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Abstract. The purpose of this study is a numerical prediction of the separation bubble in a steady state flow over a 2D
half-body by two RANS models: k-w SST and Spalart-Allmaras. This numerical simulation technique uses a reduced
computational data and has been adopted for most practical engineering problems, since the design of such
applications relies on the steady stateflow and average velocity field. The main purpose is to analyze the flow dynamics
of the recirculation bubble for dimensionless parameter 1 = R/H (ratio of rounded radius and body height). One case
is investigated, corresponding to 1= 0.25. The Reynolds number, based on the free stream velocity U, and the height
of the obstacle H, is equal to R, = 2000. These RANS models assume isotropic modeling of the Reynolds tensor. The
results are compared with experimental and computational data.
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INTRODUCTION

In many practical situations of engineering, flow separation is triggered by a sharp edge. In the context of robust
bodies, the edges may advantageously be smoothed to improve the aerodynamic characteristics of the body as well as
controlling the production of vibrations and noise. Despite the practical knowledge of this type of influence (especially
in the automotive industry), there is no clear understanding of the physical mechanisms involved in the change of the
resulting flow separation depending on the shape of the edge. In this work, the goal is to study the formation of a
separation bubble considering a generic configuration where the flow separates over a rounded edge. The change in the
dynamics of this effect will be analyzed through the influence of: (i) the mean flow (the characteristics of the formation
of the bubble separation), (II) the production of turbulent energy, (iii) the effects with respect to perturbations in free
stream. (Lambeallais ef al, 2010).

2 MATHEMATICAL MODEL
The Reynolds-averaged approach is based on decomposing the velocity as u = & + u’, where u is the average

velocity vector and u’ the velocity vector fluctuation. The average continuity and momentum equation (RANS), for a
steady state incompressible flow is given by:

V-u=0 6]
V- (@) = -V (%) FUV2 4+ V- (—0W) Q)

where:

p = density;

v =u/pis the cinematic viscosity;
u = is the molecular or dynamic viscosity;
p = is the pressure.

Equation (2) has the same form of the Navier-Stokes equation, but now it has an additional term, the turbulent
Reynolds Stress term,—u’u’, representing the influence the influence of the fluctuation on the average flow. In order to
close Eq. (2), the turbulent Reynolds stress can be modeled based on the Boussinesq hypothesis, where the turbulent
stress is obtained through an analogy with Stokes law, i.e., the stress is proportional to the deformation rate. The
turbulence models selected to be investigated at the present work are described next.
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2.1 SST K—@ MODEL

The turbulent Reynolds stress is modeled as:
—u'u’ =v,(Vii + V)T — 31«5 (3)

where xis the turbulent kinetic energy and v is the turbulence viscosity, which is defined in accordance with the Shear-
Stress Transport (SST) x—® model (Menter et al, 2003). This model was proposed for acronautical flows simulations
with strong adverse pressure gradients and separation with the best behavior of the x—¢ and x—® models. For boundary
layers flows, the k—wmodel is superior to the k-¢ model in the solution of the viscous near-wall region, and has been
successful in problems involving adverse pressure gradients. Nevertheless, the x—» model requires a non-zero boundary
condition on @ for non-turbulent free stream, and the calculated flow is very sensitive to the value specified
(Menter, 1992). It has also been show (Cazalbou et al, 1993) that the x-¢ model does not suffer this deficiency.

