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Abstract 

Free Stream Turbulence is usually disregarded as a governing parameter in the assessment of aerodynamic forces. 
However, an effect is noticeable on the aerodynamic coefficients if turbulence is added at the inlet. In this work, 
the performance of different sub-grid scale (SGS) models of large-eddy simulation (LES) is investigated against 
their capability to describe the separation bubble of a blunt plate under a turbulent inlet. This is aimed at starting 
a broader research on the actual role of turbulence on the aerodynamic behaviour. Together with the 
Smagorinsky, the dynamic and the WALE SGS models, also the URANS k-ε and k-  SST have been compared. 
The results show that whether URANS is able to accurately describe the undisturbed case, it gives a wrong 
turbulent inlet in the other one. Although the LES technique can improve the accuracy of this complex 
configuration, the choice of a suitable averaging time strongly affects the validation of the model. It was found 
that the role of the SGS eddies is not preponderant. Then a complex system of equations may lead to instability 
of the solver and prohibitive time step requirements. Among the SGS models investigated, the Smagorinsky SGS 
model, using a damping function to tackle the near-wall behaviour, qualifies then as a good candidate for further, 
more complex, geometries 

1 Introduction 

In the assessment of the aerodynamic loads for a variety of bluff bodies in the Atmospheric 
Boundary Layer (ABL), the common practice advices not to take into account Free Stream Turbulence 
(FST) as an essential parameter (Simiu & Scanlan, 1986). This assumption, is based on the 
interpretation of the role of the length scale of turbulence on the aerodynamics. In fact, the integral 
length scale of turbulence is usually much larger than the height of the boundary layer of the object of 
interest. It is then acceptable to consider turbulence as a slow fluctuation of the mean velocity, which 
does not modify the flow pattern (Buresti, 2012). Miley (Miley, 1982) pointed out that the boundary 
layer of an aerofoil is only sensitive to the turbulent fluctuations on the order of the size of the aerofoil 
boundary layer itself. The FST has an effect on the unsteady variation of the real angle of attack, 
which can be well neglected in experiments and simulations. Simms (Simms, Schreck, Hand, & 
Fingersh, 2001) further stresses Miley’s discussion, adding that as the small scales carry a least 
quantity of energy, they do not affect the performance of an aerofoil. Therefore, inflow turbulence can 
be well neglected, as it was done for the famous NREL Ames Wind Turbine (Hand, Simms, & 
Fingersh, 2001). 

Nonetheless, the interaction of bluff bodies and FST represent a niche of the research. It was found 
that FST acts differently with boundary (BL) and shear layers (SL). Three basic mechanisms have 
been conjectured. Turbulence i) promotes the transition to turbulence for BL and SL, ii) enhances the 
mixing of SL and the entrainment of turbulence in the near wake, and iii) is itself distorted by the 
mean-flow past the bluff body (Zdravkovich, 1997). However, it is unclear which turbulence statistics 
are suitable for the understanding of such a complex interaction. A thorough discussion on these 
aspects was provided by Bearman and Morel (Bearman & Morel, 1983), but an elucidative answer is 
still awaited. As a conclusive statement, the effect of the largest scales of turbulence seems to be 
weaker than that of the smaller scales (Bearman, 2006; Nakamura & Ohya, 2006). Investigation of the 
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3 Methodology 

3.1 Large Eddy simulation and Sub-Grid Scale modelling 

In this work different turbulence modelling techniques are investigated. Both the URANS and the 
Large Eddy Simulation (LES) were implemented. In LES, the sub-grid scale (SGS) eddies are 
modelled, using the definition of an eddy viscosity νsgs to simulate their influence with the larger 
scales. Among the various SGS models, the classic Smagorinsky approach (Lilly, 1966) was chosen, 
together with the dynamic Germano (Germano, Piomelli, Moin, & Cabot, 1991; Lilly, 1992) and the 
Wall Adapting Local Eddy-viscosity (WALE) (Nicoud & Ducros, 1999) model for comparison. 

