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Turbulence paramount in turbomachinery

large range of scales, smallest <<< geometry
high loaded machinery often transonic
conditions often between laminar and turbulent
important source of losses/entropy

beneficial for operational range

Turbulence models far from comfort zone

very complex secondary flows
often transition ~ low Re, high acceleration
interaction with shocks and shocklets

transition, production, dissipation ...~
vorticity and acoustics

Need for detailed turbulence budgets (DNS, LES)
Challenges:

(shock) stabilisation <+ capturing turbulence

importance of acoustic waves / effects

Context

High-resolution CFD for turbomachinery

DNS of Spleen LPT cascade + wake generator experiment (Courtesy VKI and
Cenaero)
Entropy generation and transport through cascade
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Need for detailed turbulence budgets (DNS, LES)
Challenges:

(shock) stabilisation <+ capturing turbulence

importance of acoustic waves / effects

Context

High-resolution CFD for turbomachinery

DNS of Speen LPT cascade + wake generator experiment (Courtesy VKI and
Cenaero)
Density gradient near the wake generator
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Entropy in fluid dynamics

Navier-Stokes equations - Conservative formulation

Conservation applied to volume moving with the flow

@ mass conservation

d
4 av=o
dt/vp
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Entropy in fluid dynamics

Navier-Stokes equations - Conservative formulation

Conservation applied to volume moving with the flow
@ mass conservation
0
P4V + ¢ pv-ndsS=0
v ot 1%
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Entropy in fluid dynamics

Navier-Stokes equations - Conservative formulation

Conservation applied to volume moving with the flow

@ mass conservation

Op

dth-i—% pv-ndS =0

@ Newton's second law: change of momentum = force

d
—/pvdV:?{ fpndSJrjl{ T-ndS
dt Jv av ov
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Entropy in fluid dynamics

Navier-Stokes equations - Conservative formulation

Conservation applied to volume moving with the flow

@ mass conservation

/dpdVJr% pv-ndS =0

@ Newton's second law: change of momentum = force

%dv—i-% (pv-n)VdS—‘r?{ pndS:j{ T-ndS
v Ot oV av oV

@ First law of thermodynamics: change of total energy E = e + £, = work + heat exchage

d
pEdV ?{ fpvnd5+jl{ v-'r-ndSJr?{ q-ndS
dt av av av
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Entropy in fluid dynamics

Navier-Stokes equations - Conservative formulation

Conservation applied to volume moving with the flow

@ mass conservation

)
ﬁdv+}£ pv-ndS =0
v Ot av

@ Newton's second law: change of momentum = force

Opv

V+% (pv-n)vd5+7{ pndS = T-ndS
v ot av ov av

@ First law of thermodynamics: change of total energy E = e 4+ £, = work + heat exchage

%dV—&— (pv-n)EdV:f

; —pvndS—i—?{ v--r~nd5+?{ q-ndS
v Ot av v av av
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Entropy in fluid dynamics

Navier-Stokes equations - Conservative formulation

Conservation applied to volume moving with the flow

@ mass conservation

/dpdVJrf- pv-ndS =0

@ Newton's second law: change of momentum = force

8pv

ot dV+7{ (pv-n)vdS—&—]{ pndS = T-ndS
v av

oV

@ First law of thermodynamics: change of total energy E = e 4+ £, = work + heat exchage

E
9pE dv+% (pv - n)(E+ )dS:?{ v~T.nds+f q-nds
v Ot av av
%,—‘
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Entropy in fluid dynamics

Navier-Stokes equations - Conservative formulation

Conservation applied to volume moving with the flow

@ mass conservation

Op
LT v =0
ot - Py

@ Newton's second law: change of momentum = force

0,
0Ltv+V~pvv+Vp:V‘T

@ First law of thermodynamics: change of total energy E = e + £, = work + heat exchage

OpE
%Jrv-va:V-v-TJrV-q
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Entropy in fluid dynamics