Thus, the SST model blends the robust and precise formulation of the x—® model close to walls with the free stream
independence of the x—& model outside the boundary layer. To accomplish this, the x—smodel is written in terms of .
Then the standard x—® model and the transformed x—¢ model are both multiplied by a blending function and both models
are added together. This blending function F; is zero (leading to the standard x—@ model) at the inner edge of a turbulent
boundary layer and blend to a unitary value (corresponding to the standard x—&model) at the outer edge of the layer.
Therefore the turbulent kinetic energy x and specific dissipation rate @ of the SST model is given by (Menter et al, 2003)

ok L 9k _ 5 * o Ox

s + u‘a_xl- =P —B'kw + ox; [(v + o, V) ax,-] @)
o, 00 _ 2 _p.o2, 0 9x _ 10k 0w

P + 1, o aSc — Bw* + ox; [(v + o,vp) ax,] + (1 -F)20, wox; o, (%)

The last term in right side of Eq. (5) is known as cross diffusion term. Menter (1992) demonstrated that introducing
cross diffusion term in the @ equation, the free stream dependency of the x—® model is reduced. The main effect of
cross diffusion in free-shear flows is to increase the production of @, which consequently increases the dissipation of .
In the Eq. (5) the cross diffusion is multiplying by blending function F; based upon the distance to the nearest wall. As
explained previously, F is equal to zero in the far field (k—& model), and switches over to one inside the boundary layer
(x—wmodel). The blending function F’; is defined as:

F, = tanh(arg?) (6)

. vk 5000 4paw2k]
arg, = min [max (,B*wy' yzw)  CDruy? @)
where y is the distance to the nearest surface and CDy, is the positive portion of the cross diffusion term, given for:

CDy,, = max (Zpad L0x 9o, 10—10) (8)

w 0x j ox j ’
The definition of the turbulent eddy viscosity provides a better treatment of the transport of turbulent shear-stress in
adverse pressure gradient boundary layers. This definition is based on Bradshaw’s hypothesis that in boundary layer

flows the Reynolds shear stress is proportional to the turbulent kinetic energy. The turbulent eddy viscosity is
formulated as follows:

_ ak
Ve = max(a,w;SF,) (9)

where § is the modulus of the mean rate-of-strain tensor S,

S = /ZSUSU (10)

8689



ISSN 2176-5480

22nd International Congress of Mechanical Engineering (COBEM 2013)
November 3-7, 2013, Ribeirdo Preto, SP, Brazil

_ (om0
Sij - 2 (37{']' + 6xl-> (11)

and F) is the blending function for the turbulent eddy viscosity in the SST model, defined as:

F, = tanh(arg2) (12)

vk _500u)
froy’ y*w

(13)

arg, = max(

In the SST model the production of turbulence kinetic energy is limited to prevent the build-up of turbulence in
stagnation regions as:

P. = min(v,5% 108" kw) (14)

Let ¢ represent the set of closure constants for the SST model and let ¢, and ¢, represent the constants from the
standard x—o and x—¢ models respectively. The constants ¢ are calculated using a blend between the constants ¢,

(x-w) and ¢, (k—€), which can be seen in Table 1, as:

(b = Fld)l + (1 - Fl)d)z (15)

Table 1 -Closure coefficients of the SST model.

IB ﬂ* Ok Ow O4d a
@, (standard x—) 0.075 0.09 0.5 0.5 0.856 5/9
¢2 (standard x—¢) 0.0828 0.09 1.0 0.856 0.856 0.44

2.2 SPALART-ALLMARAS MODEL

Developed by Spalart and Allmaras (1992), this is a model relatively simple that solves a transport differential
equation for the turbulent viscosity and, therefore, it requests smaller computational effort. The Spalart-Allmaras model
was designed specifically for aerospace applications involving wall-bounded flows and adverse pressure gradients. The
differential equation is derived by using empiricism, arguments of dimensional analyses and selected dependence on the
molecular viscosity. For this model, the turbulent Reynolds stress is modeled without the last term of Eq. (3), as:

—uu' = v, (Vi + V)" (16)
The eddy viscosity is defined as
Ve = Ufin (17

where £, is a viscous damping function used to treat more appropriate the buffer layer and viscous sublayer, computed as

3

frh=——ms , x= g s
vl — X3+CU13 » - v ( )
The transport equation for the working variable Jiis given by (Deck et al, 2002)

0T | o) 1 (o 0% (A%

—_— —is e —_— ) —— —_— J—

-+ 5, Gy + — {6xj [(v + D) axj] + Cps ( 6xj) } Y, (19)

