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Outline

@ Scalar convection-diffusion equation
© Discretization of the problem
© Numerical analysis

@ Application to compressible flow simulations
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Introduction

@ Our aim: efficient, accurate and robust numerical scheme for
the simulation of viscous compressible flows,

e Model problem:
scalar nonstationary convection—diffusion equation with
nonlinear convection and nonlinear diffusion,

e discontinuous Galerkin finite element method (DGFEM) with
NIPG, SIPG or IIPG variant,

@ error estimates of DGFEM for nonlinear nonstationary
convection—diffusion problems
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Scalar convection-diffusion equation
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Scalar convection-diffusion equation

Scalar convection-diffusion equation

o Let Q C R?, 0Q = 0Qp UdQN, 0Qp NIy = 0,
Qr =Qx(0,T), we seek u: Qr — R such that

%+v flu)-V-(K()Vu)=g inQr, (1)
u=up ondQp, te(0,T), (2)
K(u)V(u)-i=gn on dQp, t€ (0, T), (3)

u(x,0) = u°(x), xe€Q, (4)

where: f = (f, ), f. € CY(R),s =1,2,
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Scalar convection-diffusion equation

Scalar convection-diffusion equation

o Let Q C R?, 0Q = 0Qp UdQN, 0Qp NIy = 0,
Qr =Qx(0,T), we seek u: Qr — R such that

% +V-f(u)=V-(K(u)Vu)=g inQr, (1)
u=up ondQp, te(0,T), (2)
K(u)V(u)-i=gn on dQp, t€ (0, T), (3)

u(x,0) = °(x), xeQ, (4)

where: f = (f, ), f, € CY(R),s=1,2,
K(u) are matrices 2x2.
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Discretization of the problem
Space discretization

Triangulations

AVAVAVAVAVAVA 44 NI
VAVNAVAS SAM

b s e
DR ek
O R
KOS e
vl R AR
ROERARKAN AN

e let 7, h > 0 be a partition of Q
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e let 7,, h > 0 be a partition of Q
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Triangulations

Discretization of the problem
Space discretization

Triangulations
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e let 7,, h > 0 be a partition of Q

o 7y = {K}ker, K are polygons (convex, nonconvex),
o let 7, = {[}rer, be a set of all faces of 7y,

@ we distinguish

e inner faces f,’,,

o 'Dirichlet’ faces FP,
o 'Neumann’ faces 7},
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Triangulations

Discretization of the problem
Space discretization

Triangulations
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e let 7,, h > 0 be a partition of Q

o 7y = {K}ker, K are polygons (convex, nonconvex),
o let F, = {l}rex, be a set of all faces of 7p,

@ we distinguish

e inner faces }',’,,

o 'Dirichlet’ faces FP,
o 'Neumann’ faces 7},

@ we put ]—'AD E]:/]U]:,?.
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Discretization of the problem Triangulations
Space discretization

Notation
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@ let s > 1 denote the Sobolev index,

@ let p > 1 polynomial degree,
@ over 7 we define:
e broken Sobolev space

H*(Q,7p) ={viv|k € H(K) VK € Ty}
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Discretization of the problem Triangulations
Space discretization

Spaces of discontinuous functions

@ let s > 1 denote the Sobolev index,

@ let p > 1 polynomial degree,
@ over 7 we define:
e broken Sobolev space

H*(Q2,7p) = {vivlk € H(K) VK € Tp}

e the space of piecewise polynomial functions

S =1{v; v € L3(Q), vik € Po(K) VK € Ty},
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Discretization of the problem Triangulations
Space discretization

Example of a function from Sy, C H*($2, 7j)
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Discretization of the problem Triangulations
Space discretization

Broken Sobolev spaces, cont.

for H*(S2, 75) we define
@ the seminorm

1/2

Vinas) = | D Wik
KeTy
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Discretization of the problem Triangulations
Space discretization

Broken Sobolev spaces, cont.

for H*(S2, 75) we define
@ the seminorm

1/2

Vinas) = | D Wik
KeTy

e for u € HY(Q,7p)
o (v)pr = mean value of v over face I',
o [v]r = jump of v over face I
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Discretization of the problem Triangulations
Space discretization

Space discretization

let u be a strong (regular) solution,
we multiply (1) by v € H3(Q, 73),
integrate over each K € 7,

apply Green's theorem,

sum over all K € Ty,

we include additional terms vanishing for regular solution,
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Discretization of the problem Triangulations
Space discretization

