Chapter 7
Discrete Exterior Calculus (DEC)
for the Surface Navier-Stokes Equation

Ingo Nitschke, Sebastian Reuther, and Axel Voigt

Abstract We consider a numerical approach for the incompressible surface Navier-
Stokes equation. The approach is based on the covariant form and uses discrete
exterior calculus (DEC) in space and a semi-implicit discretization in time. The
discretization is described in detail and related to finite difference schemes on
staggered grids in flat space for which we demonstrate second order convergence.
We compare computational results with a vorticity-stream function approach for
surfaces with genus g(S) = 0 and demonstrate the interplay between topology,
geometry and flow properties. Our discretization also allows to handle harmonic
vector fields, which we demonstrate on a torus.

7.1 Introduction

We consider a compact smooth Riemannian surface S without boundary and an
incompressible surface Navier-Stokes equation

Rle (—A®v + 2cv) (7.1)

divsv =0 (7.2)

0;v+ Vyv = —gradgp +

in S x (0, co) with initial condition v (x,t = 0) = vo(x) € TxS. Thereby v(r) € TS
denotes the tangential surface velocity, p(x,7) € R the surface pressure, Re the
surface Reynolds number, « the Gaussian curvature, TxS the tangent space on
X € S, TS = UyesTxS the tangent bundle and Vy, gradg, divs and AR the
covariant directional derivative, surface gradient, surface divergence and surface
Laplace-DeRham operator, respectively. As in flat space the equation results from
conservation of mass and (tangential) linear momentum. However, differences are
found in the appearing operators and the additional term including the Gaussian
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178 1. Nitschke et al.

curvature. The Laplace-DeRham operator and the Gaussian curvature term thereby
result from the divergence of the deformation tensor and the non-commutativity
of the second covariant derivative in curved spaces, see e.g. [4, 23]. The unusual
sign in front of the Laplacian results from the definition of the Laplace-DeRham
operator [1], see Sect.7.2. Alternatively, the equations can also be derived from
the Rayleigh dissipation potential [9]. The equations are related to the Boussinesq-
Scriven constitutive law for the surface viscosity in two-phase flow problems
[6, 35, 36] and to fluidic biomembranes [4, 5, 15, 21]. Further applications can be
found in computer graphics [14, 26, 40].

While a huge literature exists for the two-dimensional Navier-Stokes equation in
flat space, results for its surface counterpart equations (7.1) and (7.2) are rare. For
treatments in the mathematical literature we refer to [13, 23]. Numerical approaches
are considered in [29, 32], where a surface vorticity-stream function formulation is
introduced. This follows by considering the velocity v as the curl of a smooth scalar
valued function v, i.e. v = rots ¥. For the correct definition of the curl operator
rots(-) we refer to [27]. On a compact, boundaryless, oriented Riemannian manifold
of genus g(S) = O, this representation is unique up to a constant by the Hodge
decomposition theorem [1]. The resulting equations, after taking the curl and written
as a system of two second order scalar surface partial differential equations, read

1
Up +J(.¢) = o (Asd +2divs(x grads 1)) (7.3)
¢ = Asy (7.4)

in S x (0, co) with initial condition ¥ (x,7 = 0) = ¥(x) € R. Here ¢ is the surface
vorticity, As the Laplace-Beltrami operator and J(, ¢) = (rots ¥, gradg ¢) the
Jacobian. Equations (7.3) and (7.4) are either solved using the surface finite element
approach [11, 12, 41], see [29, 32] for details, or the diffuse interface approach [31],
see [33] for details. The equations, but without the Gaussian curvature term, has also
been discretized using a discrete exterior calculus (DEC) approach [25]. We are not
aware of any direct numerical approach for Egs. (7.1) and (7.2), which will be the
purpose of this paper. Such an approach will be desirable for surfaces with genus
g(8) # 0, as it allows to also deal with harmonic vector fields. We will introduce a
DEC approach and validate the results against a surface finite element discretization
for the vorticity-stream function formulation in Egs. (7.3) and (7.4) on surfaces with
2(8) = 0 and show nontrivial solutions with divs v = 0 and rots v = 0 on a torus.

The paper is organized as follows. In Sect.7.2 we introduce the necessary
notation and provide the formulation in covariant form. In Sect.7.3 the DEC
discretization is described in detail and compared with known discretizations in
flat space. After some analytical results for the surface Navier-Stokes equation
we use the properties of Killing vector fields to validate the approach on various
surfaces and demonstrate the strong interplay of geometric and vortex interactions in
Sect. 7.4. Conclusions are drawn in Sect. 7.5. In the Appendix we provide additional
notation and prove second order convergence for the corresponding finite difference
scheme in flat space.
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7 Discrete Exterior Calculus (DEC) for the Surface Navier-Stokes Equation 179
7.2 Formulation in Covariant Form

For the readers convenience we here briefly review the basic notion. A more detailed
description can be found in [27]. The key ingredient for a covariant formulation in
local coordinates ¢ and 6 is the positive definite metric tensor

o — [gw gw} = 290 dd* + 2840 dp O + gop d6? (7.5)
896 866

g can be obtained from a surface parametrization x : R> D U — R3; (¢,60) —
x (¢, 0), which maps local coordinates to the embedded R? representation of the
surface S = x(U). The covariant components of the metric tensor are given by
R? inner products of partial derivatives of x, i.e. gij = 0;x - 0;x. The components
of the inverse tensor g~! are denoted by g¥ and the determinant of g by |g|. We
denote by {8¢x, ng} the canonical basis to describe the contravariant (tangential)
vector v(x) € TS, ie. v(x) = (u?,u’) = ufdysx + u?dpx at a point x € S.
Furthermore, with the arising dual basis {d¢,df} we are able to write an arbitrary
1-form (covariant vector) u(x) € T;S as w(x) = upd¢ + updf. This identifier
choice of the covariant vector coordinates u; in conjunction with representation of
v as above implies that u and v are related by u = v and v = uf, respectively.
Explicitly lowering and rising the indices can be done using the metric tensor g by
U = g,;iu" and u’ = gYu;, respectively. The scalar p(x) is also considered as a 0-form.

