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ABSTRACT  
The oodlesDST code is based on OpenFOAM software and performs Large Eddy Simulations 
of turbulent fluid flows. The code contains a number of specialized subgrid scale turbulence 
models and wall models. This report describes these models in sufficient detail to allow a new 
user of the code to make informed decisions regarding the use of these models for particular 
applications. An overview of the code structure is given and typical solver settings and 
discretization choices have been illustrated by applying the code to the separation and 
reattachment of a turbulent boundary layer on a three-dimensional curved ramp. The 
simulated results are compared with experimental results as well as previous numerical 
simulations. 
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Large Eddy Simulations using oodlesDST 

  
Executive Summary  

 

The oodlesDST code is based on OpenFOAM software and performs Large Eddy 
Simulations (LES) of turbulent fluid flows. It was developed by the Hydrodynamics 
Group of the Swedish Defence Research Agency FOI and is made available to the 
Hydroacoustics Group, MD, DST Group under a Project Arrangement (PA) between 
the Government of the Kingdom of Sweden and the Department of Defence of 
Australia. The objectives of this PA include the transfer of the FOI submarine 
hydrodynamic modelling tools to the DST Group and the development and 
enhancement of the software by the Hydroacoustics Group. The oodlesDST code forms 
part of this technology transfer. It provides the DST Group with an enhanced ability to 
simulate submarine manoeuvres and provides a basis for the simulation of acoustic 
signatures. This report has been written to consolidate the knowledge gained from 
training sessions conducted by FOI in the use of the code and to provide a reference for 
the application of the software to a representative test case of relevance to future 
simulations.  
 
The report begins with a brief introduction to the LES approach. The code contains a 
number of specialized subgrid scale (SGS) turbulence models and wall models. These 
models are described in sufficient detail to allow a new user of the code to make 
informed decisions regarding the use of these models for particular applications. An 
overview of the code structure is also given and typical solver settings and 
discretization choices have been illustrated by applying the code to the separation and 
reattachment of a turbulent boundary layer on a three-dimensional curved ramp. The 
behaviour of each of the subgrid scale models is described in detail and compared with 
both experimental results and previous numerical simulations. 
 
Of the six SGS models studied, the Localised Dynamic Kinetic Energy Model gave the 
best agreement with experiment for the equilibrium boundary layer upstream of the 
curved ramp. In the region of separated flow the One Equation Eddy Viscosity Model 
with the addition of the Bardina term gave the best agreement with experiment for the 
positions of the separation and reattachment points, while both the Implicit LES and 
the Wall Adapting Local Eddy Viscosity models were best at capturing the region of 
reversed flow. 
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1. Introduction 

In July 2010 the Hydrodynamics Group in Maritime Division (MD), DST Group, 
commenced a formal collaborative agreement with the Hydrodynamics Group of the 
Swedish Defence Research Agency FOI. The Project Agreement (PA) was entered into 
under the Memorandum of Understanding on Capability Development and Defence 
Materiel Co-operation between the Government of the Kingdom of Sweden and the 
Department of Defence of Australia concerning Co-operation in the Field of Research and 
Technology. One of the objectives of this PA is the transfer of the FOI submarine 
hydrodynamic modelling tools to the DST Group. These tools are implemented using the 
OpenFOAM software suite. One of the advantages of OpenFOAM over commercial 
Computational Fluid Dynamics codes is that it runs in parallel using standard MPI 
(Message Passing Interface) software, which means that users are not constrained by a 
limited number of parallel licenses and can take full advantage of available cluster 
hardware. Since OpenFOAM is an open source CFD software package users also have 
access to the source code and have complete freedom to customize the code to their own 
requirements. 
 
The basic program, known as oodlesDST (object oriented large eddy simulation), solves 
the Large Eddy Simulation (LES) equations for incompressible flow. The program contains 
significant differences to the generic LES solver (oodles) available in the public 
OpenFOAM release, particularly in the area of the available Sub Grid Scale (SGS) models 
and the wall-layer models. The first part of this report provides an introduction to LES 
modelling and a detailed description of each of the included SGS models and the wall-
models, followed by an overview of the code itself. The application of the code to a generic 
test case (separation and reattachment on a three-dimensional curved ramp) is then 
described in some detail to illustrate the FOI approach to LES simulations, to highlight the 
strengths and weaknesses of the SGS models, and to illustrate the effect of the numerical 
solution scheme on the accuracy of the simulated results.  
 
The nature of the LES simulation approach lends itself naturally to the calculation of the 
turbulence generated sound spectrum. Additional software tools are required to turn the 
results of the simulation into power spectra and these tools are included in the software 
suite provided by FOI. The application of these tools to the simulation of the radiated 
spectra for some generic cases will be described in a forthcoming report.  
 
 

2. Large Eddy Simulation 

Turbulent flows are characterized by velocity fields which fluctuate rapidly in both space 
and time. Since these fluctuations occur over several orders of magnitude it is very 
expensive to construct a computational mesh which can be used to directly simulate both 
the small scale and high frequency fluctuations for problems of practical engineering 
significance. One method which can be used to eliminate the need to resolve these small 

http://www.openfoam.com/legal/open-source.php
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scales and high frequencies is known as Reynolds Averaging. In this approach all flow 
variables are divided into a mean component (which can vary slowly in time) and a 
rapidly fluctuating component. The Navier-Stokes equations are then averaged to remove 
the rapidly fluctuating components. The resulting equations, known as the Reynolds 
Averaged Navier-Stokes (RANS) equations, contain terms which involve mean values of 
products of rapidly varying quantities. These terms are known as the Reynolds Stresses 
and the solution of the RANS equations initially involves the construction of suitable 
models to represent these Reynolds Stresses.  
 
An alternative to Reynolds averaging is Large Eddy Simulation (LES). In this approach the 
Navier-Stokes equations are solved without any approximations down to a specified 
length scale with the smaller unresolved scales modelled in the momentum equation in the 
form of a residual, or Sub Grid Scale (SGS), stress tensor. While the SGS stress tensor 
requires modelling, as do the Reynolds Stresses in the RANS approach, the advantage of 
the LES method is that the large scale eddies in the flow are simulated accurately. This is a 
more accurate approach to the simulation of turbulent flow because the large scale eddies 
typically contain the majority of the kinetic energy in the flow and are more responsive to 
flow geometry, while the smaller scale motions are more universal in nature and more 
easily modelled. 
 
The LES approach was first proposed by Smagorinsky [1] in the context of meteorological 
flows and was first formulated in terms of a filtering operation to remove the small scale 
motion by Leonard [2]. In the standard approach to the derivation of the LES equations the 
separation into small and large scales is affected by spatially filtering the variables with a 
kernel function:  
 

( ) ( ) ( )∫ ′′′= iiiii xdxxGxx ,ff  (1) 

where G is the filter function and the integral is extended over the entire domain. Hence  
( )ixf represents a filtered version of ( )ixf  in which fluctuations on a scale less than the 

filter width Δ are smoothed out. In a CFD simulation the filtering is provided by the finite 
size of the computational cells. Pope [3] describes this filtering operation in more detail 
and gives several examples of appropriate filter functions. If this filtering is applied to the 
incompressible Navier-Stokes equations the following equations are obtained: 
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where ( )t,xu ii  is the resolved velocity field, ( )t,xp i  the resolved pressure field, δij is the 

Kronecker delta and ν is the kinematic viscosity. The SGS stress tensor τij is defined as: 
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jijiij uuuuτ −=  (4) 

and represents the effects of the unresolved small scales on the resolved scales. The central 
problem in LES is to find a suitable expression for ijτ . A large number of different models 
have been described in the literature since Smagorinsky’s original work in this field. Those 
contained in the oodlesDST code are described in the next section. 
 
A more careful analysis, taking into account the fact that filtering and differentiation do 
not commute on realistic finite volume meshes, results in additional commutation error 
terms appearing in equation (3). The approach taken here is that these terms are of much 
smaller magnitude than ijτ , hence they are either neglected, or absorbed into the model 

used to describe ijτ . 
 
The reader should note that the definition of ijτ given in equation (4) is the one most 
generally used in the LES community and results in the appearance of a negative sign 
when ijτ is defined in terms of the strain rate tensor of the filtered velocities (for example, 
equation (5) below).  However some authors, for example Nicoud and Ducros [4], Menter 
[5], Lesieur et al. [6], Oran and Boris [7], Davidson [8] define the Subgrid scale stress tensor 
as jijiij uuuuτ −=  and in this case there is no need for a negative sign in such 

expressions. 
 
