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Abstract: The purpose of this paper is to characterize and to estimate the recirculating length behind an
aerodynamic profile in ground effect with Gurney Flap. The flow characterization at high Reynolds numbers
was performed by means of numerical analysis. A correlation between the size of the recirculation length and
the frequency of vortex shedding was studied. The vortex shedding has a characteristic frequency, which, in
this work, is correlated to the size of a recirculation length defined by the authors. The numerical investigation
methodology applied to the profile with Gurney Flap, was previously developed on the well-documented test
case of the flow around a cylinder at high Reynolds. The case was chosen to investigate and to validate the

numerical approach with experimental data.
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1 Introduction

The wake behind 2D and 3D bluff bodies has
been a topic of interest for engineers over many
years but it still remains a difficult case for both
experimental and numerical applications. The wake
structure is very complex, due to the interaction of
three different layers: boundary layer, shear layer
and the wake. Numerical and experimental
investigations were carried to understand the flow
mechanisms of the vortex shedding phenomenon
that leads to high pressure fluctuations causing
structural vibrations. Classical studies have been
performed on the frequency of vortex shedding by
Strouhal [1] and Rayleigh [2], according to various
Reynolds numbers. Subsequently a remarkable
impulse to understand the phenomenon was given
by Theodore von Karman [3], who analyzed the
stability at various wakes configurations at different
Reynolds numbers. The above studies suggested
correlations between the structures of the vortex and
the drag on the profile. In this paper the von Karman
vortex shedding is studied in two cases: a cylinder
and a profile with Gurney Flap in ground effect. The
flow around the 2D cylinder is an industrial problem
concerning some applications such as offshore
platform, power lines, bridge and heat exchangers.
In the cylinder case four main flow regions can be
identified, as shown in Figure 1.
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Figure 1. Main flow regions around cylinder merged
in a flow at certain Reynolds number

Upstream the cylinder a stagnation zone (i) where
the flow is slowed down to zero at the point of
contact next to the cylinder. After the stagnation
point up and down, areas of accelerated flow
(compared to incident flow velocity of the incident
vein) are observed (iii). A thin region adherent to
the cylinder, called boundary layer (ii), flows into
the final zone called wake (iv) where flow
adherence to the wall is lost.

Gerrard [4] published an important review about
the flow region near the back of the cylinder that
plays a key role in determining the frequency of the
vortex shedding. The main variations in the wake
region are observed in the Reynolds number range
10° to 5x10° where the so-called drag crisis is

Volume 16, 2021



WSEAS TRANSACTIONS on FLUID MECHANICS
DOI: 10.37394/232013.2021.16.6

observed [5]. The recirculation zone in the wake
(recirculation bubble) is experimentally defined as
the region where the streamwise velocity component
is negative. At the end of the recirculation zone,
behind the cylinder along the centerline, there is a
certain point where the external fluid in the shear
layer first goes across this line. It has been observed
that changes in Reynolds number affect
recirculation zone size: by increasing it, the
instability intensity leading to the shear layer curl
(the formation of the first vortex that draws the
separate fluid layer on the opposite side) increases.
Regarding the formation time of finite whirl, due to
the phenomenon previously described, is reduced
and vortex shedding frequency increases [6, 7].
Considerable variation in Pressure Coefficient (Cpy)
has been observed with Reynolds number; it is
sensitive to a variation due to flow instability
changes and phenomena that occur into the range of
Reynolds numbers considered.

Results obtained from studies and experiments
[8] on the Cpp values showed that behind the
cylinder (close to the recirculating bubble) there is a
minimum of the pressure coefficient measured from
the base suction point. Extensive aerodynamic
analysis on the profile in ground effect has been
performed and the effect of the Gurney Flap on the
flow unsteadiness has been discussed [9].

According to the above experience a correlation
between shedding frequency and the size of the
recirculation bubble (i.e. length along centerline)
has been developed. The Gurney Flap [10],
introduced in racing cars by the driver and
constructor Daniel Gurney, is a simple device
consisting of a small metal strip, mounted
perpendicular in the trailing edge on the pressure
suction of an aerodynamic profile. An aerodynamic
study [11] was carried out in a wind tunnel on a
racing car spoiler with a flap height of 1.25% of the
profile chord.

The results of this study led to the conclusion
that this device modifies the Kutta-Joukowski
condition for a wing profile operating under
subsonic conditions. This condition requires that the
flow from both surfaces mix in the wake, referring
to Figure 2, the stagnation point (S2) moves to the
trailing edge (because of the shorter distance ran by
point B), creating an anti-clockwise vortex.

