 + 3aa)iip j = —720p j + 72N} ; — 3A%° (NXo)p.j + o(axh). (118)

Upon division by the effective (pressure) volume size we find that the fourth order method leads to a consistent effective
boundary condition for the pressure:

(P = Nj ; — p j + O(AXP), (119)

which is the discrete approximation to Eq. (23).
3.8. Temporal discretization

The temporal discretization has not been considered so far. Conservation of mass is not an evolution equation but a
constraint which should be satisfied independent of the particular time integration method. The requirement on the tem-
poral discretization that results from conservation of momentum is consistency. All standard multi-step (like BDF, Adams)
and multi-stage (Runge-Kutta) methods are consistent. Conservation of kinetic energy, a quadratic quantity, poses strict
conditions on the time integration method. Ham et al. [5] employed the implicit midpoint method to obtain energy conser-
vation in space and time. This second order method is an example of a Runge-Kutta method based on Gauss quadrature,
which conserves energy in time. They are discussed in more detail in [18]. We will use the implicit midpoint method to
demonstrate energy conservation in both time and space in the numerical simulations that will be presented later.
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4. Order of accuracy analysis

In this section we investigate the effect of symmetry-preserving boundary conditions on local and global order behavior.
We consider the linear convection-diffusion equation as a special case of the Navier-Stokes equations (2) in one dimension:
di Udzﬁ
dx ~ dx2’
where c is the convecting velocity, i the convected velocity and v the viscosity coefficient. To study the effect of no-slip
conditions, Eq. (120) is supplemented with Dirichlet boundary conditions:

c 0<x<1,c<0,v>0, (120)

i(0) =1y =0, i =1. (121)
In operator notation equation (120) can be concisely written as
Li=7f, (122)
where
d? .
= a—v@, f=0. (123)

For small values of v a boundary layer develops at x = 0. Defining ¢ = v/c (¢ < 0), the exact solution to Eq. (120) is given
by

R ex/a -1
4.1. Discretization
The discretization of the convective term, Eq. (A.11), is restricted to 1D by taking ¢ = cx = constant and ¢, = 0:
Uir1+ Ui U+ Uj— Uirz + U Uj+Uj—
(Cu) = i+1 i i -1\ i+3 i i i—3 ) (125)
2 2 2 2

where o = 33 = 27. Without loss of generality we consider the discretization at the left boundary (where the boundary
layer is located). Following Section 3.6, these boundary conditions are given by Eq. (111):

Uup = up, u_—q :2ub—u1, u,2:2ub—u2. (126)

Restricting the convective discretization for the coarse grid, Eq. (B.3), to one dimension (il =c, v = 0) leads to

00

N|[—
=

—_

C3=| — (127)

N|—
(e} O N—=
oo

o N= O

The lower right part of the matrix is the discretization of the interior points, which is used in practical implementation. We
note that there is a fundamental difference between the 2D non-linear case and the 1D linear case. In the 2D non-linear
case ¢ =u, and C3 is skew-symmetric for u, = 0. A homogeneous Dirichlet condition for u implies a homogeneous Dirichlet
condition for c. In the 1D linear case, ¢ = constant is prescribed, which is different from the boundary condition for u. The
convective matrix is therefore not skew-symmetric.

The resulting scheme is written as follows:

Lu=f, (128)

where
L=cC—-vD, (129)

and

f=—cfC+vfl. (130)
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The upper left corner of the convective part reads (considering only interior points):

0 o1 — 1 0 -1 _(a1 _ 2)
-1 —1 0 o1 0 -1 2
1 . u
C=aiC1~C = 0 —a1 0 a 0 .|, fC=7b 1 . (131)
1 0 —a1 0 o 0
The diffusive part reads
—205% + 2001 — 2 a% + 201 — 1 -2 1
o? + 201 — 1 —202-2 o420 24 1
1 .
D=or —2u4 o +20 —202-2 o?+207 200 |, (132)
1 —201 of +201 202 -2 af 42
alz — 201 +2
—201+2
u
fl=—2 1 . (133)

"~ 24h 0

The discretization at the right boundary is done in a similar fashion.
4.2. Local truncation error

In order to study the error behavior we find expressions for the local truncation error and relate it to the global trunca-
tion error. The local truncation error is defined as

T=L0— f. (134)

Note that strictly speaking a restriction operator is necessary to map the continuous function @ to the space of discrete
functions in order to be able to apply L; in this case the restriction operator is a simple injection: i; = ii(x;). The global
error is defined as

e=1i—u, (135)

which is related to T as

Le=rt. (136)

Note that the global error is, like the local error, a quantity defined in each finite volume. The notion of ‘global’ is due to
the fact that L~! is a nonlocal operator, which distributes the local error 7.

First we discuss the local truncation error of the convective terms, on a uniform grid. We Taylor expand the exact
solution i around a point x;:

N A N 1.5,
a4+ h) =) +haY + Ehzufz) +o(h%), (137)
where ﬁ;") = (%)i, and we apply operator C:
9 ;5.
T = —§h5u§5) +O(h7). (138)

The truncation error looks fifth order instead of fourth order due to a factor h hidden in C (due to the integration over a
finite volume). To find 7 at i =1 and 2, where the stencil changes due to boundary conditions, we also employ a Taylor
expansion for ip:

oy 1o
fip =iy —hal" + Ehzu?) +0(h?). (139)

This leads to the following truncation errors:
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8 = 2120 + O(h®), (140)
1,
$ = —Ehzuf) +0o(r%). (141)

It turns out that the local truncation error of the convective discretization at i =1 and i =2 is limited to first order.
The same procedure is followed to analyze the truncation error of the diffusive terms:

9 5.

