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Introduction

Motivation of turbulence modeling

Aircraft aerodynamics = high Reynolds numbers = flow is turbulent

- lIrregular (statistical) fluctuations of all quantities

— intime = unsteady
— inspace = three-dimensional

- Resolution of all scales for technical applications not feasible

= Modeling required

Idea

- Averaging of flow equations
(Reynolds Averaged Navier-Stokes equations)

« Modeling of influence of turbulence on mean flow

= RANS turbulence models
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Averaging
Averaging techniques
Ensemble averaging o, .t =lim— Z 0, X
N—>x
Spatial averaging b, () = hm _md) xX,t dV
AV—)oo
. t+At
Temporal averaging d, (%) = hm .“)(x £)dt
At—o0
Ergodic hypothesis:
All averages are equal (in steady, homogenoeus turbulence)
= Temporal averages usually assumed
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Averaging
Unsteady RANS

» Macroscopically unsteady
flow

 Temporal averaging possible,
if

At << At << AT,

Spectral gap

|
i
Note
» Existence of spectral gap is not guaranteed
» Applicability of URANS is still debated
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Averaging

Averages in RANS equations

- Simple average (Reynolds average)

¢=0+9" where ¢ simple average

0" fluctuation

» Mass weighted average (Favre average)

db=0+¢" where b= PT<|> mass weighted average
P
¢" fluctuation

Note

AT !—/ AT %
o T R A o~

- Mass weighted averages simplify the notation, not the physics
— For constant density both mass weighted and simple averages are equal
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Averaging

Averaging rules (1)
» Averages of fluctuations
¢'=9¢"=0

» Averages of averages

- ~
~

4 =0 b=9

» Averages of differentials

@j = % (spectral gap)
ot) ot

o0 ) _ 29
ox, ) Ox,
Mass weighted differentials accordingly
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Averaging

Averaging rules (2)
» Averages of products
G102 =, 0, + 010

Mass weighted average of products accordingly

» Averages of products with the density
pb=po
p(l)” — 0

» Averages of triple products with the density

—_—~ o~

PP.0, =p 00, + pd)”
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RANS equations

Method of derivation

1. Take formal average of exact equation
2. Apply averaging rules
3. Make simplifying assumptions

Example: Momentum equation

ok / i~ : J_ Vi M,;,{.r_/

/f’iﬁﬂ

1. opY; | O pUU, __ Ot
ot Ox, ox, Ox,

U,
2a. o0V, 0 g - _Op O
ot Oox, ox, Ox,
\_N_\ — "~ - - _.
20, 9P, 9 Upg v 0GR, =P O
ot Oox, Ox, ox, Ox,

where
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RANS equations

Transport equations

Mass a—p+ip_(7k=0
ot 0x,
pU. — s
Momentum 0 pU’ + 0 \p UiUk‘ +£ P ik‘ — _a_p arlk
ot Ox, Oox, ox, Ox,
oE — Y 0 A0 - - ()
Total energy  OPE ¢ pHUkJripRikUi _O0wl; 04y | s 04
ot  Ox, ox, ox, Ox, Oox,
where  pR, =pulu] Reynolds stress tensor
— & 0 (l—7=5= Diffusion flux of turbulent
pD" =—| —puuu —t, u’ . )
ox,. e kinetic energy
g’ =ph'u] Turbulent heat flux

Terms require modelling
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RANS equations

Thermal equation of state (ideal gas)
p=pRT where R=C,-C, specific gas constant

Caloric equations of state (perfect gas)

 Specific total energy  Specific total enthalpy
Foz Yl g h+U"‘U"+k
2 2
 Specific internal energy » Specific enthalpy
e=CT h = CPT where C,,C, =const.

