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Large Eddy Simulation for Wall-bounded Flows

• Large Eddy Simulation: only resolve large/important 
scales; model small scales; very successful for free-
shear flows.

• What about wall-bounded flows?  The small scales 
(near-wall eddies) are also important.

(a) y=0.05 (y+=220, Re⌧=4000)

(b) y=1 (y+=4000, Re⌧=4000)

Figure 5.2: Contours of u0 in the x-z plane at two different wall normal (y) locations. Figures arise
from Case D (0.25�z). u’Mean=u0.
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• LES loses its advantage! LES: O(Re1.8) v.s. DNS: O(Re9/4)

(Chapman 1974)



Hybrid LES/RANS Methods: 
Zonal Approach

• DES: Fundamental inconsistencies: filtered vs. 
Reynolds-averaged quantities. 

• The inconsistency at the LES/RANS interface 
leads to modeled stress depletion and log-layer 
mismatch



Hybrid LES/RANS Method:
Consistent Approach

• To overcome this difficulty, we propose a dual-
mesh consistent framework for hybrid LES/
RANS modeling.
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To overcome this di!culty, we have developed a novel hybrid LES/RANS1 algorithm and implemented it
into OpenFOAM2. Simulation results demonstrate that the proposed method can achieve satisfactory
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candidate for industrial flow simulations.

Figure: Comparison of velocity fields from hybrid (top) and RANS (bottom) simulations. The hybrid
method gives instantaneous field with moderate computational cost, while RANS only has mean field
information.

Project Description
The objective of this project is to further improve the predictive capabilities of the hybrid solver by improving
the performance of the RANS component. Specifically, the student will:

• identify, through literature review, one or two appropriate Reynolds Stress Turbulence Models (RSTM)
in low Reynolds number formulation, (currently there is no low Re RSTM models in OpenFOAM)

• implement the chosen RSTM into OpenFOAM (with help from the supervisor)
• evaluate the implemented RSTM against the reference data from the literature, on a few classical
cases (e.g. plane channel flow and flow around periodic hill), and

• analyze the performances of the implemented models and document the findings.

Through this project, the student will have the opportunity to

• gain proficiency of the renowned open-source CFD platform OpenFOAM,
• learn about the theories and practices of advanced turbulence modeling techniques (RANS and hybrid
LES/RANS methods), and

1RANS: Reynolds Averaged Navier Stokes equations
2OpenFOAM: An open-source CFD toolkit. See www.openfoam.com/features/
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• U⇤
i = hUii (Reynolds averaged velocity)

• p⇤ = hpi (Reynolds averaged pressure)

• ⌧⇤ij = huiuji (Reynolds stress)

• U⇤
i =

¯Ui (filtered velocity)

• p⇤ = p̄ (filtered pressure)

• ⌧⇤ij = ⌧R
ij (residual stress)

RANS LES
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equations:

• U⇤
i =

¯Ui (filtered velocity)

• p⇤ = p̄ (filtered pressure)

• ⌧⇤ij = ⌧R
ij (residual stress)

• U⇤
i = hUii (Reynolds averaged velocity)

• p⇤ = hpi (Reynolds averaged pressure)

• ⌧⇤ij = huiuji (Reynolds stress)

LES:RANS:

Motivation and General IdeaHybrid LES/RANS Framework: Forcing



Operators and Consistency

• Spatial filtering operator (LES):

• Reynolds averaging operator:

• Exponentially-weighted time average:

f̄

hfi

hUiiLES = hŪiiAVG

huiujiLES =
1

T

Z 1

0
[(Ūi � hŪiiLES)(Ūj � hŪjiLES) + ⌧R

ij ] e
�t0/T dt0

hfiAVG =
1

T

Z 1

0
f(t� t0)e�t0/T dt0
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Operators and Consistency

• Spatial filtering operator (LES):

• Reynolds averaging operator:

• Exponentially-weighted time average:
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huiujiLES ⇡ huiuji

Consistency:
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Q⇤
i = hQii = (hUiiAVG � hUii)/�

• Forcing on RANS Equations:

Only active in LES region (well-resolved by LES)!

Hybrid LES/RANS Framework: Forcing

No forcing

With forcingLES Region
(LES well-resolved)

RANS region



Hybrid LES/RANS Framework: Forcing

No forcing

With forcing

LES Region
(LES well-resolved)

RANS region

with

In RANS region (under-resolved by LES) only:

Gij =
⇣
huiujiAVG � huiuii

⌘
/(ukuk)

Q⇤
i = Q̄i = (hUii � hUiiAVG)/�1 +Gij(hUjiAVG � Ūj)/�2

• Forcing on LES Equations:
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Shift mean without affecting the fluctuations
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with Gij =
⇣
huiujiAVG � huiuii
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/(ukuk)

• Forcing on LES Equations:
Hybrid LES/RANS Framework: Forcing

Scale fluctuations without affecting the mean

Q⇤
i = Q̄i = (hUii � hUiiLES)/⌧1 +Gij(hUjiLES � Ūj)/⌧2



LES/RANS Algorithm

Algorithm 1. Overall algorithm of the hybrid solver as implemented in this work.