= ——na® + o), (142)
40 !

25 25
d ~(2) 2503 3

T] — Ehu1 - Eh u1 +O(h )s (143)
1 . 1 5.

Tg = —ﬁhUEZ) + Eh2u§3) + O(h3) (144)

The diffusive discretization is inconsistent at both i =1 and i = 2.
4.3. Global truncation error

Although the discretization at the boundaries is inconsistent, it is possible to have convergence in the global error. Several
techniques exist to study the relation between the local and global error, see for example [11,7,15]. We use the approach
outlined in Wesseling [27]. Recall the relation between the global and local truncation error, Eq. (136):

Le=T. (145)

We assume that L is a monotone operator, i.e.

Lv>0 impliesv > 0. (146)

Equivalently one can say that L is monotone if and only if L=! > 0.2 If we can construct a function E, a so-called barrier
function, such that?

LE > 1|, (147)

then, subtracting this equation from (145), we obtain

L(e — E) <0. (148)

Since L is assumed monotone, this means that

e—E<0 — e<E. (149)

The art is to construct a barrier function E of a certain order p, E ~ hP, such that (147) holds. Eq. (149) then proves that the
global error e is also of order p. Since any sufficiently differentiable continuous function can be expressed as a polynomial
expansion, we take E = hP(x) with

Y (X) =g + 01X + a2x° + a3x’> + azx*. (150)

It is possible to include more terms in this expansion, but it will turn out that this is not necessary.

Note that proving monotonicity of L for the fourth-order discretization is not trivial. Normally, monotonicity can be
proven by showing that L is positive.* For second-order central discretizations positivity is proven when the mesh Péclet
number h/v is smaller than 2. For the fourth-order scheme this approach fails, because L can never be positive, as can
be observed by inspecting the signs of the diagonals of L. However, a non-positive operator can still be monotone (see for
example [8,1]). We have not yet found a sufficient condition for monotonicity of the fourth-order scheme, but it suffices to
say that we have found, by explicitly computing L1, that L is monotone if h/v is small enough.

2 a>0 means that a; >0 Vi; A >0 means that Aij 20 Vi, j.
3 Ja| is the grid function with value |a;|.
4 Positivity implies monotonicity, but not vice versa.
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4.3.1. Interior
In a general interior point i we can write for LE:

L(hPy(x)); = 24hP+1 (c(4asx} + 3a3x? + 2a2x; + a1) — v(12a4x7 + 6a3x; + 2a3)). (151)

We recognize the exact first and second derivatives of ¢ (x). This is because z{ and ‘L',-d only contain derivatives of fifth order
and higher: L can differentiate a fourth-order polynomial exactly. Of course one can take more terms in expansion (150);
these will not be exactly differentiated. Since t; is

1

9 . 9 ..
ti=ctf —vtd = —ch3a® +v_n31® + o(n’), (152)
5 ! 40 !
we find that LE — |t| can be written as
LE; — |ti| = 24hP™" (c(4asx} + 3a3x? + 2a2x; + a1) — v(12a4x? + 6asx; + 2az))
9 9
5 ~(5) ~(6) 7
—h —ecly” + vl +o(n’). (153)

For p <4 it is possible to construct the coefficients a, such that LE — |t| > 0. This indicates that a fourth-order accurate
local truncation error leads to a fourth-order accurate global error, as expected.

4.3.2. Boundary,i=1
The analysis is now repeated for the boundary points. At i =1 (x; = h) the local error is

25 . A 25 5.
T =ctf —vrl = —vﬁhugz) —c2r?a? + vﬁhzu?) +0(h?), (154)
so we obtain
27 677 25
p _ N N o pl, 222
L(hPy (), — 1l =h <c200+v24ha0+0(h)> h’ vl + O(h)|. (155)

To make sure that the order of the first term does not exceed the order of the truncation error (for h — 0), we require
p < 2. For example, in case p =2, the leading order term condition is

h<677 ‘ 25.0)

> 2> 0. (156)

This means that with a sufficiently large positive value of ag we have a barrier function that is always larger than |t| for
sufficiently small h. Only the first term of the polynomial expansion (150) is of importance here; increasing the polynomial
order will not change Eq. (156).

4.3.3. Boundary,i =2
At i =2 (x = 2h), we have

1 1 1
d ~(2) 2~(2) 2~3) 3
T =CT5 — V1§ = vﬁhu2 _th iy’ — vﬁh iy’ +0(h’), (157)
and we obtain
L(hPy(0)), — 72| = hP [ —cag —uan —hly La® +0(h) (158)
2 6h 24 2 '

This indicates again that the maximum order of the global error is p = 2 if the following condition can be fulfilled:

13
h{ ——vag —
(-5

via§2)+0(h)‘> >0. (159)
24
However, this requires ag < 0, which contradicts the requirement for i = 1. For the current boundary layer problem we can
escape from this by noting that 7; > 0, 7 <0 and |71| > |12|. This means that the absolute value signs are too restrictive;
a range of positive values of ag exists for which both (156) and (159) are satisfied.