Specific heats
» Specific turbulent kinetic energy
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RANS equations

Viscous stress tensor (Newtonian fluid)

Ti = 208, = 208,

where Averaged molecular viscosity

St = lLGUi LU, j _1av, ¢ Averaged traceless

*2lex, ox, ) 36x, ©  strain rate tensor

Heat flux vector (Fourier’s law)

7. =L 3L
Oox, Oox,

where ) averaged heat conductivity
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RANS equations

Molecular viscosity (Sutherland’s law)

— 7Y Lyt+S 7 Tref+S
M:Mref P NMref P

T, T'+S T T+S

where S=110.4K Sutherland’s constant

Thermal conductivity (from Prandtl number)

=t
Pr
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Turbulence equations

Reynolds stress transport equation

1. Write exact momentum equation as

opU, + 2 pUU +a—p—ar”‘=0
o ox, ' ox, ox,

1

N(Ui):

2. Take following average

WNU, =0 — uNU, +u/NU, =0 — u'NU)+u/NU,)=0

3. Re-arrange terms by splitting quantities into averages and fluctuations
(note that the re-arrangement is not unique)

4. Result
OpR. &

i+ % GRU, =pP +p®, —pe, +pD, +pM,  reynolds stress
o o, PR Ui =ply By —pey +pD; +pM, (transport) equation
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Turbulence equations

Terms of the Reynolds stress equation (1)

* Production

_ . oU. —- a0
P. = —pR. S
p ij p ik axk

- Production by gradients of the mean velocity field
— Reynolds stresses and mean velocity are provided
=» exact, no modelling needed
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Turbulence equations

Terms of the Reynolds stress equation (2)

* Re-distribution (pressure-strain correlation)

— | ou! ou"
pCDij :p(1+1j

ﬁxj Ox.

1

- Excitation of fluctuation u;” by fluctuation u,” (and vice versa)

U, u; wu' -
— o X7 =
T S

ou;/ ox, - +

— Traceless for constant density = no contribution to energy
— Trace is usually neglected in compressible flow
— Term tends to isotropy in homogeneous mean flow
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Turbulence equations

Terms of the Reynolds stress equation (3)
 Dissipation

f_)sl.j p g'P) 4 i ps(””)é

oy _ o O ou; 2= (o L
where p8 =1, —+1, ——--pe"5,  deviatoric (traceless)
o, Moax, 3
pe =1, % total dissipation rate
X

— Dissipation by viscous stresses
— Isotropic at smallest scales
- Modelled by equation for a length scale determining variable
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Turbulence equations

Terms of the Reynolds stress equation (4)

* Diffusion
pD, =pI, +pD." +pD{”

— Turbulent transport

o, = pulu] Note
Oox, | - B L
2 V) _n@®
- Viscous diffusion 5 pl; +pD;" =pD
pD\" = 9 T+l Contribution to total energy
X transport equation
— Pressure diffusion
~ O —=e 77
PD,-J(-”) = Eo pud, +puid, usually neglected
k
Note

All terms represent surface integrals = fluxes = notion of “diffusion”
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Turbulence equations

Terms of the Reynolds stress equation (5)

* Fluctuating mass flux contribution

— - a — a — —
M, =ul— — pd +1 +u [ S
P axk POy + Tk axk PO k

— Contribution due to fluctuating density
— Only important at high Mach numbers (> 3...5)
— Usually neglected
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Turbulence equations

Special case: Incompressible fluid with constant parameters
Density and viscosity constant p,u = const.

In this case holds

°R, ou
DY) _¢ O Ry —2\/8”" i=D.(.V)—é..

.=V
7 oxox, ox, ox, "
() azﬁlf T’ . M o, . .
where D) =v—— Incompressible” viscous diffusion
Ox,0x,
'ou, . T

€. = 2\;8”1 J “Incompressible” dissipation

’ ox, Ox,
with v= B = const. kinematic viscosity

p
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Turbulence equations
Transport equation of the turbulent kinetic energy
1. Take trace of the Reynolds stress transport equation
2. Consider that
R, =2k
3. Result
0 pk N 0 ‘[_)/;ﬁk‘ _ EP(E) H—)cb(;;) T +§D(E,exact> +BM(1¥)
ot 0x,
Transport equation for the turbulent kinetic energy
or k-equation
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Turbulence equations

Terms of the k-equation (1)

* Production
EP ® = _f_)iéik o,

X

- Production by gradients of the mean velocity field
— Reynolds stresses no longer provided
=» need modelling

* Pressure dilatation

— Zero for constant density
— Usually neglected for transonic flow
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Turbulence equations

Terms of the k-equation (2)