As a direct consequence for the Kelvin-
Helmholtz theorem on vorticity, the entire system
will respond by creating a vortex with opposite
vorticity.
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Figure 2. Theory about flow around a wing,
Circulation Theorem regions

Based on theory and on experimental data
available, the hypothesis from these studies
highlights a small separate flow region directly
upstream of the Gurney and two counter rotating
vortices downstream, sketched in Figure 3, which
have a rotational effect on the local flow field. The
result is an increase of the circulation, hence an
increase in downforce from the profile. A further
beneficial effect [11] is that the delayed separation
of the suction stream increases the operating range
of the profile at higher angle of attack before stall.
Higher  aerodynamic load and increased
aerodynamic efficiency can be obtained. The
spectral analysis of the LDA signal [12] clearly
showed that the instantaneous flow behind the
profile consists in a swirling wake with alternate
vortices.

Continuation of
upper surface

N

Upstream Wake region
separation

bubble

/
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Two contrarotating
vortices

Figure 3. Recirculation bubbles and steady vortices
around Gurney flap

The unsteady CFD approach considered has
showed its ability to efficiently predict the unsteady
vortex shedding from bluff bodies with engineering
accuracy; it can be used for design/analysis of
components [9,13,14] or for tonal noise prediction
[15]. The purpose of this paper is to develop a
methodology that allows to quantitatively predict
the recirculation bubble length in the area
downstream of a bluff body and to correlate it with
the vortex shedding frequency. As regards 2D cases
have been adopted
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2 Basic equations: flow model

In a two dimensional flow the Reynolds-
averaged equations for conservation of mass and
momentum are:

dp 0
ot oy (o) =0 1)
dpu; 0
ot +om (PUat)
_ <6P)
— \oy )

n a aui n au] S
an MEff ax] axi M

where i,j = 1, 2. Here X1 and X, denote the horizontal
and vertical directions, respectively; u; and u, are
the corresponding mean velocity components; Sw is
the sum of body force; P is the dynamic pressure; p
is the density of the fluid; and pes is the effective
viscosity accounting for turbulence, defined as
follows:

MHepr = U+ U )
where ¢ is the turbulence viscosity, modeled
according the appropriate turbulence model.

This study assumes 2D flow around bluff bodies
and literature have shown that 2D computation can
over-estimate the forces acting on the body (Benim
et al. [16]; Liuliu et al. [17]).

However, the intention of this study is to to
develop a methodology to quantitatively predict the
recirculation length downstream of a bluff body and
to correlate it with the vortex shedding frequency.
2D cases can be effective for the scope with a
considerable saving of computational resources.

2.1 Transport equations for the Standard
k-£ model

A standard high Reynolds number k-¢ is used in
the present study [18,19]. This model has been
applied on vortex shedding by previous works [20].
The k and € equations are given by:

a(l’€)+a(l’€)
ar P T gy, P

_9 ( +”t)ak +G,+G
_ax]- H 0/ 0x; k b (4)
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In these equations, Gk represents the generation
of turbulent kinetic energy due to the mean velocity
gradients; Gy is the generation of turbulent Kinetic
energy, due to buoyancy; Ywm represents the
contribution of the fluctuating dilatation in
compressible turbulence to the overall dissipation
rate; while Sk and S; are source terms. The turbulent
(or eddy) viscosity p is computed by combining k
and &

2

He = pC#? (6)

The following standard model coefficients have

been adopted: C,.=1.44, C,.:=1.92, C,=0.09, cx=1.0
c.=1.3.

2.2 Transport equations for the (SST) k-o
model

The SST model is based on the baseline (BSL) k-
o turbulence model, combining the equations of &
and ® with a blending factor [21]. This blending
factor is based on the local a-dimensional wall
distance Y+ that switches the model from a k-m near
the walls to a k-¢ in the free shear flows. The (BSL)
k- model has a similar two-equation form as the k-
¢ model. The transport equations for the model are:

a(k)+a(k)
gt P T gy, P

_0 ( +”t)ak +G, - Y,
_ax] K Oy ax] k k (7)

+ Sk

F) L0 (o)
ot P ax; PO

d d
_ (Wrut) w]+Gw—Yw (8)
axj

04/ 0x;

+D, + S,

with:
. Pk
He =a -~

)

where a* is a correction factor for low-Reynolds,
while G, represents the generation of ®; Yk and Y,
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represent the dissipation of k and ® due to
turbulence; D, represents the cross-diffusion term;
Sk and S, are source terms. All these terms, the
blending factors and their respective model
constants are reported in [21].