Summarizing the results for i =1 and i = 2, we find that no polynomial barrier function exists with which we can prove
a convergence rate higher than 2. We expect that this result holds for other barrier functions, given that any sufficiently
differentiable function on the domain x € [0, 1] can be expressed as a polynomial. Consequently, the global error of the fourth
order scheme is limited to second order due to boundary conditions.
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5. Numerical experiments

A number of numerical experiments are carried out to support the theoretical results from Sections 3 and 4. First,
we study the order of accuracy of the proposed boundary conditions for a one-dimensional convection-diffusion equation
(Section 5.1) and a two-dimensional lid-driven cavity (Section 5.2), and how fourth order accuracy can be obtained on
properly designed non-uniform grids. Secondly, the energy conservation properties of the new boundary conditions are
demonstrated in Section 5.3 by considering inviscid flow in a cavity with non-zero tangential boundary conditions. Lastly,
in Section 5.4 we consider three-dimensional turbulent channel flow for which we show that the new boundary conditions
improve both the velocity and pressure field near the wall, compared to the old conditions.

5.1. 1D convection-diffusion equation

5.1.1. Uniform grid

First we verify the fourth-order scheme by using ‘exact’ boundary conditions, i.e. we substitute the exact solution (124)
for the ghost points, like in Veldman [23]. For v =1/100 and h = 1/200 (|h/e| = 1/2) the discrete and exact solution are
shown in Fig. 5(a). The global truncation error e =i — u and local truncation error, obtained from 7 = Le, are shown in
Fig. 5(b). The leading error term of the theoretical local truncation error, Eq. (152), is found by using the exact solution,
Eq. (124):

9 9\ (/h\’ v/
N 1 , 160
i ( 5+40)<8) el/e —1 (160)

and is also shown in Fig. 5(b). Because Eq. (160) contains only the leading error term, there is a small deviation between
the two local truncation errors. The local truncation error always attains its maximum (in absolute sense) at i =1, because
e¥/¢ is largest here (note & < 0). The global error, on the other hand, does not necessarily attain its maximum value in the
first grid point: this depends on L~!. The structure of L~! is shown in Fig. 5(c); all entries are > 0, so L is indeed monotone
in this case. It can be seen that L~! distributes the local error T over the entire domain in a particular way. For instance,
eq is influenced by 7 in the entire domain, whereas ey is mainly influenced by 7 at the right side of the domain. This is
because the ‘flow’ is convection-dominated and information travels from right to left (c < 0).

A plot of |le|| as a function of h displays a clear fourth-order convergence, see Fig. 5(d). The local error |7« shows
fifth-order convergence, as expected from (160).

Now we turn to the results for scheme (128)-(133) where the boundary conditions are chosen such that symmetry
properties of the discrete operators are retained. Fig. 6(a) shows that the behavior of the local truncation error near the
boundary is much more irregular, as expected. As predicted by Eqgs. (154) and (157), the convergence of the local error
at the boundary is first order for sufficiently small h. The global error shows second-order convergence, confirming the
barrier function analysis from Section 4.3. In the L, norm the convergence of local and global error is very similar. Note
that numerical experiments showed that (at v =1/100) L is monotone for h < 1/60, approximately.

The ‘kink’ in the global and local error around h = 10~2 is due to the fact that the local truncation errors in the con-
vective and diffusive terms almost cancel each other at i = 1. This can also be seen from Fig. 6(c), which shows that the
position of maximum t shifts fromi=1 to i =2.

Considering that both theoretical arguments and numerical experiments show that the fourth-order symmetry-preserving
method is only second-order accurate for boundary layer problems with Dirichlet boundary conditions, one might wonder
if it is useful to apply a fourth-order method anyway. We therefore compare the results presented above with the second-
order method, which does not require boundary conditions for u_; and u_;. The global error behavior of the second- and
fourth-order schemes is shown in Fig. 6(d). It is observed that for most meshes, except the very coarse ones, the second-
order method is more accurate than the fourth-order method. This is due to the fact that in this test case the largest
gradients in the solution are near the boundary, where the local truncation error has unfavorable properties. On uniform
grids with boundary-layer like problems the fourth-order method is not preferred over the second-order method.

We will continue to study the effect of the boundary conditions and the difference between the second and fourth
order scheme by considering non-uniform grids. Such grids are more suitable to handle boundary-layer like problems than
uniform grids.

5.1.2. Non-uniform grid

In practice, thin boundary layers should be calculated by employing non-uniform grids. In this section we investigate if
the conclusions for uniform grids carry over to non-uniform grids. First we investigate an exponential grid, i.e. a grid where
each cell size is a constant factor times the neighboring grid cell size. The grid is written as a mapping of a uniform grid,

X =(1-55)/0-y9), (161)

where & is uniformly distributed over [0, 1], and s is the stretch factor. The stretch factor is determined by choosing a
refinement region § such that in both [0, §] and [§, 1] N/2 volumes are located. The stretch factor stays constant during
mesh refinement. Defining the boundary layer edge as the point where i = pii(1), we find for sufficiently small &:
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Fig. 5. Solution and error behavior for uniform grid, exact boundary conditions, v =1/100.
8p =¢In(1 — p). (162)

For example, if the boundary layer edge is defined at the point where i = 0.9, then §p9 ~2.3-10~2 (¢ = —1/100). Looking
at the convergence and position of the local and global error for 8g.9 (Figs. 7(a) and 7(b)) it can be seen that the refinement
region can make sure that the position of maximum global error is not at the boundary; u(¢) does not have its largest
gradient at the boundary. However, for sufficiently small h the global error moves to the boundary, and the slope changes to
second order (h ~ 1072), like in the uniform case. The position of the kink, hy, is mainly determined by §: the smaller 8, the
smaller the value of hy. If the refinement zone is chosen properly, the error will exhibit a region of fourth order convergence.
For these non-uniform grids, the fourth-order scheme is more accurate than its second-order counterpart.