Space discretization

let u be a strong (regular) solution,

we multiply (1) by v € H3(Q, 73),

integrate over each K € 7y,

apply Green's theorem,

sum over all K € Ty,

we include additional terms vanishing for regular solution,

we obtain the identity

(gi(t), v> + ap(u(t), v) + bp(u(t),v) + Jp (u(t), v)

= I(v)(t) Vv e H*(Q,T,) Yt € (0, T),(5)
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Discretization of the problem Triangulations
Space discretization

Diffusive form

o diffusion term: — 3", [, V- (K(uv)Vu) vdx,
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Diffusive form

o diffusion term: — 3", [,V u)Vu) vdx,
an = > / K(u)Vu - Vvdx
KeT,
- Z/ ) - A[v]dS
rerpP
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Discretization of the problem Triangulations
Space discretization

Diffusive form

o diffusion term: — 3", [,V u)Vu) vdx,
= > / K(u)Vu - Vvdx
KeTy,
- Z/ ) - A[v]dS
rerpP
Y / ) - A[u]ds,
rerp

J. Hozman DGM for convection-diffusion problems



Discretization of the problem Triangulations
Space discretization

Diffusive form

o diffusion term: — 3", [,V u)Vu) vdx,
an = > / K(u)Vu - Vvdx
KeTy,
- Z/ ) - A[v]dS
rerpP
Y / ) - A[u]ds,
rerp

e 7= —1 SIPG formulation,
e 7=1 NIPG formulation,
e =0 IIPG formulation.
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Discretization of the problem Triangulations
Space discretization

Convective form

@ convective term (“finite volume approach”):

/V f(u) vdx
KeT,

Z/ Vvdx+2/ - fvdsS.

KeT, KeT,
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Discretization of the problem Triangulations
Space discretization

Convective form

@ convective term (“finite volume approach”):

Z/v F(u) vdx

KeTy
Z/ Vvdx+2/ -nvdS.
KeT, KeT,

F(u) - Al ~ H (), T e,
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Discretization of the problem Triangulations
Space discretization

Convective form

@ convective term (“finite volume approach”):

Z/Vf ) vdx

KeTy
Z/ Vvdx+2/ -nvdS.
KeT, KeT,

Fu) - dile = H (u, ol i), T e Fa

bp(u,v) = — Z/ - Vvdx

KeTy

- Z/ u\(L),u|(R) )[v]rdS

rer,
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Discretization of the problem Triangulations
Space discretization

Definition of forms, cont.

Interior and boundary penalty

S v) = Z/ra[u][v]d5+z /rauvdS,

rer} rerp
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Discretization of the problem Triangulations
Space discretization

Definition of forms, cont.

Interior and boundary penalty

S v) = Z/ra[u] Mds+ S /rauvdS,

rer} rerp

o= e dn) = min(a(k). (k). d(k)

‘c‘.\.
XX
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Discretization of the problem Triangulations
Space discretization

Definition of forms, cont.

Interior and boundary penalty

S v) = Z/ro[u][v]d5+z /rauvdS,

rer} rerp

or = =% d(r) = min(d(K"), d(kF)),  d(K) =

w0 = [ e@vics ¥ [entvas

rery

+ > /r(nK(u)VV~HUD(t)+JUD(f) v) dS

rerp
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Discretization of the problem Triangulations
Space discretization

Definition of forms, cont.

Interior and boundary penalty

S v) = Z/ro[u][v]d5+z /rauvdS,

rer} rerp

or = =% d(r) = min(d(K"), d(kF)),  d(K) =

w0 = [ e@vics ¥ [entvas

rery

Y /r(nK(u)Vv~ﬁuD(t)+auD(t) v) ds

rerp
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Discretization of the problem Triangulations
Space discretization

Semi-discrete variant

e For u(t,x) € CY(0, T; H?(Q)), we have identity

(55000) + an(u(e).) + ba(u(e). ) + i (ul2).v)
= (V) (1), veH*Q,T), te(0,T),(6)
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Discretization of the problem Triangulations

Space discretization

Semi-discrete variant

e For u(t,x) € CY(0, T; H?(Q)), we have identity

(g;’(t),v> + ap(u(t), v) + bp(u(t), v) + Jf (u(t), v)

= (V) (1), veH*QT), te(0,T),(6)

o (6) makes sense also for u € H?(Q,7},).
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Discretization of the problem Triangulations

Space discretization

Semi-discrete variant

e For u(t,x) € CY(0, T; H?(Q)), we have identity

(g;’(t),v> + ap(u(t), v) + bp(u(t), v) + Jf (u(t), v)