The Smagorinsky-Lilly SGS model, as implemented in openFoam, assumes that a kinematic sub-
grid scale viscosity νsgs can be defined such that the residual stress tensor τij is proportional to the 
strain rate Sij of the resolved flow (like the Boussinesq assumption for RANS). Therefore, τij can be 
written: 

 τij=-2ρνsgsSij+
1

3
Riiδij=-ρνsgs

∂ui

∂xj
+
∂uj

∂xi
+

1

3
τiiδij (1) 

where  indicates the filtering operation and νsgs is defined, up to a constant, as (Pope, 2000):  

 νsgs= Csgs∆
2

S = Csgs∆
2

2SijSij    with    Csgs=0.17 (2) 

This formulation leads to an unphysical behaviour near the wall. To overcome this issue, a damping 
function, such as the van Driest approach (Van Driest, 1956), is used: 

 lsgs=Csgs∆ 1-e-y+ A+⁄     with    A+=26 (3) 

The Germano model remedies the limitation of a constant model coefficient by filtering a second time 
the SGS stresses. This approach provides a dynamic calculation of the model constant. The Germano 
identity (4) relates the Leonardt stresses Lij to the sub-test Tij and the sub-grid stresses τij; 

 Lij=uiuj-uiuj=Tij-τij;   Tij=uiuj-uiuj; (4) 

The SGS stresses are then formulated using the definition of SGS viscosity following eq. (2). 
Substituting with eq. (4), the asymmetric part of the SGS stresses is found: 

 Mij=Tij-
1

3
Tkkδij=-2CsΔ

2
S Sij;     mij=τij-

1

3
τkkδij=-2CsΔ

2|S|Sij;     Lij
a=Lij-

1

3
Lkkδij=Mij-mij (5) 

The dynamic constant Cs can be evaluated by contracting eq. (5).  

 Cs=
1

2

LijSij

MijSij
 (6) 

In the present work an evaluation of Cs  based on the minimisation of the error eij  related to the 
Leonardt stresses, as proposed by Lilly, was used: 

 
∂eij

∂Cs
=0;     

∂2eij

∂Cs
2 >0;     Cs=

1

2

LijMij

Mij
2  (7) 

The WALE model is an algebraic model of the Smagorinsky family, overcoming the major 
drawbacks of the method that are the lack of an effect due to the vorticity of the SGS, i.e. the 
deviatoric part of τij , and the following incorrect near-wall behaviour. The model is based on the 
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choice of a suitable spatial operator that respects some mathematical constraints and is based on the 
traceless symmetric part of the strain tensor S . The eddy viscosity associated with the model reads: 

 νsgs= CwΔ
2

Sij
dSij

d 3 2⁄

SijSij
5 2⁄

+ Sij
dSij

d 5 4⁄     with    Cw=0.5 (8) 

The formulation of the model itself allows for a more stable computation and an increased accuracy of 
the near-wall behaviour, which in turn gives a lessen requirement of the near-wall mesh. Moreover, 
this is well-suited for complex geometries as it is only computed locally without any dynamic 
adjustment. 

4 Numerical details 

To investigate the effect of various SGS models, a series of simulations have been made, in order to 
gain confidence with every computational technique. The various simulations are stated in Table 1. 
Two geometries have been modelled, based on the desired turbulence at the inlet. The turbulent inflow 
case reproduces the couplet d-l=5-100 of the experimental setup, described in Section 2. The smooth 
inflow case is the undisturbed condition subject to a constant inlet velocity of 20 m s⁄ . Using the 
available computational sources of the computational cluster BlueBEAR at the University of 
Birmingham, both openFoam v.3.0.1 (3D simulations) and Ansys CFX v.16.2 (2D simulations) have 
been used.  

Table 2. List of simulations and software used. 

Computational models 

Turbulence models 
2D model 

Turbulent inflow Smooth inflow 
1 URANS k-ε CFX CFX 
2 URANS k-ω SST CFX CFX 
3 LES Smagorinsky CFX CFX 
4 LES Dynamic Germano CFX CFX 
5 LES WALE CFX CFX 

 3D model 
6 LES Smagorinsky openFoam openFoam 

In order to set up the model, the meshing strategy was chosen: a set of four grids have been 
implemented. The 3D simulations rely on a structured grid at an earlier stage of the research, therefore 
the y+≈1 requirement is not respected for the 3D results. The grids show the following number of 
elements: 

- Smooth inlet C-grid 2,858,700 hexahedrical elements with 27 blocks; 
- Turbulent inlet O-grid/C-grid 7,681,000 hexahedrical elements with 25 blocks. 



G. Vita e

Figu

In order 
of y+ and
grid one
economi
which is
of the ne

- S
- T

The inst
paramete

Figure 3. 