Irreversibility - mechanical energy

Mechanical work along a on streamline

19)
ﬂJrV-pverVp:V-‘r
ot
‘U'V r(t4
op€E
f)k+V-pv5k:v~(—Vp+V~‘r) ()
ot .
U
OpE
gtk—‘rV'/)ng:—V'Vp-‘rV'V"T-‘rPV'V—TZVV
U
OE,
—dV + (pv-n)é‘deZ-?{ 7v-pnd5+¢. v-‘r-ndSJr/pV-vde/‘r:VvdV
Jv Ot av av Jov Jv v
Wp Wr Dp e>0
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Entropy in fluid dynamics

Irreversibility - entropy

Subtract mechanical energy from total energy equation — conservation of internal energy

OpE

%+V-(va+pv):V-v~T+V~q

OpE,
gtk+V-(pv$k+pv):V~v-r+pV-v—T:Vv
dpe

EJrV-pve:fpV-v#»T:Vv#»V-q

Conservation equation for entropy density

dps 1

— +V.pvs=—=|[7:Vv4 V.

ot r T |~~~ W-‘l
dqir, dqrev
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Entropy in fluid dynamics

LES of the VKI LS89 high-pressure turbine inlet guide vane, condition MUR235
Numerical schlieren and wall heat flux (courtesy Cenaero and VKI)
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opy in fluid dynamics

Shocks

~Shock wave

oy A Py Po
T, a L[S . S 7o o
| | M, A 2 2
S| S2

pa2ipr . TalTy
p2ip1

@ conservation of mass, momentum and energy

(p1, T1,v1) < (p2, T2, v2)

@ second law sy > 51 0 15 20 25 i.: 35 40 45 50
A

(p1, T1,v1) = (p2, T2, v2)
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Shocks

~Shock wave
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@ conservation of mass, momentum and energy
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@ second law sy > 51

(p1, T1,v1) = (p2, T2, v2)

1.0
—
— a1
0.8 1 —— Pilpi
0.6
0.4
0.2
0.0 T T T T T T T
1o 15 2.0 2.5 3.0 3.5 4.0 4.5
My

Entropy in CFD algorithms

5.0




Entropy in fluid dynamics

Shocks

~Shock wave

oy A Py Po
T, a L[S . S 7o o
| | M, A 2 2
S| S2

@ conservation of mass, momentum and energy
(p1, T1,v1) < (p2, T2, v2)
@ second law sy > 51
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Entropy in fluid dynamics

Shocks

_~Shock wave

oy P P2 P2
U u;
T, @ ! 2 T, a
. a TI- W. 2 Op w— 0
S| S2

@ conservation of mass, momentum and energy
u>0
(P, T1,v1) < (p2, T2, v2)
Effect of viscosity on dissipation 7 : Vv
@ second law s > 51 @ shock thickness depends on u

@ As independent
(p1, T1,vi) = (p2, T2, v2) peneent )
@ Euler = vanishing viscosity solution
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Entropy in fluid dynamics

Take-away messages

Thermodynamic conservation equations

@ embedded in the Navier-Stokes equations

® total enthalpy

static enthalpy: follows from the change from Lagrangian to Eulerian frame
mechanical energy: follows from calculating work along a stream line
internal energy/entropy: total energy - mechanical energy

irreversibility: positivity of 7 : Vv
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® automatically satisfied in real life
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Take-away messages

Thermodynamic conservation equations

@ embedded in the Navier-Stokes equations

® total enthalpy
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Entropy in fluid dynamics

Take-away messages

Thermodynamic conservation equations

@ embedded in the Navier-Stokes equations

® total enthalpy

® static enthalpy: follows from the change from Lagrangian to Eulerian frame
® mechanical energy: follows from calculating work along a stream line

® internal energy/entropy: total energy - mechanical energy

°

irreversibility: positivity of 7 : Vv

@ some are not independent equations (e, &, s)

® automatically satisfied in real life
® not necessarily satisfied for a numerical solution

@ formally only hold if no singularities — some viscosity is required
Shocks

@ strength determined by conservation of mass, momentum and energy

@ entropy generation - by viscous stresses - is independent of the viscosity

@ vanishing viscosity solution: inviscid flow is limit ¢ — 0
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Entropy in mathematics