 

3. Sub Grid Scale models 

3.1 The Smagorinsky Model (SMG)  

The simplest SGS model is the one originally proposed by Smagorinsky [1], in which the 
sub-grid scale stresses are computed using an isotropic eddy viscosity approach:  
 

ijijkkij S2νδττ T3
1 −=−  (5) 

Equation (5) defines the deviatoric part of ijτ  to be equal to the product of an eddy-

viscosity Tν and the resolved rate of strain tensor ijS , where  
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ij x

u
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∂

+
∂
∂

=  (6) 

For incompressible flow only the deviatoric part of ijτ  is relevant, hence it has become 
standard practice to deduct the trace term from the tensor and absorb it into an effective 
pressure field. The eddy viscosity is then calculated from an algebraic expression 
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involving the product of a model constant CS, the modulus of the rate of strain tensor S , 

and an expression involving the filter width∆ : 
 

SC 22
ST ∆=ν  (7) 

The problem with this approach is that there is no single value of the constant CS which is 
universally applicable to a wide range of flows. If the energy spectrum follows the 
Kolmogorov law then CS can be shown to have the value 0.16. This value works well for 
isotropic turbulence but is too high for channel flow, where a value of 0.1 is more 
appropriate [9]. The problem can be overcome by using the Dynamic Smagorinsky Model 
(DSM) devised by Germano et al. [10] and Lilly [11]. In this procedure CS is dynamically 
computed during the simulation using the information provided by the resolved fields. CS 
determined in this way varies with time and space, and this allows the Smagorinsky 
model to cope with transitional flows and to include near-wall damping effects in a 
natural manner. The model is difficult to implement however and suffers from a number 
of problems [12, 13]. In practice CS is found to have unacceptably rapid spatial variations 
during a simulation that can lead to instability in the numerical computation of the 
resolved fields. CS can also become negative in some regions of the mesh, implying a 
negative eddy viscosity and creating further instability. These problems are usually 
overcome either by clipping CS so that the total viscosity (viscous plus turbulent) remains 
positive, or by employing some type of averaging procedure over a suitable domain, either 
along streamlines or planes. In complex flow geometries where no symmetries exist this 
procedure becomes problematic however. Only the standard (isochoric) Smagorinsky 
model is included in the oodlesDST code with the model constant Cs having the value 
0.16.  
 
 
3.2 The Wall Adapting Local Eddy Viscosity (WALE) Model 

The WALE model [4] corrects some of the deficiencies of the original Smagorinsky model 
by defining the eddy viscosity Tν in terms of an invariant which is more representative of 
the turbulent activity in the flow. The Smagorinsky model is based on the second invariant 
of the symmetric part of the velocity gradient tensor. Two of the problems associated with 
this choice are that Tν is only related to the strain rate of the turbulent structures and not 
their rotation rate, and Tν does not have the correct physical dependency on the wall 
normal coordinate close to the wall. The WALE model overcomes these problems by using 
the traceless symmetric part of the square of the velocity gradient tensor to form Tν : 
 

( ) ( )
( ) ( ) 4/52/5
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1 −+= ,  kjik
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ij ggg =  and jiij x/ug ∂∂=  (9) 
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The advantages of equation (8) are: 
 

• Tν  consists of a mixture of both the local strain rate and the rotation rate, thus 
allowing the model to detect all the turbulent structures relevant to the kinetic 
energy dissipation. 

• Tν   automatically goes to zero near a wall with the proper y3 scaling. 

• Tν   is zero for the case of pure shear. 

• The model is numerically well conditioned; νT can be neither negative nor infinite. 
 
The constant Cw has the fixed value 0.325 and, unlike the Smagorinsky model, the value is 
independent of the particular type of flow. The absence of a turbulent viscosity for wall 
bounded laminar flow implies that the development of linearly unstable waves should be 
possible, and in fact the model has been shown to be capable of reproducing the laminar to 
turbulent transition in pipe flow [4].  
 
 
3.3 The One Equation Eddy Viscosity Model (OEEVM) 

Both the Smagorinsky and WALE models assume that the production and dissipation of 
turbulent kinetic energy are in equilibrium in order to calculate the value of the 
independent constant (CS or Cw) in their expressions for the turbulent viscosity. This 
assumption will not be true in boundary layers or for separating and re-attaching flows. 
To overcome this limitation the eddy viscosity can be written in the form 
 

1/2
k kC ΔT =ν  (10) 

where k is the SGS kinetic energy, which is defined in terms of the trace of the SGS stress 
tensor as  

( )2
iiιιiiτk uu2

2
1

2
1 −==  (11) 

An equation for k can then be derived by taking the trace of the transport equation for the 
SGS stress tensor and modelling the diffusion and dissipation terms, which results in the 
following equation: 
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The One Equation Eddy Viscosity Model was first proposed by Schumann [14] and later 
modified by Yoshizawa [15]. Fureby et al. [16] have noted that if production equals 
dissipation in equation (12) then the model reduces to the standard Smagorinsky Subgrid 
scale eddy viscosity model. The constants Ck and Ce can be obtained by assuming a k-5/3 
inertial sub-range behaviour, which gives Ck ~ 0.07 and Ce ~ 1.03. Furbey et al. [16] also 
comment that the strongly anisotropic behaviour of the flow close to walls and the break 
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down of the assumptions regarding the inertial sub-range behaviour in this region means 
that the OEEVM is often used with wall models.  
 
 
3.4 Mixed Models (MM) 

A Mixed Model refers to a combination of the scale similarity model, first introduced by 
Bardina et al. [17], with any form of eddy viscosity model. The Bardina model is based on 
the concept of scale invariance and assumes that the structure of the velocity field at scales 
below the size of the filter width Δ is similar to that at scales above Δ. This postulate is 
supported by the experiments of Liu et al. [18]. Based on this assumption an approximate 
expression for the SGS stress tensor can be written as follows: 
 

jijiij uuuuτ −=  (13) 

This assumption allows the calculation of the SGS stresses directly from the resolved 
fields. The second bar above the velocity components in equation (13) represents a second 
filter at a scale γΔ, where γ ≥ 1. The original model by Bardina used γ =1 while Liu et al. 
[18] used γ = 2.  
 
That equation (13) is only an approximation to the true SGS stress tensor can easily be seen 
by writing the velocity in equation (4) in the form iii uuu ′+= and then evaluating the 
expression for the SGS stress tensor: 
 

( ) ( ) ( )jijijijijijijijiij uuuuuuuuuuuuuuuuτ ′′−′′+′−′−′+′+−=  (14) 

The first term on the right side of equation (14) represents the effects of interactions 
between the smallest resolved scales, the second term represents the effects of interactions 
between the resolved and unresolved scales and the third term is the effect of interactions 
amongst the unresolved scales. This last term in equation (14) is the one which represents 
the bulk of the SGS dissipation. 
 
Bardina et al. [17] showed that equation (13) resulted in a high correlation between the real 
and modelled SGS stresses but lead to inaccurate results when used in simulations because 
the model was insufficiently dissipative. To account for the additional dissipative terms 
missing from equation (13) Bardina suggested adding a dissipative Smagorinsky term to 
give the following mixed model: 
 

( ) ij
2

Sjijiij SSC2uu-uuτ Δ−=  (15) 

The choice of the Smagorinsky model is rather arbitrary however and any SGS turbulent 
viscosity can be used. The oodlesDST code currently contains two mixed models, the 
SMGMIXED model refers to a combination of the Smagorinsky model and the Bardina 
term, whilst the OEEVMMIXED model refers to the combination of the One Equation 
Eddy Viscosity model with the Bardina term.  
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3.5 The Localised Dynamic Kinetic Energy Model (LDKM)  

The Localised Dynamic Kinetic Energy Model of Kim and Menon [19, 20] is a one equation 
eddy viscosity model in which the constants Ck and Ce are determined dynamically during 
the course of the simulation. This is done by defining a second test filter of width γΔ 
(where typically γ = 2) and using scale similarity arguments similar to those used in the 
Mixed Model. A test-scale Leonard stress tensor is defined as: 
 

jijiij uuuuL −=  (16) 

where the second overbar again denotes filtering by the test filter. A resolved kinetic 
energy at the test-filter level can also be defined by: 
 

( )kkkk2
1

test uuuuk −=  (17) 

which is dissipated at the small scales by: 
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Assuming that the same parameterization can be used for both τij and Lij we can write: 
 

ij
1/2
testkkkij3

1
ij Sk2CLδL Δ−=−  (19) 

where the overbar on Δ indicates that the width of the test filter is to be used. Using the 
similarity assumption an over-determined set of equations for Ck can then be found which 
are solved using the least-squares method suggested by Lilly [11] to give: 
 

ijij

ijij
2
1

k σσ
σL

C =  (20) 

where: 

ijΔ Skσ 1/2
testij −=  (21) 

Similarity between the dissipation rate at the grid-filter level and the test-filter level allows 
the following expression for the dissipation model coefficient to be obtained: 
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The denominators in the expressions for Ck and Ce are well defined and the ill-
conditioning problem associated with the dynamic model based on Germano’s approach 
[10] is avoided with these expressions. The above equations have been shown to enable 
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stable localized evaluations of the model coefficients without employing any special 
spatial or temporal averaging. 