We now use exterior calculus (EC) to describe all present first order differential
operators by the Hodge star * and the exterior derivative d, which arise algebraically
(see [1] for details). In [1] the Laplace-deRham operator is defined for k-forms
on a n-dimensional Riemannian manifold by AR := (=)™ (xd % d + d = dx).
For vector fields the Laplace-deRham operator can thus be defined canonically as
composition (ff o A™® ob). This leads to A®®v = — (AR® + A%P) v, with the Rot-
Rot-Laplace ARy := rots rots v and Grad-Div-Laplace APy := gradg divs v.
Due to the incompressibility constraint divs v = 0 we thus have ARy = —ARRy
and therefor in our case only A®u = —(xd * d)u. Equations (7.1) and (7.2) read in
their covariant form

1
Ju+ Vyu = —dp + R ((*d * d)u + 2«u) (7.6)
e
*dxu=0 7.7
in § x (0,00) with [Vyu]; = w/u;; to be discussed below and initial conditions

u(x,r=0) =uy(x) € T;S.
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180 I. Nitschke et al.
7.3 DEC Discretization

The mathematical foundation of discrete exterior calculus (DEC) can be found in
[8, 20, 22]. It follows by successively utilizing a discrete version of the Hodge
star * and the Stokes theorem for the exterior derivative d. The approach has
been successfully used in computer graphics, e.g. surface parametrization, see e.g.
[17, 19, 38], and vector field decomposition and smoothing, see e.g. [16, 30, 37].
A rigorous treatment of the connection between discrete and continuous settings
is given in [3]. We discuss the discretization for each term, introduce a time
discretization and compare the resulting discrete system with known discretization
schemes in flat space. However, we first introduce the degrees of freedom (DOFs)
and rewrite the advection term to be suitable for the DEC discretization.

7.3.1 Degrees of Freedom (DOF's)

We consider a simplicial complex K = VUEUT containing sets of vertices V, edges
& and (triangular) faces 7 which approximate S. The quantities of interest in our
DEC discretization are 0- and 1-forms, p € A°(S) withp(x) e Randu € A'(S) =
T*S, respectively. The discrete O-forms are consideredon v € V, p;(v) := p(X)x=.
For 1-forms we introduce DOFs as integral values on the edges e € &, i.e. uy(e) :=
fn(e) u, with the gluing map 7 : £ — S, which projects geometrically the edge e
to the surface S. The mapping u; € A}(K) is called the discrete 1-form of u, since
uy(e) approximates u(e) = u(e) = (v, e) on an intermediate point £ € w(e) C S,
where the edge vector e exists in T¢S|z() by the mean value theorem. Therefore,
we approximate 1-forms on the restricted dual tangential space TS| (), which is
a one dimensional vector space in £ € S likewise the space of discrete 1-forms
AL (K)|. = A} ({e}) restricted to the edge e, see [27] for details. Furthermore,
a discrete 1-form uy(e) can be approximated as |e|(v, e)(c(e)) by the midpoint rule,
with the midpoint c(e) = ! 42'”2 of the edge e = [vy, v,]. If the mesh is considered to
be flat and the faces are considered to be squares, we obtain the same DOF positions
as for discretizations on a staggered grid, see Sect. 7.3.6.

7.3.2 Approximation of the Advection Term

The advection term in Eq. (7.6) is not yet written in an appropriate form for a DEC
discretization. We linearize this term using a Taylor expansion with a known 1-form
u and obtain

[Vaul; = wuyj ~ @ity + ity (' — @) + & (uyj — i)

= w'ity; + Wu;; — w'n;); = [Vgu + Ve — Vgt .
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7 Discrete Exterior Calculus (DEC) for the Surface Navier-Stokes Equation 181

With the Levi-Cevita-tensor E (defined by the volumetric form E(u, t) = w(u, u))
we obtain foru,u € T*S

(rots w) [0, = EyExitd* = (g5g0 — gugy) #w* = it' (uzy — uy)
= [Vau], — [ - gradg u]

i

We further have
[ﬁn -gradg u + uf - gradg ], = iy + wit); = (ﬁluz)“ = 0, (i1, u)

i

and thus also 2 [u® - gradgu], = 0; |u||’. Putting everything together and using

rots t = —divs(*u1) we thus obtain
PR SR o . -
Veou~rxd| (u,a) — 5 |[al|* ) + (rots u — rots ) (xu) — divs (*xu)(*xu)

which provides a suitable form for a DEC approach. By using rotsu = *du and
divs u = *d * u we obtain

Vau ~ d ((u, i) — ; ||ﬁ||2) + (xdu — sdii) (x@1) — (xds) () (xu) (7.8)

which will be used for discretization.

