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Abstract: Recently, Very Large Eddy Simulation approach has attracted a great deal of attention among
researchers. This approach can be thought of as an intermediate approach in flow field filtering view point
compared with Direct Numerical Simulation and Reynolds-Averaged Navier-Stokes. One famous method to
this approach is Partially Averaged Navier-Stokes. Early studies have demonstrated the capability of this
technique in flow prediction; however, this method still needs to be evaluated under more flow conditions to
ensure its reliable performance. In this study, the performance of PANS k- method in the simulation of
turbulent flow around a cylinder with square cross section close to a flat surface, and at Reynolds number of
13200, has been evaluated. Flow around a cylinder provides a good criterion to assess capabilities of the
proposed method. To do so, three different filters have been evaluated dynamically and compared with each
other and Wilcox k- model. Results indicate that at such a Reynolds number, method is as accurate as k-o
method.
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1. Introduction the equations; consequently other transport
. . equations are introduced and added to the set of

The Very Large Eddy Simulation (VLES) has - . -

been widely utilized. On the one hand, these Navier-Stokes equations (at least two equations).

methads are similar to the LES approach, and on It should be noted that this approach is different
the other hand, they are similar to the RANS from the LES in which the grid-size determines

methods. Since these methods use the transport t.he unres)cb)\ll\:ﬁc;uscEIeZ” the considered transport
equations of the RANS approach, they are similar . g . P

to RANS; and since they are able to capture the equations for th.e formulatlpn of the unknown
turbulent flow structures, they resemble the LES. terms appearing in the equat!ons are based on the
In other words, this method tries to keep the RANS approach, these equations are not the exact

equivalents of RANS equations, and they are
adequate performance of the RANS approach . -\ .
fror’g the Eomputation perspective (comgﬁtation §en5|t|ve to the decomposition of_the flow field
time and cost) while offering the capability of into the solved and unresolved portions.

solving turbulent flow structures, which exists in ° The equatlo_ns are fqrmulated in such a
the Large Eddy Simulation approach. Figure 1 way that under certain conditions, these methods

shows the comparison between the performances act exactly as the RANS or the PNS approach. In
of RANS, LES and VLES approaches in the fact, these methods can be considered as a bridge

energy spectrum. The VLES approach has between the RANS and DNS approaches

different methodologies; however all of them (Gerolym_os, et aI.,2_OO_6). .
have the following cgmmon characteristics: Of the different existing methods, the Partially

R In contrast to RANS approach in which Averaged Navier-Stokes (PANS) model has
the flow field is decomposed into average and attracted more interest. This technique has been
fluctuating components, in all of these methods, presented by Girimaji et al. (2003). Their work is

the flow field is decomposed into the solved and gﬁzﬁd 02 :gr‘ﬂqug gf pff:genttﬁrgbeulgr]:t tr}fovtngg
unresolved components. gy sp

. Decomposition  caused insertion  of modeling the remaining portion of the flow. To
po . " specify the solved part of the flow’s kinetic
unknown terms into the equations (similar to

. energy, control parameter f, has been introduced,
Reynolds stress in the RANS.approach). These which represents the ratio of the modeled kinetic
unknowns should be modeled in order to set up

energy to total kinetic energy of the turbulent
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flow. This parameter adopts constant values
between 0 and 1 for the whole flow; so that if f, =
0, the model acts exactly according to the DNS
method, and if f, =1, the model behaves like the
RANS approach. Therefore, the PANS model is a
bridge between the RANS and DNS approaches.
To simulate the unresolved portion of flow,
Girimaji et al. used the standard k-¢ model with
coefficients adapted to the PANS method; while
Lakshmipathy and Girimaji (2006) employed the
Wilcox k- model with coefficients adapted to
the PANS method in order to model the eddy
viscosity of the unresolved flow portion. Instead
of assigning a constant number to fi, Elmiligui et
al. (2010) used a damping function which depends
on the turbulence length scale and grid size. This
function is updated at each time step and in every
cell, and takes on values between 0 and 1.There
are many examples of objects situated near flat
surfaces, such as suspension bridges, oil pipes
which are laid on ocean beds, and chimneys near
walls. A body exposed to a uniform stream, away
from a wall, causes opposite circulation vortexes
which alternatively shed into the wake from both
up and down of the body. These vortexes apply
aerodynamic forces to the object and they also
increase the fluid mixing in the wake. When the
object is brought close to a flat surface, the vortex
shedding characteristics and thus the transport
phenomena in the wake are totally affected (Shi,
et al., 2010). Although a cylinder has a simple
form, the flow around it is very complex, and
various types of phenomena such as flow
separation, vortex shedding and transition to
turbulent flow can be observed in it. Principally,
low-Reynolds turbulent flows constitute a
challenge for the VLES approach. In this Study,
the ability of PANS k- method in solving this
type of flow has been investigated and also
performance of three different control parameters
in the PANS k-® method, under the ground effect,
has been analyzed dynamically.
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Figure 1. Comparison between performances of
RANS, LES and VLES approaches (top to
bottom) in the energy spectrum (Ogor, 2006)