2.3 Transition model y-6

The transition model y-0 is based on the coupling
of the SST k- transport equations with two other
transport equations. For the intermittency 7y the
transport equation is defined as:

9py) ,  9(puy)
6t 7 6x}
=Py —Ey1 + Py — Eyp (10)
0 d
)
ax,- oy axj
The transition sources are defined as follows:

Pyl = Cal}—"lenght'ps[]/Fonset]cy3 (11)
Eyl = Celpyly (12)

where S is the strain rate magnitude, Fiengne iS an
empirical correlation that controls the length of the
transition region, while Ca and Ce hold the values
of 2 and 1 respectively. Then the
destruction/relaminarization sources are defined as
follows:

PyZ = Ca20y Fryrp (13)

Eyz = CeZPyzy (14)
where Q is the vorticity magnitude, while the other
constants for the intermittency equation are:
Ca2=0.06, C¢=50, C,3=0.5, 0,=1.0. The transition
onset is controlled by the function reported in [21].
The transport equation for the transition momentum
thickness Reynolds number Reg, is:

d(pReg;) o d(pu;Reg,)

ot ] 6x] 15
d aRth ( )
= Py, +% age (1 + ur) £

] ]

The source term is defined as follows:

2

2
pu
Pgr = Co

5000 (Reg:Req: ) (1.0 — Fyy)

(16)
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The model constants for the Rey, equation are:
Co=0.03, 06=2.0; the expressions for the constant
Fe: are reported in [21].

3 Flow around cylinder at high
Reynolds numbers
A well-documented case from literature is

chosen as preliminary case: a 2D cylinder in
uniform flow at high Reynolds number with vortex
shedding. The Ansys CFD platform is used to solve
the flow model based on RANS equations with k-g
turbulent model and y-6 transition model (only when
the transition is considered), described in the
previous section. The unsteady simulations have
been performed in Reynold’s similarity in the range
between 1x10° and 3.6x10°. Reference values for
the computational domain size and boundary
conditions have been taken from ref. 10. A
rectangular domain is suitable to capture the Von
Karman vortex: it extends 7D upstream of the
cylinder (D = 0.2 m), 20D downstream and 7D each
side. Figure 4 shows both domain and mesh details.
A structured grid is generated with y+ close to one
at the cylinder wall.

Figure 4. Domain size scheme and structured mesh
grid detail.
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Figure 5. Grid Dependency, Sensitivity analysis
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A sensitivity analysis was performed for the
number of grid elements and Figure 5 shows the
drag coefficient trend with the mesh. The drag
coefficient has been defined as:

Dg

1 2
ZPAU

(17)

CD—

A mesh size of about 50 000 has been selected.
The unsteady analysis are initialized with a steady
run with inlet uniform axial velocity U, = 73.5 [m/s]
(Re = 10°) or U, = 264.5 [m/s] (Re =3.6x10°%). A
turbulence intensity 1=0.8% is set at the inlet. Slip
boundary condition for lateral domain boundaries is
set. Free outflow condition is fixed at the outlet. For
the unsteady simulations a time step At= 4,082x10°
[s] is fixed according to the Courant condition. A
second order SIMPLE solution scheme is adopted.

3.1 Drag coefficient and Strouhal number

The experimental work from ref. [22] with hot-
wire analysis is considered as reference. Table 1
compares the Cp values obtained from CFD
analysis. Figure 6 shows the variation of Cp with
Reynolds number, and compares experimental and
numerical data.

Table 1. Drag Coefficient comparison (Cp).

Study case Cp (Re=1x10°) Cp (Re=3.6x10°)
2D URANS k-¢ 0.564 0.565
2D [.H.{ANS 0.625 0.573
(Transition y-0)
Ong et al. 2D URANS
K-z [20] 0.517 0.457
Roshko [22] 0.21 - 0.63 0.36 - 0.75
The Strouhal number:
fD
St ="— 18
o (18)

is shown in Figure 7 where the data from literature
are compared to the values obtained in the present
work.