An important question that remains is: can we design the mesh such that the global error keeps its fourth order behavior upon
mesh refinement? We concluded in Section 4 that the local truncation error near boundaries is O(1), resulting in a global
error of O(h?). If we construct the mesh near the boundary such that hp,g = O(h?) (where h = 1/N), then one might
expect heuristically a contribution to the global error of @(h*). Such a mesh can be constructed by making the stretch
factor h-dependent. The smallest finite volume is given by

1—sh In(s) )
= =—— . 1
hy = 4— 1_Sh+o(h) (163)

With s ~ 1/h we obtain h; = O(h?). In Fig. 8 we show the convergence of the global error for the case s = 10/h. It is clearly
seen that the error now converges with @(h?), for all mesh sizes. The fourth order method is now much more accurate
than the second order method.

To summarize, the fourth order scheme attains fourth order convergence on properly chosen non-uniform meshes. These
meshes should be designed such that the global error is not at the boundary but in the interior of the domain: the smallest
cells near the boundary should scale with O (h?) upon mesh refinement. Furthermore, the mesh should be ‘smooth’ enough
to exhibit fourth order behavior. Recalling that the relation between the derivative on a uniform and non-uniform grid is
given by
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we observe that an ©(h*) approximation for both &
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dx

du

(164)

and g—g is required. For example, Shishkin meshes (see e.g. [27,23]),

which consist of two uniform meshes with a different mesh width, lack this smoothness and fourth order accuracy is not
obtained, not even when the point of maximum error is in the interior.
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5.2. 2D lid-driven cavity

We continue the study of the order behavior of the fourth-order scheme by studying the steady lid-driven cavity flow at a
Reynolds number of 1000. In this benchmark problem [2] for the incompressible Navier-Stokes equations (NS) we introduce
two major differences with the 1D convection-diffusion equation: (i) NS are non-linear, (ii) NS include a pressure term to
satisfy the incompressibility constraint. To obtain steady solutions the full non-linear system of equations is solved with
Newton linearization of the convective term. The resulting saddle-point matrix problem is solved with a direct solver. The
iterative procedure is stopped when the residual (in the maximum norm) drops below 10~8, which requires approximately
6 iterations.

Similar to the one-dimensional boundary layer study, we have investigated both uniform and non-uniform exponential
grids. The exponential grids are given by (161), with a stretching factor equal to the effective stretching factor of the cosine
grid used by [2]:

1
s= 1272h2 = i. (165)
T h mh

The number of grid points ranges from 8 x 8 to 128 x 128.

Figs. 9 and 10 show some examples of solution profiles through the centerlines of the cavity, compared to the benchmark
data of Botella and Peyret [2] (in the figures abbreviated as BP). The pressure is determined up to a constant, which has been
chosen such that p =0 in the center of the cavity. It can be seen that the pressure converges to the correct values at the
boundary, and that the boundary condition for the pressure is certainly not dp/on = 0. Note that the boundary conditions
used by VV lead to a (numerical) boundary layer in the pressure, as shown in Figs. 11(a)-11(b). The velocity profiles along
the centerlines are used to perform a quantitative comparison of the second and fourth order discretization on both the
uniform and cosine grid. In order to measure the order of accuracy we compare the minimum value of u along x = 0.5
and maximum and minimum values of v along y = 0.5 with the benchmark data. The resulting error plots are shown in
Fig. 12. The non-uniform grids are better able to capture the boundary layers and therefore lead to more accurate prediction
of the minimum and maximum velocity values along the centerline. Comparing the second and fourth order results on the
uniform grid, Fig. 12(a), we conclude that the fourth order method has a somewhat smaller error than the second order
method, but converges only with second order upon grid refinement. This is in agreement with the error analysis from
section 4 and the 1D results from section 5.1 — in particular Fig. 6(d).

On non-uniform grids we expect better convergence properties since the exponential grid satisfies h; = O (h?). Indeed,
fourth order convergence of umgy and Vg is shown in Fig. 12(b). The convergence order of v, is apparently lower; this
can possibly be improved by adapting (165). Since this is problem specific we do not investigate this in detail here.

5.3. Energy conservation in an inviscid cavity

In this section we will show that the new boundary conditions for the fourth order method exactly conserve energy in
case of no-penetration conditions. Desjardins et al. [3] considered a two-dimensional inviscid channel flow with periodic
boundary conditions in one direction and no-slip conditions in the other. We increase the difficulty of their test case by
prescribing non-zero tangential conditions on all boundaries (resulting in an inviscid cavity):

ux,0,6)=—1,  ux 1,t)=16x2(1 — x)?, (166)
v(0,y,t) =1, v(l,y,t) =—1. (167)
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Fig. 11. Pressure profiles p(x) at y = 0.5 with 4th order method and old boundary conditions. Compare with Fig. 10.

See Fig. 13(a). The velocity field is discontinuous in the corners. Furthermore, in contrast to [3], we use the implicit midpoint
method for time integration instead of the Crank-Nicolson method, since the latter is not truly energy-conserving [18].