 Dissipation

(t0t) _ ¢ kl(; Total dissipation rate

X

pS

— Dissipation by viscous stresses
- Modelled by equation for a length scale determining variable
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Turbulence equations

Terms of the k-equation (3)

- Diffusion
ED(k,exact) — o ® +pD(k,v) +pD(k,p)

— Turbulent transport

_T(;)=—lipuf'7ﬁl” T (®) T _ny®
2ax, " Note p7'""’ +pD"" =pD

— Viscous diffusion

Contribution to total energy
Nk 0 o t rt ti
pD*" = —_ 1y ransport equation
Xk
— Pressure diffusion

pD* ) = & P usually neglected
Note
All terms represent surface integrals = fluxes = notion of “diffusion”
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Turbulence equations

Terms of the k-equation (4)

* Fluctuating mass flux contribution

ox, Ox,

l

— Contribution due to fluctuating density

— Only important at high Mach numbers (> 3...

— Usually neglected
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Turbulence equations

Special case: Incompressible fluid with constant parameters

Density and viscosity constant p,u = const.

In this case holds

B 27 ' ! _
Dy _ o _ o'k Vaui Ou, — Hk _

— e
ox,0x,  Ox, Ox,
A k) 82% 7 . yy .= . .
where DV =v—— Incompressible” viscous k-diffusion
Ox,0x,
ou. ou; . NPr
g=v—L—1 (Isotropic) dissipation rate
ox, Ox,
with v= % =const. kinematic viscosity
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Turbulence equations

Transport equation for the isotropic dissipation rate

Consider incompressible fluid with p,u = const.

1. Subtract exact and averaged momentum equations

ou — ou.  ,0U; ,ou 13’  &u OR« momentum equation
+U =—u, —u, ———+V + :
ot 0x, o, ‘ox, pox, oxox, ox, of the fluctuation

!

2. Multiply by 2v Ou; and average

X
3. Result
B 2
at axk Ox, O,

Transport equation for the isotropic dissipation rate
or c-equation
Deutsches Zentrum
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Turbulence equations

Terms of the s-equation

* Production of dissipation

! ! !
N Ou, Ou, ou,

PO _ oy, oU Ou, Ou, N oU: Ou; Ou,
ox, Ox, Ox, 0Ox, Ox, Ox

 Dissipation of dissipation

2 o’u, 0'u]
Ox,0x, Ox,0x,

D =

* Turbulent diffusion of dissipation

p Ox; | Ox, Ox,

Oox,

po - 2V 2 [8 apj_vi[,,%%

#7 Deutsches Zentrum
DLR fiir Luft- und Raumfahrtf V
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“ ox, o,

_|_
Ox, Ox, Ox,

J

,ou U, j

u
“ ox, ox,ox,

Huge number of terms
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RANS turbulence models

Boussinesq hypothesis

1. Turbulence increases the drag = increase the viscosity

—~

_ 03" S _
pR, =—2u"’S, where S, =0 (traceless)

2. Trace of the Reynolds stress tensor

3. Extension necessary

- e 2 - . .
pR, =—2u""S; +§pk6ij Boussinesq hypothesis

where 1" eddy viscosity

* To be provided by the turbulence model
* Depends on the flow, not on the fluid

A _jl'__/ ) /’fgﬂ
VELSVl A
e & - 1SS
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RANS turbulence models

Boussinesq hypothesis for the turbulent heat flux

1. Turbulence increases the heat transfer = increase the heat conductivity
g =)0 or

p Boussinesq hypothesis for the turbulent heat flux
X

where 2" eddy heat conductivity

* To be provided by the turbulence model
* Depends on the flow, not on the fluid

2. Relate eddy heat conductivity to eddy viscosity

where Pr,  turbulent Prandtl number

« Assumed to be constant
- Standard value: Pr,= 0.9

1#7 Deutsches Zentrum
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RANS turbulence models

Eddy viscosity and length scale

1. Re-write Boussinesq hypothesis

)
v =B
P

R, =-2v"S + % ks, where kinematic eddy viscosity

2. Dimensional analysis

Length *

v =
| Time

= Velocity - Length

3. Turbulent velocity scale

12“1/2
#7 Deutsches Zentrum
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RANS turbulence models