 
 
3.6 Differential Stress Equation Model (DSGSM)  

One of the weaknesses in all of the sub grid scale models described so far has been the use 
of the isotropic eddy viscosity assumption, equation (5) in Section 3.1. This assumption 
implies that the principal axes of ijτ are coincident with those of the mean strain rate 
tensor. There are many flows for which this assumption is incorrect, including flow over 
curved surfaces and flow with boundary layer separation, flows which are particularly 
pertinent to maritime platforms. For RANS simulations this assumption can be avoided by 
using a Reynolds-stress model [3], in which model transport equations are solved for each 
of individual Reynolds stresses jiuu and for the dissipation ε. A similar approach can be 

applied to LES by forming an equation for the SGS stress tensor ijτ . Deardorff [21] was the 
first to use this approach. He derived sub grid transport equations for each of the sub grid 
Reynolds stresses and fluxes, rather than solving a single equation for a sub grid eddy 
viscosity. He applied this method to model atmospheric boundary layers and found 
superior results with this approach, but also noted that the method was computationally 
more expensive than the less rigorous eddy viscosity methods.  
 
More recently Fureby et al [22] have followed the approach pioneered by Deardorff [21] 
and studied the sub grid scale stress equation using the principles of frame indifference 
and the concept of realizability. Closure models were proposed which satisfied these 
constraints and satisfied the additional requirement that the modelled balance equation 
must degenerate into the ordinary balance equation for the sub grid scale kinetic energy 
when contracted. The model was applied to forced homogeneous isotropic turbulence and 
was found to reproduce the interscale energy transfer better than traditional sub grid scale 
models for a larger range of Reynolds numbers. When applied to fully developed 
turbulent channel flow the model significantly improved the first and second order 
velocity moments and predicted the mean streak spacing better than any other model. The 
additional computational cost was found to be no more than about 20% of that used for 
the constant coefficient Smagorinsky model [22]. 
 
In this section we describe the differential stress equation model as implemented in 
oodlesDST. The presentation is an abbreviated form of that recently given by Fureby et al. 
[16]. An exact equation for ijτ can be obtained by combining the original and filtered forms 
of the Navier-Stokes equations. In symbolic form this can be written as: 
 

( ) ijijijijij
k

ij uτ
xt

τ
EJPk +Φ++=

∂
∂

+
∂

∂  (23) 

 The term Pij represents the rate of creation of τij by the resolved strain and has the 
following exact form: 
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jk

k

j
ikij x

uτ
x
u

τ
∂
∂

−
∂

∂
−=P  (24) 

Jij is a diffusive term and promotes spatial redistribution of τij. It is modelled using a 
conventional gradient law using the subgrid viscosity 2/1

kc kνk ∆= where ck is a model 
coefficient: 
 









∂

∂

∂
∂

−=
k

ij
k

k
ij x

τ
ν

x
J  (25) 

Фij represents the correlation between pressure and strain and serves to redistribute 
energy among the normal subgrid stress components. It can be divided into three 
independent contributions: a term responsible for non-linear interactions, a term 
representing the return to isotropy by the velocity gradients, and a term representing wall-
reflection effects due to the pressure fluctuations. Only the first two terms are modelled in 
oodlesDST and so Фij takes the following form: 
 







 δ−+






 δ−

∆
≈Φ ijkkijijijij kkτk S

3
1S

5
2

3
2c

2/1

m  (26) 

Eij represents the rate of destruction of ijτ by viscous action. It arises from the fine scale 
motion because the velocity gradients are steepest at these scales. For a high Reynolds 
number these motions are assumed to be virtually isotropic, so that Eij can be written as: 
 

ijij
k

δ
∆

≈
2/3

ecE  (27) 

where ce is a second model coefficient. Combining equations (23) through (27) the full 
model than becomes: 
 

ijD
kSkijτ

k

kx
iu

jkτ
kx
ju

ikτ
kx
ijτ

kν
kx

uijτ
kxt

ijτ
δ

∆






 −++

∆
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∂

∂
−
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∂
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∂
∂

+
∂

∂ 2/3

em cc
3
2

5
22/1

mck
 

(28) 

where DS represents the deviatoric part of S and ce = 0.69, cm = 4.13 and ck = 0.07. Fureby et 
al [16] note that when the trace of equation (28) is taken the resulting equation is identical 
to the transport equation for k used in the OEEVM.  
 
Equation (28) is implemented in oodlesDST but has so far not been tested on many 
canonical flows. Apart from the earlier applications to forced homogeneous isotropic 
turbulence and fully developed turbulent channel flow [22] it has been used to study the 
flow around a 6:1 prolate spheroid and to simulate the three-dimensional contoured ramp 
problem of Song et al. [23]. In these latter applications the success of the model has been 
mixed; improved predictions were noted for the flow around the 6:1 prolate spheroid; 
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however for the contoured ramp problem the simulated results were inferior to those 
calculated using the LDKM model.  
 
 
3.7 Implicit LES (ILES) 

The idea behind Implicit LES is to solve the unfiltered Navier-Stokes equations without 
using an explicit SGS model and instead use the inherent dissipation contained in the 
discretization scheme to act as an implicit SGS model. This approach was pioneered by 
Boris [24] at the Naval Research Laboratories and was originally known as MILES 
(Monotone Integrated Large Eddy Simulation). Boris and Book [25] had previously 
developed the Flux-Corrected Transport (FCT) algorithm in order to numerically simulate 
the behaviour of strong shocks in compressible flows. FCT is a non-linear monotone 
algorithm which has been remarkably successful in time-dependent simulations of shear 
flows, jet flows, compressible turbulence, and Rayleigh-Taylor mixing. Combining the 
experience gained from solving many compressible flow problems using the FCT 
algorithm with those of other researchers using related monotone algorithms, Boris et al. 
[26] conjectured that monotone algorithms can actually be viewed as LES models with an 
intrinsic SGS model.  
 
This approach has been studied in detail by Fureby and Grinstein [27] and Grinstein and 
Fureby [28] and applied to isotropic decaying turbulence, transitional jets, channel flows, 
free shear flows, flow over a prolate spheroid and flow around submarines. The 
overwhelming conclusion from all these studies is that MILES is capable of predicting the 
experimental results equally as well as any of the other standard LES approaches. An 
excellent summary of recent work in this area is contained in the book by Grinstein et al. 
[29]. 
 
One advantage of the MILES approach is that, as with the Differential Stress Equation SGS 
model of the previous section, it avoids the use of the isotropic eddy viscosity assumption. 
Fureby and Grinstein [27] have shown that MILES reproduces the first-order and second-
order statistical moments of the velocity field for wall-bounded flows almost as accurately 
as the DSGSM and better than isotropic eddy-viscosity models. Through the use of the 
modified equation analysis technique they have been able to show that, for a particular 
class of flux-limiting monotone schemes, this is attributable to the fact that MILES is 
equivalent to a non-linear tensorial eddy viscosity model.  
 
Not all discretization schemes reproduce the correct physics of the energy cascade 
however. In reality, energy is removed from the flow at the Kolmogorov scale by the 
physical viscosity. In an LES simulation the mesh width is several orders of magnitude 
larger than the Kolmogorov scale and without a SGS model the grid scale fluctuations in 
the energy build up to nonphysical levels because the excitation cannot be removed at the 
rate it is generated. Conventional CFD algorithms, such as the upwind scheme for 
example, remove energy at all wavelengths, which is clearly nonphysical. In contrast to 
this, nonlinear monotone schemes remove energy only at wavenumbers close to the filter 
width, thereby reproducing the effect of an explicit SGS model. 
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The choice of suitable schemes is discussed in detail in the book by Grinstein et al. [29]. As 
described by Fureby and Grinstein [27], the methods available for constructing implicit 
SGS models are restricted to expressing the convective fluxes at the cell faces in terms of 
high-resolution non-linear algorithms. This implies that the methods will be at least 
second-order accurate on smooth solutions yet still give well resolved, nonoscillatory 
solutions at sharp gradients and discontinuities. The velocity at a cell face is written in the 
following form 

( )( )L
f

H
f

H
ff vvvv −Γ−−= 1  (29) 

where H
fv represents a high-order convective flux function obtained from either linear or 

cubic interpolation resulting in second order or fourth order schemes respectively, while 
L
fv is a low order dispersion free convective flux function obtained from an upwind biased 

piecewise constant approximation. The flux limiter Г has to be constructed so as to allow 
as much as possible of the correction or anti-diffusion term ( H

fv - L
fv ) to be included 

without increasing the variation of the solution, so as to comply with the physical 
principles of causality, monotonicity and positivity (where appropriate) and hence 
preserve the properties of the Navier-Stokes equation. Experience has shown that most of 
the monotonicity preserving schemes such as FCT [25], the Gamma limiter [30] and the 
Monotonized Central (MC) scheme [31] work well for ILES. The oodlesDST code currently 
contains both the Gamma and MC schemes (amongst many others), but not the FCT 
scheme.  
 