The non-uniform grid that we have used consists of 20 x 20 volumes and is shown in Fig. 13(b). In x-direction the stretch
factor (ratio between largest and smallest volume) is 2, in y-direction it is 10. The initial velocity field consists of uniform
random numbers between —1 and 1 and is made divergence-free by a projection step involving the solution of a Poisson
equation. This velocity field is subsequently advanced in time from t =0 to t =1 with At =1/100. In Fig. 14 we show the
relative error in kinetic energy,

_k(®) —k(t=0)

%=""liz0) (168)
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for both the new and old boundary condition treatment. With the new boundary conditions the energy error stays at
machine precision (O(10~14)), whereas the energy grows in time with the old boundary conditions.
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Fig. 15. Comparison of the mean streamwise velocity u™ as a function of y*.

5.4. Turbulent channel flow

In this section, the two discrete boundary conditions given by (110) and (111) are compared for a turbulent channel
flow. This flow can be seen as a prototype for near-wall turbulence. The Reynolds number in our simulation is based on
the channel width and the bulk velocity. It is set equal to Re = 22,000; in terms of the channel half width and the friction
velocity the Reynolds number becomes approximately Re; = 590. Moser et al. [16] have performed a direct numerical
simulation (DNS) of this channel flow. Their DNS data is often used to evaluate the accuracy of large eddy simulations (LES)
of near-wall turbulence. The DNS was done on a 384 x 257 x 384 grid; large eddy simulations typically use about 64 points,
i.e,, they have about 144 times less points than the DNS of Moser et al. The present test considers an LES with a subgrid
model that is based on the two non-zero invariants of the rate of strain tensor. Details of the subgrid model can be found
in [24]. As usual the flow is assumed to be periodic in the stream- and spanwise direction. Consequently, the computational
domain may be confined to a channel unit. The dimension of the considered unit is taken identical to that of the DNS. The
LES uses a staggered grid with 64 uniformly distributed streamwise points and 32 (uniformly distributed) spanwise points.
In the lower half of the channel, the wall-normal grid points are computed according to

~__sinh(y j/Ny)
Yi= Jsinh(y2)

where Ny denotes the number of grid points in the wall-normal direction. The stretching parameter y is taken equal
to 8. The grid points in the upper half are computed by means of symmetry. The time step is set equal to At =103
(non-dimensionalized by the bulk velocity and the channel width). Mean values of the velocity are computed by averaging
the instantaneous velocity over the directions of periodicity, the two symmetrical halves of the channel, and over time.
The averaging over time starts after a start-up period of 90,000 time steps. The averaging is performed over 90,000 time
steps too. Fig. 15 shows a comparison of the two mean velocity profiles as obtained from our LES with the fourth-order
symmetry-preserving discretization method, where we have applied the boundary treatment given by Eqgs. (111) as well
as that given by Egs. (110). The difference between the resulting wall shear stresses is about 10%. Eqgs. (111) result into
Tw = 2.9-1073, which is in excellent agreement with the DNS of Moser et al., whereas Eqgs. (110) lead to Ty, =3.2- 1073,
which is too high. All results shown in Fig. 15 are scaled with the help of 7,, =2.9-1073. As can be seen, the main
differences between the two wall treatments are located in the region near the wall. The differences are very small away
from the wall (for y* > 20), whereas near the wall substantial differences, up to 10%, can be observed.

Fig. 16 illustrates the differences between the resulting pressures. Away from the boundary (y™ = 0) the two pressures
profiles differ by a constant (approximately). Such a difference by a constant is not relevant, since the pressure gradients are
(almost) the same. Near the boundary (0 < y™ < 20), on the other hand, the pressure profiles are different in the first few
(4) grid points counted from the wall. The old boundary treatment described by Eqs. (110) results in a thin — numerical
— boundary layer: the pressure is solved from a Poisson equation that is effectively supplied with Dirichlet conditions. The
new boundary treatment, which effectively imposes a Neumann condition, leads to the proper boundary behavior of the
pressure near the wall.

In conclusion, the boundary treatment given by (111) yields better results for both velocity and pressure in the boundary
layer of a turbulent channel flow.

with j=0,1,...,Ny/2, (169)

6. Conclusions

Symmetry-preserving or energy-conserving discretization methods have become popular methods for simulating tur-
bulent flows governed by the incompressible Navier-Stokes equations. In this paper we have proposed a new consistent
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Fig. 16. Comparison of pressure profiles.

boundary treatment for the symmetry-preserving discretization method described in [26]. The new boundary conditions are
such that continuous integral identities (expressing conservation of mass, momentum and kinetic energy) are mimicked in
a discrete sense, including the contributions from the boundaries. To derive this boundary treatment, we have used a new
technique in which the ‘implied’ discretization of boundary volumes is derived based on global conservation of momentum.
Upon requiring conservation of energy it turns out that the ghost values of the normal velocity component at a boundary
should be set according to a usual Dirichlet condition, whereas the ghost values of the tangential velocity component at a
boundary should be set according to a Neumann type condition. With these boundary conditions the convective operator is
also energy-conserving if non-zero tangential boundary conditions are prescribed. The newly derived boundary conditions
furthermore imply the correct boundary conditions for the pressure. The boundary conditions for the diffusive terms are
unaltered and are of Dirichlet type.