Conservative equations

Navier-Stokes equations

dp
—dV + pv-ndS =0
v Ot v
7]
ﬂdv+% ((pv-n)v+pn—7-n)dS=0
v Ot av
OpE

L ot dV + 0V((/>v~n)H—v~T-n—q~n)d5:O

Generic set of conservation equations

d—udV—i- (f(u) - n—d(u,Vu)-n) dS=0
v Ot av

with conservative variables u, convective f and diffusive flux vector d

Entropy in CFD algorithms



Entropy in mathematics

Conservative equations

Navier-Stokes equations

/8”dv+?§ pv-ndS=0

8deV—&—f. ((pv-n)v+pn—7-n)dS=0
v ot av
E
agt dV-&-]{ ((pv-n)H—-v-T-n—q-n)dS=0

Generic set of conservation equations

%—&-T f(u)—V-d(u,Vu) =0

with conservative variables u, convective f and diffusive flux vector d
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Entropy in mathematics

Mathematical entropy - theory [Harten1983]

Mathematical entropy S and entropy flux F

@ entropy variables w

oS
Wm = ——

" Oum
@ existence of (scalar) entropy flux F

OF _ 0S of,

Aum  Oup Oum

@ convexity of diffusive flux d

VWnm-dm >0
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Entropy in mathematics

Mathematical entropy - theory [Harten1983]

Mathematical entropy S and entropy flux F Dual: potential flux Q and potential flux G
@ entropy variables w @ conservative variables u
oS _ 02
Wm = —— Um = 76
Oum Wm

@ existence of (scalar) entropy flux F @ existence of (scalar) potential flux G

0F  8S of, 9% s,

Aum  Oup Oum Oum

@ convexity of diffusive flux d

VWnm-dm >0
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Entropy in mathematics

Mathematical entropy - theory [Harten1983]

Mathematical entropy S and entropy flux F Dual: potential flux Q and potential flux G
@ entropy variables w @ conservative variables u
oS _ 02
Wm = —— Up = ——
Oum Owm

@ existence of (scalar) entropy flux F @ existence of (scalar) potential flux G

0F  8S of, 9% s,

Aum  Oup Oum Oum

@ convexity of diffusive flux d

VWnm-dm >0

Navier-Stokes equations : & = —ps [Hughes1986]
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Entropy in mathematics

Mathematical entropy - stability

Variational formulation of conservation equations
Ie]
W - ﬂer,,,V-fm:WmV-d,-,,
ot
4
oS Jum n oS Ofm

Jum Ot Oum Oup

-Vup =wnV -dnp

0

oS  OF

ot %-Vumzwmv~dm
U

£+V-T:wm-v~dm

ot

Conservation formulation — bound for entropy [Harten1983, Tadmor2003]
oS
—dV + F-ndS = Wmdm - ndS — [ Vwy,-dydV
v Ot A% oV v
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Entropy in mathematics

Take-away messages

Existence of mathematical entropy : stability of physical systems

@ all conservation equations can be collapsed onto a single one

@ this equation describes the convection of entropy and it's destruction

@ the entropy serves as a bounded energy, proving stability of the system of equations
Numerical approximations

@ entropy equation is derived from conservation equations and therefore not necessarily satisfied

@ embedding a discrete equivalent of the entropy equation can bound numerical solution

Entropy in CFD algorithms



Numerical methods

Transonic CFD

Shock position, strength and speed
@ discrete exact conservation mass, momentum, energy

@ generation of small yet positive amount of entropy
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Numerical methods

Transonic CFD

Shock position, strength and speed

@ discrete exact conservation mass, momentum, energy

s h=L/6
@ generation of small yet positive amount of entropy
Shock capturing / representation B
@ numerical methods represent solutions by polynomials 05
@ try to represent first p orders in Taylor expansion o
@ Gibbs oscillations due to non-convergence Taylor near shock
o
=1
30 0.2 0.4 0.6 0.8 1.0
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Numerical methods

Transonic CFD

Shock position, strength and speed

@ discrete exact conservation mass, momentum, energy h=Lj14

@ generation of small yet positive amount of entropy

Shock capturing / representation

@ numerical methods represent solutions by polynomials o.=/ \

@ try to represent first p orders in Taylor expansion

@ Gibbs oscillations due to non-convergence Taylor near shock

—1.5
0.0 0.2 0.4 0.6 0.8 1.0

Entropy in CFD algorithms



Shock position, strength and speed
@ discrete exact conservation mass, momentum, energy
@ generation of small yet positive amount of entropy
Shock capturing / representation
@ numerical methods represent solutions by polynomials
@ try to represent first p orders in Taylor expansion