7.3.3 Time-Discrete Equations

We consider a semi-implicit Euler discretization and use the approximation of the
advection term with i = wy, the solution at time #. For t; := #;4+; — # and initial
condition uy we get a sequence of linear systems for k = 0, 1,2, .... We introduce
the generalized pressure qx+1 = pr+1 + (Ugt1, Ug) — ; ||uk||2 and solve for ug41,
Gk+1 and py41

1
L Wkt dgir1 + (edugy ) (kug) — Gedok) (eug) ()
k

1 1
~Re ((+d * d)ug4 + 260341) . u; + (kduy) (xuy) (7.9)
k

1
(W1, W) + Pr+1 — Gr+1 5 [ue]® (7.10)
wd % Wy = 0 (7.11)

onS.
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182 I. Nitschke et al.
7.3.4 Fully-Discrete Equations

The used notation follows [27], see also Appendix 1. For the discrete 0-forms
P qn € ANK), 1-forms u, € A}(K), sign mappings soo € {—1,+1}, volumes
||, Voronoi cells v, Voronoi edges e and the “belongs-to” relations > and < we
obtain for ARR, divs and rotg

(xd * d)u(e) ~ |e| Z ST ZSTe un(e),

T>e e<T

(xd xu)(v) ~ — |Z veltel

du)(c(e)) ~ d srzu(e
(xdu)(c(e)) ~ meg u)(7) = ZM lZZTuU

T>e e<T

respectively. The last line above follows from a special Hodge dualism between
midpoint ¢(e) and face union ( J;, , T =: *c(e), such that function evaluations at
c(e) are integral mean values over *xc(e). This allows to approximate

(e ~ 0 S s,

ZT>e T>e o<T

(xd * @) (xu)(e) ~ — (Z PP st s u(e)) (xu)(e).

v<e

With the Stokes theorem we further have (dg)(e) = g(v;) — q(v;) for e = [v;, vj].
What remains to define is a discrete Hodge operator and a discrete version of the
inner product. We approximate

(xu) () ~ ®uy(e)

1 Sez

= (e- & un(e) — el un(@)) -
4;%;\/Ielzlélz—(e-é)2< h @)

For other possibilities we refer to [24]. For the inner product we follow [27] and
define

(@, u) (c(e)) ~ |e1|2 (@(e)u(e) + (xu) () (xu) (¢)) .
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7 Discrete Exterior Calculus (DEC) for the Surface Navier-Stokes Equation 183

Fig. 7.1 Circumcentric
subdivision of a simple
simplicial complex around a
vertex v. The Voronoi cell xv
is marked light gray and the
part A, dark gray

ar
v

In order to approximate the inner product at a primal vertex we consider the
decomposition of the Voronoi cell xv = Y . Ay, with [A,.| = (|e||xe|)/4, see
Fig.7.1. We thus obtain

e>v

Gy o)~ L= LS e @) @)

1 lef [xel
~ el ; 4 (Bm ()
~ 4 Iivl 2 ||’:|| (u(e)u(e) + (xu) (e) (xu) (e)) .

In case « is not given analytically, a numerical approximation is required, which can
effectively be done using a DEC approach for the Weingarten map [28].

7.3.5 Linear System

Putting everything together and using an additional equation
@ut1(e) — (ku)eti(e) =0 (7.12)

for all ¢ € £ to determine the Hodge dual 1-form defines a linear system for
Ut 1, (KU)t) € A},(/C) and g1, pr+1 € Ag(lC). An appropriate assembly over
e € Eand v € V results in a sparse matrix My, € R2IEFHVDX2AIEHVD and the
right hand side vector r; € R2(€1+IVD To determine the pressure we replace a row
in My4+; and rpy to ensure py4+1(vg) = 0 at vy € V. The linear system is solved
using umfpack.
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184 1. Nitschke et al.

7.3.6 Comparison with Finite Difference Schemes on Uniform
Rectangular Meshes in Two Dimensions

To compare the resulting scheme with known discretization schemes we consider
the two-dimensional Navier-Stokes equation in flat space. The Gaussian curvature k
vanishes and the surface operators reduce to the classical two-dimensional operators
grad, div, rot and A. Instead of the simplicial complex X we consider for simplicity
a uniform rectangular mesh. The DEC discretization can then be considered as
introduced above.

We identify the vector-components in the midpoints of the edges as the discrete
1-form u;,. We thus obtain with the grid spacing / and the notation in Fig. 7.2

1 ‘ ‘ ‘ 1 <
= (e(el) = mlel). = wlee]) = | wiel)
For the pressure we obtain with the discrete O-form g,
qij := q(vij) = qn(vij) .