2. Governing equations

In this issue, the incompressible Navier-Stokes
equations have been used:

o,

— =0 @)
OX,

oV oY op o'V

— + \/1 — =—-——+4V . (2)
ot X, X, OX OX,

Contrary to the RANS approach, in which
velocity is split into the mean and fluctuating
parts, the flow field in the PANS approach is
divided into the following solved and unresolved
(modeled) sections:

V=U+V,

®)
p= P+ P,
Where, Vi' is the unresolved velocity, Ujis the

solved velocity, p is the solved pressure and Py is

the unresolved pressure. The cutoff (designating
the boundary between the solved and unresolved
sections) can be arbitrary. With the application of

the filter, we get: /,) =U, ,and (p,) =P . By
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filtering Eq. (1) and (2), the filtered Navier-Stokes
(PANS) equations are obtained as follows:

ou,

—L =0, 4
~ 4
ou, a(vv) op o'V,

—+t—————=——+vV , (5
ot OX, oX, OX, 00X,

Term VAN which is unknown, has been added

to the equations. This term can be calculated as
follows (similar to Reynolds stresses in the RANS
approach):

©(f.9) =(fg)—(f)(9),
t(f,g,h) = (fgh) - (f)1(g, h) -
(g)<(f,h)—(h)<(F.9)—(F)(a)(h),

Where, g, f, and h are arbitrary variables. By
performing mathematical operations similar to
those in the RANS method, the general form of
the unresolved Kinetic energy equation is
obtained:

(6)

ok ok
—+U —=p-¢-T, (7)
ot 6xj
1 ou, N oV
:—r(\/i,Vj)—, e=vi(—,—1), and
2 6xj axl. 8xj
1
=ET(\/i,VJ-).

T is the transport term. In the PANS method, by
using the Boussinesq approximation, the term
equivalent to Reynolds stress can be related to the
solved velocity field. Thus, to set up the
equations, it will be necessary to add two
transport equations to the Navier-Stokes
equations. The Boussinesq hypothesis is
expressed as:

(@)

To close the equations, it is necessary to know the

2
t(VV)=-vS +—KkS .
i ij 3 ij

values of K and V in the Boussinesq relationship.
The RANS approach can be used to formulate the
PANS equations. The aim is setting up the
equations in such a way that the PANS model
becomes a bridge between the RANS and DNS
approaches. This can be achieved by revising the
RANS equations’ coefficients. These coefficients
should be compatible with the filter (control
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parameter) applied by the user. The relationship
between the eddy viscosities of PANS and RANS
methods should be investigated. Considering the
applied filter, gives:

k kf, f,

Vu: *u = * = Vt'
o, Pof f

(0]

As can be seen, no change has been made

)

toB*coefficient. It should be mentioned that,

presently, there is no guarantee as to the
optimality of this coefficient, and that it is
necessary to conduct more studies on this subject.
By applying this filter to the Wilcox k-o
equations, the equations are modified as follows
(Lakshmipathy and Girimaji, 2006):

Ko, X ppror-L[vrov) Xy, (10)
ot OX; OX; OX;

® - 0 oo
—+U-—:(le—BkCOZ-F&[(V'FGV[)&

It
i ] ]
(11)
B =0.09, a=5/9, p=3/40, 6=0.5,
B=ap —f (B —B).
It is obvious that if f, =1, it will be the same as
Wilcox k- model.