@ Gibbs oscillations due to non-convergence Taylor near

shock

Numerical methods

Transonic CFD

—1.5

0.0

0.4

0.6
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Numerical methods

Transonic CFD

Shock position, strength and speed

@ discrete exact conservation mass, momentum, energy

. h=L/30
@ generation of small yet positive amount of entropy '
Shock capturing / representation 9fl /\\
@ numerical methods represent solutions by polynomials 05
@ try to represent first p orders in Taylor expansion o
@ Gibbs oscillations due to non-convergence Taylor near shock
o
. ! v
135 o2 o4 56 o3 To
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Numerical methods

Transonic CFD

Shock position, strength and speed

@ discrete exact conservation mass, momentum, energy

@ generation of small yet positive amount of entropy
Shock capturing / representation

@ numerical methods represent solutions by polynomials

@ try to represent first p orders in Taylor expansion w—0

@ Gibbs oscillations due to non-convergence Taylor near shock

@ artificial viscosity: thicken shock, strength still OK !
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Numerical methods

Transonic CFD

Shock position, strength and speed

@ discrete exact conservation mass, momentum, energy

@ generation of small yet positive amount of entropy
Shock capturing / representation

@ numerical methods represent solutions by polynomials

@ try to represent first p orders in Taylor expansion w—0

@ Gibbs oscillations due to non-convergence Taylor near shock
@ artificial viscosity: thicken shock, strength still OK !
Non-linear stability required near shocks

@ mimick physics: collapse all discrete equations onto entropy
equation

@ entropy generation mechanism ?

@ discrete entropy variables

Entropy in CFD algorithms



Numerical methods

Finite Volume Method (FVM) - principle

Vanishing diffusion conservation equation

Oum
v Ot

dv + fm-ndS=0
av
Solving for average u’ on control volume V;

Vf% = —;Hm (ui,uj;n’j> =0

with the following requirements for the interface flux # (., .;.)
@ conservativity H (v, u’; —n¥) = —H (u', ; n¥)
@ consistency Hm (u,u;n) =fp-n
@ stability ?
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Numerical methods

Finite Volume Method (FVM) - principle

Evolution of entropy in each cell V;
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Numerical methods

Finite Volume Method (FVM) - principle

Evolution of entropy in each cell V;

Vi w, d:é" :—JZW,’;,Hm (ui,Llj;nU> —g(ui)-;nd
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Numerical methods

Finite Volume Method (FVM) - principle

Evolution of entropy in each cell V;

- duf ) S ) .
Viwh, S = =S why Hon (w0 07) = G(u') -3 0
J J
Evolution of entropy over the whole domain Q

S 5 o )l () - (1) - 61
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Numerical methods

Finite Volume Method (FVM) - principle

Evolution of entropy in each cell V;

Vi w, d:é" :—JZW,’;,Hm (ui,Llj;nU> —g(ui)-;nd

Evolution of entropy over the whole domain Q
Z V,-% = —Z (W,’,, — w{,,)Hm (u"7 v nij> - (g(uf) - g(uj)) -nf

=3 (v ) (o () - 22 @) e ()
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Numerical methods

Finite Volume Method (FVM) - principle

Evolution of entropy in each cell V;

i
duy,

Vi w, at :—JZW,’;,Hm (ui,Llj;nU> —g(ui)-;nd

Evolution of entropy over the whole domain Q

STV =3 (v wh ) () — ()~ G() -
i N

>07
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Numerical methods

Discontinuous Galerkin Method (DGM)

FEM interpolation of working variables g
qc VN : (qm)e = Zqim(z):'e
i

@¢ shape functions for element e

RN g
100
"
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Numerical methods

Discontinuous Galerkin Method (DGM)

FEM interpolation of working variables g
qc VN : (qm)e = Zqiméf

@¢ shape functions for element e

RN g
100
L ¢
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Numerical methods

Discontinuous Galerkin Method (DGM)