To analyze the scheme we here only consider the discretization of the Laplace
operator, which is restricted to A = —ARR in the present case, with

(ARRM)X = Biux — 0,0y, (ARRu)y = Bfuy — 0y 0yu” (7.13)

Fig. 7.2 Staggered grid with @ < > < >
dual mesh and orientation. A A A
The components of the
velocity u* and u” are defined J $ $
on the midpoints of the edges,
u* on the horizontal ¢* and 1’
on the vertical ¢”, and the @fj 1
pressure is defined on the [ & e . D> ® >
vertices v. Such meshes are A A A A
also known as Arakawa
C-meshes [2]

[ ] @ @ [ ]

y y
i,j Cit1,j
T
i,j

[ < > s 4 >o

A AVi,j AVit1,j5 A

[ 2 L 4 " L " [ ]

€ii—1 Cit1,5—1
€ij—1
& < >& >o < >o
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7 Discrete Exterior Calculus (DEC) for the Surface Navier-Stokes Equation 185

and with our DEC discretization

RR \x __
(4 u)iJ =

1 X Lt — S+ y oy + y —

w2 Uijr1 T Ujj—y Uig T Wij— Uiy T Uiy jm1 — Ui

.- (7.14)
(4 ”)iJ' =

L/, PRSP o n

w2 Uip1; T Uiy Ui — “ “1J+1 U 1J+1 u;_ 14

This unusual stencil is visualized in Fig.7.3. For the full Laplace operator A =
— (ARR + AGD), as considered in [27] and also typically used in flat space, we
obtain

(A = ( Sl el - )
which is the usual five-point stencil, again visualized in Fig.7.3. We thus have
(Au);'{;’y} £ (ARRu)fj’y ¥ even if the identity holds in the continuous case under
the incompressibility constraint. However, the order of consistency is O(h?) for
both stencils, which can be shown by a Taylor expansion for each component, see
Appendix 2 for details.

Fig. 7.3 Left: Nllustration of the difference schemes for (ARRu)" (red) and (ARRw)” (blue). Right:
Illustration of the schemes for (Au)" (red) and (Au)” (blue), which is the well known five-point
stencil
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186 1. Nitschke et al.

The lower order terms can be compared in a similar way and lead to typical
finite difference discretizations. However, a comparison of the full model strongly
depends on the approximation of the advection term and will thus not be done.
We conclude that the proposed DEC discretization, if considered on a uniform
rectangular mesh in flat space, can be related to finite difference schemes with
the same order of consistency as established approaches. Similar comparisons with
finite difference schemes have also been considered for scalar valued problems
in [18].

7.4 Results

7.4.1 Energy Dissipation

41 [ lul® & = [g (wa) u < 0. The only

term which requires a remark is the viscous part Rle ((*d * d)u + 2xu). By using
the Frobenius inner product for tensors we obtain

As in flat space we can show that E=

Re

1l . U
= RC/SM (Lol e Z—Re/‘gub(uilj‘*‘”j\i)ﬂ

/S<u, Rle ((+d * d)u + 2Ku)> n= ! /s (u,divs L,8) 1

1
=— / (grads u, gradg u 4 (gradg u)T) I
Re S

® 1 T2 1 2
- _2Re/3||grad3u+ (gradsw)’ " = — o /S | Cusgl® < 0.

with the Lie-derivative £,; and (x) following from the component wise computation
uV (e + )
=, (u’l/ + V4 Ul — u/") (i + ujpi)
— VT 4 i i iyl
2 [(” Tu ) (uaj + wis) + (’4 wij— U ”jli) + (” wji — ”ilj)]
_ by i
=, (“ + )(”ilj + 1) -

As in flat space we obtain a non-dissipative system for the corresponding surface
Euler equation (Re — o00). However, the system is also non-dissipative for
L,:g =0, so called Killing vector fields [1], which can be realized on rotational
symmetric surfaces. We will use this property in various examples.
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SFEM DEC
h |Eo — E(10)] EOC  |Eo — E(10)] EOC
0.109 0.0777 — 0.0737 —
0.066 0.0295 1.929 0.0280 1.931
0.048 0.0154 2.050 0.0146 2.052
0.031 0.0063 2.031 0.0060 2.032
0.022 0.0031 2.039 0.0030 2.039
0.015 0.0016 1.777 0.0015 1.785
0.08 — 107"
= ‘i 3
2006 -0
0.06 B = 0.048 °
——h=0.031 N
o h=0.022 =
g h=0.015 =1 K
¥ 004t RO A
5 : :
0.02 -
. .
0 107 -
0 2 4 6 8 10 10! 10

t h

Fig. 7.4 Streamlines of stationary solution on a sphere together with the error in the kinetic
energy and the experimental order of convergence (EOC) for different mesh sizes 4 (maximum
circumcircle diameter of all triangles) at time ¢+ = 10 for both numerical methods. E, denotes the
exact kinetic energy. The timestep is T = 0.1 and Re =1

7.4.2 Numerical Dissipation

We first consider a stationary solution on a sphere, with ¥(x) = z and vo(x) =
(v, —x, 0)T with coordinates (x, v,2) € R3. Figure 7.4 shows the streamlines for the
rotating flow together with the computed errors for the kinetic energy. The results
essentially show second order convergence for both methods, the DEC approach for
the surface Navier-Stokes equation and the surface finite element method (SFEM)
for the vorticity-stream function equation.

7.4.3 Geometric Interaction

As already analyzed in detail in [32] the vortices in the flow, in the considered case
two +1 defects, repel each other and are attracted by regions of high Gaussian
curvature. We first consider an ellipsoid, represented by the level-set function
e(x) = (x/a)® + (y/b)> + (z/c)?, with (x,y,z) € R}®,a = b = 0.5and ¢ = 1.5.
We consider the initial solutions ¥(x) = y + 0.1z and vo(X) = rots ¥o(x) and use
a timestep t = 0.1. Figure 7.5 shows the geometric properties, the streamlines at
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188 1. Nitschke et al.