 

4. Wall models 

Flow in a turbulent boundary layer is highly non-isotropic and contains a number of 
coherent structures, including high and low velocity streaks and hairpin vortices. A good 
introduction to the complicated nature of these flows is given by Davidson [8] and by de 
Villiers [32]. Resolution of these flow features in a numerical simulation requires a very 
fine mesh. Bagget [33] suggests that a wall-resolved LES requires a mesh satisfying the 
following constraints: Δx+ < 100, Δy+ < 2, Δz+ < 20, where x, y and z are the streamwise, 
wall normal and spanwise directions and where lengths are given in wall units, defined by 

ν= τ
+ /xux where uτ is the friction velocity defined by  2/1)/( ρτ= wτu and τw is the wall 

shear stress. Sagaut [12] however states that the above criteria would lead to a poor 
resolution LES with unphysical streaks and large errors in the skin friction. His 
recommendation for high resolution LES is:  Δx+ < 50, Δz+ < 12, with three mesh points 
located in the region 0 ≤ y+ ≤ 10. Menter [5] is even stricter and recommends Δx+ < 30 - 40, 
Δy+ ~ 1, Δz+ < 15 – 20. Whilst these recommendations can be met when simulating model 
experiments at moderate Reynolds numbers, they are totally impractical for the simulation 
of a full scale submarine undergoing a manoeuvre, for example. For these types of 
simulations, wall models and a coarse mesh adjacent to the wall are required.  
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Fureby et al. [34] and Fureby [35] have developed a wall model suitable for the simulation 
of high Reynolds number wall bounded flows which takes into account the influence of a 
streamwise pressure gradient and have successfully used this model to simulate fully 
developed channel flow and flow over a 3D surface mounted hill [36], as well as more 
challenging simulations such as self-propelled submarines at straight course [37]. The 
development of this model starts with the thin-boundary layer equations in the following 
form [38]: 
 

( ) 







−

∂
∂

∂
∂

=
∂
∂

+
∂
∂

+
∂
∂

ij
i

i
ji

j

i τ
y
uν

yx
puu

xt
u  (29) 

where iu is the velocity in the xi direction and y indicates the wall normal direction. This 
equation may be integrated in the wall normal direction assuming that the convective 
terms are negligible in comparison to the other terms close to the wall and that the 
streamwise pressure gradient is constant in the wall normal direction. This results in 
 

wxy
x ττ

y
uν

x
py −−

∂
∂

=
∂
∂  (30) 

where τw is the wall shear stress defined by 0y
x

w y
u

=∂
∂

ν=τ . Equation (30) can be further 

simplified in two special cases. In the viscous region very close to the wall the subgrid 
stresses can be neglected so that equation (30) becomes 
 

w
x τ

y
uν

x
py −

∂
∂

=
∂
∂  (31) 

 
whereas outside the viscous region the subgrid stresses dominate and equation (30) 
becomes 
 

wxy ττ
x
py −−=
∂
∂  (32) 

 
Each of these equations can be integrated one more time in the wall normal direction to 
give an expression for the mean streamwise velocity in the appropriate region. Before 
doing so however the equations are scaled using the extended inner scaling proposed by 
Manhart et al. [39]. This scaling takes into account both the wall shear stress and the 

pressure gradient and the scaling is denoted by a superscript *. We define 
3/1

p x
pu
∂
∂

ν= , 

( ) 2/12
pp uτu w +=τ , 1/2

wτ τu = and 2
τp

2
τ /uuα =  the non-dimensional velocity *

xu and length 
*y are defined by p/ τ= uuu x

*
x and y/νuy p

*
τ= .  

In terms of these scaled variables equation (31) can then be integrated in the wall 
normal direction to give 
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( ) ( )2*3/2
2
1**

x yα1αyu −+=  if *y < *
Cy  (33) 

where *
Cy is the solution to the equation  

[ ]( ) [ ] ( ) ( ) 0B11 *12*2/3
2
1*2/31 =−κ−α−+α−κ−α −− ylnyy  

 
 
 

 

(34) 

and κ ≈ 0.41 and B ≈ 5.3 in a zero pressure gradient flow.  

The non-dimensional parameter α  is used to quantify the relative effects of shear stress 
and streamwise pressure gradient; 0=α  corresponds to a zero shear stress flow and 

1=α corresponds to a zero pressure gradient flow.  

To integrate equation (32) one more time a simple subgrid model for τxy is used, 

( )xkxy u
y

ντ
∂
∂

−= , where yκuν τpk = . The equation can then be integrated in the wall 

normal direction to give the following expression for *
xu in the constant stress region 

outside of the viscous region 
 

( ) ( ) ( ) Byα1ylnu 2*3/2
2
1**

x +−κ+κ= −− 11  if *y ≥ *
Cy  (35) 

 
Although equations (33) and (35) take into account the effects of a mild pressure gradient 
and work well in the viscous sub-layer (y* < 5) and in the logarithmic region (30 < y* < 
1000) they are less effective in the intermediate buffer region (5 < y* < 30). For this reason, 
and also because it has been found that the switching involved in the use of equations (33) 
and (35) in a CFD code causes numerical instabilities, it has been found preferable to use 
the following implicit expression for *

xu derived by Spalding [40]. 

 
( ) ( ) ( ) ( ) ( )[ ]{ }....1ee 3*

x!3
12*

x!2
1*

x
B*

x
* *

x +κ+κ+κ+−+= κκ− uuuuy u  

 
(36) 

Equation (36) is formally only valid for zero pressure gradient flows, however the smooth 
nature of the transition between the viscous, buffer and logarithmic regions contained in 
this expression has proven to produce better agreement between simulated and 
experiment results than the use of equations (33) and (35).  
 
The implementation of the wall model described by either equations (33), (35) or (36) in 
oddlesDSTO is achieved by modifying the subgrid scale viscosity in the first cell adjacent 
to the wall to force the wall normal velocity gradient to correspond to the shear stress 
value given by the wall model. In these cells the effective viscosity, which is normally the 
sum of the molecular viscosity ν and the subgrid viscosity νk, is modified by adding a 
subgrid wall viscosity νBC to ν so that the effective viscosity νeff becomes 
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∂
∂

=







∂
∂

τ=ν+ν=ν τ  (37) 

 
In equation (37) τw is calculated from either the bi-regional log law, i.e. equations (33) and 
(35), or from Spalding’s continuous log law, equation (36). The normal velocity at the wall 
is evaluated at the first grid point P using the expression PP, / yux . Duprat et al. [41] have 
recently published a scheme similar to the one described above. 
 
 

5. The oodlesDST Code 

The oodlesDST code is based on the OpenFOAM software suite [42], which is an open 
source object-oriented library for numerical simulations in continuum mechanics. 
OpenFOAM is written in the C++ programming language and draws heavily upon object-
oriented programming techniques to allow a natural representation of the underlying 
partial differential equations. The software comes with a number of existing solvers for 
standard applications, such as icoFoam, a transient solver for incompressible laminar flow, 
pisoFoam, a transient solver for incompressible turbulent flow, and simpleFoam, a steady-
state solver for incompressible, turbulent flow. An introduction to OpenFOAM and 
information about the general running of the standard codes, data structures, applications, 
libraries and post-processing is available in the User Guide [43].  
 
One of the advantages of OpenFOAM is that users who have the requisite knowledge of 
object-oriented programming techniques in the C++ language and a familiarity with the 
OpenFOAM class structure can write their own solvers and utilities for specific 
applications relatively quickly by using the pre-defined constructs in the OpenFOAM 
library. The oodlesDST code is an example of this approach; the code solves the LES form 
of the Navier-Stokes equations, i.e. equations (2) and (3) from section 2, and incorporates 
each of the SGS models described in section 3 and the wall models described in section 4. 
The code consists of the main programme, contained in the file oodlesDST.C, along with 
ten additional files. A brief description of the function of each of these additional files is 
shown in Appendix A. 
 