The use of these conditions limits the global order of accuracy of the fourth order discretization method to second
order on uniform grids, because the requirements which (skew-)symmetry pose on the coefficients of the matrices are not
compatible with the requirements resulting from Taylor expansions to reach higher order accuracy. Here we have shown
that by using properly refined non-uniform grids near the boundary, high-order accuracy of the global error can still be
obtained. Since it is natural to apply grid refinement near solid boundaries, this forms no serious limitation. The simulation
of a two-dimensional lid-driven cavity flow and of a three-dimensional turbulent channel flow confirmed the theoretical
analysis and demonstrated the improvement with respect to previous boundary treatments.

Appendix A. Interior discretization
A.1. Second order
The divergence operator is given by

(Mu)j j = (M1uw)j j=Ujj— Ui—1,j + Vi j— Vij-1. (A1)

The convective discretization for the u-component is given by
U o —(CYU( v
(C*@@. vyu), ;= (CY @, V), ; (A2)
=Ujy1/2,jUit1/2,j — Ui-1/2,jUi-1/2,j + Viy1/2,jUi j+172 — Vit1/2,j-1Ui j—1/2. (A3)

The convected (u, v) and convecting velocities (u, v) are obtained by second order, grid-independent, interpolation of the
form

_ 1 _ _
Uit1/2,j = E(Ui,j + Ujy1,j)- (A.4)
The pressure gradient discretization is given by

(G"p); ;= (GYp); j = Pit1.j — Pij- (A5)

The diffusive terms are discretized as
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u ou u u
O =0t0,=(5), (50, (5 )e (55), 8o
N N 0X/)iva2i \0X/i_1p5 \0¥/ijr1i2 \O¥V/ij_1p

where

(@) Ui,y — Ui (A7)
X/ it172,) Ax

The diffusive discretization is the product of two first order operators and can be written in short as
T
u U u u
DY = A AY(AY)", (A.8)

where A} is a simple differencing matrix consisting of —1, 0 and 1, and A} a diagonal matrix containing metric information
(Ay/Ax).

A.2. Fourth order

The divergence operator reads

(Mu);, j = a1 (Mqu);,j — (M3u); j, (A.9)
with

(M3u); j = tig1,j — Ui—2,j + Vi j41 — Vi j—2. (A10)
The convective discretization for the u-component reads

CU(it, V)u = a1 CY (i1, V)u — C4(u, v)u, (A11)
where

(Clﬁ(ﬁ, \:’)U)i’j = l:1i+3/2,jui+3/2,j - ﬁi73/2,jui73/2,j + ‘7i+1/2,j+1ui,j+3/2 - \:’i+1/2,j72Ui,j73/2- (A12)
Like the divergence operator, the convective operator is a combination of two second order operators, with the exception
that all convecting velocities (i, v, i and V) are obtained by fourth order, grid-independent interpolation, e.g.:

= l = = = =

Uiy3/2,j = E(ﬂl Ui j + Pailiv1,j + Bolliyo,j + P1llig3, ), (A13)

with 81 = —% and B = %. The use of grid-independent interpolation is the critical difference between the method of
Morinishi et al. [14] and the method of Verstappen and Veldman [26], the latter being employed here. The convected
velocities are obtained as
1
Uiy3)2,j = E(Ui,j + Uits,j). (A14)

For higher order (e.g. sixth order) the same approach should be followed [14]: an nth order combination of second order
convective discretizations (like (A.11)), where each convective discretization contains an nth order convecting velocity (like
(A.13)). The pressure gradient terms are, like the divergence operator, a linear combination of two second order operators:

G'p=01Gip —Gip, (A15)
with
(G5p); ;= Pi+3.j — Pi.j- (A16)

The diffusive operator is obtained as the product of two fourth order operators, which ensures that the resulting operator is
symmetric and positive definite. We focus on the fluxes in x-direction:

u u u u
oo, -o(5), - (2), ) (D) ())
’ : X /it \X/i_1p 0 )ivs \0x) i3

As was the case for the convective operator, the fluxes on both the small and large volume are approximated to fourth
order:

u 1 _ _ = =
<—> = —— (o1 Wiy, — Ui j) — (Hiya,j — Ui-1,))). (A18)
ax i41/2,] T2AX

and similarly for (g—j‘()iH /2.j- In short, the diffusive discretization reads

D' = (@1 AY — AY) (o1 AY — AY) (a1 AY — AY)". (A19)
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Appendix B. Boundary contributions to the kinetic energy, fourth order method
B.1. Convective terms

The convective matrix C%’(ﬁ, V) can be constructed once u_1s2,j and uqp ; are expressed in terms of u, and interior
points:

1 1 1
u—1/2,j=E(U—z,j+u1,j)=ub+§u1,j—Euz,j, (B.1)

1 1 1
U1/2,j=E(ufl,j‘i‘uz,j):ub_5”1,]"‘5”2,]‘- (B.2)

In Section 3.5 we comment on the use of higher-order interpolation formulas to obtain u_1/; ; and uj/ j. With these
interpolations C§ (i, v) reads

r = = 1= = T
U_1/2,j+U1y2,j+ 5U3/2,j — 3Up,j 1= 15 1= 13 13
/2] RS 23/ S TRy N e 1RV N —gl-12,j+ zl1/2,5  3U3/2.)
7(V3/4,j+1 — V3/4,j-2)
1= 15 _
o —L:1—1/zj 77_u71/2,1 +3Us/2,j %ﬂ—uzj 0
Cy(u,v)= ' +3(V32,j41 — V3/2,j-2) '
17 17
T 1z —aU1/2,j+ 372, 0
1/2,j 281/2,§ 1(‘—/ ] =
5(Vsy2,j+1 — V5/2,j-2)
17
L —7U3/2’] 0 0