——Re =200

0 50 100 150 200 0 50 100 150 200
t t

Fig. 7.5 Top: Distances on the ellipsoid together with the streamlines at t = 0, 4, 8, 12, 16 and 20
for the rotating flow. Results are shown for Re = 10. Bottom: Kinetic energy over time and the
height for the upper vortex over time for both numerical approaches and various Re

various times for Re = 10 as well as the kinetic energy over time and the position
of one vortex over time for both methods and various Re. The flow converges to a
stationary solution with the vortices located at the high Gaussian curvature regions.
However, these positions also favors the long range interaction between the vortices
as they maximize their distance. We thus cannot argue on a geometric interaction.
The time to reach the stationary solution strongly depends on Re, the lower Re the
faster it is reached.

The second example considers a biconcave shape, represented by the level-set
function e(x) = (> + x> + y* + %) — 4a>(y? + 72) — ¢*, with (x,y,2) € R?,
a = 0.72 and ¢ = 0.75. We consider the initial solutions ¥(x) = y + z
and vo(x) = rots ¥o(x) and use a timestep r = 0.1. Figure 7.6 shows the
geometric properties together with the trajectories of one vortex for different Re,
the streamlines at various times, a plot of the Gaussian curvature and the kinetic
energy over time. Again the flow converges to a stationary solution with the vortices
located at the high Gaussian curvature regions. Here the location of the vortices
clearly is a result of the geometric interaction, as their distance is not maximized.
Again the time to reach the stationary solution strongly depends on Re, the lower
Re the faster it is reached.

axel.voigt@tu-dresden.de
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——Re =100
—Re =200
F, 4

t

Fig. 7.6 Top: Distances on the biconcave shape together with the Gaussian curvature. Middle:
Streamlines at + = 0,7, 14,21, 28, 35,42,49,56 and 200 (left to right, top to bottom) for the
rotating flow. Results are shown for Re = 10. Bottom: Kinetic energy over time for both numerical
approaches and various Re together with two examples for the vortex trajectories for Re = 10
(left) and Re = 100 (right)

7.4.4 Surfaces with Genus g(S) # 0

As mentioned above we will consider nontrivial solutions with divev = 0 and
rots v = 0. The vorticity-stream function formulation in Egs.(7.3) and (7.4) is
based on the Hodge decomposition of the velocity field v which can be written as

V= vdiv 4 Vrot 4 vharm (715)
on a general surface S with a divergence free vector field v¥%, a curl free vector
field v'*" and a divergence as well as curl free vector field v*"". The first two parts
are usually rewritten as v/’ = rots ¢ and v’ = gradg @ with scalar functions v/
and @. Since we require incompressibility of v one can easily verify that the curl
free part v’ vanishes identically. Furthermore, on spherical surfaces (g(S) = 0)

axel.voigt@tu-dresden.de



190 1. Nitschke et al.

we can drop the harmonic part since it is not possible to write a vector field that
is divergence and curl free except of the zero vector field. Finally, this leads to the
substitution v = rots ¥ which is used in the vorticity-stream function approach in
the prior sections. On surfaces with g(S) # 0 the situation changes and the har-
monic part v does not vanish generally. To demonstrate this property we use the
torus which has genus g(S) = 1. A torus can be described by the levelset function
e(x) = (V22 + 22 = R)?> 4+ y> — 2, with (x,y,z) € R?, major radius R and minor
radius r. Throughout this section we use R = 2 and r = 0.5. Let ¢ and 6 denote
the standard parametrization angles on the torus. Then, the two basis vectors can be
written as dgX as well as dgx and read in Cartesian coordinates dyX = (—z,0,x) as

well as dgx = (— v ;y+ ) e+ -2,— v §Z+ ,) which are schematically shown
X Z X Z
in Fig. 7.7. We find two (linear independent) harmonic vector fields on the torus

1

harm __ —2 _
vy " = (44 cos(8)) T dpx = 402+ ) 04X

VZ‘”’” = (4 + cos(6)) 0gx = dgx

1
22 4 22

written in local and Cartesian coordinates, respectively, and shown in Fig.7.8.
One can easily verify that divs vg"’m = rotg vg‘”’" = 0 as well as divs V™ =
rots Vi = 0.

To start with, consider the vector field v = dgx, which has zero divergence and
non-zero curl. The Hodge decomposition equation (7.15) leads to v = v@™ = 0,
In that case the substitution v = rots(y) holds. The stream function i of the
vector field d4X can then be analytically written in local coordinates as ¢ =
—i sin(f) + 6 — mw. The linear contribution causes a discontinuity at 6 = 2,
which is shown in Fig. 7.7 together with the streamlines of d¢x (contour lines of ).

v a
[3,14 2 ;
= 157 !
E =0 :
Eo i
S5 2 ';
[-3_14
-4
1 2 3
0/m

Fig. 7.7 Left: Streamlines and values of the discontinuous stream function v to represent the
velocity field v = d,x on the torus and the two basis vectors dyx and dgxX. Right: Plot of the stream
function values over the gray contour line in the left figure
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Fig. 7.8 Top: Harmonic vector fields vg“"” and Vg“”” and kinetic energy E over time ¢ for the

simulation with vh“’"’ as initial condition on both equally spaced and logarithmic scales (right).
Bottom: Numerlcal solution of v for the simulation with é(vg“”” + Vg“””) as initial condition
computed with the DEC algorithm at r = 0, 2, 10, 30 and 60 (left to right). The arrows are rescaled
for better visualization

Solving the surface Navier-Stokes equations (7.1) and (7.2) directly circumvents the
discontinuities.

