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Goals:

@ Stokes flow
@ Incompressible Navier-Stokes flow
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Notation: Div, Curl, Grad

Divergence (Div) of a vector:

8U1 0U2 4 6U5

v‘u:al‘l—}_a{ﬁg 8$3

Rotation (Curl) of a vector:

VX u— (8U3 _ 8u2 8u1 _ 8U3 8u2 _ 8U1>
B 81'2 (91’37 (9.1'3 (93317 8961 a.’EQ

Gradient (Grad) of a vector:

Our  Ow  Ou
Or1 Oxo  Ox3

- _ | Ouz Ouz Oug
L=Vu= Ox1 Oxy Oxs

Ouz  Ouz  Oug
o1 Oz Oxs
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Notation: Stress tensors

Total stress tensor:
oc=—-pl+T1
where p is the pressure and 7 is the viscous stress tensor.
For linear isotropic (Newtonian) medium, 7 is given by
T =MV -u)I +v(Vu+ Vu').
where \ is the bulk viscosity and v is the dynamic viscosity.

For incompressible flow V - u = 0, the stress tensor is
T =v(Vu+ Vu').
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Stokes Equations: Stress Formulation

The Stokes equations are
V.o = s, in €,
V-u = 0, in Q.

Here s is a forcing term.

Since V - u = 0, we obtain
T—v(Vu+Vu') = 0, inQ,
V-(pI —1) = s, in Q, (2)
V-u = 0, in €.

This is the stress formulation of the Stokes flow.
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Stokes Equations: Gradient Formulation

Furthermore, we note that
V- w(Vu+Vu")=V-@wVu)+Vv(V-u)=V-(vVu) (3)

We thus have

L—-Vu = 0, in €,
V-(pI—-vL) = s, in Q, (4)
V-u = 0, in Q.

This is the gradient formulation of the Stokes flow.
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Stokes Equations: Boundary Condition

For simplicity we consider the boundary condition:

u=g, onod. (5)

To ensure wellposedness of the problem, we impose the
average pressure condition:

/QPZU- (6)

In addition, the boundary data g must satisfy a compatibility
condition:

/8Qg~n:0. (7)
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Approximation Spaces

We introduce the following spaces

W) ={w e L*(Ty) : wlx € Pe(K),VK € T},

Vi = {v e [L*(Th)]* : v|k € [PL(K)|", VK € T},

QF = {E € [L*(TW)]™? : E|x € [Pu(K)™ VK € T;},
My = {p € [L*(E)]" : plr € [Pe(F)),VF € &}
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Inner Products

We define the volume inner products as

(w,v)7, = Z (w,v)k, Z Z Wi, V) K (8)

KeT, KeT,, i=1
d

d
=) )Y (W, Vi)x, (9)

KeTy, i=1 j=1
and the boundary inner product as

<w7U>a7'h = Z (W, ) » <w,v>a7-h = Z(M,%)aK’

KeT, KeT;, i=1

where

(w,v)K:/va, (w,v)aK:/ wo. (11)
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HDG Method

We seek (Ly,, uy,, pn, up,) € QF x ViE x WF x M} such that
(L, )7, + (un, V- E)g, — (U, E -n)y; =0,

(I = pI, V)7, + ((—vLn+ BDm,w) = (s,w),,

h
—(un, V)75, + (W, -1, Q) yr =0, (12)
<(_Vih +pul)n, M>8Th\8§2 +(Un — g, 1) yo = 0,
(P, 1)71 =0,
for all (E,w,q, p) € QF x ViF x WF x M}, where
(—vLp +pp)n = (—vLy +pud) -0+ S(u, —@p).  (13)

Here S is the stabilization tensor.
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lll-posedness of the Local Problem

Let us consider the local problem for the HDG method: Find
(Lp,wn,pn) € QF x Vi x WF such that

(Ln, B + (un, V- E)g — (Gn, E - 1) e = 0,
—(V - (vLy, —ppd), w)x + (S(up — up), w) 5 = (s, W)k, (14)
_(uh>VQ)K + <ah . n,q)aK =0.

Note that if p,, is a solution, then p,, + C'is also a solution of the
problem. This implies that the local problem is ill-posed. Hence,
it is not solvable at the element level.