The solv
inlet for 
model u
on the d
yield a s
been imp

- 3
- 2

In order 
averagin

5 Res

In this 
investiga

et al. 

ure 2. Comput

to fine-tune 
d the request

e. It resulted 
ical (51,261 
s important f
ear-wall bloc
Smooth inlet
Turbulent in
tantaneous v
er to better in

  instantane

ver was initi
the velocity

ses an outlet
direction of t
stable accurat
posed: 
3D simulatio
2D simulatio
to get a wel

ng time for th

ults and di

Section, th
ations on sim

tational structu

the mesh, an
ted number o
that if an an
el.) than an 

for a stable si
cking strategy
t H-grid 42,1
let C-grid/Hg
alue of  is
nterpret the r

eous value for

ialised using
y has been se
t condition w
the flow, to 
te simulation

on, 1e-05 for
on, k-ε 1e-02
ll-developed 
he LES simu

iscussion 

e choice st
milar flow pa

ured grid: (a) 

n additional 
of elements. 
nalogous nea
H-grid (70,5
imulation. A
y. The follow
114 hexahedr
grid 57,622 h
s shown in F
results, which

r the 2D mode
with (c) smo

g the potenti
et while a ne
which is able

tackle such 
n and to limi

r all the mode
2, k-  1e-04, 

flow, the sim
lations of at 

trategy for 
atterns is dis

smooth and (b

set of 2D gr
An H-grid a

ar-wall spaci
566 el.). How

An H-grid is 
wing mesh ha
rical element
hexahedrical
Fig. 3 for bo
h follow in S

el with (a) smo
ooth and (d) tu

ial flow. As 
eutral pressu
e to turn the L

a turbulent 
it the value o

els; 
LES 2.5e-05

mulations ha
least 1.5s. 

the turbulen
cussed. The 

Turbule

b) turbulent in

rids has been
approach was
ing is kept, t
wever, the la
then implem
as resulted:
ts with 24 bl
l elements w
oth the 3D- a
Section 5. 

ooth and (b) tu
urbulent inlet.

regards the 
ure condition
Leibniz or th
outlet. The t

of the Couran

5. 
ave been run

nce model 
results comp

ence modellin

nlet case, with

n developed t
s hence comp
the use of a 
tter presents

mented, with 

ocks (Fig.2a
ith 45 blocki
and the 2D-m

urbulent inlet,

boundary c
n was posed 
he Neumann
time step wa
nt number. F

n for at least 

to be impl
pare the URA

ing and turbu

 

h blocking stra

to study the 
pared to an O
C-grid is mu

s a reduced s
an extra opt

a); 
ing (Fig.2b).
meshes. Thi

, and for the 3

conditions, a 
at the outlet

n condition d
as chosen in

Following val

3s with an a

lemented fo
RANS strateg

ulent inlet 

ategy. 

variation 
O-grid/C-
uch more 
skewness, 
imisation 

. 
s givea a 

 

3D models 

constant 
t. The 3D 
depending 
n order to 
lues have 

additional 

r further 
gy against 



G. Vita e

different
problem 
reattachm
various 
length is
depends 
turbulen

Anoth
time. Str
URANS
instantan
might be
time is b
results. 

5.1 Ve

The resu
undisturb

As re
Although
correctly

For t
fluctuati
turbulen
the C-Gr
curves is
to accura
one is g
Van Dri
experime

As regar
the evid
turbulen

et al. 

t LES SGS m
m is noticeab

ment length 
models is ex
s not easily 
on the way t

nce intensity a
her importan
rictly, it sho

S provides 
neous quanti
e largely due
based on the 

elocity resu

ults for the 
bed (Fig.4) a
egards the u
h the k-ε mo
y reproduces 
the LES tech
ng compone

nce intensity 
rid mesh im
s still affecte
ately reprodu

generally mu
iest dampin
ental ones. 

Figur

rds the mode
ent complex

nt inlet, which

models, with
ble. The m
and the turb
xpected in t
attributable

the model ta
and length sc
nt issue is th
ould not be 
an already 
ities to draw
e to the choic

computation

lts 

mean velo
and the turbu
undisturbed 

odel fails in d
the turbulen

hnique, the 3
ent of the vel

at the inlet. 
mplemented. 
ed by the ins
uce the turbu

uch more per
ng function 

re 4. Undisturb

elling of the 
xity of the pr
h essentially 

h an assessm
model to be 
bulence at the
the undisturb

to the accu
ackles the wa
cale. 
he averaging
possible to 
averaged s

 conclusions
ce of the ave
nal costs, po

city u u∞⁄  an
ulent inlet (Fi

case (Fig. 4
describing th
nce at the inle
3D Smagorin
ocity. The m
This is due 
It is also cle

stantaneous o
ulence at the
rformant tha
is used nea

bed inlet case

turbulent inl
roblem. In p
depends on 

ment on the 
effective s

e inlet, there
bed or turbu
uracy of the
ake originatin

g of the insta
compare sta

solution, LE
s on the fina
eraging time
osing a challe

nd the turbu
ig.5), for eve
4), the URA
he trend of th
et, but it ove
nsky model 

mismatch in t
to numerica
ear that a be
oscillations.
e inlet, amon
an the more 
ar the wall,