A good agreement between numerical 2D
simulations and experimental data is observed. For
Reynolds numbers lower than 10° the reattaching is
not symmetrical, the wake is distorted, there is a
drag drop and the shedding phenomenon disappears.
In all simulations performed the periodic
phenomenon is present as shown in Figure 8
(instantaneous snapshot of velocity contours). In the
supercritical region Cp increases from 0.3 to 0.7.
For Re higher than 10° a wall separation bubble
appears and the numerical transition model has been
useful to solve this phenomenon attached to the

E-ISSN: 2224-347X

52

Carlo Cravero, Nicola Marogna, Davide Marsano

wall. A comparison for Strouhal number at different
Reynolds regimes is showed in Table 2 and Figure
7. The vorticity contours of Figure 9 help to
highlight the vortex shedding phenomena.
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Figure 6. Drag Coefficient vs Reynolds number
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Figure 7. Strouhal number vs Reynolds number

Figure 8. Velocity contour into the domain at Re
=1x10°

Figure 9. Vorticity contour at Re =1x10°
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Figure 10. Vorticity contour at Re =3.6x10°

Table 2. Drag Coefficient comparison (Cp)

Study case St (Re=1x10¢) St (Re=3.6x106)
2D URANS k-¢ 0.263 0.201
Ong et al. 2D URANS
k-¢ [20] 0.2821 0.305
Roshko [22] 0.18 - 0.50 0.17 - 0.29

3.2 Pressure Coefficient

The numerical approach is able to predict the
alternate vortex shedding in the supercritical regime
(Re 1x10°). At this Reynolds number, as previously
mentioned, a non-symmetrical recirculating bubble
at the cylinder wall induces an asymmetrical vortex
shedding. The above detail has not been captured by
the experimental investigations. In order to have a
deeper insight into the flow mechanism at the wall
region the pressure coefficient distributions are

discussed. The local instantaneous pressure
coefficient is:

_P 7P 19

Cp B %ﬂwugo ( )

The time average pressure coefficient is

computed with averaged local pressure values on a
single period T of the unsteady shedding. The
obtained  distributions are compared  with
experimental data in Figure 11-12 for Re=10° and
Re=3.6x10° respectively. The values of the base
suction coefficient (C, at 180° from the stagnation
point) are reported in Table 3. A good agreement is
obtained apart from the region behind the cylinder
where a boundary layer transition occurs. At Re=10°
the transition in the boundary layer generates a
recirculating area at the wall where the C,
distribution has a kink. Laminar separation and
turbulent reattachment lead the flow to separate at
very high angle around the cylinder from the
stagnation point. The following regions in the Re
range are distinguished (the angle 6 start in
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clockwise from stagnation point): the subcritical
region (vortex shedding and laminar separation at
0:s<90°), the critical region (vortex shedding
disappears, the reattachment is asymmetrical for
0:>90° and the wake is broken), supercritical region
for Re>10°. In this last region the transition moves
from the shear layer to the wall boundary layer. At
the upper limit of the critical region a recirculation
bubble at the wall appears that moves the turbulent
separation point of the wake at high downstream
angle. Increasing the Re from the critical region the
observed sequence is: a laminar separation,
turbulent reattachment, and turbulent separation of
the boundary layer. The recirculating bubble
reduces increasing Reynolds  number  for
Re>1.5x10° and it is not observed beyond this flow
regime [25]. At Re = 3.6x10° there is no further
separation and the recirculating bubble disappears.

Table 3. Cp, comparison

53

C
Study case (Re=f:1 0% Cpb (Re=3.6x10°)
2D URANS k-¢ -0.699 -0.779
2D [.H.QANS -1.165 -0.947
(Transition y-0)
Ong et al. 2D
-0.601 -0.546
URANS k-¢ [20] 0-60 0
Achenbach [25] -0.442 (Re=8.5x10%) -0.826
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Figure 11. Pressure coefficient comparison at
Re=10°
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Figure 12. Pressure coefficient comparison at
Re=3.6x10°

3.3 Skin Friction Coefficient

In order to better understand the flow condition
at the wall and to identify the separated zone, the
skin fraction coefficient has been studied. In Table
4, the obtained numerical values are plotted and in
Figure 13 and 14 the trends for two flow regimes are
compared with other numerical results [20,28]. The
different results are in good agreement each other.
Figure 13 at Re=1x10° shows that the numerical
transition model is able to predict the actual trend
described in literature [20], except for the
recirculating bubble that has been observed only
numerically. The transition model shows flow
condition at the wall where there is transition in
boundary layer after reattachment of laminar
recirculating bubble (depicted in the detail of Figure
16). For Re=3.6x10° Figure 14 highlights a good
agreement between all the numerical results. The
transition model shows that, from one certain angle
the wall stress increases (with respect to the other
cases predicted using other models) where the
occurrence of wall transition in the boundary layer
from laminar to turbulent flow regime is locally
detected. No laminar recirculation bubble at the wall
is detected for this Re and symmetrical turbulent
vortex shedding starts at this regime, called Super-
critical or Post-Critical. In Figure 15 the contours of
the Intermittency value obtained from the activation
of the transition model show the wall laminar and
turbulent flow to detect the boundary layer
transition zone.
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. 3 A
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Re=1x
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0.0 30,0 6 130,0