(B.3)

The rows represent the discretizations for the finite volumes around up, uq, uy, etc., whereas the columns represent
the contribution from uy, uq, uy, etc. The lower right part of the matrix is the interior discretization which is in practice
used for solving the system of equations. Conservation of momentum as derived in Section 3.3 can be checked from the

column sums of the matrix. We apply interpolation (A.13) and boundary conditions (35) and (40) and rewrite C§. This is
straightforward, except for the upper left entry of the matrix:

U_1y2,j+Uip,j+ FU3/25 — 3up, j + E(V3/4,j+1 —V3/4,j-2)

1 = 1 = = = =
=—gip+ 5(113/2,1 —Up,j+ V3/4,j41 — V3/4,j-2) (B.4)
=—gip+ Z(,Blub + Bty + Batiz + Prui3) — 5(/31 + B2)up + §(V3/4,j+1 —V3/4,j-2) (B.5)
1 = 1 = = = = = = = = =
=—3 + Z(ﬂl (U3,j — Up,j + Vo, j41 — V2,j—2) + Bo(llz,j + U1 j — 2Up j + V1, j41 — V1,j—2)) (B.6)
__ 1= (B.7)
= 5 b- .
To arrive from Eq. (B.5) at Eq. (B.6) it is required to interpolate the vertical fluxes near the boundary as
= 1 = 1 =
V3/4j+1 = 5/31V2,j+1 + 5,32V1,j+1~ (B.8)
This leads to
—3lpj  Upj—Uiz,j —lpj+iaj i3,
_ = = = ‘l:
U@ vy=| "2t 0 =gty 0 (B9)
—Uiy2,j 7U1/2,j 0 0
—1d3) 0 0

In case ﬁb, j =0 the matrix is completely skew-symmetric, and uTcgu = 0: the discretization mimics exactly the property
that the convective terms do not contribute to the global energy balance. For ﬁb, j # 0 we obtain

1-
ulClu = _Eub,j(ui,j + 2up j(u1,j + Uz j) — 2ug juz ;). (B.10)

Taylor expanding u1; and u ; around up j gives
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3_
Tru, = 2 2
u C3u_—§ub7]ub,j+(9(h )- (B.11)
A similar analysis can be carried out for the v-component near a vertical boundary. The discretization of the volume
surrounding i = 2 requires an expression for vg j, since v3, j = %(voyj + v3,j). We write the general expression
V3/2,j =080Vp,j+81V1,j+ 82V j + 83V3 ), (B.12)

and determine the coefficients §; based on symmetry requirements. From this the boundary condition for vg j can be
derived. The convective matrix becomes

= = | Sillyjr1p+ 2 uz 1/2 = = 17 ]
—2Up j+1/2 + dolly,j Y 1y Sty j1/2 I3l jt+1/2 FU2,j+1/2
2(V1 j+3/2 = V1,j-3/2)
= 113, j1/2
VT oT) — —Up,j+1/2 0 2 0
C3(u,v)= i/ (Vz j+3/2 — V2,j-3/2)
= = T4 12— 5351 172
—8ol1,j+1/2 —81U1,j+1/2 —52u1,j+1/2 3 =
5 (V2 j+3/2 — V2,j-3/2)
1=
L 0 —2U2j+1/2 0 0 _

(B13)

The rows represent the discretizations for the finite volumes around v1, v;, etc., whereas the columns represent the con-
tribution from vjp, vq, v2, etc. Requiring that the convective dlscretlzatlon does not contribute to the kinetic energy in case
up =0 gives the following solution for the coefficients: §; = 83 = 5, o = 62 = 0. This means that the interpolation for v3,; ;
reads

_2,

1
v3/2.j =51+ V3)), (B.14)
and the implied boundary condition is
Vo,j = V1,j- (B.15)

So, like the fluxes v and v (Eqs. (42)-(43)), the ghost value vg,j is obtained from a Neumann-type boundary condition.
Rewriting the convective matrix using the divergence-free condition leads to

—Zﬁb,jﬂ/z ﬁb,j+1/2 0 %l:l 1,j4+1/2 uz Lj+1/2
_ _ T 15 .
@n=| sz 0 athnn . (B.16)
0 —5U1,j+1/2 0
0 —1iy 110

For ﬁb, j+1/2 =0 the matrix is completely skew-symmetric, and vTCé’ v = 0. For non-homogeneous boundary data the con-
tribution to the energy equation is

= 1
T = 2 2
v C;v =p jy1,2 <_2Vb,jV1,j = Vp,jVa,j+ V7t EVZ‘J)' (B17)
Using Taylor expansions for vi and v; around v, then gives

3
viciv=-=

zvgyjﬁb’ﬁq/z +O(h2). (B.18)

B.2. Diffusive terms

The contribution of the diffusive terms to the energy equation reads

- u u u u
u Du=upjlor| | — - = || = +\| =
BX ]/Z,j BX b,j aX 71/2’]' 8
enfon((5),.,, - (5),,) - ()
1 1 -\ -
! X /32,5 \0X/qp 5/2,]

