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Turbulence Modelling

Turbulence Models

• Zero equation model: mixing length model.

• One equation model: Spalart-Almaras.

• Two equation models: 
▪ k-ε style models 

o standard, 
o Renormalization group model (RNG),
o Realizable

▪ k-ω model
▪ Algebraic stress model (ASM)

• Seven equation model: Reynolds stress model

Large Eddy Simulation (LES) which is based on filtered 
equations, large eddies are resolved, the impact of 
small ones is covered by sub-grid models

• Eddy viscosity models

• Reynolds stress transport models

• Non-linear Eddy viscosity models

• Direct modeling of the divergence of Reynolds 
stresses

Turbulence models may be characterized by the 
number of PDEs they additionally solve.

Eddy viscosity models rely on the Boussinesq 

hypothesis: 

• Experiments showed that turbulence decays unless 
there is shear in isothermal incompressible flows

• Turbulence was found to increase as the mean rate of 
deformation increases.

• Boussinesq proposed in 1877 that the Reynolds stresses 
could be linked to the mean rate of deformation.

There is as well a possibility to characterize turbulence 
models according to the concepts they apply.

http://www.4e-simulation.com/
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k-ε Model (two equation)

Eddy Viscosity Models

Solving the near-wall problem by 
▪ Implementation of a wall function, i.e. universal velocity law

• first grid point for numerical solution  should be put in 
the log area  ( y+ > 10)

• Normally k set to 0 at the wall but ε ǂ 0, usually set to 0
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Closure 
terms

Eddy Viscosity Models

SST k-ω Model (Mentor and Wilcox)
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Kinematic Eddy Viscosity

Turbulent Kinetic 
Energy
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Assumption of homogeneous, isotropic turbulence doesn’t hold for a large number of flow 
situations.

• i.e. along a flat plate boundary layer there is no isotropy, instead: 

• the phenomenon of intermittency* when the form of the probability distribution changes inside the inertial 
range, i.e. scaling anomaly
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Turbulence Modelling

Crux of Eddy Viscosity Turbulence Models

→Necessity of means to overcome this 
problem

→ ζ-f Model or Reynolds Stress Models

*Intermittency: Irregular alternation of phases of periodic 
and chaotic dynamics 
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Boundary Layer Flows

Important for Pressure Loss and Heat Transfer

• Inner layer: <u> independent of U0 and h

• viscous wall-region: viscous contribution of shear 

stress significant (y+ < 50)

• viscous sub-layer: Reynolds shear negligible

• Buffer layer: region between viscous sublayer and 

log-region

• Logarithmic region: the log-law holds

• Outer layer: direct effects of viscosity on <u> 

negligible

• Overlap region: overlap between inner and outer 

layers

Turbulence Modelling
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Boundary Layer Flows

Important for Pressure Loss and Heat Transfer

• Friction factor:

• Transition for:     Reb ~ 1000

• Integrating log-law:
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Boundary Layer Flows

Important for Pressure Loss and Heat Transfer

Maximum of turbulent kinetic energy in buffer 

layer

→ signs of coherent structures

RSM Anisotropy tensor:
 

• severe changes in viscous wall region

• plateau values in log-region

• towards isotropy in core flow

Turbulence Modelling
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<u’u’> = О(y2);   <v’v’> = О(y4)

<w’w’> = О(y2);   <u’v’> = О(y2)

• Implementation of a pseudo dissipation

• Peak production in buffer layer

• Buffer layer exports energy

• Non-zero dissipation at wall, balanced by viscous diffusion

→ integral lengths scale depends strongly on component and 

direction

→ Turbulent structure becomes highly anisotropic and 

inhomogeneous

 jiji uu ,,
~ 

Boundary Layer Flows

Important for Pressure Loss and Heat Transfer

Anisotropy problem solved by appropriate modeling 

Turbulence Modelling
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• A consequence of the no-slip condition is that heat transfer from the solid surface to the fluid 
layer adjacent to the surface is pure conduction, and can be expressed as

ሶ𝑞𝑐𝑜𝑛𝑣 = ሶ𝑞𝑐𝑜𝑛𝑑 = −𝜆𝑓𝑙𝑢𝑖𝑑 ቤ
𝜕𝑇

𝜕𝑦
𝑦=0

• Newton’s law of cooling for the heat flux to obtain

ℎ =

−𝜆𝑓𝑙𝑢𝑖𝑑 ฬ
𝜕𝑇
𝜕𝑦 𝑦=0

𝑇𝑠 − 𝑇∞
• However, the convective heat transfer coefficient, in general, varies along the flow direction.