In the next example we use the mean of the two harmonic vector fields as
initial condition, i.e. vo(x) = , (Vh‘”’" + VZ“””). By considering the vorticity-stream
function approach we have the 1n1tlal conditions ¢9 = Yo = 0 and thus only the
trivial solution. However, solving the surface Navier-Stokes equation directly covers
also the harmonic parts. Figure 7.8 shows the numerical solution of v with the DEC
algorithm in which we used the timestep ¢ = 0.1 and Re = 10. In this case the
reached steady state is again a Killing vector field and is proportional to the basis
vector dyX. Interestingly, the curl of the vector field d,x does not vanish.

Other linear combinations of the two harmonic vector fields vg“’m and vh“’m as
initial condition leads to the same steady state solution (up to a proportlonahty
constant) except of vy(x) = VZ“””. In that case the vector field does not change its
direction by symmetry and dissipates to zero. The results are shown in the energy
plot in Fig. 7.8 which clearly shows the vanishing energy over time.

7.4.5 Comparison

All results for surfaces with genus g(S) = 0 demonstrate the accuracy of the
DEC discretization. The plotted vortex trajectories and kinetic energy values over
time are almost indistinguishable from the SFEM results obtained by solving the
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vorticity-stream function formulation. The computational cost is larger for the DEC
discretization, which however is also a consequence of the implementation. Both
methods are implemented in the finite element toolbox AMDIS [41, 42], where
the datastructures are optimized for SFEM, but not for DEC. A new general DEC
toolbox is work in progress.

7.5 Conclusions

Even if the formulation of the incompressible surface Navier-Stokes equation is
relatively old, numerical treatments on general surfaces are very rare. This also has
not changed with the development of various numerical methods to solve scalar-
valued partial differential equations on surfaces, such as the surface finite element
method [12] or the diffuse interface approach [31]. They are not directly applicable
to vector-valued partial differential equations on surfaces. One has to define what
it means for a vector to be parallel on the discrete representation K of S. The
concept of discrete parallel transport can be easily realized using discrete exterior
calculus (DEC), see [7] for details. DEC thus provides an ideal framework to solve
vector-valued partial differential equations on surfaces. In [27] this is shown in
detail for a surface Frank-Oseen model. We here use the approach to discretize
the incompressible surface Navier-Stokes equation. The discretization is based on
the covariant form and utilizing a discrete version of the Hodge star * and the
Stokes theorem for the exterior derivative d. Non-standard in our discretization is
the treatment of the discrete Hodge star and the discrete inner product. If considered
in flat space the described discretization can be related to a finite difference schemes
on a staggered grid. The resulting unusual stencil shows second order consistency.

Computationally we compare results of the DEC discretization with a vorticity-
stream function approach for surfaces with genus g(S) = 0. The examples use the
properties of Killing vector fields and demonstrate the interplay between topology,
geometry and flow properties. The numerical results are almost indistinguishable for
all considered examples, varying the underlying surface S and the Reynolds number
Re. We also demonstrate the possibility to deal with harmonic vector fields using the
DEC approach. It would be interesting to compare the considered vortex trajectories
for larger Re with results for point vortices on closed surfaces, as e.g. considered in
[10] for ellipsoids or in [34] for toroidal surfaces.

Acknowledgements This work is partially supported by the German Research Foundation
through grant Vo899/11. We further acknowledge computing resources provided at JSC under
grant HDRO6.

axel.voigt@tu-dresden.de



7 Discrete Exterior Calculus (DEC) for the Surface Navier-Stokes Equation 193
Appendix 1: Notation for DEC

We often use the strict order relation > and < on simplices, where > is proverbial
the “contains” relation, i.e. ¢ > v means: the edge e contains the vertex v.
Correspondingly < is the “part of” relation, i.e. v < T means: the vertex v is part
of the face T. Hence, we can use this notation also for sums, like Zf>e, i.e. the sum
over all faces T containing the edge e, or ) _, _,, i.e. the sum over all vertices v being
part of the edge e. Sometimes we need to determine this relation for edges more
precisely with respect to the orientation. Therefore, sign functions are introduced,

+1 ife < T and T is on the left side of e

STe :=
—1 ife < T and T is on the right side of e,
+1 if £L(e,é) <m
Se!g = »
-1 if L(e,&) >nm
+1 if v < eand e points to v
Spe =

—1 if v < e and e points away from v,

to describe such relations between faces and edges, edges and edges or vertices and
edges, respectively. Figure 7.9 gives a schematic illustration.

The property of a primal mesh to be well-centered ensures the existence of a
Voronoi mesh (dual mesh), which is also an orientable manifold-like simplicial
complex, but not well-centered. The basis of the Voronoi mesh are not simplices,
but chains of them. To identify these basic chains, we apply the (geometrical) star
operator » on the primal simplices, i.e. v is the Voronoi cell corresponding to
the vertex v and inherits its orientation from the orientation of the polyhedron |K|.
From a geometric point of view, v is the convex hull of circumcenters ¢(7') of all
triangles T > v. The Voronoi edge xe of an edge e is a connection of the right face
T, > e with the left face T, > e over the midpoint c(e). The Voronoi vertex *7 of a

Fig. 7.9 These formations
always yield positive signs
+1 for s7, (top left), sy..