There are two different approaches to address this issue.
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Mean of The Pressure: The Local Problem

In the first approach, we introduce g, € W} and redefine the
local problem as: Find (L, u, ps) € QF x V¥ x W such that

(Ln, E)g + (up, V- E)g — (U, E-n)y =0,
—(V : (VLh - phI>7'w)K + <S(uh — ah)7w>8K = (37 w)K:
—(un, V@)k + (Up - n, q) e =0, (15)

|K|/ h_Qh‘K

for all (E, w,q) € [P(K)]"¢ x [Py(K)]* x Pi(K).

The new unknown g, is the mean of the approximate pressure.
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Mean of The Pressure: The Global Problem

Find (u, 0,) € M} x W) such that
(=vLp +ppI)n+ S(un — Un), 1) y7\00 + (Un — G )5 = 0,
<ah : n>77>afrh =0,

(Qha 1)7-h = 07
(16)

for all (pe,n) € M x W),
The associated global matrix system is given by

EHIBE

where (u, p) represents the vectors of DOFs of (uy, g5,).
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Augmented Lagrangian: The Local Problem

In this approach, we introduce an artificial time derivative to the
local problem as: Find (L, uy, py) € QF x V¥ x W} such that

(Lh,E)K + (uh,V . E)K — <ﬁh,E . n)aK = 0,
—(V ’ (VLh —phI)>w)K + <S(uh - ah)7w>aK = (S,w)K, (18)

(G

forall (E,w,q) € [Py(K)]%*¢ x [PL(K)]? x Pp(K) and t € (0,00).

)K — (un, V@) x + (U -, q) g = 0

We then integrate the above system in time using the BE
scheme to obtain the steady-state solution.
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Augmented Lagrangian: The Local Problem

We find (L}, u?, p}) € QF x Vi¥ x W such that
<L27E>K + (uzv V- E>K - <aZ7E ’ n>8K =0,

—(V- (L, = ppd), w)ie + (S(uj, — up), w)yp = (5, W)k,

(5.0), - 70 65 = (),

for all (E,w,q) S [Pk(K)]dXd X [Pk<K)]d X Pk(K)

We then integrate the above system in time using the BE
scheme to obtain the steady-state solution.
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Augmented Lagrangian: The Global Problem

Find @} such that

(=vLy + ppD)n + S(uy — up), W or 00 T (U — 9, W) s = 0,
(20)

for all p € M.

Applying static condensation we obtain
Au" =TF" (21)

where u” represents the vectors of DOFs of u}.
Time marching the local-global system until

’\n n 1
[ag |7,
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@ The mean of the pressure approach yields a global system
typical of the saddle-point problems.

@ The Augmented Lagrangian approach yields a global
system without the mean of the pressure. However, it
requires a number of iterations (typically small) to converge.

@ It is possible to obtain a new approximate velocity wj which
is divergence-free and H (div)-conforming. Moreover, u}
converges with order % + 2 for smooth problems. However,
the local post processing is rather complicated.
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Incompressible Navier-Stokes Equations

We consider the incompressible NS equations

—vAu+Vp+V- - (u®@u) = s, in Q, (23)
V-u = 0, in €2,
with boundary conditions
= on 0f2
U = gp, D; (24)
Bn =gy, o0onoQy,
Here the operator B is linear and depends on (L, u, p).
We rewrite the incompressible NS equations as
L—Vu = 0, in
V- -(WL—pl—u®u) = s, in Q, (25)

V-u = 0, in Q.
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Incompressible NS Equations: HDG Method

We seek (Lh7uh7ph7ah> S QIZ X VZ X W}'If X Mz such that
(Lp, E)7;, + (up, V- E)7, — (up, E - n)m.h =0,

(vLy, — ppd — up @ up, V)71, + </ﬁh,w>8T = (s,w)7,,
h
(26)

_<’u'ha VQ)Th + <ah -n, Q>8Th = 07

/’;’7 > up — ) </I;7 > :Oa
<hH an\aﬂ+<uh gp, 1) sq, + (bn 1 0

N

forall (E,w,q,p) € QF x Vi x WE x MY, where
hy = (—vLp, + pod + 6y, @ Gp) -n+ S(uy —ay).  (27)

Here S is the stabilization tensor.
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Incompressible NS Equations: Stabilization

Tensor

The stabilization tensor S can be defined as

S =1l (28)

Here the parameter 7 should be chosen such that

72|u-nl+%. (29)
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Incompressible NS Equations: Boundary

Conditions

Condition Type B by,
stress —v(L+ L") +pI | (—v(Ly + L})) + pnd)n + S(uy, — uy)
viscous stress* —v(L+ L") —v(Ly + L)n + S(uy, — 4y)
vorticity+pressure | —v(L — L) + pI | (—v(Ly, — L}) + ppI)n + S(uy, — 4y)
vorticity* —v(L - L") —v(Ly — LY)n + S(uy, — ay,)
gradient+pressure —vL +pI (—vLy+ ppI)n + S(uy, — uy)
gradient* —vL —vLy, -n+ S(u, — uy)