In order to be able to use the code efficiently and correctly it is important to be familiar 
with the numerical techniques which are used to discretise the governing partial 
differential equations. The momentum and continuity equations form a coupled set of 
equations for the three components of the velocity vector and the pressure. The 
momentum equation can be used to solve for the velocity components if the pressure is 
known, while the continuity equation imposes a constraint on these velocity components. 
To provide an equation for pressure the continuity equation can be combined with the 
momentum equation to construct a Poisson equation for the pressure alone. The simplest 
solution procedure is to proceed iteratively, first assume that the pressure is known and 
solve for an approximate velocity value, then use the approximate velocity to construct the 
Poisson equation which is then solved for an updated value of the pressure. The loop is 
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then iterated several times until the continuity equation is satisfied to within an acceptable 
level of accuracy.  
 
In oddlesDSTO the solution strategy described above is carried out using the PISO 
(Pressure Implicit Splitting of Operators) algorithm [44]. The coupled pressure-velocity 
system contains two complex coupling terms: 

• The non-linear convection term, containing a term quadratic in the velocity. 

• The linear pressure-velocity coupling. 
 
The non-linearity in the convection term ( ( )uu⋅∇ ) is handled using an iterative solution 
technique by making the approximation  
 

( ) ( )nouuuu ⋅∇≈⋅∇  (38) 
 
where uo is the currently available solution and un is the new solution. The algorithm 
cycles until uo = un. The basic assumption behind the PISO algorithm is that for small 
times steps (or low Courant numbers) the pressure-velocity coupling is much stronger 
than the non-linear coupling. Therefore it is possible to repeat a number of pressure 
corrections without updating the discretization of the momentum equation (i.e. without 
updating uo).  
 
This algorithm is shown in more detail in Appendix B, which shows the time loop from 
oodlesDST.C. This loop is very similar to the time loop contained in the codes icoFoam or 
pisoFoam. To understand this part of the code in more detail we write the momentum 
equation in the following semi-discretized form: 
 

∑ ∇−=+
N

N
u
NP

u
P paa ruu  (39) 

In equation (39) the exact form of the coefficients u
Pa and u

Na depends on the method used 
to discretise each of the terms on the left hand side of the Navier-Stokes equation, i.e. the 
time dependent term, the convection term and the diffusion term. The source term vector 
is represented by r. Equation (39) is further simplified by defining the vector H as follows: 
 

( ) ∑−=
N

N
u
Na uruH  (40) 

The H vector is a combination of all the neighbour matrix coefficients multiplied by the 
velocity plus all the non-linear source terms minus the pressure gradient. An expression 
for the velocity Pu at node P can now be written as: 

 
( ) ( )( )pa 1u

PP ∇−=
− uHu  (41) 

 
By substituting equation (41) into the continuity equation the following Poisson equation 
for pressure is obtained:  
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( )( ) ( ) ( )( )uH1u
P

1u
P apa −−

⋅∇=∇⋅∇  (42) 
 
The time loop in oodlesDST starts with the statements 
 
# include   “readPISOControls.H” 
 
# include   “CourantNo.H” 
 
These files read the PISO controls in the PISO subdictionary of the fvSolution file and then 
calculate the Courant number and write it to the screen. The statements 
 
# include   “subGridModel.H” 
 
# include   “wallViscosity.H” 
 
contain the coding for each of the sub grid scale models described in section 3 and the wall 
models described in section 4. The statement  
 
# include   “UEqn.H”  
 
constructs and solves the appropriate form of the momentum equation and provides an 
initial estimate for the velocity uo at the start of the timestep. 
 
We then enter the PISO loop, which is controlled by the number of corrector steps, 
nCorrectors, which is read from the fvSolution file. First a new estimate of the velocity is 
obtained, rUA*UEqn.H(), which is known as the momentum predictor and represents the 
new velocity without the effect of the pressure gradient. It corresponds to the expression 
 

( ) ( )uHu 1u
PP a −∗ =  (43) 

 
Next the face fluxes Фf are constructed by interpolation from the approximate velocity 
field  

fff Su ⋅=Φ ∗  (44) 
 
and are adjusted to ensure that they are globally conservative. The statement  
 
# include   “pEqn.H” 
 
solves equation (42) for the pressure. This step is performed a number of times, depending 
on the number of nonorthogonal correctors (nNonOrthCorr), and at the end of the loop the 
flux Ф is corrected for the next pressure-corrector step. The approximate velocity field 

∗
Pu is then updated using the contribution from the corrected pressure field, U = U – 

rUA*fvc::grad(p), corresponding to 
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uuu ′+= ∗

new  (45) 
 
where ∗u  is given by equation (43) and u′ is given by ( )pa 1u

p ∇−=′ −u . A flow chart 
illustrating this algorithm is shown in Figure 1. 
 
The fvSolution file allows the user to specify two different solvers for the pressure 
iterations. If there are nCorrectors then the “p” solver will be used for the first 
“nCorrectors-1” steps while the “pFinal” solver will be used on the last pass through the 
loop. The reason for this is that the first “nCorrectors-1” steps do not need to be solved 
with the same degree of accuracy as the final step. The intermediate steps are used to form 
updated expressions for the pressure equation but the updated velocity is only calculated 
after the final step. Hence the tolerance on the “pFinal” solver is usually set several orders 
of magnitude higher than the tolerance on the “p” solver. This allows the user to minimize 
the number of iterations during the intermediate steps and ensure maximum accuracy at 
the final step. 
 

New Time Step

Solve Momentum Equation (39)

Calculate aP, U and Фf (43) and (44) 

Solve pressure equation (42)

Calculate Фf (44)

Calculate new U (45)

n = nCorrectors?
NO

YES
 

 
Figure 1. Flow chart for PISO algorithm 
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6. Flow over a curved ramp 

The simulation of turbulent boundary layer separation and reattachment is a challenging 
problem for current CFD capabilities. Song et al. [23] have experimentally studied the 
separation, reattachment and then redevelopment of a turbulent boundary layer over a 
smoothly contoured ramp and a downstream flat plate. Their experiment has 
subsequently been used as a test case for a number of CFD simulations, both RANS and 
LES [45 – 52]. In this section we provide a description of the experiment performed by 
Song et al [23], discuss the results of previous LES simulations of this experiment, and then 
describe simulation results obtained using oodlesDST.   
 
6.1 Experimental Description 

The experiments were performed in a close-loop wind tunnel having a test section 152 mm 
by 711 mm by 3.0 m long. A special insert was placed into the rectangular test section to 
form the ramp geometry. A two-dimensional schematic of the downstream end of this 
insert is shown in Figure 2. In the experiment a two-dimensional boundary layer develops 
along the upstream flat plate and then flows down a curved ramp, where it separates and 
then reattaches and redevelops on the downstream flat plate. The two-dimensionality of 
the flow was checked by measuring the streamwise mean and fluctuating velocity at 
several spanwise locations. The measurements showed that the flow in the central region 
of the test section was spanwise uniform and was not affected by the side wall boundary 
layers. The ramp itself is a portion of a circular arc having a radius of 127 mm and its 
horizontal extent, denoted to be the ramp length L, is 70 mm. Experimental data are 
presented in a coordinate system in which x is the freestream direction and y is the wall 
normal direction. The y axis is maintained vertical and does not follow the curvature of the 
ramp. A normalized streamwise coordinate, x' = (x-x0)/L, where x0 corresponds to the 
beginning of the ramp, is also used. The flow has a free stream velocity of 20.4 m/s and the 
working medium is air. The freestream turbulence intensity is approximately 0.2%. The 
Reynolds number based on the step height of 21 mm is 28,600.  
 
The boundary layer on the upstream plate has a thickness of approximately 25.3 mm as it 
approaches the ramp. The curvature of the ramp initially produces a favourable pressure 
gradient up to x' = 0.16, after which the effect of the expansion dominates and causes a 
strong adverse pressure gradient which leads to separation of the boundary layer at x' = 
0.77. Reattachment occurs at x' = 1.36 and the horizontal extent of the separation bubble is 
41 mm. The height of the separation bubble at the trailing edge is 4.7 mm. Experimental 
velocity measurements are available at several streamwise locations between x/L = -2 and 
x/L = 7.  
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Figure 2: Two-dimensional schematic of contoured ramp experiment of Song et al [23]. 