1. Choose LES and RANS models and other parameters;
2. Initialize the fields for LES and RANS;
3. Initialize the fields for Exponentially Weighted Average (EWA) quantities;
4. Initialize all drift terms to zeros;
for each time step do

1. For each grid cell determine whether it is well resolved (in LES), and assign it to LES or RANS
region accordingly;

2. Solve filtered momentum and pressure Poisson equations (2) for Ui and !p;
3. Solve averaged momentum and pressure Poisson equations (3) for hUii and hpi;
4. Update EWA quantities hUiiAVG; hsijiAVG and heiAVG, according to Eq. (5);
5. Interpolate the quantities needed for the calculation of drift terms;
6. Update drift terms according to Eqs. (10), (15), and (16);

end

For the computation of exponentially weighted average quantities in Eq. (5), time integration is needed. To reduce storage
and to facilitate numerical computation, it is recognized that Eq. (4) is the solution of following equation:

dh/iAVG

dt
! 1

T
"/# h/iAVG$: "17$

Hence, the exponentially weighted averaging can be approximated up to first order as [19]

h/iAVG;n ! "1# a$/n % ah/iAVG;n#1 "18$

with a ! 1
1% Dt=T

; "19$

where n indicates the current time level, and (1 # a) is the weight of the current value /n. With this implementation, the
fields from previous steps earlier than (n # 1) do not need to be stored.

3. Implementation and numerical methods

The framework and algorithm presented in Section 2.4 do not depend on specific LES and RANS models or on specific flow
solvers. In this section, we present an implementation of the framework and algorithm in an incompressible turbulent flow
solver. This implementation is presented in a separate section in order to emphasize the fact that the framework and algo-
rithm of the previous section are general. Similarly, one could implement this algorithm in a compressible solver or in other
simulation platforms. The implementation details are presented in Section 3.1. The turbulence models and the numerical
methods used for the simulations in this study are discussed in Sections 3.2 and 3.3, respectively.

3.1. Solver implementation

According to the framework and algorithm proposed above, a hybrid solver for incompressible turbulent flows has been
implemented based on the open source CFD platform OpenFOAM [20,21], taking advantage of its existing LES and RANS solv-
ers as well as its field operation capabilities. The finite volume method with unstructured meshes is used for both LES and
RANS solvers, but LES and RANS may use different meshes, which is motivated in Section 2.3. The PISO (Pressure Implicit
with Splitting of Operators) algorithm [22] is used to solve the coupled momentum and pressure equations in both LES
and RANS solvers. Collocated grids are used and the Rhie and Chow interpolation is used to prevent the pressure–velocity
decoupling [23].

At each time step, the PISO algorithm as used in OpenFOAM can be summarized as follows [24]:

(1) Momentum prediction: solve the fluid momentum equation using the pressure field and the external forcing from the
previous step.

(2) Pressure solution: solve the pressure equation for the updated pressure field.
(3) Velocity correction: correct the velocity field using the updated pressure field with the momentum equation.

Repeat steps 2 and 3 until convergence.

Parallel processing is a built-in capability of OpenFOAM through domain decomposition, where the mesh (and all the
fields associated with the mesh, the same hereafter) are decomposed and distributed to all processors. The processors
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Dual-Mesh LES/RANS

• Filtered and RANS equations are solved 
simultaneously on separate meshes.

• Interpolations are required if the meshes are 
not identical.

• Flexibility of using preferred LES and RANS 
code with minor modification: minimally 
intrusive.

Possible to use almost any combination 
of LES and RANS solvers!



Dual-Mesh Hybrid LES/RANS
• RANS grid optimized for wall bounded flow; LES 

grid optimized for free-shear flow.

• The LES and RANS solvers only exchange 
quantities to compute relaxation forces.

RANS:

LES:



Proof-of-Concept Implementation
• We have implemented the dual-mesh LES/RANS 

framework based on OpenFOAM (standard 
open-source CFD platform www.openfoam.org)

• Demonstrated the merits on canonical flows

• Both RANS and LES equations are discretized by 
using 2nd scheme on unstructured meshes.
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Using High-Order LES: Motivation

• In LES conducted using second-order schemes, 
truncation error is O(h2); which is of the same 
order as SGS model term e.g.,

• LES are often computationally expensive. 
General-purpose CFD codes are designed for 
flexibility, not for efficiency!

⌫sgs = (Cs�)2|Sij
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Using High-Order LES: Motivation

• In LES conducted using second-order schemes, 
truncation error is O(h2); which is of the same 
order as SGS model term e.g.,

• LES are often computationally expensive. 
General-purpose CFD codes are designed for 
flexibility, not for efficiency!

• High-accuracy, high-efficiency LES solvers 
developed in academia use Cartesian grids: mostly 
restricted to simple geometry.