and

3. Selection of control parameter and solution
algorithm

In this study, four different control parameters are
compared. First case, f, =1. Second case, the

damping function presented by Nichols and
Nelson (2003) for a hybrid RANS/LES method
has been used as follows:

f ={l+tanh(2n(A —0.5)]}/ 2,

k1/2 1
I, =—, A=—, A=max(AX,Ay,Az), A= -
Bo A 1
(12)
Third case, to obtain the control parameter,

reasoning similar to that of Kolmogorov has been

used. First, it is necessary to define
parameter fm as (Song and Park, 2009):
mu
f, = (13)
o

In the above relation, ®, is unresolved turbulent
frequency. If it is assumed that the smallest solved
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scale (n ) is determined by dissipation and eddy
viscosity, can be written:

SAVA

%
u

. 14
Bok (14)
Considering the definition for eddy viscosity and
control parameters, this can be written:
k, fk

u

(15)

Vv =

u

o, fo

u

By inserting the above relation into Eqg. (14) and

1

considering that f =—, the following relation
fk

can be easily obtained:

fmo)

[N — B*

(B”mfmkfk )%

A
n, = f£771, Where 1= ——
B o
(16)
As was expected, the smallest solved scale in the

PANS method is dependent on fk and the

turbulence scale. Similar to the DNS approach (in
which the grid size should have the same order as
the Kolmogorov scale), can be mentioned:

n, = ﬁ*%fk%1 ~ A, an
Therefore, the final relation is as follows:
1 ( A )%
f=—=] . (18)
Kk \/B_* |

Fourth case, since in the previous section it was
)%

A
shown that f_oc (— , the following equation is

used to estimate the value of f, :

(19)

To estimatefk, total kinetic energy and

dissipation should be specified. However, these
values are not known before solving the problem.
To resolve this problem, different algorithms can
be presented. In this research, to achieve an
appropriate distribution of f,, the problem was
first solved through the RANS approach (although
not necessarily with a high accuracy), and then
using the obtained results, the value of f, was
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estimated in the computational domain. Hence,
this algorithm can be executed in the following
five steps:

. First, a computational grid is generated
for the considered problem and then by using the
RANS approach, the problem is initially solved.

o By means of the information obtained
from the RANS solution, the turbulence length
scales are calculated.

. The distribution of f, is estimated
through relations (Eqg. (12), (18) and 19).

. When the value of fy is determined, the
PANS method can be used to solve the problem.

. Finally, f, is wupdated by using
information obtained from previous step at the
every time step.

4. Numerical methodology

In the present investigation, the governing
equations in the 3D state have been converted to
linear algebraic equations by the finite volume
method, on a non-uniformly structured and
staggered grid. The transient algorithm of
SIMPLE has been wused to establish the
relationship between the velocity and pressure
fields; and for time discretization, the fully
implicit method with first-order accuracy has been
employed. Also, the Van Leer method has been
used for space discretization (Van Leer, 1974).
Except at the maximum and minimum points, this
method is accurate to the second order.

Because a higher gradient exists near the cylinder,
especially at the corners and between the flat
surface and cylinder, in order to reduce
computation cost and achieve a better accuracy,
the grid has been clustered. Figure 2 shows a view
of the grid which is used in this research.

Figure 2. The grid which is used in the present
research

Figure 3 shows the applied boundary conditions.
Since the upper boundary has an adequate
distance from the cylinder, the perpendicular
component of velocity on it can be considered as
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zero. Along the z-axis, the periodic condition has
been applied.

Boundary condition at no-slip surfaces are given
by the following relationships (Bardina, et al.,
1997)

60
k=0, o=—,

By
Where, vy is the distance of the nearest point to the
wall.

(20)
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Figure 3. Geometry and boundary conditions of
the present research

5. Results

In this research, the flow around a cylinder with
square cross section, and located near a flat
surface, has been investigated. The dimensionless

isS _os5. The
D
dimensionless boundary layer thickness at the

location of the cylinder (before installing the

cylinder-to-surface  distance

. .8 . .
cylinder) is —=0.75. The flow’s inlet velocity
D

is U, =10 m/s, and the Reynolds number based

on the inlet free-stream velocity and cylinder
width is 13,200. For inlet flow, a velocity profile

3
—=o0.75at the
D

location of the cylinder (before installing the
cylinder) has been used (Figure 4).