Figure 13. Skin friction factor comparison at
Re=1x10°
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Figure 14. Skin friction factor comparison at
Re=3.6x10°

Table 4. Skin friction coefficient comparison

Study Os Ob Os O
case Re=1x10¢ Re=1x10¢ Re=3.6x10¢ | Re=3.6x106
RA

URANS 122.81 - 128.91 -
k-¢

URANS

(Trans. 127.39 104.51 128.91 67.91
v-0)

Ong et

al. 114 -

URANS 110.88 -

k-g [20]

Zhang

etal.
URANS 123.5 - - -
k-g [28]
Ref [25] 135 105 115 65
IE I CET R I B y — = </ i
E ="

5.10e-01
461e-01
4.12e-01 e
363e-01 =

314e-01 =X

2,65¢e-01
2.16e-01
167e-01
1.18e-01
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Contours of Intermittency (Time=3.5947e+00)

Figure 15. Intermittency function to show the
laminar bubble at the wall
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Figure 16. Friction coefficient distributions:

recirculating bubble at Re=1x10°

4 A method to evaluate the length of
the recirculation bubble downstream

the cylinder

In this section the proposed methodology to
quantify the recirculating area downstream of a
bluff body is described. From the values of Table 5
it can be observed that increasing the Reynolds
number (with the free stream velocity U.) the
shedding frequency increases. The centerline of the
cylinder in the wake is considered, called Wake
Centre Line. The shedding phenomenon is periodic
so the recirculation bubble behind the cylinder
changes at every time step. After the analysis of the
velocity contour frames it has been observed that the
influenced zone behind the cylinder extends for a
length of about two diameters. The velocity profile
in this region on the centerline is investigated.

Table 5. Frequency and Strouhal comparison

Study f [Hz] St f [Hz] St
case Re=1x106 Re=1x106 Re=3.6x10¢ Re=3.6x10¢
UI}::NS 96.824 0.2635 265.958 0.2011

The recirculation zone end point is identified as
the first point where the outside fluid flows and
crosses through the central axle i.e. the Wake Centre
Line, as discussed in ref. 14. A series of monitor
points (numerical probes) have been positioned on
the Wake Center Axis and the following velocity
ratio is monitored:

(20)

where the time averaged local axial velocity is
introduced at the numerator.

A negative value means reversed flow thus a
recirculation zone. The dimensional recirculating
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bubble in axial direction x was time averaged as in
Figure 17:

Figure 17. Schematic of steady recirculating bubble

The axis starts from the cylinder center and the
non-dimensional coordinate x/D is used. The point
where the axial velocity is zero (ux= 0) can be
obtained and this is considered the end point of the
recirculating bubble. In order to locate the above
point the centerline was discretized with an
appropriate spatial step Ax. The monitored values of
velocity ratio are time-averaged of a period of 10T
of the shedding frequency (according to the Strouhal
number). Twenty probes equally spaced (Ax= 0.02
[m]) have been inserted on the Wake Center Line in
a length of 2D from the cylinder as shown in Figure
18.

Figure 18. First investigation with 20 equally spaced
probes

The velocity ratio distributions of Figure 19 and
Figure 20 are obtained for the two values of Re
considered. For Re=1x10° the spatial discretization
has been reduced to Ax = 0,01 [m]. Figure 21 shows
the comparison of the two investigation sets and
confirms that the original discretization was
adequate to accurately reconstruct the velocity ratio
along the centerline.
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8
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s 7
0,20 —
5
-0,60
0,50 0,70 0,90 1,10 1,30 1,50 1,70 1,90 2,10 2,30 2,50
x/D

Figure 19. Axial velocity ratio ¥ along wake
centerline at Re=1x10°
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Figure 20. Axial velocity ratio ¥ along wake
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Figure 21. Axial velocity ratio ¥ along wake
centerline at Re=1x10% — detail of monitor points
distribution

The above diagrams can highlight the correlation
between Reynolds number (free stream velocity)
recirculation length and shedding frequency [4]: an
increase in Re gives higher shedding frequency and
shorter recirculation zone. In Figure 20 at
Re=3.6x10° the recirculation zone is extinguished
from x/D = 0.7 while at Re=1x108 the recirculation
is closed at x/D=0.97 (Figure 21). A second
investigation for case Re=3,6x10° with a higher
number of probes (higher resolution) has been
performed and the results are shown in Figure 22.

