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Turbulence Modeling Approaches

Traditional TM

Model the Reynolds stress (R;;)

* Boussinesg assumption, R;;  velocity gradients
» Utilize turbulence physics to improve

Examples

e Baldwin-Lomax 0-eq

e Spallart-Allmaras 1-eq
* Transport eq. for isotropic vy
* As many as 12 coefficients depending on PoV

* Originally tuned to Samuel-Joubert flow and RAE
2822 airfoil

* Many variations/improvements

* 2-eq/Algebraic R;; models many more coefficients
and variations

ML Enhanced TM

ML Assessment of Turbulence Physics

 Compute R;; and turbulence source terms from LES/DNS
data

* Determine how well existing turbulence models correlate
to “truth” data

Directly assess the Boussinesq assumption

Directly assess derived turbulence physics

ML Optimization of TM model coefficients

* Experimental Objective Functions — Yoder and Orkwis
e Utilize LES/DNS “truth” data
* Local or global variable driven

ML Classification of Flows
* Ling and Templeton/Fuchi et al. variables

ML TM Development

* ML unsupervised learning to “discover” correlations
between classification variables and equations based on
them from LES/DNS data to derive new turbulence model
forms




Reynolds Stresses

e “Reynolds stress,” R;; ,is a
consequence of the So-called
Reynolds averaging process applied to
the Navier-Stokes equations.

Rij = —pu;u;

 Derivatives of these terms appear in
the Reynolds averaged Navier-Stokes
equations (RANS).
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https://en.wikipedia.org/wiki/Reynolds-
averaged Navier%E2%80%93Stokes equations

* Boussinesq proposed that

dv;  Ov; 2
T — Zké;;
t’vj vt (827] + 633,) 3 I

Which can be written in shorthand as

2
—’U;'U;- = 2VtSij — 5’65”

where S;; is the mean rate of strain tensor

;4 is the turbulence eddy viscosity

k= Evi'u: is the turbulence kinetic energy

and d;; is the Kronecker delta.

https://en.wikipedia.org/wiki/Turbulence modeling
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urbulence Modeling

Turbulence Model Process
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Algebraic Turbulence Models

* Johnson and King, Cebici and
Smith, and Baldwin and Lomax
invented models using Prandtl’s
mixing length idea to form
algebraic turbulence models that
work well near walls.

M Htinner lf Yy S Yerossover
t = .
Htouter if Y > Yerossover

Where Yerossover 1S the smallest distance from the surface where [ltinner 1S €qual to ftoyter:

Yerossover = AII}V(y) * Mtinner = Mtouter

The inner region is given by the Prandtl - Van Driest formula:

Htinner = pl2 |Q|
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The outer region is given by:

Miouter = P K Cop Fwake F KLE‘B(y)

Where
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YmAXx and FMA.\' are determined from the maximum of the function:
+
—u
F(y) =y|Q| (1 —eat )

F KLEB is the intermittency factor given by:
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U prF is the difference between maximum and minimum speed in the profile. For boundary layers the minimum is always set to zero.
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https://www.cfd-online.com/Wiki/Baldwin-Lomax model Back
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Spalart-Allmaras 1-eq Model

The constants are

e Spalart and Allmaras created a (g - 021{3355
- I bl = -
1-equation model for the Cor — 0629
transport of v, k- 041
) N Cwl - (-?bl/“{'2 + (l + Cbg)/a'
Vi =0fn, fu= X;f_—(ﬂl, X = S Cu.Q - 03
24wl — Cull - falS0+ MY - (v +9)VE] + Cul Vi) - Cus = 2
[Curfu— S fu] (B)* + fuAU? Cnp = 7.1
S = S+ %fv?, f:.r2 =1- A Cf]. - 1
where o s Ct‘;) - 2
S == /20,0 Ciy = 1.1
Q'j=%(g—z—g—l_,:) Cu = 8
5 11/6 P

2
Wy

o = Cugrexp (—CtgA—U,_,[dz + g;")d?])