Length scale supplying variables

General approach based on dimensional analysis

v o k7L where L Turbulent length scale

Typical length scale supplying variables

~

* (Isotropic) dissipation rate
2
2> VvW=C K = k-¢ models

’1;3/2
= u

€ €

L

- “Specific” dissipation rate

~

’];1/2 a
L= > v == = k-0 models
@ @
. 71/2
Note: Wilcox uses L=k "/ C o
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RANS turbulence models

k-c¢ model (1)

1. Consider k-equation for incompressible fluid

- _ B — -
%_FU]{%:_R%@U, ok
ot ox,

ox,

2. Use Boussinesq hypothesis
— — 2 —
R; =-2v"S; +§k6ij

3. Assume gradient diffusion

pD® —h | pkp) _ 0 (v ok
ox, | o, Ox,
Result
I — AL _ (1)
LG S Ny SN | BV
ot ox, Oox, o,

#7 Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV,
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RANS turbulence models

k-c¢ model (2)

1. Consider exact c-equation for incompressible fluid

. 2
@+Ukﬁ=P(g) ~d® +p¥ +v—a ©
ot Oox, 0x,0x,
2. Model production and destruction proportional to k-equation terms
2
po —c £ p o© -, &
el k € k

3. Assume gradient diffusion

D _ o (v oe
ox, \ o, Ox,

Result
0 — O¢ € i g 0 v ) Oe :
—+Uy—=C,=P® -C,=+—|| v+ — Modelled s-equation
Ot ox, k k Ox, G, )Ox,
#7 Deutsches Zentrum
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RANS turbulence models

k-c model (3)

Remarks
* Model needs extensions for near wall region
=> low (turbulent) Re extensions
* Boundary condition on ¢ at walls difficult to specify
= Unsatisfying representation of the near-wall region (viscous sub-layer)
* Results tend to show too high friction
* Numerical difficulties observed with compressible solvers

= No k-¢ model implemented in TAU

4#7 Deutsches Zentrum
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RANS turbulence models

M e ) e LB,

Wilcox k-o model (1988) (1)

Ideas:
 g-equation theoretically justified
* Huge number of complex terms in exact c-equation
« Small number of simple terms in modelled ¢-equation
=> Deficiencies of k-¢ models
- Seek for alternative length scale supplying variable
* Model its transport empirically
= Overcome k-c deficiencies

4#7 Deutsches Zentrum
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RANS turbulence models

Wilcox k-o model (1988) (2)

Transport equations (compressible form)

opk 0

k-equation +— pkU; =pP® —pg+pD™
ot  Ox,
w-equation 0 f_x‘)‘ 0 - = Ap©) _ @ o)
+ poUr =pP*” —pd* +pD
ot  0x,
Eddy viscosity
u® = i
®

Relation between ¢ and o

wo=c,® 3 e=Cio Wilcox: C, —p

e

#7 Deutsches Zentrum
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RANS turbulence models

Wilcox k-o model (1988) (3)

Terms of the k-equation

* Production: Boussinesq hypothesis

- 7 8U 2 - 8U ~ew 2~ 8U
P = o 2 (’)S — k6 j =2uS’S —
P p’fa]. (M —3P Ox S A ox,
T ~ 1(e0 U,
where S, =S,--5,5, and § =—|—L+— Strain rate tensors
3 2\ Ox;  Ox

* Dissipation: Relation between ¢ and »
0 =B*f_)l;(o
 Diffusion: Gradient hypothesis

pD) = ai {LHG*M(I) %}
k

Oox,
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RANS turbulence models

Wilcox k-o model (1988) (4)

Terms of the w-equation
* Production: Proportional to k-production
2 aﬁij

0P @ =2 op® = o Ll 205 _Z ok
P 7P P B AL P

1

* Dissipation: Proportional to k-dissipation

' = £ 2 = ppo

 Diffusion: Gradient hypothesis

0 0w
D@ —_ 9| Liou® 22
g ox, { HTor axj
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RANS turbulence models

Calibration of the Wilcox k-o model (1988) (1)