 
 
6.2 Previous simulation results 

Svennberg and Fureby [45] used LES with both the SMG and OEEVM subgrid scale 
models to simulate the experiment of Song et al. [23]. Two three-dimensional meshes were 
used, one with approximately 160,000 non-uniformly distributed cells and a spanwise 
width of 100 mm, and one wider mesh with approximately 245,000 cells and a width of 
200 mm. The wall normal spacing was kept constant throughout the whole domain for 
both meshes and the y+ values varied between 3 and 30. Explicit wall models were used to 
mimic the near wall behaviour. The structure of the flow field was found to be highly 
dependent on both the spanwise extent of the computational domain and the boundary 
conditions used at the side walls. For the mesh with the 100 mm wide domain large scale 
vortices were found to persist in the recirculation zone after simulation times of eight flow 
through times. This simulation time is normally considered to be long enough to obtain 
statistically converged results. When symmetry planes were used at the side walls there 
was one large vortex, and when periodic boundary conditions were used a pair of counter 
rotating vortices was observed. These vortices eventually broke up when the simulation 
time was extended to 15 flow through times. These semi-stable vortices were never 
observed however after either 7.5 or 15 flow through times when the mesh having a width 
of 200 mm was used. 
 
Simulations on the wider domain were performed using both the OEEVM and SMG 
models. Both models gave almost the same results for the position of the separation and 
reattachment points and the mean velocity profiles at a representative number of axial 
stations were in very good agreement with the experimental results. The simulation using 
the OEEVM gave a separation starting at x' = 0.66 and reattachment occurring at x' = 1.36, 
whilst the results for the SMG model were x' = 0.67 and x' = 1.29 respectively. Based on the 
length of the separation bubble the results from the OEEVM are in better agreement with 
experiment than those from the SMG model. 
 
More recently Feymark et al. [46] and Fureby [47] have reported LES results on structured 
hexahedral meshes with a 200 mm spanwise width and symmetry boundary conditions 
containing both 1.0 and 8.0 million cells. The sub grid scale models used were LDKM, 
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WALE, and OEEVMMIXED with a wall model. Best agreement with the experimental data 
was obtained with the LDKM model, closely followed by the OEEVMMIXED plus wall 
model.  
 
Wasistho and Squires [48, 49] have performed both RANS and LES simulations on the 
contoured ramp experiment. For the LES simulation they used a wall resolving mesh 
containing approximately 2.9 million cells and the dynamic Smagorinsky model. The two-
dimensional RANS simulations were performed using both the Spalart-Allmaras [53] and 

fv −2 [54] turbulence models on a mesh containing approximately 17,000 cells. For both 
the LES and RANS simulations they found fairly good agreement between the simulated 
results and the experiments for the mean flow. Both the RANS and LES simulations 
however showed the mean separation occurring too early, at approximately x' = 0.4, while 
the reattachment point was accurately simulated at x' = 1.4.  
 
Radhakrishnan et al. [50] have also performed both RANS and LES simulations for this 
experiment. The RANS models used were the standard k-ε high Reynolds number 
turbulence model [55] with a two-layer approach to obtain the eddy viscosity in the low 
Reynolds number near-wall region, the Shear stress transport model (SST) of Menter [56] 
and the standard Spalart-Allmaras model [53]. The LES simulations used the Detached 
Eddy Simulation (DES) approach in which the Spalart-Allmaras model was used to 
compute the eddy viscosity in the near-wall region while the standard LES equations were 
solved away from the wall. The LES simulations were performed on both a coarse and fine 
mesh containing 1.5 million and 5.7 million cells respectively and the first grid point in the 
wall-normal direction was located at y+=1. The RANS simulations were performed on two-
dimensional meshes similar to the coarse LES mesh but containing only one point in the 
spanwise direction. All the models (both RANS and LES) predicted the location of the 
separation point to within 12% of the experimental value but the reattachment point was 
more difficult to predict. For the RANS simulations both the Spalart-Allmaras and k-ε 
results were significantly in error. The best RANS results were obtained using the SST 
model. The DES simulation on the coarse mesh performed marginally worse than the 
RANS Spalart-Allmaras simulation on the same mesh, while the DES simulation on the 
fine mesh resulted in an overall worse performance than those on the coarse mesh. The 
values for the simulated separation and re-attachment points are shown in Table 1. While 
it was found that all the RANS calculations predicted the mean velocity profiles in the 
equilibrium boundary layer more accurately than the LES simulations, the reverse was 
true for the non-equilibrium regions. The RANS models under predicted the magnitude of 
the back flow velocity and showed a slower recovery downstream of the separation, while 
the velocity field predicted by the LES simulations was more accurate with the error 
always less than 10%.  
 
Radhakrishnan et al. [51] have since repeated their DES simulations using a stochastic 
forcing term in the transition region between the quasi-steady near wall RANS flow and 
the unsteady LES outer flow. The forcing term generated small scale fluctuations that 
acted as seeds for the development of realistic energy carrying eddies in the LES region. 
The inclusion of this additional stochastic term resulted in improved agreement with the 
experimental results for the DES simulations, as can be seen in Table 1. 
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More recently El-Askary [52] has performed an LES simulation of this experiment in which 
the effect of the unresolved sub grid scale stresses on the flow is provided by the inherent 
dissipation in the numerical scheme. The Favre-filtered compressible Navier-Stokes 
equations are written in curvilinear coordinates and the MILES method is implemented 
using a second order accurate AUSM (Advective Upstream Splitting Method) formulation. 
The convective terms are upstream biased using a properly defined cell interface velocity 
while the pressure term is computed using the sound velocity. The viscous fluxes are 
discretized using second order accurate central differences. The mesh contained 1.7 million 
cells and the first node point in the wall normal direction was located at y+ = 1.25. To save 
time and computational cost a smaller domain was used in which only 60% of the wind 
tunnel height was simulated and a slip condition was used on the upper surface. It was 
found that both the mean flow and the Reynolds stress components agreed well with the 
experimental data. The mean separation point occurred too early however, at 
approximately x' = 0.4, and the reattachment point was delayed to x' = 1.7. The early 
separation point is the same as that found by Wasistho and Squires [48, 49], while the 
delay in the reattachment point was attributed to the effects of the lower tunnel height and 
the slip condition on the upper tunnel surface.  
 
Table 1: Position of separation and re-attachment points for various authors and comparison with 

experimental results 

Authors Simulation Method Separation point 
(percentage error) 

Re-attachment point 
(percentage error) 

Song et al. [23] Experiment 0.77 1.36 

Svennberg & Fureby [45] LES – SMG  0.67 (-13.0%) 1.29 (-5.1%) 

Svennberg & Fureby [45] LES - OEEVM 0.66 (-14.3%) 1.36 (0%) 

Wasistho & Squires [48] LES – Dynamic 
SMG ≈ 0.4 (≈ 48%) ≈ 1.4 (≈ 3%) 

Radhakrishnan et al [50] RANS - SA 0.79 (4.8%) 1.24 (-23.8%) 

Radhakrishnan et al [50] RANS k-ε 0.79 (4.8%) 1.16 (-36.5%) 

Radhakrishnan et al [50] RANS - SST 0.69 (-11.1%) 1.36 (-4.7%) 

Radhakrishnan et al [50] DES 0.80 (6.3%)  1.46 (11.1%) 

Radhakrishnan et al [50] DES fine mesh 0.72 (-6.3%) 1.48 (14.2%) 

Radhakrishnan et al [51] DES & stochastic 
forcing 0.75 (-9.5%) 1.32 (-11.1%) 

Radhakrishnan et al [51]  DES fine mesh & 
stochastic forcing 0.70 (-9.5%) 1.41 (3.25%) 

El-Askary [52] MILES 0.4 (48%) 1.7 (25.0%) 
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6.3 Simulations using oodlesDST 

The three-dimensional computational mesh for the simulation was created from a 
blockMeshDict file and the OpenFOAM utility blockMesh, as explained in a previous 
report [43]. The domain covered the same spatial extent as shown in Figure 2. A side view 
of the mesh in the vicinity of the ramp is shown in Figure 3. The mesh contains a total of 
2.4 million hexahedral cells. The maximum aspect ratio is 3.9, maximum non-orthogonality 
is 32.6 with an average value of 2.43 and the maximum skewness is 0.563. Over the two 
metre long approach flow the axial cell spacing is 5.3 mm and over the 0.5 metre flat plate 
downstream of the ramp the axial spacing is 2.8 mm. Over the ramp itself the axial cell 
width reduces to 1.8 mm. The resolution in the spanwise direction is 4 mm per cell and 
this is kept uniform over the entire length of the domain. The resolution in the wall normal 
direction over the upstream flat plate is 1.64 mm per cell and this increases to 1.90 mm per 
cell over the flat plat downstream of the ramp. This results in a y+ value of approximately 
40 just upstream of the ramp. The boundary layer thickness at this location is 25.3 mm and 
this means that there are approximately 15 cells in the boundary layer. This is a relatively 
coarse mesh, but was chosen to be representative of the amount of resolution which will 
be available in future typical applications of oodlesDST. 
 