)
anfen((5),,, - (),.,) (5, (

ot (5, (5,
)
)

j
) . (B.19)

S
”I?II ‘”I?II -

=5

1/2,j
Regrouping gives
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u u u
—(—) (o1 —9)ub,j+(—> 3(u1,j — up,j) — (—) (a1 (uy,j — up ) — 3(uz,j — up j))
X /) p j X/ _1/2, X /)12,

u
- (-) (o1 (ug,j —u1,j) —3(uz j—up ) +---. (B.20)

The first term is recognized as the discrete counterpart of the boundary integral in (69). The last term is handled like the
interior terms. Since the first order derivatives are discretized as

u Ay
— = ——(1(Ujr1.i — Ui i) —3Wjz12 i —Ui_1.i)), B.21
<3X),'+1/2,j 72AX( l( i+1,j 1,}) ( i+2,j i 1,])) ( )
it can be written as
a 2
au Quyj—uyj Tusj—up;j
— — a1(uy i —u1i)—3us j—up i) =—-72AxAy| = —= S : . B.22
(ax>3/2,1( 12— 1) = 303~ tp. ) y(s Ax 8 3Ax (B.22)

This is the discrete equivalent of f(‘?,—g)2 dx, centered around (i+3/2, j). The second and third term in (B.20) should provide
a similar approximation to a volume centered around (i + 1/2, j). Evaluating (B.21) for i =0 and i = —1 and ‘standard’
boundary conditions

U_pj=2upj—Uzj, (B.23)
U—1,j = 2Up j —U1j, (B.24)
gives
u = 2 (o — ) — 3z + ur — 2up ) (B.25)
Ix 1/2,]~_72AX 1M1, b,j 2,j 1,j b,j))» .

u ou
(_) _ (_) . (B.26)
X ~1/2,] ax 12,

Adding the second and third term in (B.20) gives

(%) 3(u up i) <W> (a1 (u up i) — 3 up.j))
- 1,j — Yb,j) —\ 52 1My —Upj) — 2,j — Ub,j
ax ~1/2,] ax 172,

u
=—<—> (o1 (ur,j —upj) — 3(uz,j+uq,j — 2up )
0Xx 12,
Quqii—upi luxij+uqj—2up; 2
— —72AxAy( 22 " Thd  Z P20 TN T ATbG ) (B.27)
8 AXx 8 3Ax

Taking all steps together, Eq. (B.19) can be written as

T pu M
uDu=—(— (1 —Qup j+---
X /Jp

2 2
Quij—upj Tugj+uqj—2uUp; Qupj—uy; luzj—1up;
YNNI 1, bj  1X2j 1j b,j + (2224 Li 283 b.j 4o
8 Ax 8 3Ax 8 Ax 8 3Ax

(B.28)

This is the discrete equivalent of the right-hand side of (69).
For the v-component a similar analysis can be carried out.

Appendix C. Boundary stencil for the Poisson equation
In the interior the u-momentum equation reads:
. -1
iy = Ni'; = (2¢) " (G"p); ;- (C1)

where NY includes the convective and diffusive terms of the u-component, divided by the effective finite volume size (see
Eq. (30)). The time derivative of the divergence equation reads
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a1 (U, j — Ui—1,j) — @2(Uiy1,j — Uj—2,j) + (v-component) = 0. (C2)
Inserting (C.1) gives the Laplace operator for a uniform grid:

1 /1 27 783 365 783 27 1
Ax gpi—3,j - Zpi—z,j + ?Pi—u - TP:’,]‘ + ?pi+1,j - ZPi+2,j + gpi+3,j

=ai(N}';j = Ni'; j) —o2(Nfy j — Niy ;) + (v-component). (C3)

Near a boundary the stencil of the Laplace operator is found in a similar way. Taking the time derivative of the divergence-
free constraint near the boundary (the first row of Eq. (36)) gives

(a1 — o)y, j — aaly j + (= + 2002)1p j =0, (C4)

where we have ignored the v-component. Substituting the momentum equations for 111 j and i j gives

g it 8 8

The effective (‘implied’) boundary condition for the pressure follows by subtracting Eq. (C.3) (for i = 1) from the last equa-
tion:

1 677 729 53 1 .
o (— P2j— 5 P3j+ —p4,j> = (o1 —a2)Ny j — 2Ny + (a1 + 2002) U ;. (C5)

1 (1 27 783 . . . ,
— g(m,j—l?—z,j)—Z(Pz,j—l?—u)-ir?(pl,j—Po,j) =a1Ny j — (N ;j+ Ny ;) + (—a1 +2a2)ip .

AX
(C.6)
Repeating this procedure for i = 2 gives the following stencil for the Poisson operator:
1 (/729 1459 783 27 1 u u u .
A\ g PriT g Pait P P4 + ghsi)=a (Nz,j - Nl,j) — N3 4zt j, (C7)
so the effective boundary condition is
1 /1 27 u .
Ax g(PZ,j —-P-1,j) — I(Pu —po,j) | = —2Np ; + a2ty j. (C.8)
Similarly, for i = 3, the stencil of the Poisson operator is
1 53 783 365 783 27 1 u u u u
Ax <—§p1,j Tg P2 5P g Pa T b5t §P6J> =01 (N3 j — N3 ;) —oa(Nj ;= Ni j). (C9)
and the effective boundary condition is
! 1( j j)=0 (C.10)
Axsp“ Do,j) =U. -
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