Galerkin variational formulation
o
/vm<um+vfm>dvzo,vvmev ‘
Q ot

Entropy in CFD algorithms



Numerical methods

Discontinuous Galerkin Method (DGM)

Galerkin variational formulation '
0
Z/<vmﬂ+Vf>dv:o,vaev ‘
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Numerical methods

Discontinuous Galerkin Method (DGM)

Galerkin variational formulation
Z/(Vm%Jer)dV:O,vaev ’A
> (/e <v,,,g— + V- fm> dV+Z/vfm nds> ’g‘

e fee
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Numerical methods

Discontinuous Galerkin Method (DGM)

Galerkin variational formulation

Z/(wn%Jrv f)dV:O,VVmEV

> (/e <v,,,g—+v\/m fm> dV+Z/vfm nds>

e fee

Oum
g /e o

(v fm(q") = Vi fm(q 7)) - ndS = 0
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Numerical methods

Discontinuous Galerkin Method (DGM)

<
)-o VAN

(v fm(q") = Vi fm(q 7)) - ndS = 0

Z(A(vngerm fm) dV+Z/vfm ndS

e fee
> [ g
V
—Jo " ot
Interface flux ~ FVM

Z/ dV+Z/va-fde+Z/ H(q",q ;n)dS=0
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Numerical methods

Discontinuous Galerkin Method (DGM)

Use entropy variables ¢ = w — choose w € VN
Oum
Z/ u dv+/vw,,, de+Z/ —wy)H (g, g ;n)dS =0 ‘
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Numerical methods

Discontinuous Galerkin Method (DGM)

Use entropy variables ¢ = w — choose w € VN
Z/ 8“’"c/v+/vw,,, de+Z/ ~wy)H(a".q in)dS =0 ‘
1
Z/ dv+z/va-_, dV+Z/ H(g",q7;n)dS=0
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Numerical methods

Discontinuous Galerkin Method (DGM)

Use entropy variables ¢ = w — choose w € VN
Z/ 8Umdv+/vw,,, de+Z/ ~wy)H(q",q7in)dS=0 ‘
1
Z/ dv+z/va-_, dV+Z/ H(g",q in)dS=0

Z/ dV+Z/T ng-i-Z/ H(q",q7;n)dS=0
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Numerical methods

Discontinuous Galerkin Method (DGM)

Use entropy variables g = w — choose w € VN

S [m v s [ tav 4 3 [ (o ) 0" aim) 85 =0 'A
Z/ C’V+Z/Wm'f)g dV+Z/ H(a*q in)ds=0 ’N‘
Z/ dv+z/v QdV—l—Z/ H(q",q"in)dS =0
Z/ dV+Z/ (Wi = wir) Hn (q*, 07 m) = (67 —G7) m)dS =0
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Numerical methods

Discontinuous Galerkin Method (DGM)

Use entropy variables ¢ = w — choose w € VN
Z/ 8Umdv+/vw,,, de+Z/ ~wy)H(q",q7in)dS=0 ‘
1
Z/ dv+z/va-_, dV+Z/ H(g",q in)dS=0

Z/ dv+Z/v QdV-i—Z/ H(q",q ;n)dS=0
Z/ dV+Z/ (wih — Hm(a",q7in)— (G"—G7) -n)dS=0
Z/*d‘/— Z/{(W—w&) (Hm(qiq’:")—fwgm( ))dS I € [w,w]
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Numerical methods

Discontinuous Galerkin Method (DGM)

Use entropy variables ¢ = w — choose w € VN

S [m v s [ tav 4 3 [ (o ) 0" aim) 85 =0 'A
Z/ C’V+Z/Wm'f)g dV+Z/ H(a*q in)ds=0 ’N‘
Z/ dv+z/v QdV—l—Z/ H(q",q"in)dS =0
S [ S0 S [ (o v (a6 67) myas o
Z/*dV— Zf:/f(v%—w;)(Hm(ﬁq’:")—(;)vvgm( ))dS I € [w,w]
S [ Geav =X [ (i i) Ot (@ o) 050 95

>0
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Numerical methods

Take-away messages

@ discontinuity — interface fluxes H (q*7 q; n)