= 15t Investigation
—2nd Investigation (10 Probe in bubble)
0,06 y
0,04 //
\PO,OZ
0
-0,02 \\
0,04 >
-0,06
050 054 058 062 066 070 074 0,78
x/D

Figure 22. Comparison of ¥ between two monitor
points distributions at Re=3,6x10¢ along the wake
centerline

E-ISSN: 2224-347X

56

Carlo Cravero, Nicola Marogna, Davide Marsano

In this case the velocity distribution behind the
cylinder highlights a recirculation bubble at the
cylinder wall detected by the first crossing of zero
value at about x/D=0.54. This suggested the
presence of a second vortex connected to the main
vortex shed. To have a deeper insight it was decided
to set 20 probes along the wake center line between
x/D = 0.5 and x/D=0.54.

e 15t Investigation
e 2nd Investigation (10 Probe)
--------- 3rd Investigation (20 Probe)

0,04 /

0,02

S /

-0,02 \

-0,04 S

-0,06

0,50 0,54 0,58 0,62 0,66 0,70 0,74
x/D

Figure 23. Comparison of ¥ between 1%, 2" and 3"
investigations probes sets at Re=3,6x10°

In Figure 23 the results from the refined probes
line (3rd investigation) is compared to the previous
analysis and it confirms that the distribution criteria
previously set is adequate to capture also this small
feature. The main recirculation averaged from the
unsteady analysis is closed at x/D=0,69. From the
above velocity averaged distribution along the
cylinder axis it can be argued that the additional
small vortices are generated by the shear layer from
the opposite main vortices shed from the lateral
walls of the cylinder. The vorticity contours of
Figure 24 help to support the above physical
interpretation of the presence of a couple of counter-
rotating vortex pairs: the main external vortices and
the inner small pair.

Figure 24. Contra-rotating vortex pairs

In Figure 25 the velocity ratio distributions for
the two Reynolds considered are compared to have a
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direct view of the difference in recirculation zone
length with Re that correlates to the shedding
frequency.

e 3rd Investigation (20 Probe) Re=3,6*10"6

01 e 2nd Investigation (20 Probe) Re=1x10"6

0,05
vy 0
-0,05
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N

J/
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0,50 0,60 0,70 0,80 0,90 1,00
x/D

Figure 25. Comparison of the velocity ratio

distributions for the two Reynolds cases

In Table 6 the variation of the vortex release
frequency with the Reynolds number is reported
together with the above recirculation lengths.
Higher Re corresponds to higher frequency and
shorter recirculation length as defined above.

Table 6. Dimensionless Recirculation length

comparison.
¢ x/D
Study case Re St (Recirculation
[Hz]
length)
2D [iRSANS 1x106 96.82 0.2635 0.967
2D IiI_{SANS 36x105  265.9 0.2011 0.690

The frequency and the recirculating length are
inversely proportional due to the interaction of shear
layers outside the wake; the separation angle
increases with Re (Table 4) and the separated zone
intensity is increased but the wake extension is
reduced.

5 Application of the recirculation
length method to an airfoil with
Gurney flap at high Reynolds number

The recirculation length criterion to investigate
the vortex shedding is applied to the engineering
case of an aerodynamic profile with a Gurney flap
to test the correlation between vortex shedding
frequency and recirculation length already observed
for the cylinder case. The same case has been
extensively investigated using CFD [9] and the
experience gained has been used to perform the
CFD simulations of the present work. The same
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reference configuration from [9] is used and the case
of Gurney Flap height 2.9% of C in ground effect
with h/C=0.448 is considered. The computational
domain is a rectangle that extends 2.5C from the
leading edge, 11C from the trailing edge and 6C in
the upper and lower sides. A hybrid multiblock grid
formed by tetrahedrons (outer zone) and structured
grid (inner zone close to profile) is generated with
element clustering at the viscous walls to obtain y+
close to one. A total 2D mesh of 80 kCells is
obtained and a zoomed view is shown in Figure 26.
The mesh has been adopted for the simulations after
a thorough grid sensitivity analysis [9].