Decaying homogeneous isotropic turbulence

* No gradients in space

dl'; * 7T
—=—"P ko
dt P

do 5
—=—PpP®
dt P

* Solution
koct PP

* Experiments

~

k oct™ where

4#7 Deutsches Zentrum

DLR fiir Luft- und Raumfahrt eV,

in der Helmhaoltz-Gemeinschaft

Grid turbulence:

Corresponding spatial decay
in parallel flow

n=125+0.06
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RANS turbulence models

M e ) e LB,

Calibration of the Wilcox k-o model (1988) (2)

Logarithmic velocity profile on a boundary layer (flat plate)

U 1
—=—1n£yu‘j+c Log-law
u. K \%

T
where u = |~
p

Friction velocity

k=041 von Karman constant
C~5 Constant

Experimentally validated relation

4#7 Deutsches Zentrum
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Boundary layer profile (log-plot)
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RANS turbulence models

Calibration of the Wilcox k-o model (1988) (3)

« Assumptions
» Constant density
« Zero pressure gradient
* Log-layer:
* Viscous stresses negligible
« Convection negligible
* Equilibrium: k-production = k-dissipation
(follows from Bradshaw’s relation R, /2k = a, = const.)

* Result for k and o * Relation for the coefficients
2 2
u oK
® = —t
VB Ky
4#7 Deutsches Zentrum
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RANS turbulence models

Calibration of the Wilcox k-0 model (1988) (4)

Choice of coefficients

» Experiments in equilibrium flow (Bradshaw’s relation)

Exy 2 *
2 _2-03 —> B =009
ko k

* Decaying turbulence

% =1.25+£0.06 — pB=0.075

* Numerical experiments with varying pressure gradients
c =6=0.5
* Equilibrium boundary layer relation

a=5/9
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RANS turbulence models

Comments on the Wilcox k-o model (1988)

« Standard two-equation model for aerodynamics
* Numerically rather robust

» Rather insensitive to separation

* Foundation of more advanced k-o type models

#7 Deutsches Zentrum
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RANS turbulence models

Menter baseline (BSL) k-o model (1994) (1)

Background

 Sensitivity of Wilcox k-o model to w-value at boundary layer edge
* k-¢ model is insensitive

* Reason: missing cross-diffusion term

Idea
* Use k-o model near wall and k-c¢ model further away

Method

 Variable transformation ¢ — o in k-c¢ model equations
= Additional cross-diffusion term in w-equation

* Blending of coefficients from wall (k-o) to far field (k-¢)

1#7 Deutsches Zentrum
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RANS turbulence models

Menter baseline (BSL) k-o model (1994) (2)

Transport equations

I S S
b — pkU; =2u"S'S —Zpk —* B oko+—| n+oun®
at axk p ‘ M s 3p axk B p axk|:l’l M axk:|

opo 0 - — ® e 20U
+% ol =a 2| 20578, — 2ok T
o ox, Ot k[“ 25~ 3P o

— 0| — 0w
j—Bpoo2 +8—{M+GMO) G—}_CD

X X

Cross-diffusion term

c -c, POk 00
o Ox, Ox,
Eddy viscosity

(1) :E_k
®

u
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RANS turbulence models

Menter baseline (BSL) k-o model (1994) (3)

Closure coefficients
C=FC*“*+1-F C"™
where Cza,B,G,G*,Gd
Blending function
F, =tanh I'*

where I'= minj max F19F2 91—‘3:

Ji 500 2k
and rl =— r2 = — l'zl r3 _ _ k(D
b od pod %8_00 1071 |42
Ox, Ox,
d Wall distance
# Deutsches Zentrum
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RANS turbulence models

Comments on Menter baseline (BSL) k-o model (1994)

* Not very common
* Intermediate step towards Menter SST model
* Behaviour similar to Wilcox k-o model expected

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV,

Folie 53 > TAU Training > RANS modelling
in der Helmholtz-Gemeinschaft

Eisfeld> 29-31.05.2007



~

RANS turbulence models

Menter SST model (1994) (1)

Background

* k-0 (and k-¢) models too insensitive to separation
* Reason: Too high eddy viscosity

Idea

 Limit eddy viscosity according to Bradshaw’s assumpti
on shear stress transport (SST)

on

pk
0 _ ® where Q=|a| Vorticity
M =
F,.Q _ _
ma’{l’ . ooj Iy Blending function
1

(limit only near walls)

a, =0.31 Bradshaw’s constant

4#7 Deutsches Zentrum
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RANS turbulence models