 

 
 

Figure 3: Side view of the computational mesh used to simulate the contoured ramp experiment of 
Song et al. 

 
Constant values of velocity, subgrid turbulent kinetic energy and viscosity were 
prescribed on the inflow boundary and zero gradient boundary conditions were applied 
for these variables on the outflow boundary. For the pressure a zero gradient boundary 
condition was applied at the inflow boundary and a constant value was specified at the 
outflow boundary. Zero gradient boundary conditions were used for the pressure and 
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subgrid turbulent energy on the lower and upper walls while the velocity was set to zero 
on these boundaries. Symmetry boundary conditions were applied to all variables in the 
spanwise direction. Since there is a relatively coarse mesh close to the wall Spalding’s 
expression for the law of the wall was used in all simulations. 
 
In the fvSchemes file “linear” discretization was used for the interpolation and gradient 
schemes and “corrected” for the surface normal gradient scheme. The divergence schemes 
all used “Gauss linear” except for the ILES simulation which used “Gauss Gamma 0.25”. 
“Gauss linear corrected” was used for all the Laplacian schemes.  In the fvSolution file the 
tolerance was set to 10-6 for all variables and the relative tolerance was set to zero. The 
number of corrector steps and non orthogonal corrector steps in the PISO loop were both 
set to 2. The time step was set to 3.0 x 10-5 seconds to ensure that the maximum Courant 
number was kept below 0.5. From a stability point of view this is not strictly necessary as 
all the time integration schemes in oddlesDST are semi-implicit, however this restriction is 
required to ensure that the assumptions behind the PISO algorithm are satisfied and that 
information flows through the grid at a physically realistic rate. The simulations were run 
for six flow through times to enable initial transients to die out and then statistics were 
accumulated for a further six flow through times.  
 
All simulations were run in parallel on distributed processors using domain 
decomposition. The OpenFOAM utility decomposePar is used to split the mesh and fields 
into a number of sub-domains which are then allocated to separate processors. 
Communication between processors uses the public domain openMPI implementation of 
the standard MPI communications protocol. The computer hardware consists of a 128 
node cluster based on a Dell M1000e Blade Chassis containing sixteen M610 Blades with 
dual-Intel Xeon X5560 chips, two M6220 20 port GbE Switches and one M3601Q 32 port 
Infiniband Switch. The combination of the default openMPI settings in OpenFOAM and 
the use of Infiniband has been found to limit the scaling of the performance with respect to 
an increase in the number of processors. Our current implementation reaches peak 
performance with 48 processors and all simulations have been performed using this 
number of processors.  
 
Figure 4 shows contours of the instantaneous axial velocity component in the y-z plane at 
several axial locations for the simulation using the Smagarinsky SGS model. These show 
the slow growth of the equilibrium boundary layer on the top of the test section and the 
generation of enhanced turbulence in the boundary layer along the lower surface caused 
by the flow over the curved ramp. 
 
A better idea of the development of the turbulent boundary layer on the lower surface is 
shown in Figure 5, where the vortical structures in the flow are identified by plotting iso-
contours of the following expression: 
 

( )[ ]ucurlmag)()()()()()( −∇⋅∇+∇⋅∇+∇⋅∇ zzyyxx uuuuuu  (46) 
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Note that the turbulent structures in the upper boundary layer have been removed in 
Figure 5 to allow a better view of the lower boundary layer structure. Equation (46) 
represents the difference between the rate of strain and the rate of rotation and this 
expression is equivalent to the Q criterion of Hunt et al. [57] which is used by many 
authors to identify vortex structures. The particular form of equation (46) has been chosen 
because this expression is easily constructed in the Fieldview software which is used to 
post-process all our OpenFOAM simulations. The vortical structures are clearly defined 
when the rate of rotation is greater than the rate of strain and experience has shown that 
the vortices are best visualized when the above expression has values in the range -100 to -
200.  
 
A more detailed view of the vortical structures in the flow after reattachment on the lower 
plate is shown in Figure 6. 
 
 

 

 

Figure 4: Contours of instantaneous axial velocity component in the y-z plane at several axial 
locations for the Smagarinsky SGS model. 

 
 



UNCLASSIFIED 
DST Group-TR-3205 

 
UNCLASSIFIED 

25 

 

Figure 5: Vortex structure in the lower boundary layer. Iso-contours of equation (46) coloured by 
the mean value of axial velocity. LDKM model. 

 

 

 

 

Figure 6: Close-up view of vortical structures in the lower and upper boundary layers. Iso-contours 
of equation (46) coloured by the mean value of axial velocity. ILES SGS model. 
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Figures 7 through 11 show a comparison of the experimental streamwise mean velocity 
profiles at five different axial locations with the simulation results obtained from six 
different SGS models. In Figure 7 the experimental data shows that an equilibrium 
turbulent boundary layer has developed along the flat plate upstream of the ramp and 
each of the SGS models reproduces this behaviour with varying degrees of success. The 
most accurate is the LDKM model and this is not surprising as it is the most sophisticated 
of the one equation eddy viscosity models. In Figure 8 the flow has just reached the start of 
the ramp and is beginning to experience a favourable pressure gradient due to the 
curvature of the ramp. The LDKM model again provides the best fit to the experimental 
data. In Figure 9 the flow is starting to separate due to the strong adverse pressure 
gradient caused by the flow expansion and the experimental data shows a region of 
negative velocity. This is reproduced to some extent by the ILES, WALE, SMG and 
OEEVM models, but not by the LDKM and OEEVMMIXED models. In Figure 10 the axial 
station is located in the middle of the separation bubble and all models show a region of 
negative velocity. The ILES and WALE models are the best at capturing this reversal in 
flow velocity while the LDKM model, surprisingly, seems to be the worst. In Figure 11 the 
flow has moved four ramp lengths along the flat plate at the end of the ramp and the 
boundary layer has almost completely recovered an equilibrium zero pressure gradient 
profile. All SGS models show reasonable agreement with the data at this point. 
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Figure 7: Streamwise mean velocity two ramp lengths upstream of the start of the ramp 
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Figure 8: Streamwise mean velocity at the start of the ramp 
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Figure 9: Streamwise mean velocity at the separation point 
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Figure 10: Streamwise mean velocity in the middle of the separation point 
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Figure 11: Streamwise mean velocity four ramp lengths downstream of the ramp 
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One surprising feature of these results is how closely the streamwise mean velocities from 
the SMG and OEEVM models agree with one another at each of the axial stations. This is 
not surprising for equilibrium boundary layers as Fureby et al. [16] have recently shown 
that for this particular case the OEEVM reduces to the SMG model. The strong agreement 
between the models even in regions of separated flow is unexpected however, although 
similar agreement between the two models has also been observed by Sidebottom et al. 
[58]. The poor behaviour of the LDKM model in the separated region is also puzzling, 
given that Feymark et al [46] and Fureby [47] found that best agreement with the 
experimental data was obtained with the LDKM model. In their simulation however the 
LDKM model was used without a wall model and the y+ values were considerably lower. 
 
Table 2 compares the location of the separation and re-attachment points for each of the 
SGS models with the experimental values. The simulated values were obtained using the 
feature abstraction capability of the Fieldview post processing software based on the mean 
velocity values. The SMG and OEEVM show very similar values for the positions of the 
separation and re-attachment lines. This is not surprising given the similarity displayed by 
these two models in the axial velocity plots. The separation point is reasonably well 
simulated by both models, the error being of the order of 10%, but both models 
overestimate the re-attachment point with an approximate error of 36%. Svennberg and 
Fureby [45] studied both of these models on a mesh with a smaller number of cells but 
better wall resolution. In their simulations the separation point was in error by 13% and 
14% for the SMG and OEEVM models respectively, while the re-attachment point for the 
SMG model was in error by only 5% and the OEEVM predicted the location of the re-
attachment point exactly. 
 
 
Table 2: Position of separation and re-attachment points for each of the SGS models studied and 

comparison with experimental results. 