Table: Neumman boundary conditions for incompressible flow. Note
that the asterisk symbol * indicates that (p;,, 1)q = 0 is needed. The
dagger symbol { indicates that a Dirichlet boundary condition for the
normal component of the velocity is needed on 99 .
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Incompressible NS Equations: Implementation
Steps

@ Use the Raphson-Newton to obtain the linearized problem

@ Apply either the mean of the pressure approach or the
Augmented Lagrangian approach to the linearized problem

@ Solve the linear system
@ Update the solution
@ Repeat the process until convergence.
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Local Postprocessing

Find u} € [Py, (K)]? such that
(wr —Tp) -myp)rp = 0, Ve Py(F),VF €K,

((n x V)(uj )
—nx ({LI}n), (nx V)me = 0, Vp e Pu(F)L,VF € K,

(up —up, V) = 0, VwePp(K),
(Vxw — Loty +Lippw)x = 0, YVwePyi(K),
where
Pu(F)* = {w € Pe(F) : (w,Q)r =0, V(€ Ppa(F)}

Note that w} is incompressible and H (div)-conforming.
Moreover, u} converges with order k£ + 2 for smooth problems.
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Incompressible NS Equations: Kovasznay
Example

We consider the incompressible Navier-Stokes flow in
= (—0.5,1.5) x (0,2) with the exact solution:

u; = 1 — exp(Azy) cos(2mxs),

A
Uy = — exp(Azy) sin(27xs),
2m

1
p= B exp(2Axy),

where A = f¢ — /B | 472 and Re = 1 = 10 is the Reynolds
number.
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Incompressible NS Equations: Kovasznay

Example

HDG Taylor-Hood FEM
Ip = pull7, lw — w7, llw — w7, lp = pall7,
k|1/h | error order| error order| error order| error order
4 1.48¢-1 —— |1.38e-1 —— || 1.3le-1 —— |87le2 ——
8 |/ 9.02e-3 4.03 | 8.28e-3 4.05 || 1.34e-2 3.29 | 1.47e-2 2.56
21 16 || 9.32e-4 3.27 | 547e-4 392 | 1.52e-3 3.15 | 2.83e-3 2.38
32 || 1.12e-4 3.06 | 3.75e-5 3.87 || 1.82e-4 3.06 | 6.56e-4 2.11
64 || 1.38e-5 3.02 | 2.46e-6 3.93 | 2.25e-5 3.02 | 1.62e-4 2.02
4 1.57e-2  —— | 1.42e-2 —— 1.62e-2 —— |213e-2 ——
8 7.93e-4 4.31 | 5.68e-4 4.64 | 1.20e-3 3.76 | 1.30e-3 4.03
3| 16 || 5.0l1e-5 3.98 | 1.89e-5 4.91 | 7.78e-5 3.94 | 1.30e-4 3.32
32 || 3.18e-6 3.98 | 6.37e-7 4.89 | 5.00e-6 3.96 | 1.54e-5 3.08
64 || 2.00e-7 3.99 |2.07e-8 4.94 | 3.15e-7 3.99 | 1.89e-6 3.02

Table: Comparison of the convergence of the L? errors in the pressure
and velocity between the HDG method and the continuous

Taylor-Hood FE method .
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Incompressible NS Equations: Cylinder Flow

-10 -5 0 5 10 15 20

Figure: Finite element mesh.
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Incompressible NS Equations: Cylinder Flow

Use k = 4 for spatial discretization and the DIRK(3,3) scheme
with At = 0.2 for temporal discretization.

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

B 0 .

-0.2 0 02 04 086 0.8 1 1.2 1.4
‘I)’Illll I Cﬁ\"‘....‘

Figure: Horizontal velocity and vorticity at ¢ = 100 for incompressible
viscous flow past a circular cylinder at Re = 200.
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Incompressible NS Equations: Cylinder Flow

The results agree well with previous calculations in the literature
as well as with experimental measurements.

150
(V2 Ve Va VA VA Va VA VA VA VA VA VA VA

——drag coefficient
1 - - - lift coefficient

0.5r

Figure: Time history of lift and drag coefficients for incompressible
flow past a circular cylinder at Re = 200. The Strouhal number is 0.2.
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