= (V) (1), veH*QT), te(0,T),(6)

o (6) makes sense also for u € H2(Q, 7p,).

e since Sy, C H?(S,7j), identity (6) makes sense for u, v € Sp,
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Discretization of the problem Triangulations
Space discretization

Semi-discrete solution

inition

We say that up, is a DGFE solution iff
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Semi-discrete solution

We say that up, is a DGFE solution iff

a) up € CHO, T; Shp),
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Discretization of the problem Triangulations
Space discretization

Semi-discrete solution

We say that up, is a DGFE solution iff

a) up € Cl(O, T: Shp),

b) (a“”(t), vh> + by(up(t), vin) + an(un(t), vi)

ot
+ J7 (un(t), vh) = Ln(vp) (t) Vvp € Spp, t€(0,T)
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Discretization of the problem Triangulations
Space discretization

Semi-discrete solution

We say that up, is a DGFE solution iff

a) up € Cl(O, T: Shp),

b) <algi(.t)7‘/h> + bp(un(t), vh) + an(up(t), vp)

+ J,‘,’(uh(t), Vh) = €h(vh) (t) Vv, € Shp, t e (0, T)

c) up(0) = uj,
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Discretization of the problem Triangulations
Space discretization

Semi-discrete solution

We say that up, is a DGFE solution iff

a) up € Cl(O, T: Shp),

) () + uun(e) )+ an(an(e). )
+ J,‘,’(uh(t), vh) = Cn(vh) () Vvp € Spp, tE (0, 7)

) up(0) = up,

@ system of ODEs,
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Discretization of the problem Triangulations
Space discretization

Semi-discrete solution

We say that up, is a DGFE solution iff

a) up € Cl(O, T: Shp),

) () + uun(e) )+ an(an(e). )
+ J,‘,’(uh(t), vh) = Cn(vh) () Vvp € Spp, tE (0, 7)

) up(0) = up,

@ system of ODEs,

o (semi)-implicit ODE solver advantageous,
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Interior penalty
Error estimates

Numerical analysis
Y Numerical example

Interior penalty (1)

@ penalty form

)= Y i [ldas,

rerpP
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Interior penalty
Error estimates

Numerical analysis
Y Numerical example

Interior penalty (1)

@ penalty form

)= Y i [ldas,

rerpP

e J7(u,v) "replace” inter-element continuity,
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Interior penalty
Error estimates

Numerical analysis _ - _
J Numerical example

Interior penalty (1)

@ penalty form

7 (u,v) = CW / (4] [V] dS,

re]—"D

e J7(u,v) "replace” inter-element continuity,

@ J7(u,v) ensures the coercivity, i.e, 3¢ > 0

2 2 _
an(v.v)+J5 (vov) = clvli®,IvIl® = Iviipg,zy + (v, v),
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Interior penalty
Error estimates

Numerical analysis _ - _
J Numerical example

Interior penalty (1)

@ penalty form

7 (u,v) = CW / (4] [V] dS,

re]—"D

e J7(u,v) "replace” inter-element continuity,

e J7(u,v) ensures the coercivity, i.e, 3¢ > 0

2 2 _
an(v, )+ (v v) Z cllvli®, VI = Vi) + (v, v),

@ choice of Cy?
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Interior penalty
Error estimates

Numerical analysis _ - _
J Numerical example

Interior penalty (2) -

@ NIPG: Cy > 0 is sufficient since

an(v,v) > Cl‘Vﬁ—ll(Q,Th)’

J. Hozman DGM for convection-diffusion problems



Interior penalty
Error estimates

Numerical analysis - _
J Numerical example

Interior penalty (2) -

@ NIPG: Cy > 0 is sufficient since

an(v,v) > Cl‘Vﬁ—/l(Q,Th)y

e SIPG: Cyy > Cy,

o linear diffusion: [Dolejsi, Feistauer, NFAO 2005],
e non-linear diffusion: [Dolejsi, JCAM online 2007],
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Interior penalty
Error estimates

Numerical analysis - _
J Numerical example

Interior penalty (2) -

@ NIPG: Cy > 0 is sufficient since
an(v,v) > Cl‘Vﬁ—/l(Q,Th)y

e SIPG: Cyy > Cy,

o linear diffusion: [Dolejsi, Feistauer, NFAO 2005],
e non-linear diffusion: [Dolejsi, JCAM online 2007],

o IIPG: Cyy > Cy /4.