e: (a) mean vel

let configura
particular, tw
the accurate

Turbule

behaviour o
should be a
efore a steep 
ulent inlet ca
e model itsel
ng from the u

antaneous qu
atistics with 
ES relies o
al results. A 
. However, t
enging valida

ulence inten
ery turbulenc
ANS techniq
he fluctuatin
erestimates th
is effective 
he mean com

al diffusion i
etter averagin
If the 3D LE
g the differe
complex Dy
 as the res

locity and (b)t

ation (Fig. 5)
wo issues un
e modelling o

ence modellin

f 2D and 3D
accurate in 

difference i
ases. An ina
lf, as the tu
upstream cyl

uantities over
different av

n a suitabl
possible mis

the choice of
ation with av

nsity ′  
ce model pro
que shows a
ng componen
he height of t
in describin

mponent is ow
ssues, caused
ng is needed
ES model is 
nt SGS mod

ynamic and W
ults provide

turbulence int

, the sparsity
fold: the mo
of the wake a

ing and turbu

D models. A
modelling 

in the perform
accurate reat
urbulence at 
linder and th

r a significa
veraging tim
le averaging
smatch in th
f the actual a
vailable expe

are reported
oposed.  
a good perf
nt, the k-ω SS
the separatio

ng both the m
wed to an er
d by the ske
d, as the tren
able, to som

dels, the Sma
WALE mod
ed are close

tensity 

y of the resu
odelling of t
and its decay

ulent inlet 

A twofold 
both the 
mance of 
ttachment 

the inlet 
e relative 

antly long 
me. While 
g of the 
he results, 
averaging 
erimental 

d for the 

formance. 
ST model 
on bubble.  
mean and 
rror in the 
ewness of 
nd in the 

me extent, 
agorinsky 
del, if the 
er to the 

 

lts shows 
the actual 
y, and the 



G. Vita e

accurate 
length m
the corr
Smagori
role of th
sound, it
unphysic
diffusivi

In order 

5.2 Pr

The pres
case is sh
a better r
due to t
URANS
reproduc
performa
experime

et al. 

 prediction o
may also depe

ect trend of
insky3D2, is 
he average i
t is difficult 
cal results, w
ity, provides 

Figu

to draw exha

ressure resu

ssure coeffic
hown. While
refinement o
the numerica

S technique 
ced by the 
ance, as the 
ental result. 

of the reattac
end on a wro
f both the m
proposed fo

s prepondera
to state her

while the k-ω
a reduced m

ure 5. Turbule

austive conc

ults 

cient cp= p'2

e the 3D mod
of the mesh i
al diffusion 
shows here
k-ω SST . A
minimum o

chment lengt
ong turbulent
mean and flu
or completene
ant. As the 2
e their perfo
ω SST mode

mismatch than

ent inlet case: 

lusions, othe

1 2⁄ ρu2  fo
del provides 
s needed), it 
which modi

e the best p
Among the 
of the pressu

th onto the p
t inlet. Fig. 5
uctuating co
ess with a re

2D models sh
ormance. Wi
el, although 
n 2D LES m

(a) mean velo

er parameters

or the undist
good perfor

t yields unph
ifies the actu
performance,
SGS model

ure coefficien

Turbule

plate. Hence
5 shows that 
omponent of
educed avera
how an obvi
ithin URANS
it dampens 
odels.  

ocity and (b)tu

s need to be 

turbed (Fig. 
rmance in the
hysical result
ual turbulen
, although t
ls, the Smag
nt trend is d

ence modellin

, a mismatch
LES is abso

f velocity. A
ging time an
ous difficult
S technique,
turbulence b

urbulence inten

assessed and

6a) and turb
e turbulent c
s for the und
ce at the in
the near edg
gorinsky mo
diverted dow

ing and turbu

h in the reat
olutely able to
A further sim
nd a refined m
ty in being p
, the k-ε mod
because of 

ensity 

d compared. 

bulent (Fig. 
case (but show
disturbed cas
nlet of the p
dge behaviou
odel shows 

wnstream tow

ulent inlet 

ttachment 
o provide 
mulation, 
mesh: the 
physically 
del yields 
its lower 

 

6b) inlet 
wing that 
e. This is 
late. The 
ur is not 

a better 
wards the 



G. Vita e

5.3 Re

A more 
regards t
results fo
inlet cas
This is d
model th
damping

5.4 In

In closin
discusse
turbulen
diffusive
models c
equation

et al. 