5F

that satisfies the condition of

4F

Y/D

sF

2F

s

1
un,

Figure 4. Inlet velocity profile

The experimental findings of Shi et al. (2010)
showed that with the cylinder getting closer to the
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surface, the symmetry of the flow field is lost and
the near-wall vortexes become weaker and more
stretched, while the vortexes above the cylinder
form and shed at higher position. The flow above
the cylinder is very similar to the case where the
cylinder was away from the wall. Flow at the
leading edge of the cylinder undergoes separation
and no longer attaches to the cylinder; this causes
a recirculation region to be formed over the
cylinder. On the other hand, below the cylinder,
the flow at the leading edge gets separated, but
attaches again to the cylinder surface.

In this section, the performances of control
parameters have been compared to each other.
Figure 5 illustrates the streamtwise velocity
profile at various cross sections. At the two cross
sections of X/D=1.25, 0.25, where the flow
separates over the cylinder, all the methods
display an identical performance. Also in the
lower section of the cylinder (experimental results
are not available), all the mentioned procedures
have predicted almost identical profiles. These
profiles and Figure 6 indicate that below the
cylinder, flow gets separated from the cylinder
and attaches again to cylinder surface. At the two
cross sections of x/D =125, 0.25, all the
methods have predicted the separation of the flow
as it expands when passing through the wall-
cylinder gap, which is the result of boundary layer
thickening at these cross sections; however, the
experimental results don’t confirm such findings.
Results show that the first and third cases are
more accurate than the other cases. By moving
away from the cylinder, the results of second and
fourth cases become more exact. For near-wall
flows, the second case performs a little better than
the fourth case.
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Figure 5. Streamtwise velocity profile at various cross sections in comparison with the experimental results
(Shi et al., 2010)

Figure 6.Streamtwise velocity contours, from right to left: PANS method; first case; second case; third case;
fourth case

At the last cross sections, the results of the first
and third cases have a better agreement with the
experimental results. Due to the decrease of flow
gradients, all the methods exhibit a good
correlation with the experimental results at the
last cross sections. Because the near-cylinder flow
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is of more importance and both the first and third
cases predict a more accurate separation region, it
can be said that in general, the first and third cases
enjoy a higher accuracy than the other cases.

In view of Figure 7, it is clear that the control
parameter distribution in the third case, contrary
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to the second and fourth cases, doesn’t have high
gradients in the solution domain. The most
important point in this figure is that in the near-
wall region, the control parameter value is one.
This means that in this method, any type of wall
function in the log-law area can be used.

The question here is that, why in this problem, the
PANS method could not provide more accurate
results, as expected. To answer this question, first
we need to recall the Kolmogorov’s third
similarity hypothesis. Figure 8 shows the energy
spectrum for two high-Reynolds and low-
Reynolds  cases  nondimensionalized by
Kolmogorov scales. The dissipation ranges for
both Reynolds numbers are identical; while for
the low Reynolds numbers, the inertial range is
not extensive as in the higher Reynolds number
case. The studied problem in the present research
also has a relatively low Reynolds number;
therefore, the overlap area between energy

containing range and dissipation range is more,
which makes it difficult to achieve an appropriate
parameter

distribution of the control

(Lakshmipathxlr 2004)

) -
[
18 1
X 6 x 1.8

1.6 16 18
X

Figure?7. Control parameter distribution contours
(from right to left): second case, third case; fourth
case
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P
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Figure 8. Energy spectrum for different Reynolds
numbers (Lakshmipathy, 2004)

6. Conclusion

In all the mentioned methods, this leads to the
formation of a separation zone on the lower wall,
in the expansion region of flow exiting through
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the cylinder-surface gap; while previous
experimental works haven’t reported the existence
of such a phenomenon at this cylinder-to-surface
distance (G /D = 0.5).When a less-than-sufficient
value is chosen for the control parameter, which
in this method is equivalent to the wave number
in the LES, the vortexes are estimated smaller
than their real size (underestimated). According to
the results of this research, because the Reynolds
number was not high enough in this problem, the
PANS k-o method was able to achieve the RANS
results at the most. The results indicate that at low
Reynolds numbers, the third control parameter
predicts the best results. Therefore, this method is
applicable to flows with a high enough Reynolds
number provided that a distinct separation scales
can be delineated between the energy-containing
range and the dissipation range. Otherwise, the
proper estimation of the control parameter in the
solution domain becomes difficult, and we may
have to go back to the RANS approach.
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