J. Hozman DGM for convection-diffusion problems



Interior penalty
Error estimates

Numerical analysis : - _
J Numerical example

Error estimates for space semi-discretization -

@ non-linear diffusion: —V - (K(u) - Vu),
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Interior penalty

Numerical analysis

Error estimates for space semi-discretization -

@ non-linear diffusion: —V - (K(u) - Vu),
where K(u) = {kij(u)}:?,jzl satisfy:
o kij(u) : R — R, such that |k;(u)| < Cy < o0, i,j=1,2,
o kjj(u) is Lipschitz continuous for i,j = 1,2,
o ¢TK(u)¢ = Celiél?, Ce > 0,6 € R?
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Interior penalty
Error estimates

Numerical analysis - _
J Numerical example

Error estimates for space semi-discretization -

e non-linear diffusion: =V - (K(u) - Vu),
where K(u) = {kij(u)}:?,jzl satisfy:
o kij(u) : R — R, such that |k;(u)| < Cy < o0, i,j=1,2,
o kjj(u) is Lipschitz continuous for i,j = 1,2,
o {TK(u)é > Cellé])?, Ce > 0,6 € R?
e u is sufficient regular:
o u€ L0, T; H*Y), du/dt € L3(0

, T, H?), s > 1,
o [[Vu(t)||=) < Cp fora. a. t € (0

)
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Interior penalty
Error estimates

Numerical analysis - _
J Numerical example

Error estimates for space semi-discretization -

e non-linear diffusion: =V - (K(u) - Vu),
where K(u) = {kij(u)}:?,jzl satisfy:

o kij(u) : R — R, such that |k;(u)| < Cy < o0, i,j=1,2,
o kjj(u) is Lipschitz continuous for i,j = 1,2,
o ¢TK(u)¢ > Celi€])?, Ce > 0,6 € R?

e u is sufficient regular:
o u€ L0, T; H*Y), Qu/ot € L2(0, T; H), s > 1,
o [[Vu(t)|[=) < Cp fora. a. t€(0,T)

@ mesh is regular and locally quasi-uniform,
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Interior penalty
Error estimates

Numerical analysis - _
J Numerical example

Error estimates for space semi-discretization -

e non-linear diffusion: =V - (K(u) - Vu),
where K(u) = {kij(u)}:?,jzl satisfy:

o kij(u) : R — R, such that |k;(u)| < Cy < o0, i,j=1,2,
o kjj(u) is Lipschitz continuous for i,j = 1,2,
o ¢TK(u)¢ = Celiél?, Ce > 0,6 € R?

e u is sufficient regular:
o u€ L0, T; H*Y), Qu/ot € L2(0, T; H), s > 1,
o [[Vu(t)|[=) < Cp fora. a. t€(0,T)

@ mesh is regular and locally quasi-uniform,

® up € Spp, p>1, p=min(p+1,s)
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Interior penalty
Error esti

Numerical analysis
Y Numerical exa

Error estimates for space semi-discretization -

e non-linear diffusion: =V - (K(u) - Vu),
where K(u) = {kij(u)}:?,jzl satisfy:

o kij(u) : R — R, such that |k;(u)| < Cy < o0, i,j=1,2,
o kjj(u) is Lipschitz continuous for i,j = 1,2,
o ¢TK(u)¢ = Celiél?, Ce > 0,6 € R?

e u is sufficient regular:
o u€ L0, T; H*Y), Qu/ot € L2(0, T; H), s > 1,
o [[Vu(t)|[=) < Cp fora. a. t€(0,T)

@ mesh is regular and locally quasi-uniform,

® up € Spp, p>1, p=min(p+1,s)

sub-optimal in the L%-norm, i.e., O(h/t—l),

@ optimal in the H'-seminorm, i.e., O(hﬂl—l)
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Interior penalty
Error estimates

Numerical analysis A
/ Numerical example

Numerical example (1)
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Interior penalty
Error estimates

Numerical analysis A
/ Numerical example

Numerical example (1)

2
@—%Zuﬁ—sAu:g in Qr=[-1,1>x (0, T)

e nonlinear fi(u) = f(u) = u?/2 and linear K(u) = €I,
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Interior penalty
Error estimates

Numerical analysis A
/ Numerical example

Numerical example (1)

2
@—%Zuﬁ—sAu:g in Qr=[-1,1>x (0, T)

e nonlinear fi(u) = f(u) = u?/2 and linear K(u) = €I,

@ numerical flux:

2 (L) .
L R) = . f(ul)ns, if A>0

H <u|(r ),u|(r ),nr> = 22571 ( |(rR)) 51
2 f(ulY)ns,if A<0

9

where A= 32_; £({u))ns,
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Interior penalty
Error estimates

Numerical analysis A
/ Numerical example

Numerical example (1)

2
@—%Zuﬁ—sAu:g in Qr=[-1,1>x (0, T)

e nonlinear fi(u) = f(u) = u?/2 and linear K(u) = €I,

@ numerical flux:

2 (L) .
L R) = . f(ul)ns, if A>0
H <u|(r ),u|(r ),nr> - 22571 s( |(rR)) 51 7
2 f(ulY)ns,if A<0

where A= 32_; £({u))ns,

@ exact solution:
—t

ey )= (=P (1- )
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Interior penalty
Error estimates

Numerical analysis A
/ Numerical example

Numerical example (1)

2
@—%Zuﬁ—sAu:g in Qr=[-1,1>x (0, T)

e nonlinear fi(u) = f(u) = u?/2 and linear K(u) = €I,
@ numerical flux:

2 (L, -
S L fs(u ns,if A>0
H(u|(rL),UI(rR),nr> :{ 2 s=1 fs(ulr™)

(
2 f(ung it A< 0

9

where A= 32_; £({u))ns,

@ exact solution:
—t

u(x,y,8) = (1= x)P(1 =y (1= =)
@ mesh with "hanging nodes”, P; approximation, SIPG variant

J. Hozman DGM for convection-diffusion problems



Interior penalty
Error estimates

Numerical analysis A
/ Numerical example

Numerical example (2)

@ experimental orders of convergence (EOC)
e EOC is optimal in L2-norm, i.e. O(h?) for P; approximation

t=4.0 t— o0
#Tp, hy €n Q en Q
136  2.795E-01 | 1.6599E-02 - 7.0934E-02 -
253  2.033E-01 | 8.3203E-03 2.169 | 3.0605E-02 2.640
528 1.398E-01 | 3.8102E-03 2.084 | 1.1299E-02 2.659
1081 9.772E-02 | 1.8194E-03 2.037 | 5.7693E-03 1.852
2080 6.988E-02 | 9.1509E-04 2.081 | 3.0657E-03 1.915
4095 4.969E-02 | 4.7598E-04 1.917 | 1.4538E-03 2.188
@ 2.059 2.214

SOl BWN R~
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Navier-Stokes equations
DGFEM for the Navier-Stokes equations

25 v flow
Application to compressible flow simulations WACA W02 = siiezily filery

Navier-Stokes equations

ow ow
E +sz_; 8 Z aXS ZKSk(W)aiXk ) (7)

kf

J. Hozman DGM for convection-diffusion problems



Navier-Stokes equations
DGFEM for the Stokes equations

2 —s oW
Application to compressible flow simulations WA U2 = s o

Navier-Stokes equations

w = D 2.0 [ ow

where
ow:Qx(0,T)— R%

J. Hozman DGM for convection-diffusion problems



Navier-Stokes equations
DGFEM for the Stokes equations

2 —s oW
Application to compressible flow simulations WA U2 = s o

Navier-Stokes equations

w0 2.0 (< ow
e Tt w)=N = Ko (w) 7
ot +;axs - (w) ;axs kz_; W ) D)
where
ow:Qx(0,T)— R*
e inviscid terms fs : R* — R* s=1,2,

J. Hozman DGM for convection-diffusion problems



Navier-Stokes equati
DGFEM for the Stokes equations

5 _ e
Application to compressible flow simulations AR @02 = sz !

Navier-Stokes equations

ow <~ 9 2.9 ow
&+;%fs(w):;axs ZKsk(W)aTq( , (7)

where
ow:Qx(0,T)— R*
e inviscid terms fs : R* — R* s=1,2,

@ viscous terms Ky : R* — R¥* s k=1,2,

J. Hozman DGM for convection-diffusion problems



Navier-Stokes equati
DGFEM for the Stokes equations

5 _ e
Application to compressible flow simulations AR @02 = sz !

Navier-Stokes equations

ow < 9 209 ow
m+;mf5(w):;% ZKsk(W)aTq( , (7)

where
ow:Qx(0,T)— R*
e inviscid terms fs : R* — R* s=1,2,
e viscous terms K : R* — RY4 s k=1,2,

@ state equation for perfect gas and relation for total energy,

J. Hozman DGM for convection-diffusion problems



Navier-Stokes equations
DGFEM for th -Stokes equations

25 "
Application to compressible flow simulations AR 2 = o

Navier-Stokes equations

ow ow
ot +; Oxe Z Oxe kz: sk(W)aTq( , (7)
where
ow:Qx(0,T)— R*

e inviscid terms fs : R* — R* s=1,2,

e viscous terms K : R* — RY4 s k=1,2,

@ state equation for perfect gas and relation for total energy,
e BC + IC.