® conservativity: % (q*,q7;n) = —H (q~,q";—n)
® consistency: H(q,q;n) =f(q)-n
® stability 7
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Numerical methods

Take-away messages

@ discontinuity — interface fluxes H (q*7 q; n)

® conservativity: % (q*,q7;n) = —H (q~,q";—n)
® consistency: H(q,q;n) =f(q)-n
® stability 7

@ rigourous non-linear stability: Entropy Consistent Fluxes “E-flux” [Oleinik]

(W = wWem) (M (@*,qa7in) —fm (@) -n) >0, VG [q",q7]
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Numerical methods

Take-away messages

=-H(qa .q" —n)

® conservativity: 7 (q*,q~; n)
q)-n

® consistency: H(q, q;n) =
® stability 7
@ rigourous non-linear stability: Entropy Consistent Fluxes “E-flux" [Oleinik]

(wh —wn) (Hm (", in) —fm (@) -n) >0, Vg€ [qg",q]

@ discontinuity — interface fluxes H (q*,q~; n)
in
(

@ Approximate Riemann Solvers usually are E-fluxes
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Numerical methods

Take-away messages

® conservativity: 7 (q*,q~
® consistency: H(q, q;n) =
® stability 7

@ rigourous non-linear stability: Entropy Consistent Fluxes “E-flux" [Oleinik]

(wh —wn) (Hm (", in) —fm (@) -n) >0, Vg€ [qg",q]

=-H(qa .q" —n)

@ discontinuity — interface fluxes H (q*,q~; n)
in)
(q)-n

@ Approximate Riemann Solvers usually are E-fluxes
@ E-fluxes positive dissipation — correct shock representation
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Numerical methods

Take-away messages

® conservativity: 7 (q*,q~
® consistency: H(q, q;n) =
® stability 7

@ rigourous non-linear stability: Entropy Consistent Fluxes “E-flux" [Oleinik]

(wh —wn) (Hm (", in) —fm (@) -n) >0, Vg€ [qg",q]

=-H(qa .q" —n)

@ discontinuity — interface fluxes H (q*,q~; n)
in)
(q)-n

@ Approximate Riemann Solvers usually are E-fluxes
@ E-fluxes positive dissipation — correct shock representation
@ Entropy consistent FVM

® use of E-fluxes
® maximum criteria on high order reconstruction
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Take-away messages

® conservativity: 7 (q*,q~
® consistency: H(q, q;n) =
® stability 7

@ rigourous non-linear stability: Entropy Consistent Fluxes “E-flux" [Oleinik]

(wh —wn) (Hm (", in) —fm (@) -n) >0, Vg€ [qg",q]

=-H(qa .q" —n)

@ discontinuity — interface fluxes H (q*,q~; n)
in)
(q)-n

@ Approximate Riemann Solvers usually are E-fluxes
@ E-fluxes positive dissipation — correct shock representation

@ Entropy consistent FVM
® use of E-fluxes
® maximum criteria on high order reconstruction

@ Entropy stable DG (ESDG)
® use w as working variables € V instead of conservative u
® use of E-fluxes
® ntegration by parts should be discretely mimicked summation by parts
® quadrature error since update in conservative variables !
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DG shock capturing for DNS and LES

Methods

Challenges
@ robustness with respect to shocks through energy stability
@ minimal impact on turbulent flow features

Avrtificial viscosity Entropy stable DG

Entropy in CFD algorithms Kelvin-Helmholtz instability - impact of shock capturing strategies



DG shock capturing for DNS and LES

Methods

Study submitted to Journal of Computational Physics [Bilocq24*]

@ DG: vanilla DG without shock capturing (DG)
® most accurate (no quadrature error)
® no stabilisation

@ DG-AV: DG + sensor based artificial viscosity [Person06][Henneman21]
® additional viscosity at shocks — dissipates turbulence
® sensors to detect underresolution

@ ESDG: Entropy stable DG [Gassner16][Chan]
® formulation in w error in update
® full quadrature
® expensive
ESDGSEM: Spectral Element Entropy Stable DG [Gassner16][Chan19]

® formulation in w
® summation by parts by reduced tensor-product quadrature

@ DG-SBP: summation by parts DG
® DG operator expressed in conserved variables
® summation by parts operator