Figure 6. S

eattachment

immediate c
the undisturb

for pressure a
e shows a go
due to the m
he correct rea
g shows the b

Figure 7. 

stantaneous

ng, a flow 
d. A compar

nce features a
e behaviour,
confirms tha
ns introducin

Surface pressu

t length and

comparison w
bed case, the
and velocity 
ood behaviou

mesh refinem
attachment l
best performa

Centreline of

s flow patte

visualisation
rison betwee
are recognisa
, with smea

at the effect o
g possible in

ure distributio

d separation

with the expe
e URANS te
and the diff

ur of the 3D
ment, which 

ength. As re
ance, as the t

f separated she

ern 

n plot can 
en the differ
able. The Dy
ring of the 

of SGS eddie
nstability prev

on for the (a) u

n bubble 

eriment can b
echnique sho
fusion which

D LES model
needs fine-tu

egards the SG
trend of the p

ear layer for (a

clarify the 
rent SGS mo
ynamic and 
velocity fie

es is margina
events the pra

Turbule

undisturbed an

be done plot
ows the best 
h occurs in th
l, however th
uning. The U
GS models, t
phenomenon

a) undisturbed

numerical r
odels is prov
WALE SGS

eld. Nonethe
ally influenci
actical usage

ence modellin

nd the (b) turb

tting the reat
behaviour, 

he 3D LES m
he reattachme
URANS tech
the Smagorin
n is correctly

d and (b) turbu

results previ
vided (Fig. 8)
S models sho
eless, the be
ing the resul
 of the mode

ing and turbu

bulent case. 

ttachment len
as expected 
model. The 
ent length is
hnique is no
nsky with V

y catched. 

ulent case. 

iously prese
). The distin
ow in genera
ehaviour of 
lt, while com
els. 

ulent inlet 

 

ngths. As 
from the 
turbulent 

s delayed. 
ot able to 

Van Driest 

 

nted and 
nctive 2D 
al a more 
the SGS 

mplicating 



G. Vita e

Figure

In Fig. 9
immedia

In Fig
cross-dim
removab
wake wh

et al. 

e 8. Flow patt
WA

9 the averag
ately dissipat
g. 10 the ins
mension. It a
ble by furthe
hich feeds en

tern of instanta
ALE SGS mod

ed results of
ted, while for
tantaneous f

also shows th
er fine-tuning
nergy in the s

aneous velocit
del for the und

f the URAN
r the undistu

flow pattern r
he diffusive n
g the mesh. 
separation bu

ty magnitude 
disturbed (a,b,

NS models sh
urbed case th
relevant to th
numerical tu
It is also no
ubble, anticip

Turbule

for (a,d) Sma
c) and the turb

how that turb
e results are 
he 3D model

urbulence, wh
ticeable the 
pating its rea

ence modellin

gorinsky, (b,e
bulent (d,e,f) c

bulence in th
almost overl
ls confirms t
hich affects t
accuracy in 

attachment. 

ing and turbu

e) Dynamic an
case. 

he wake of t
lapping. 
the role play
the results an
the modelli

ulent inlet 

 

nd (c,f) 

the rod is 

ed by the 
nd is only 
ng of the 



G. Vita e

Figure 9

Figure 1

et al. 

9. Averaged fl

10. Instantaneo

flow field for t

ous velocity f
case,

the URANS k-

flow pattern fo
 and isocontou

k-ε (a,c) and k-
case. 

or the Smagor
ur of velocity

Turbule

-ω SST (b,d) u

rinsky 3D mod
 visualisation 

ence modellin

undisturbed (a

del (a) undistu
(b,d). 

ing and turbu

a,b) and turbul

urbed and (c) t

ulent inlet 

 

lent (d,e) 

 

turbulent 



G. Vita et al. Turbulence modelling and turbulent inlet 

6 Conclusions, recommendations and further steps of research 

In this preliminary work different turbulence modelling techniques have been assessed in their 
performance in modelling the separation bubble of a blunt flat plate, which occurs under a turbulent 
inlet. The comparison has focused in particular on different SGS models within the LES technique. It 
has been found that the Smagorinsky model is the most performant method, as the results are closer to 
the experimental ones, once agreed upon the correct refinement of the near-wall mesh, the use of a 
suitable damping function, and the proper choice of the time-step and averaging time, which takes into 
account computational costs and stability issues. The role of the SGS eddies is nevertheless not as 
important as that of the mesh, as it is shown by the 3D simulation and its accuracy. It is though unclear 
whether these conclusions can be stated in general for a set of 3D models.  
This could represent a further step in the research of the role of SGS modelling in LES. 
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