 Separation  point  Re-attachment point  
 ( percentage error ) ( percentage error ) 

Experiments 0.77 1.36 
SMG 0.69 (-10.4%) 1.85 (36.0%) 
OEEVM 0.70 (-9.1%) 1.86 (36.8%) 
OEEVMMIXED 0.87 (13.0%) 1.30 (-4.4%) 
ILES 0.55 (-28.6%) 1.46 (7.4%) 
LDKM 0.89 (15.6%) 1.10 (-19.1%) 
WALE 0.63 (-18.2%) 1.47 (8.1%) 
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7. Discussion  

The OEEVMMIXED model provides the best overall agreement with the experimental 
data. The simulated separation point occurs at x' = 0.87, which is a 13.0% difference from 
the experimental value of x' = 0.77, and the simulated re-attachment point occurs at x' = 
1.30, which is a 4.4% error from the experimental value of x' = 1.36. This is in agreement 
with the simulations of Feymark et al. [46] and Furbey [47] who performed simulations on 
meshes containing up to 8 million cells. The LDKM and WALE SGS models were used on 
a wall resolved mesh and the LDKM gave best overall agreement. The OEEVMMIXED 
SGS model plus wall model however gave better agreement than the WALE model on the 
wall resolved mesh. The OEEVMMIXED did under predict the length of the recirculation 
bubble, as was the case found here. 
 
The ILES model captures the region of flow reversal better than any of the other SGS 
models, as can be seen in Figures 6 and 7, however it does separate far too early at x' = 0.55 
compared with the experimental value of x' = 0.77. The re-attachment point is slightly 
delayed but is only in error by 7.4%. These results are significantly better than the MILES 
simulation of El-Askary [52], who performed simulations on a grid with a comparable 
number of mesh points but with a minimum y+ value of 1.25. In this simulation the 
separation point occurred far too early at x' = 0.4 and the reattachment point was delayed 
to x' = 1.7. 
 
The WALE model also captures the region of flow reversal quite well and the fit to the 
velocity data in the separated region is good. It also provides reasonable estimates of both 
the separation point, x' = 0.63 (18.2% error) and the reattachment point, x' = 1.47 (8.1% 
error). Overall the performance of this model is quite good and only slightly below that of 
the OEEVMMIXED. 
 
The LDKM model is the best of the six SGS models at simulating the equilibrium 
boundary layer on the upstream plate. It is the worst however at capturing the region of 
reversed flow. The separation point is delayed by 15.6% (x' = 0.89 compared with x' = 0.77) 
and the re-attachment point occurs too early (x' = 1.10 compared with x' = 1.36), resulting 
in a separation bubble which is much too small. The poor performance of this model, 
when compared with the excellent results found by Feymark et al [46] and Fureby [47], 
may be due to the combination of a coarser mesh and the use of the wall model.  
 
Of the six SGS models studied, the LDKM model was found to provide the best agreement 
with experiment for the equilibrium boundary layer on the upstream flat plate. In the 
region of separated flow however the LDKM model performed poorly both with respect to 
the shape of the velocity profiles and the positions of the separation and reattachment 
points. The OEEVMMIXED model gave the best agreement with experiment for the 
positions of the separation and reattachment points, while both the ILES and WALE 
simulations were best at capturing the region of flow reversal. The failure of the LDKM 
model in this region is surprising given the conclusions of Feymark et al. [46] and Fureby 
[47], but those simulations were performed on wall resolving meshes. The relatively poor 
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performance of the LDKM model here may be due to the relatively coarse mesh and the 
use of a wall model. It would be instructive to repeat the LDKM simulation on a more 
refined mesh to see if this resulted in improved agreement with the experimental results.  
 
The close agreement found between the results obtained for the mean axial velocity using 
the SMG and OEEVM models in the separated region warrants further study. As noted by 
Fureby et al. [57], the OEEVM reduces to the SMG model for equilibrium flows, but the 
models are not expected to agree in the separated region. Similar agreement between the 
two models for the mean velocities was also observed by Sidebottom et al. [58] but the 
models showed differences in the simulated streamwise Reynolds stresses. Since 
experimental data for the Reynolds stresses exist for the curved ramp experiment, it would 
be interesting to perform further analysis on the SMG and OEEVM simulation results to 
see if these differences were observed here.  
 
Experimental data for the skin friction coefficient is available for the curved ramp 
experiment but has not been considered here because the oodlesDST code currently does 
not calculate a mean value for the wall shear stress. It would be a simple matter to modify 
the code to calculate this quantity however and this should be done for future applications 
of the code. 
 
 

8. Conclusion 

This report has provided a brief introduction to the concept of Large Eddy Simulation of 
turbulent fluid flow using the oodlesDST software provided to the MD Hydrodynamics 
Group by the Swedish Defence Research Agency FOI. A detailed description of each of the 
SGS models and wall-models available in the code has been provided to allow an 
appropriate choice of these models to be made when running the code. An overview of the 
code structure has been given and typical solver settings and discretization choices have 
been illustrated by applying the code to the separation and reattachment of a turbulent 
boundary layer on a three-dimensional curved ramp. The acquisition of this software now 
enables the DST Group to perform enhanced simulations of submarine manoeuvres and 
provides a computational framework for the simulation of acoustic signatures. 
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Appendix A:  Files contained in oodlesDST.C 

• oodlesDST.C This the top level code which contains the time loop and the PISO 
loop (explained below). 

• createFields.H This section of code creates all the relevant flow variables for the 
simulation and is an essential component of any OpenFOAM code. For 
oddlesDSTO the relevant variables are: pressure “p”, velocity vector “U”, subgrid 
scale kinetic energy “k”, effective viscosity “nuEff”, subgrid scale stress tensor “B”, 
wall y+ value “yPlus”, wall shear stress “wallShearStress”, friction velocity “uTau”, 
the expression used for the length scale or filter width approximation, “delta”, and 
“eps”, which is an estimate of the dissipation term. Depending on the choice of 
subgrid scale model and delta approximation not all of these variables will be 
required for a particular simulation.  

• createAverages.H This section of code creates the variable which will be used to 
accumulate the statistics for the flow variables. These are: mean velocity “Umean”, 
mean pressure “pMean”, mean effective viscosity “nuEffMean”,  “Txx”, Tyy” , 
“Tzz” and “pPrime2Mean”. Txx is the mean value of 2

xU , with similar expressions 
for Tyy and Tzz. pPrime2Mean is defined as (p2)mean-(pMean)2. Both Txx (and 
related y and z components) and pPrime2Mean are useful quantities which can be 
used to check the convergence of the second order statistics.  

• calculateAverages.H This where the averaged variables defined above are actually 
calculated. 

• writeNaveragingSteps.H This file controls the output of the averaged variables. 

• readTransportProperties.H This part of the code reads the transportProperties file 
which is kept in the “constant” directory. This where the user specifies the choice of 
SGS model, the type of wall model used, the type of delta approximation used, and 
also the values of the density and the viscosity. Note that the value of the density is 
not used in oodlesDST. Its inclusion in the code is left over from previous 
compressible versions of the code and it has been left in oddlesDST for continuity 
with oodlesDSTAcoustics. 

• subGridModel.H This file contains all the coding to calculate each of the SGS 
models explained in Section 3.  

• wallViscosity.H  This file contains the coding to calculate the wall models 
explained in Section 4. 

• UEqn.H This file constructs the appropriate form of the momentum equation, 
depending on the particular SGS model chosen. 

• pEqn.H This section of the code solves the Laplacian equation for the pressure. 

• mean.H This file contains coding to evaluate the variable averages over 
neighbouring cells required for the Mixed Models and the LDKM model.  
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Appendix B:  Run time loop in oodlesDST.C 
    Info<< "\nStarting time loop\n" << endl; 
    for (runTime++; !runTime.end(); runTime++) 
    { 
        Info<< "Time = " << runTime.timeName() << nl << endl; 
#       include "readPISOControls.H" 
#       include "CourantNo.H" 
#       include "subGridModel.H" 
#       include "wallViscosity.H" 
#       include "UEqn.H" 
        // --- PISO loop 
        for (int corr=0; corr<nCorr; corr++) 
        { 
            volScalarField rUA = 1.0/UEqn.A(); 
            U = rUA*UEqn.H(); 
            phi = ( fvc::interpolate(U) & mesh.Sf() ) + fvc::ddtPhiCorr(rUA, U, phi); 
            adjustPhi(phi, U, p); 
            for (int nonOrth=0; nonOrth<=nNonOrthCorr; nonOrth++) 
            { 
#               include "pEqn.H" 
                if (nonOrth == nNonOrthCorr) 
                { 
                    phi -= pEqn.flux(); 
                } 
            } 
#          include "continuityErrs.H" 
           U -= rUA*fvc::grad(p); 
           U.correctBoundaryConditions(); 
        } 
        delete UEqnPtr; 
#       include "calculateAverages.H" 
        runTime.write(); 
#       include "writeNaveragingSteps.H" 
        Info<< "ExecutionTime = " << runTime.elapsedCpuTime() << " s" 
            << "  ClockTime = " << runTime.elapsedClockTime() << " s" 
            << nl << endl; 
    } 
    Info<< "End\n" << endl; 
    return(0); 
} 
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