@ DG-ES: sensor based switch between DG and ESDG

Entropy in CFD algorithms




DG shock capturing for DNS and LES

Compressible homogeneous isotropic turbulence - test case

Compressible homogeneous isotropic turbulence
@ M; =0.6, Rey, =100
starting from incompressible flow field
high vorticity — €5

o

o

@ acoustic transient — epsilong and D
@ shocklets form M ~ 2 — ¢4 and D,
o

N cells per direction, order p=5, equivalent resolution n = (p + 1)N = 66
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Compressible homogeneous isotropic turbulence - convergence criterion

Kinetic energy budget on generic control volume

%6

+?{ (pv - n)Ede—yg 7v-pnd5+% v-‘r-ndSJr/pV-vde/‘r:VvdV
Jv Ot av Jov Jv %
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Compressible homogeneous isotropic turbulence - convergence criterion

Kinetic energy budget on fully periodic domain

OE
JdV+W-W+M+/pV vdV — /T:dev
JV
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Compressible homogeneous isotropic turbulence - convergence criterion

Kinetic energy budget on

%dV+W—W+M+/pV vdV — /T:VvdV
JV

Newtonian fluid 7 = (Vv +VvvT — %V . VI) Split in solenoidal (vorticity) and dilatational dissipation

. 4
/T;devzzfuﬂdvjuf/u(v.v)zdv
v v 2 3Jv

€s €d
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Compressible homogeneous isotropic turbulence - convergence criterion

Kinetic energy budget on

%dV+W—W+M+/pV vdV — /T:VvdV
JV

Newtonian fluid 7 = (Vv +VvvT — %V . VI) Split in solenoidal (vorticity) and dilatational dissipation

. 4
/T;devzzfuﬂdvjuf/u(v.v)zdv
v v 2 3Jv

€s €d

and therefore

d : 4
_4f Sde—2/uudV—&-f/u(V-v)QdV—/pV-vdV
dt 2 3Jv v

€x €s €d Dp

Kinetic energy budget Ae = es + €4 + Dp — € is measure for instantaneous error

Entropy in CFD algorithms



Solenoidal dissipation €5

Entropy in CFD algorithms

DG shock capturing for DNS and LES

Compressible homogeneous isotropic turbulence - contributions

m

aTs

Dilatational dissipation ¢4

Pressure diffusion D,




DG shock capturing for DNS and LES

Compressible homogeneous isotropic turbulence - budgets

0.121
0149
8-1072
31024
4.1072
2:107%
o
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
t/mo t/mo t/m
Measured dissipation e Total dissipation €s + €4 + Dp Budget error €5 + €9 + Dp — €k
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Compressible homogeneous isotropic turbulence - stability

p= 3 p= 4 p= 5

43 83 16 33 6 133 33 5 113
DG X X v X x v x x
DG-AV v v v v v v v v Y
DG-SBP X X v X X X X X Vv
ESDGSEM v v v v Vv Vv VvV v Y
ESDG v v v v v v v v
DG-ES v v v v v v v v v
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Compressible homogeneous isotropic turbulence - sensor dependence

o DNS
- - = DG-AV(H)
—— DG-AV(PP)
1.5 0.9 DG-AV(Shock)
(
(

- - - DG-ES(H)
—— DG-ES(PP)

(wiwi) T

o)

0.5 4

T T T T T T
0 1 2 3 4

0 1 2 3 4
t/1o t/7o

Solenoidal dissipation €5 Dilatational dissipation eqy
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Conclusions

Conclusions
@ ESDGSEM and ESDGSEM provide robustness, but not fully accurate
DG-AV worst accuracy, high dependence on sensor
vanilla DG, using conserved variables, most accurate
summation by parts operator is not stabilising DG, but not jeopardizing accuracy
best of both worlds: vanilla DG + ESDG in “troubled cells”

DG-ES: low dependence on sensor

Future work
@ validation on shock-turbulence interaction (shock stabilisation)
@ integration methods in body-fitted solver ArgoDG w/ Cenaero
Targeted applications
@ DNS and LES of high-speed turbomachinery

@ hypersonic flow during atmospheric reentry

Entropy in CFD algorithms
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