Menter SST model (1994) (2)

Transport equations
* Identical with Menter BSL model, except

» o-production

P(@):Q%P(’:) > P = ‘Z) P®  Equivalent, if no SST limitation
u

» value of near-wall k-diffusion coefficient
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RANS turbulence models

Comments on Menter SST model (1994)

* Very popular model (recommended)
* More sensitive to separation than Wilcox k-o

= Convergence problems possible in case of separation
* Experience

» Often improved shock position
» Often improved separation prediction

« Sometimes too sensitive to separation (e.g. on fine grids)
 Variant: Menter SST model (2003)

* Replace vorticity in SST limitation by strain rate
* May reduce sensitivity to separation (experience to be gained)

#7 Deutsches Zentrum
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RANS turbulence models

Further k-o models implemented in TAU

- LEA
* Like Wilcox k-o with deviating eddy viscosity definition
« Recommended for transonic flows (shock position)
* Fairly sensitive to separation
* TNT
 Similar to Wilcox k-o
* Includes cross-diffusion term
* Wallin&Johansson (2000) with various w-equations
» Explicit Algebraic Reynolds Stress Models (EARSM)
» Extension of Boussinesq hypothesis by non-linear terms
* In general similar to LEA
* Non-linear models
» Similar to EARSM

#7 Deutsches Zentrum
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RANS turbulence models

Far field boundary conditions for k- models

k from turbulence intensity

~ 3
k,==U>Tu, " where Tu, User defined turbulence intensity
Note

 k will rapidly decay along gradient free velocity field
(according to isotropic homogeneous turbulence)

o from fictitious eddy viscosity

—_ o~

® = pookoo M([) ]
o= (u® where — | <1 User defined
Moo — M 0
R
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RANS turbulence models

Y
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Wall boundary conditions for k-co models (1)

k from no-slip condition = no fluctuation

~

k =0

o from viscous sub-layer approximation
=> requires sub-layer resolution of the grid

+ ur
yl = Xl — zl
n/p

Wall-normal balance between diffusion and dissipation
=> analytical solution

W= 9“2

Bpy

Wall value

where j distance of wall-nearest point

where y wall-normal coordinate

®,, =lim 9“ —>

=0 Bpy?

4#7 Deutsches Zentrum
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RANS turbulence models

Wall boundary conditions for k-co models (2)

Approximations of o at walls

- Standard (Menter): Use distance to wall-nearest point

o
o,=F, e . where £, user defined factor
Ppy; Menter: F, =10

* Rudnik: Use reference length of problem

®, = on

w=—=——3 Where L, should be of order one
Bp‘ 10_ Lref

 Wilcox — see wall functions
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RANS turbulence models

Limiting in k-o models (1)

Realizability

* k and o must always remain positive

* may be violated during iteration (transient phase)
* Remedy: limitation

Standard limitation (in TAU)

é‘ﬁ‘ Tumin i < l;lim . é‘ﬁ‘ Tumax i where ‘V‘
2 2

Tu_ . = 10°°
Tu_ . =028
571m (t)
(l)lim - M(t) Where (M_ j
W — H max
H max

4#7 Deutsches Zentrum
DLR fir Luft- und Raumfahrt eV
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Local flow velocity

Local min./max.
turb. intensities

User defined
(Default: 20000)
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RANS turbulence models

Limiting in k-o models (2)

Limitation according to Rudnik

ko = CRk where C% C© User defined (default: 10-)
(Dhm = Cr(n?lzmoo

Schwarz limitation (recommended)

k. >CMk where C%) User defined (default: 10-5)
(Dlim 2 (Dmin 2
O i = 7 \/2511 S,J Derived from
Schwarz inequality
D D2
R, Ry, 2R,
(no summation)
i DLR E.ierul_tjfc“trje:nzdeggtjr:fahrt eV Folie 62 > TAU Training > RANS modelling
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RANS turbulence models

K-production limiting in k-o models
Equilibrium assumption
- Calibration requires
PP~
» Will be probably violated during iteration (transient phase)

- Violation may cause convergence problems
* Remedy: k-production limitation

Standard technique (Menter)