Figure 26. Mesh details of Gurney Flap domain

At the inlet boundary the velocity is fixed
together with a turbulence intensity equal to 0.2%.
Two simulations are performed: Re=0.462x10°
(corresponding to an incoming velocity U=7 m/s)
and Re=1x10® (U=15.2 m/s). At the outlet the
reference pressure is set, the ground is a viscous
wall moving at the incoming flow speed. The upper
boundary is set as an inviscid slip wall. The k-¢
turbulence model and a timestep At = 2.118
x10*[s] are selected. The results are validated
against reference data [30, 31]. All the selected
cases give rise to a vortex shedding phenomenon
and in the simulations the flow begins to oscillate
after 1.7 [s] at Re=0.462x10°¢ and after 0.7 [s] at
Re=1x106. In Figure 27, 28, 29, 30 the contours of
vorticity, velocity and eddy viscosity show the Von
Karman vortex shedding behind the airfoil with the
Gurney flap at the two operating conditions.

180084001

=
Figure 27. Vorticity Contour showing Von Karman
street vortex at Re=0.462x10°
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-V,

Figure 28. Eddy Viscosity Contour showing Von
Karman street vortex at Re=0.462x10°

Figure 29. Vorticity Contour showing Von Karman
street vortex at Re=1x10°

Figure 30. Velocity Contour showing Von Karman
street vortex at Re=1x10°

To determine the Strouhal number of the
shedding the selected characteristic size for the
Gurney is d from Eq. (21):

d =2.9%C + h, (21)
where hy is the trailing edge thickness.

Table 7. Lift Coefficient results comparison

Study case Re CL
URANS k-¢ 0.462x106 1.876
DES Unsteady [9] 0.462x105 1.801
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Spalart Allmaras steady [9] 0.462x10¢ 1.856
SST steady [9] 0.462x106 1.742
Zerihan exp. [31] 0.462x10¢° 1.557
URANS k-¢ 1x106 1.919

Table 8. Strouhal number results comparison

Study case Re T [s] f [Hz] St
URANS k-¢ 0.462x10¢° 0.341 29.326 0.152
DES Unsteady 0.462x106 - 0.156
B
Zerihan exp. . 0.178
(31] 0.462x10
0.08 —
Jeffrey - 015
URANS k-¢ 1x1096 0.0150 66.499 0.159
The lift coefficient is considered:
__L (22)

C, =
L 1 2
ZPAU

and Table 7 shows the values of C. compared to the
reference data. All the numerical values
overestimate the experimental value and, as
discussed in [9,30,31] this is due to the fact that all
simulations are exactly 2D while the experimental
data are obtained at midspan of a 3D wing. The
Gurney flap introduces a pressure difference at the
trailing edge, which leads to increased circulation
and, due to the Helmholtz theorem, to increased lift.
Moreover, in ground effect, the flow between the
ground and the profile suction side is accelerated
giving a higher lift (downforce) with respect to the
same profile in freestream (far from ground).

I
{ o

-
iR

Figure 31. Reference centerline in the wake. a) flat
plate, b) Gurney flap
5.1 Skin Friction Coefficient

The methodology developed for the cylinder is
applied to the case of the Gurney flap. The proper
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reference line for monitoring points set must be
defined. This is obtained with the case of a flat plate
perpendicular to the incoming flow in mind (Figure
31a); the equivalent of the flat plate is the flap as in
Figure 31b where a detail of the trailing edge with
flap is reported together with the sketch of the
reference line. From the simulations it has been
observed that the real recirculation zone, including
the shedding of the first vortex, extends for about
one-third of the chord along the above reference
direction. Forty monitoring points have been set in
centerline with three different levels of uniform
spacing with a higher resolution in the first part
behind the flap as sketched in Figure 32.

024

Wake
center

0.14 line
. e o
o [—pe
0,04
095 1 1,05 11 115 12 125 13 135
X

Figure 32. Monitoring points in the centerline for
Gurney flap

¥ 019

@ Probe

The velocity components and magnitude are
monitored in the above numerical probes. The
velocity components are then projected to obtain the
velocity components along the centerline and
perpendicular to it. As for the cylinder case the
instantaneous values for each probe are averaged
over ten periods of the oscillation for both Reynolds
number considered. The velocity ratio W is
introduced as the ratio between the local velocity
magnitude in the centerline direction (8) and the
upstream freestream flow velocity:

(23)