Boundary Layer Flows

Important for Pressure Loss and Heat Transfer

Turbulence Modelling

http://www.4e-simulation.com/
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Turbulence Modelling

Model 

Model is similar to k-ε but includes near-wall turbulence anisotropy and as well as non-local pressure 

strain effects and thus is applicable up to solid walls and generally best suited for low Reynolds 

numbers.

It uses normalized wall-normal velocity fluctuation as velocity scale; anisotropic wall effects are 

modelling through an elliptic relaxation function. 
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Turbulence Modelling

GEKO - Model  (ANSYS)

Aims at reduction of 

eddy viscosity model 

weaknesses 
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CSEP 
• Main parameter for adjusting separation prediction for boundary layers

• Affects all flows 

• Increasing CSEP reduces eddy-viscosity leading to more sensitivity to adverse pressure gradients for 

boundary layers and to lower spreading rates for free shear flows (compensated by CMIX) 

CNW 
• Affects mostly the inner part of wall boundary layers (limited to no impact on free shear flows.

• Increasing CNW leads to higher wall shear stress and wall heat transfer rates in non-equilibrium flows. 

• Effect on non-generic flows (e.g. vortices) moderate but not systematically tested 

• Users can mostly use CNW = 0.5 (default)

Turbulence Modelling

GEKO - Model  (ANSYS)

The functions  F1,F2, F3 include the parameters Cx which are user defined to be 

adjusted for different applications

http://www.4e-simulation.com/
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CMIX

• Affects only free shear flows (boundary layer shielded due to function Fblend).

• Increasing CMIX increases spreading rates of free shear flows 

• For each value of CSEP an optimal value of CMIX exists, which maintains  optimal free shear flows. This 

value is given by the correlation CMIX=CMixCor with default   𝐶𝑀𝑖𝑥𝐶𝑜𝑟 =0.35sign(𝐶𝑆𝑒𝑝 −1)√(|𝐶𝑆𝑒𝑝 −1|)

CJET 

• Is active in a sub-model of CMIX (no impact for CMIX = 0)

• Affects mostly jet flows. Increasing CJET while CMIX is active, decreases spreading rate for jets. 

• Allows to adjust spreading rate of jet flows while maintaining spreading rate of mixing layer. 

• Users can mostly use CJET = 0.9 (default) 

• Has no effect in case of CMIX = 0 

CCORNER

• Non-linear stress-strain term to account for secondary flows in corners (e.g. wing-body junctions etc. )

CCURV 
• An existing model for curvature correction, which can be combined with the GEKO model 

Turbulence Modelling

GEKO - Model  (ANSYS)

http://www.4e-simulation.com/
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Turbulence Modelling

GEKO - Model  (ANSYS)

Application requires an expert or proper parameter setting validation through 

comparison with experimental data

Menter et al., ANSYS Tech. Rep., 2019

Flow over a 

backward 

facing step

http://www.4e-simulation.com/
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Combustion Modelling

GEKO - Model  (ANSYS)

Study towards impact of different 

parameters on results

Manifold 

GOX

Manifold 

GCH4

Heat-sink Segments

Heat-sink 

Nozzle

http://www.4e-simulation.com/
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Dinkelacker et al. Comb. & Flame, 2011
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Volumetric fraction based Lewis number

Is molecular Diffusion important?
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Heat released based Lewis number

Combustion Modelling
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Orleans Bunsen Flame

Combustion Modelling

Is molecular Diffusion important?