PP <c®e  where C,, Userdefined (default: 20)

lim

* Improves convergence (C(P)_. might be reduced to 3...5)
* Reduces excessive k-production at stagnation points
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RANS turbulence models

Spalart-Alimaras model (1994) (1)

Ideas
* Model that is simpler than k-¢
 Specifically applicable to aerodynamics

Approach
 Define transport equation for (modified) eddy viscosity
* Model terms empirically

opv 0 —~ D o) . )
gtv to =0, =PV =004 DO+ (Y
k

* Eddy viscosity

. 3
n” =pvf,  where f, = 3)_1 - Wall-damping function
X Cvl
=pv/u Turbulent Reynolds number
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RANS turbulence models

Spalart-Alimaras model (1994) (2)

Production
) _ . o=
PV =c, SV

where S =|@+—— f
‘ K2d2 v2

.""

ke /’fy’?ﬂ

&«

and f =1- X Wall-damping
1+ val
® Vorticity
d Wall-distance
k=041 Von Karman constant
# Deutsches Zentrum
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RANS turbulence models

Spalart-Allmaras model (1994) (3)

Dissipation
~\ 2
v A%
cD( ) CWlfW(;j
1+¢° v
where 1 =g£—W3j Wall-dampin
86 +Cv6v3 Ping

and o1 Oy

~

v
Sid?

=

Note:
No dissipation for large wall-distance d
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RANS turbulence models

Spalart-Allmaras model (1994) (4)

Diffusion

po _ O |(mrn? | o
ox, c )ox,

Cross-diffusion (non-conservative diffusion, non-linear diffusion)

ov 8\/

(V) _
Cp =Cyp——
Oox, ﬁxk
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RANS turbulence models

Spalart-Alimaras model with Edwards modification (1996), SAE

Modification for increased numerical robustness:
» Use strain rate instead of vorticity

* Re-define auxiliary function r

v
tanh =
(szsz

tanh 1

=

#7 Deutsches Zentrum
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RANS turbulence models

Boundary conditions for Spalart-Allmaras models

Far field:

Po \ M

<!
Il

50 B
p..

"

Smooth walls:

v, =0

w

#7 Deutsches Zentrum
DLR fiir Luft- und Raumfahrtf V
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[~ (t)
B [
_—L — j , d>6mf

0<d<5o,,

User defined
(Default: 0.1)

User defined reference
boundary layer thickness
(Default: 1022)
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RANS turbulence models

Comments on Spalart-Allmaras models

* Very common models
« SAE is standard model in TAU
* Numerically very robust
* Predictions expected similar to Wilcox k-o
* Observations
* Not very sensitive to separation
* In 2D improved high-lift prediction compared to Wilcox k-o (FLOWer)

4#7 Deutsches Zentrum
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RANS turbulence models

Comments on eddy viscosity models

« Standard for industrial applications

* In general numerically robust and efficient
» Good results for attached flow

* Problems with separated flow

General problems

* Boussinesq hypothesis in general invalid

* Anisotropy of Reynolds stresses near walls not represented

» Excessive dissipation of free vortices (e.g. vortex generators)
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RANS turbulence models

Differential Reynolds stress models (DRSM)

Characteristics:

* Highest level of RANS models

* Direct modelling of terms in Reynolds stress transport equation
=> no Boussinesq hypothesis

Advantages
* Reynolds stress anisotropy covered
* Production term exact
= no excessive dissipation of free vortices
* Probably better suited for separation

Disadvantages
* More expensive
» Maybe less robust
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RANS turbulence models
Re-distribution modelling (1)

Homogeneous turbulence (no spatial gradients of turbulence)
« Analytical solution of form

~

oU,
CDZ.]. =Al.j +Ml.j,d—

X1
» Slow term: Return to isotropy (Rotta, 1951)

4,=-C = (ié 2%, j
k 3

* Rapid term: various models
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RANS turbulence models

Re-distribution modelling (2)

Launder-Reece-Rodi model (LRR)
* Exploit symmetry conditions

M =ay +a, where 9y =y = Ay, Rotta (1951)
a,, =0 for constant density
12
Ayt = 2R,
» Consider most general tensor linear in Reynolds stresses