Strategy: high-order LES + low-order RANS
IMPACT     OpenFOAM

⌫sgs = (Cs�)2|Sij

(Henniger et al. 2012, JCP)



IMPACT/OpenFOAM Coupling: Meshes
• High-accuracy LES on Cartesian grid boundary 

conditions imposed via immersed boundary 
technique.

LES on Cartesian grid



IMPACT/OpenFOAM Coupling: Meshes

RANS on body-fitting grid
• Low-order RANS solver on unstructured grid.

• High-accuracy LES on Cartesian grid boundary 
conditions imposed via immersed boundary 
technique.

LES on Cartesian grid



Note: 1. Accuracy of immersed boundary forcing is not critical.
2. On Cartesian grid, stretching towards curved boundaries is 
not easy => no stretching in our LES!

IMPACT/OpenFOAM Coupling: Meshes

RANS on body-fitting grid
• Low-order RANS solver on unstructured grid.

• High-accuracy LES on Cartesian grid boundary 
conditions imposed via immersed boundary 
technique.

LES on Cartesian grid



• 6th-order compact finite difference scheme

• Cartesian mesh (with possibility of stretching) 
Staggered grid + Explicit time-stepping (RK3)

• ADM-RT for Sub-Grid Scale modeling

LES solver: IMPACT 
IMPACT/OpenFOAM Coupling: Numerics

Approximate Deconvolution Model with Relaxation Term



• 6th-order compact finite difference scheme

• Cartesian mesh (with possibility of stretching) 
Staggered grid + Explicit time-stepping (RK3)

• ADM-RT for Sub-Grid Scale modeling

LES solver: IMPACT 

RANS solver: OpenFOAM (open-source CFD platform)

• Second-order finite volume discretization

• Body-fitting mesh (globally unstructured); Co-
located grid + PISO algorithm

• A variety of common RANS turbulence models

IMPACT/OpenFOAM Coupling: Numerics

Approximate Deconvolution Model with Relaxation Term



Periodic Channel Flow  Re⌧ = 590

• Improved prediction; No log-layer mismatch

Outer Coordinate Inner Coordinate



Periodic Channel Flow  Re⌧ = 590

Turbulent shear stress TKE

• Significantly better shear stress & TKE in the 
outer layer

• SGS contribution not know (due to the nature 
of the ADM-RT model)



Periodic Hill: Problem Setup

Rapp, http://qnet.cfms.org.uk/index.php?title=Image:Hill3d.jpg

• Periodic BCs in streamwise + spanwise directions.

• Pressure gradient to maintain constant mass flux.

• Reynolds number based on hill height and bulk 
velocity at crest: 2800 and 10595

Re =
HUb

⌫



RANS

LES

Different Domain / Inconsistent Meshes



Different Domain / Inconsistent Meshes



Velocity Profiles for Re=2800

• Pure LES is quite good: boundary forcing OK!

• Improvement of hybrid solve in free shear region 
and in the reattached region (shaded).

y+=9



Wall Shear Stress for Re2800

• Good prediction of wall shear stress: LES captured 
the overall behavior + RANS captured near-wall 
velocity profile

• Good prediction of separation/reattachment by 
hybrid LES/RANS, but not by pure RANS!



Velocity Profiles for Re=10595

y+=27



Comparison of Turbulent Shear Stress



Figure 4: Time series of filtered velocity, exponentially weighted average (consistent) ve-
locity, and RANS velocity, shifted by the mean of Ū1, and then normalized by the standard
deviation of Ū1 at the respective locations. The time series are presented for four locations:
(a) x = 3, y = 1.9; (b) x = 7, y = 1.9; (c) x = 3, y = 0.1; and (d) x = 7, y = 1.9. The
spanwise coordinates are z = 2 for all points. Points (a) and (b) are located in the LES
region, and points (c) and (d) are located in the RANS region.
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Consistency: velocity

hUiiAVG (t) ⇡ 1

T

Z 1

0
Ūi(t� t0)e�t0/T dt0

average LES



Consistency: Mean Velocity

Figure 6: Consistency between the LES and the RANS: mean streamwise velocity from

the LES and that from the RANS are compared. (a) LES and RANS velocities from the

hybrid solver with coupling; (b) LES and RANS velocities from standalone LES and RANS

solvers without coupling. For the LES results, the lines pass through all data points, but

markers are only shown for every seventh points for clarity.
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No 
coupling



Velocity Magnitude (Re10595)



Conclusion and Outlook
• We introduced a dual-mesh consistent hybrid 

LES/RANS framework where LES and RANS are 
conducted simultaneously for the same flow.

• A coupled solver using high-order LES on 
Cartesian grid and RANS on body-fitting grid 
has been developed, using an immersed 
boundary technique.

• The hybrid solver performs better than under-
resolved pure LES (on the same mesh).

• The framework can explore the potential of 
existing academic LES codes for complex flows.



Thank you for you attention!
Questions?