Dinkelacker et al. Comb. & Flame, 2011

Comparison between experimental and calculated 

flame heights for 0, 10, 20 vol.% hydrogen for 0.1, 

0.5 and 0.9 MPa (φ = 0.6). 

Calculations without Lewis term and with Lewis 

number based on heat release (A) and volume 

fraction (C).

http://www.4e-simulation.com/
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Is molecular Diffusion important?

Two Diffusion Transport Processes due to 

two driving potentials;  

Species Concentration  → Fick Diffusion

Temperature   → Soret Diffusion

enhanced 

reactivity

burnt

reduced 

reactivity
unburnt D

D

1=
D

Le


α

α

α
u’

Sketch of Turbulent Flame

Consequences for Flame Propagation

• positive curvature are seen as dominant for 

flame propagation as that for the average 

reaction rate; 

• negative curvature are seen as dominant for 

flame extinction and flame thickness

accumulation 

of H2

http://www.4e-simulation.com/
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LESLIE (S. Menon, Georgia Tech): 

• multi-block structured, finite volume LES solver for the fully compressible Navier-Stokes equations solved in 

generalized coordinates. 

• Numerical scheme for integrating the discretized equations is second-order in time and includes a 

predictor/corrector scheme that is second or fourth order accurate in space. 

• Perfect gas model accounts for the temperature dependent specific heat capacities of all species. 

• Finite-rate chemistry is integrated using a 4th order accurate Runge-Kutta ODE integrator. 

• CANTERA  supplies the molecular diffusion models

• Code includes Soret effect and proper thermo-physical properties.

Is molecular Diffusion important?

Comparison of LES Predictions for Le=1 and mixture averaged diffusion  

Test Case: Predict behavior of the development of a syngas flame (0.675 H2 + 0.225 CO + 0.1 N2, 

molar) with mixture averaged diffusion coefficient and with Le = 1

Combustion Modelling

http://www.4e-simulation.com/
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Is molecular Diffusion important?

Initial Conditions and Kinetics Models
Setup: Temporally evolving shear layer at atmospheric pressure; central rectangular syngas/air layer (height H 

= 2.56 mm) equivalence ratio φ varying from 2 in the center to 1 in the outer region and flowing from left to 

right. Jet sandwiched between two symmetrical rectangular jets formed by combustion products (φ ~ 1.0 from 

a syngas/air mixture), thus creating a partially premixed flame.

Burnt products are situated slightly outside the shear layer (separation distance = 5.12 mm = 2H). Inside the 

rich, unburnt central jet the equivalence ratio varies within the inner 1H region. 

T (K) φ YO2

Combustion Modelling

Initial conditions for temperature, equivalence ratio and O2 mass fraction
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Is molecular Diffusion important? Comparison of results  for 3 different times

Combustion Modelling

http://www.4e-simulation.com/
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Is molecular Diffusion important?

Combustion Modelling
Comparison of results  for 3 different times

http://www.4e-simulation.com/
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Identification of small scale phenomena 
through DNS Simulations of Premixed 
Combustion

• Strong local variations of mass ratios due to 

differential diffusion of molecules. Smaller molecules 

diffuse faster then heavier ones.

   → in particular hydrogen moves towards ox-

        rich side and influences local ignition and  

        heat release

• Different average properties due to non-linear mixing 

behavior.

Combustion Modelling

Visualization of temperature dependent diffusion 
across the flame

X Y Z: Cartesian coordinate system; Λ0:     Characteristic length of eddy

http://www.4e-simulation.com/
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Modelling Turbulent Combustion

Lessons Learned

• Choose your Equation of State with great care in order to be able to apply 

appropriate thermo-physical properties (relevant for sufficient high 

pressures)

• Carefully assess the specific conditions of your problem to be able to 

choose the proper turbulence model as well as the parameter setting 

(relevant boundary or shear layer processes) 

• Omit molecular diffusion processes only when this is justifiable (may be 

negligible for standard air-breathing applications)

http://www.4e-simulation.com/
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