(bottom left) and 5,3, (right) T

fori € {1,2,3,4},

respectively. Every e
odd-numbered change in edge >

orientations results in a
change of the sign s. .
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face T is simply its circumcenter c(T), cf. Fig. 7.1. For a more detailed mathematical
discussion see e.g. [20, 39].

The boundary operator 0 maps simplices (or chains of them) to the chain of
simplices that describes its boundary with respect to its orientation (see [20]), e.g.
d(*v) = =Y., Sve(xe) (formal sum for chains) and de = ), _, 5y V.

The expression |-| measures the volume of a simplex, i.e. |T| the area of the
face T, |e| the length of the edge e and the O-dimensional volume |v] is set to be 1.
Therefore, the volume is also defined for chains and the dual mesh, since the integral
is a linear functional.

Appendix 2: Second Order Convergence

In this section we show that the discretization equation (7.14) of ARR defined in
Eq. (7.13) on a staggered grid, has a truncation error of order two. Without loss of
generality, by a quarter turn of the difference scheme in Fig.7.3 (left), we only
elaborate on the discretization of (ARRu)* along the horizontal x-direction. The
first three terms in Eq. (7.14) show the well-known second order central difference
approximation in vertical direction of the first term in Eq. (7.13), i.e.

1
]’l ( 1J+1 +ul‘1_ —2u’ ) (82 x) +O(l’l2)

For the remaining terms, we first carry out a Taylor expansion on central vertices
Vit € V for k € {0, 1} in the vertical edge columns, i.e.
h h? ht
Uy gy = (uy + (—1)’23yuy + 0w+ (— l)l48 R + 3848;‘uy)i+kd
+ O(I°)

for all / € {0, 1}. An additional horizontal expansion of sufficient order at the edge
midpoint c(e{j) results in
u}f . Z(My +(_1)k+1h3 W + ]’l2 BZM}' +(_1)k+1 331/[} + ]’l4 3411}
i 2" 8 " 4877 384

h =
+(—1)lzayu>' 4+ (—1)HTEHt A 3,0y +(—1)! 16a§ayuy

2 h3
+(—1)l+k+1 a3a W aguy+(—1)k+lléaxa§uy

96
2492 l 3 l+k+1 3 h4 4
Y Y Y Y
643)(3}14 D) B + (1) 8)53},14 + 384a>“),2,~
+ O(h)
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forall [, k € {0, 1}. Finally, we obtain

1/, . .
n2 (”?J — Ui Ui "?J—l)
30y (02 + aiuy)) + O(h?)

ij

2

h
- W
(3)(3}14 + 9%

and thus a truncation error at most O(h?) regarding (AXRu)* ; generally.

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

Abraham, R., Marsden, J., Ratiu, T.: Manifolds, Tensor Analysis, and Applications. Applied
Mathematical Sciences, vol. 75. Springer, New York (1988)

Arakawa, A., Lamb, V.: Computational design of the basic dynamical processes of the UCLA
general circulation model. In: General Circulation Models of the Atmosphere, pp. 173-265.
Academic, New York (1977)

. Arnold, D.N., Falk, R.S., Winther, R.: Finite element exterior calculus, homological tech-

niques, and applications. Acta Numer. 15, 1-155 (2006)

. Arroyo, M., DeSimone, A.: Relaxation dynamics of fluid membranes. Phys. Rev. E79, 031915

(2009)

. Barrett, J., Garcke, H., Niirnberg, R.: Numerical computations of the dynamics of fluidic

membranes and vesicles. Phys. Rev. E 92, 052704 (2015)

. Bothe, D., Priiss, J.: On the two-phase Navier-Stokes equations with Boussinesq-Scriven

surface. J. Math. Fluid Mech. 12, 133-150 (2010)

. Crane, K., de Goes, F., Desbrun, M., Schroder, P.: Digital geometry processing with discrete

exterior calculus. In: ACM SIGGRAPH Courses, pp. 1-126 (2013)

. Desbrun, M., Hirani, A., Leok, M., Marsden, J.: Discrete exterior calculus.

arXiv:math/0508341 (2005)

. Dérries, G., Foltin, G.: Energy dissipation of fluid membranes. Phys. Rev. E 53, 2547-2550

(1996)

Dritschel, D.G., Boatto, S.: The motion of point vortices on closed surfaces. Proc. R. Soc. A
471, 20140890 (2015)

Dziuk, G., Elliott, C.: Surface finite elements for parabolic equations. J. Comput. Math. 25,
385407 (2007)

Dziuk, G., Elliott, C.M.: Finite elements on evolving surfaces. IMA J. Numer. Anal. 27, 262—
292 (2007)

Ebin, D.G., Marsden, J.: Groups of diffeomorphisms and the motion of an incompressible fluid.
Ann. Math. 92, 102-163 (1970)

Elcott, S., Tong, Y., Kanso, E., Schroder, P, Desbrun, M.: Stable, circulation-preserving,
simplicial fluids. ACM Trans. Graph. 26, 4 (2007)

Fan, J., Han, T., Haataja, M.: Hydrodynamic effects on spinodal decomposition kinetics in
planar lipid bilayer membranes. J. Chem. Phys. 133, 235101 (2010)

Fisher, M., Springborn, B., Bobenko, A., Schroder, P.: An algorithm for the construction of
intrinsic Delaunay triangulations with applications to digital geometry processing. In: ACM
SIGGRAPH Courses, pp. 69-74 (2006)