* Result

~

oU . 1 A 1 N A A
Mijkl gk = —oc(fzj —ngkSijj — B(Qij —g Qkkéil.jj — ykSl.j where o.,B,y=f C,
/

~ ~

i = ik Jk i ik O Jk O
ox ox X ; X;
k k J !
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RANS turbulence models

Re-distribution modelling (3)
Wilcox stress-o model

Background:
* LRR model is tied to c-equation
* LRR model needs additional wall-reflection terms (pressure echo effect)

Idea:
* Use w-equation instead of ¢-equation
« Omit wall reflection terms

Result:
* Re-distribution model that works with n-equation
* Applicable to aerodynamics
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RANS turbulence models

Re-distribution modelling (4)

SSG/LRR-» model

Background:

» Speziale-Sarkar-Gatski (SSG) model very promising (hom. turbulence)
« SSG is non-linear in Reynolds stresses

* SSG is tied to c-equation

Idea: Combine Wilcox stress-o (LRR) near walls with SSG in far field
Cast models in identical form — change coefficients only

= SSG/LRR-o model SSG ¢
- Far field: SSG +¢ Menter BSL
Near wall: LRR + o 'EI """""" I'm equation
* Coefficients:
Blending function F, by Menter LRR o
- BSL-w-equation by Menter S S
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RANS turbulence models

Dissipation modelling

Isotropic model (Rotta, 1951)

Background:
* Dissipation is isotropic on smallest scales
* Relation to c-equation

2
&; = —881.].

* Models based on w-equation

e=pko — &; = %B*l;oofiij

* SSG/LRR-» model: no blend of coefficient

#7 Deutsches Zentrum
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RANS turbulence models

Diffusion modelling

Simple gradient diffusion hypothesis (SGDH)

* Diffusion flux proportional gradient of Reynolds stress

— . . OR. = :
Dij — i u+o l’l(t,equW) _ v where M(Z’equiv) _ % eqU|Va!ent .
ox, ox, ® eddy viscosity

Generalized gradient diffusion hypothesis (GGDH) (Daly&Harlow, 1970)

* Tensorial diffusion coefficient

Note:
With SSG/LRR-» model, diffusion coefficients are blended

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV, Folie 78 > TAU Training > RANS modelling
ind haft

der Helmhaoltz-Gemeinschaft Eisfeld> 29-31.05.2007



.""

ki /mﬂ

RANS turbulence models

Modelling of compressibility effects

« Compressibility only important at Ma > 3
* No specific modelling in TAU beyond variable density

M, =0

# Deutsches Zentrum
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RANS turbulence models

Comments on Reynolds stress models in TAU

General
» Only m-based models available
» Wilcox stress-o model available with various w-equations:
» Wilcox w-equation
» Kok w-equation
* Menter BSL w-equation
 Hellsten w-equation (not recommended)
 SSG/LRR-» model requires Menter BSL w-equation
» Generalized diffusion preferred (sensitivity to separation)

SSG/LRR-» (recommended)
* Indication of improved predictions for critical flow fields
» Shock location and shock induced separation
* Maximum lift
* Free vortices
* Resources: CPU: + 65%, Memory: less than +100% (comp’d to Menter SST)
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Overview

« Introduction

« Averaging

« RANS equations

« Turbulence equations

« RANS turbulence models
- Hints for application
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Hints for application

Accuracy issues

For enhanced accuracy

» Use advanced eddy viscosity models, EARSM or RSM
* Reduce artificial dissipation

* Ensure high grid quality

Note:

Accurate models should be less dissipative:
* Reduced robustness

* Unsteadiness due to detected separation

* Higher sensitivity to grid imperfections
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Hints for application

Robusthess issues

For enhanced robustness

* Use standard eddy viscosity models

» Avoid multigrid for turbulence equations

* Reduce work on coarse grids in multigrid for RANS equations (v-cycles)
» Use implicit scheme (LUSGS)

Note:
Robust models are probably more dissipative, i.e. less accurate!

Oscillations in coefficients/residuals may indicate separation
» Use single grid (suppress excitation)

» Use more dissipative model (suppress separation) ?

* Increase artificial dissipation (suppress separation) ?
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