J. Hozman DGM for convection-diffusion problems



Navier-Stokes equations
DGFEM for the Navier-Stokes equations
NACA 0012 — steady flow

Application to compressible flow simulations

DGFEM for the Navier-Stokes equations

Space semi-discretization

@ inviscid terms: finite volume approach
@ viscous terms: SIPG, NIPG, IIPG techniques

@ interior and boundary penalty: heuristic choice of Cyy.

J. Hozman DGM for convection-diffusion problems



Navier-Stokes equations
DGFEM for the Navier-Stokes equations
NACA 0012 — steady flow

Application to compressible flow simulations

DGFEM for the Navier-Stokes equations

Space semi-discretization

@ inviscid terms: finite volume approach
@ viscous terms: SIPG, NIPG, IIPG techniques

@ interior and boundary penalty: heuristic choice of Cyy.

Other aspects

@ semi-implicit time discretization,

@ unconditionally stable higher order scheme,

@ GMRES solver for linear system at each time step

J. Hozman DGM for convection-diffusion problems



the Navier-Stokes equations

M

NACA 0012 - steady flow

Navier-Stokes equations
DGFE

Application to compressible flow simulations
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=
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@ steady non-symmetric laminar flow around the NACA0012

0.5,a = 2.0°, Re = 5000)
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Navier-Stokes equations
DGFEM the Navier-Stokes equations

M
NACA 0012 - steady flow

Application to compressible flow simulations

NACA 0012 profile — steady flow(1)

@ steady non-symmetric laminar flow around the NACA0012
(M =0.5,a = 2.0°, Re = 5000)
@ adaptive refined mesh

1

05

05 L
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Navier-Stokes equations
DGFEM for the Navier-Stokes equations

Application to compressible flow simulations NACA 0012 = steady flow

NACA 0012 profile — steady flow(2)

@ semi-implicit scheme, P; — P53 approximation, adaptive BDF
scheme

J. Hozman DGM for convection-diffusion problems



Stokes equations
r the Navier-Stokes equations

Application to compressible flow simulations NRCRA 0012 = sitzel filsw

NACA 0012 profile — steady flow(2)

@ semi-implicit scheme, P; — P53 approximation, adaptive BDF
scheme

e SIPG, IIPG, NIPG variant of DGFEM

J. Hozman DGM for convection-diffusion problems



Navier-Stokes equations
DGFEM for the Navier-Stokes equations

Application to compressible flow simulations NACA 0012 = steady flow

NACA 0012 profile — steady flow(2)

@ semi-implicit scheme, P; — P3 approximation, adaptive BDF
scheme

e SIPG, IIPG, NIPG variant of DGFEM
e drag and lift coefficients (comparison with DLR, VKI)

P2 H Ccp ‘ CL
SIPG || 0.05519 | 0.04509
PG || 0.05518 | 0.04486
NIPG || 0.05518 | 0.04499
DLR || 0.05692 | 0.04487
VKI || 0.05609 | 0.03746

J. Hozman DGM for convection-diffusion problems



Navier-Stokes equations
DGFEM for the Navier-Stokes equations
NACA 0012 - steady flow

Application to compressible flow simulations

NACA 0012 profile — steady flow(3)

@ Mach number isolines

/

J. Hozman DGM for convection-diffusion problems



Navier-Stokes equations
DGFEM for the Navier-Stokes equations
NACA 0012 — steady flow

Mach number distribution, t — oo

0.700E+00
0.580E+00
0,420E+00

L D.28B0E+00D

. 0.140E+00

I 0.000E+00
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Scalar convection-diffusion equation
scretization of the problem

Numerical analysis

Application to compressible flow simulations

Navier-Stokes equations
DGFEM for the Navier-Stokes equations
NACA 0012 — steady flow

Pressure distribution, t — 0o

0.350E+01
0.330E+01
0.310E+01
0.290E+01

& 0270E+0]

I 0.250E+01
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Navier-Sto equations
DGFEM for the Navier-Stokes equations
NACA 0012 - steady flow

Application to compressible flow simulations

Thank you for your attention

J. Hozman DGM for convection-diffusion problems
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