Jro = Czexp( _Ct4X2)

d is the distance to the closest surface

Back
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Reynolds Stress Models

Transport equations for R;; are

derived in Reynolds Stress
Transport models

0 . 0 . 5
m(_rij) + m(—fullk) = PU + DU + I_I,-j — §p68U
where the production, diffusion, and pressure-strain terms are
o ou;
PU ik ‘)xk + jk ()Xk
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o~ - 2 - PO
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An attempt at such modeling was
made by Yoder and Orkwis using

ML ideas against Delville’s jet
data.

Yoder, D. A., & Orkwis, P. D. (2021). On the use of optimization techniques for
turbulence model calibration. Computers & Fluids, 214, 104752.

Delville (1995) ASM k-¢ Std
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Turbulence Model Process /
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Requires 1 CFD solution for each set of coefficients 8




ML Model

TensorFlow NN used with a tanh loss function at all layers

NN Model Accuracy 12 v o ayer

3 hidden layers of 30 nodes
1 output

To show validity of using a NN to fit lower fidelity data,
used an 80-20 train-test split

Trained the X and Y turbulent source terms independently

Actual vs. Predicted Turbulent Source Terms (NN) Actual vs. Predicted Turbulent Source Terms (NN)
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Turbulent Source Term

The inferred turbulent source term can be computed from the LES/DNS data. This is the

term that should be compared to the turbulence model source term.

ou; N 0 — 61Ti+6u]
p”fax]_pfl ox; | POU T\ oy T ax; U

So that the governing equations become:

AT SN B S i |
pu]axj pf; + an pojj T U dx;  ox; i

I..171
apuiuj

Where the LES/DNS data provides: T; = — P
J

ou;

And turbulence modeling uses: T, = ox, [.Ut (6x]

au] ..
' or some variation.
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Turbulence Model Process
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Turbulence Model Process
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Turbulence Model Optimization
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J. Ling and J. Templeton

TABLE II. Non-dimensional inputs.

Phys. Fluids 27, 085103 (2015)

# Description Formula # Description Formula
| aP apP
. . . . | 'r Ix-
1 Non-dimensionalized IRI2=[IS 12 7  Ratio of pressure N 7
. . TRIRL<2 aP apP_ k
Q criterion IR|>+(IS])2 normal stresses to \; ox; ox; 03P 5x;
normal shear stresses
[, 2Vi, aUi
. ; : . Jax; “k axy,
2 Turbulence intensity k 8  Vortex stretching v 4
0.5U,U;+k [ oU,  oUn
le—;;vwmm +|IS]
aUy.
) : UrUp 55|
3 Turbulence Reynolds mm(—‘/sgv—d 2) 9  Marker of Gorle . al
13 Jauings U uU; iy, 2Ym y.u,2Y
number et al.,’” deviation from Fx; UM ax, 1ax;
parallel shear flow
Uy r,;”’ -2
. “Cdxg . . 7.
4 Pressure gradient — — — 10 Ratio of convection to s (I rl'j s
. | P 8P apP . u ;S + 1 5x,
along streamline \ x5 9x; Uil +lUi 5| production of k !
. ; . lle;2d |
5 Ratio of turbulent ISIIk 11 Ratio of total Reynolds —
. [STk+e k +[ufud|
time scale to mean stresses to normal
strain time scale Reynolds stresses
. . . . . . Sipue -, )
6  Viscosity ratio vt 12 Cubic eddy viscosity jc”’“ . JLEVM
]00V+V, S ( + )
comparison et (M 1 ey U G ey

Classification: Ling and Templeton Variables
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What’s Needed...

* Clean LES/DNS data that has been run sufficiently long for meaningful
statistical data.
* High quality grids
* Sufficient T,
* Mean flow solution throughout the field
* Reynolds stresses throughout the field
* Able to create TSTs at each point

* A good idea of what variables best characterize a flow.
* Including the scale at which to characterize (global, local, cell).

* A broad range of “different” solutions.
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