Gortler, S., Gotsman, C., Thurston, D.: Discrete one-forms on meshes and applications to 3D
mesh parameterization. Comput. Aided Geom. Des. 33, 83—112 (2006)

axel.voigt@tu-dresden.de



196

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

1. Nitschke et al.

Griebel, M., Rieger, C., Schier, A.: Discrete exterior calculus (DEC) for the surface
Navier-Stokes equation. In: Bothe, D., Reusken, A. (eds.) Transport Processes at Flu-
idic Interfaces. Advances in Mathematical Fluid Mechanics. Springer, Cham (2017).
doi 10.1007/978-3-319-56602-3_7

Gu, X., Yau, S.T.: Global conformal surface parameterization. In: ACM/EG Symposium on
Geometry Processing, pp. 127-137 (2003)

Hirani, A.N.: Discrete exterior calculus. Ph.D. thesis, California Institute of Technology,
Pasadena, CA (2003)

Hu, D., Zhang, P., E, W.: Continuum theory of a moving membrane. Phys. Rev. E 75, 041605
(2007)

Mercat, C.: Discrete Riemann surfaces and the Ising model. Commun. Math. Phys. 218, 177—
216 (2001)

Mitrea, M., Taylor, M.: Navier-Stokes equations on Lipschitz domains in Riemannian mani-
folds. Math. Ann. 321, 955-987 (2001)

Mohamed, M.S., Hirani, A.N., Samtaney, R.: Comparison of discrete hodge star operators for
surfaces. Comput. Aided Des. (2016). doi:10.1016/j.cad.2016.05.002

Mohamed, M.S., Hirani, A.N., Samtaney, R.: Discrete exterior calculus discretization of
incompressible Navier-Stokes equations over surface simplicial meshes. J. Comput. Phys.
312, 175-191 (2016)

Mullen, P., Crane, K., Pavlov, D., Tong, Y., Desbrun, M.: Energy-preserving integrators for
fluid animation. ACM Trans. Graph. 28, 38 (2009)

Nestler, M., Nitschke, 1., Praetorius, S., Voigt, A.: Orientational order on surfaces - the coupling
of topology, geometry and dynamics. arXiv:1608.01343 (2016)

Nitschke, 1., Voigt, A.: Curvature approximation of discrete surfaces - a discrete exterior
calculus approach (in preparation)

Nitschke, I., Voigt, A., Wensch, J.: A finite element approach to incompressible two-phase flow
on manifolds. J. Fluid Mech. 708, 418-438 (2012)

Polthier, K., PreuB3, E.: Identifying vector field singularities using a discrete Hodge decomposi-
tion. In: Hege, H., Polthier, K. (eds.) Visualization and Mathematics III, pp. 113—134. Springer,
Heidelberg (2003)

Ritz, A., Voigt, A.: PDE’s on surfaces: a diffuse interface approach. Commun. Math. Sci. 4,
575-590 (2006)

Reuther, S., Voigt, A.: The interplay of curvature and vortices in flow on curved surfaces.
Multiscale Model. Simul. 13, 632-643 (2015)

Reuther, S., Voigt, A.: Incompressible two-phase flows with an inextensible Newtonian fluid
interface. J. Comput. Phys. 322, 850-858 (2016)

Sakajo, T., Shimizu, Y.: Point vortex interactions on a toroidal surface. Proc. R. Soc. A 472,
20160271 (2016)

Scriven, L.E.: Dynamics of a fluid interface equation of motion for Newtonian surface fluids.
Chem. Eng. Sci. 12, 98-108 (1960)

Secomb, T.W., Skalak, R.: Surface flow of viscoelastic membranes in viscous fluids. Q. J.
Mech. Appl. Math. 35, 233-247 (1982)

Tong, Y., Lombeyda, S., Hirani, A.N., Desbrun, M.: Discrete multiscale vector field decompo-
sition. ACM Trans. Graph. 22, 445-452 (2003)

Tong, Y., Alliez, P., Cohen-Steiner, D., Desbrun, M.: Designing quadrangulations with discrete
harmonic forms. In: ACM/EG Symposium on Geometry Processing, pp. 201-210 (2006)
VanderZee, E., Hirani, A.N., Guoy, D., Ramos, E.A.: Well-centered triangulation. SIAM J.
Sci. Comput. 31, 44974523 (2010)

Vaxman, A., Campen, M., Diamanti, O., Panozzo, D., Bommes, D., Hildebrandt, K., Ben-
Chen, M.: Directional field synthesis, design and processing. In: EUROGRAPHICS - STAR,
vol. 35, pp. 1-28 (2016)

axel.voigt@tu-dresden.de


http://dx.doi.org/10.1007/978-3-319-56602-3_7
http://dx.doi.org/10.1016/j.cad.2016.05.002

7 Discrete Exterior Calculus (DEC) for the Surface Navier-Stokes Equation 197

41. Vey, S., Voigt, A.: AMDIiS: adaptive multidimensional simulations. Comput. Vis. Sci. 10, 57—
67 (2007)
42. Witkowski, T., Ling, S., Praetorius, S., Voigt, A.: Software concepts and numerical algorithms

for a scalable adaptive parallel finite element method. Adv. Comput. Math. 41, 1145-1177
(2015)

axel.voigt@tu-dresden.de