The investigations for the two Reynolds numbers
were performed collecting the data of the probes in
ten periods of oscillations corresponding to 0.35 [s]
(Re=0.462x10% and 0.16 [s] (Re=1x10°) of the
unsteady flow evolution. A single period T
corresponds to the characteristic period of the vortex
release. Ten periods have been chosen to average
the terms of the velocity ratio ¥, in order to have a
statistic simulation period and to eliminate any
numerical disturbances that might occur, as in the
cylinder case. Table 9 shows the results of the
simulations for the shedding frequency, Strouhal
number and coordinate along the centerline where
the recirculation zone ends.
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Table 9. Recirculation length results comparison

Study case Re f [Hz] St x/C
2D I.II(IiANS 0.426x106 293 0.152 1.072
2D I.II(IiANS 1x106 66.5 0.159 1.062

The above coordinates are obtained from the
distribution of the velocity ratio along the centerline
as in Figure 33; they correspond to the condition us=
0. The x coordinate origin is at the profile leading
edge, therefore, the recirculation zone ends at a
distance equal to about 7%C of the chord at
Re=0.462x10° and at a distance of about 6.2%C of
the chord downstream of the Gurney flap for
Re=1x10°,

e Re=0,46x10"6
e Re=1x10"6

S~—

0,997

e
7

1,017 1,033(/(: 1,057 1,077 1,097

Figure 33. Velocity ratio distributions along the
wake centerline; recirculation length comparison

The results in Table 9 confirm the correlation
between the shedding frequency and the
recirculation length as defined above.

A higher frequency has a shorter recirculation
length and vice versa. In fact from Figure 33, with
an increased Reynolds number (blue line) the
recirculation length (the ratio in eq. (23)) cuts the
abscissa axis before.

The flow mechanisms behind the vortex
shedding and its frequency are due to the interaction
of the shear layers outside the wake [9,30-34] and
with Reynolds number increase their interaction
increases with higher strength.

The Gurney flap case with h/C = 0.448 has been
widely documented both numerically [9] and
experimentally using PIV techniques [30,31].

The wvelocity ratio profile along the wake
centerline is superimposed in Figure 34 to the
vorticity contours to graphically show the
connection of the vortex shedding with the
recirculation length previously discussed.
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ratio

for
distribution along the wake centerline and the
vorticity contours

Figure 34. Overlapping velocity

6 Conclusion

The modeling of the turbulent flows continues to
represent a crucial problem of the computational
fluid dynamic and classical physics. In this work a
methodology for the prediction of the recirculation
length of the unsteady wake from a bluff body has
been developed. Two different application cases
have been adopted: the circular cylinder and the
profile with Gurney flap. Different influence
parameters for the vortex shedding phenomenon
have been analyzed. This phenomenon has been
carefully predicted by 2D RANS model also in
supercritical regime, by highlighting the complex
wall flow structure. This methodology has been
validated by the experimental measures. The
recirculation length of the average wake from the
unsteady simulations has been used to correlate with
the shedding frequency. The quantitative correlation
of higher recirculation length with lower shedding
frequency (and vice versa) has been confirmed for
both application cases at different operating
conditions. This methodology can give an
engineering support to more practical cases, as in
the building sector. The recirculation length
criterion can be extended to 3D cases with the
introduction of a numerical probes matrix instead of
the linear probe distribution.

Nomenclature:

A Reference area

C Chord

Co Drag coefficient

C. Lift coefficient

Co Pressure coefficient

Cpo Base pressure coefficient
d Gurney flap characteristic dimension
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D Cylinder diameter

Dr Drag force

f Vortex Shedding frequency

k Turbulent kinetic energy

L Lift force

p Pressure

Do Reference pressure

Re Reynolds number

S Strain rate magnitude

St Strouhal number

t Timestep

T Period

Uavg Average x-velocity

Ugs Average Gurney wake velocity

U Velocity (magnitude)

Ux Velocity along x-axis

uy Velocity along x-axis

Ueo Freestream velocity

X Horizontal position

y* Wall non-dimensional distance

Y Intermittency

r Circulation

) Wake direction at Gurney flap trailing
edge

€ Rate of dissipation of turbulent Kinetic
energy

) Angular position in the cylinder from
stagnation point

u Dynamic viscosity

p Density

Tw Wall shear stress

b d Dimensionless recirculation length

® Specific rate of k dissipation

Q Dimensionless vorticity

Subscripts

b Separation

S Starting recirculation bubble point

t Transition from laminar to turbulent
boundary layer
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