In the Eq. (19), G, is the production term. Dacles-Mariani et a/ (1995) combine the effects of the rotation and strain
tensors in the definition of production of v,, in order to avoid overestimation of the turbulent viscosity, in regions where
the vorticity measure exceeds the strain rate. G, is based on a modification on the vorticity magnitude (2 in order to
maintain its log-layer behavior, where (J; is the mean rate-of-rotation tensor.
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G,=Cp 20 ; D=0+ kzdz 2+ Cproamin (0,5 —0) (20)
1(0u; ou; _
0 = E(a_xj_a_x]i) , 0= /20,05 @

where d is the wall distance, C,,,s= 2.0 and f,, is a damping function, given by

X
for=1-15— 22)
The destruction term Y, is
1+cS 0]
szcwlfw( ) ’ g[g6+c(,3] , g=T+Cw2(T6—T) ’ T=m (23)

The empiric constants of the model are: C,;=0.1355; C;,,=0.622; C,,; = Cbl/ic2 +(0+Cp)loy; Cp=0.3;
Ci;=20;C,=171; oy =2/3; k=0.41.

3 RESULTS

The figure 1 shown a flow over a semi-infinity bi-dimensional body with a rounded edge located at stagnation
point (x,y) = (x,,0), with x; = 16H. The geometry of body is defined by height H and radius R of the rise, originating the
dimensionless parameter 7 = R/H, that in this casen = 0.25 (Coutine and Spohn, 2004). Using as reference parameter
the upstream velocity U,, the Reynolds number can be defined as R,= U,H/, (R,=2000) (Lamballais et al,
2010).Thus the flow in an infinity domain, free of any disturbance is defined only by the parameters 77 e R,.

L

(3
\J

Ly

€N)

Figure 1 — Flow configuration

The boundary conditions in the regions 1, 2 and 3 is the stream velocity is (U.,,0,0). In region 4, relating the step and
the wall, the conditions are Uy, = Vyan = 0 . In the downstream flow region 5, the gauge pressure is prescribed as being
the atmospheric pressure.

The computational domain is L, x L, =41.25 H x 11 H. The result mesh is structured in rectangular coordinates (x
and y direction) and has 168169 nodes The distance of first node above the plate was designed 10 H (H is the height
of rounded edge) to guarantee y" = (z,/p)"’y/v around 1, which is the value recommended for both RANS, where 7, is
the wall shear stress. To eliminate the false diffusion effect a mesh orthogonal to mean flow was selected (see figure 2a
and 2b), instead of the curved used by Yang & Voke (2001).
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Figure 2b — Structured Mesh — rounded region.

In the region very near the radius was chosen an irregular structure for closing the mesh. In this same region was
guaranteed amount of 20 nodes equally spaced by the curvature.
To inlet mean velocity U, was introduced the inflow perturbations: u’= 0.1% U, e 1% U,, (Lamballais et al, 2010)
to observe the effects on reattachment length.
The solution of flow field was performed by commercial software FLUENT®. This code is based in Finite Volume
Method. The simulation was obtained with the scheme SIMPLE to the pressure-velocity coupling and QUICK scheme
(Leonard, 1979) for interpolation function. The problem was considered converged when the residue was lower than

10°.

3.1 REATTACHMENT LENGHT

The tables 1, 2 and 3 show the reattachment length /. normalized to mean velocities with inflow perturbations
u =0% U, and 0.1% U, obtained by turbulence methods. Tables 2 and 3 are compared to previous works in 2D and
3D of Lamballais et a/ (2010).

Table 2 — Inflow perturbation of 1% U.,,.

Ip

L, h
k-w SST 2D S-A 2D 77 ey
I, 6.49 1.91 Nl
Ax./ 1, 0.39 0.32 -—*-r
Unnin -0.28 -0.58 oo
Figure 3 — /, representation (Lamballais et a/, 2010)
Table 3 — Inflow perturbation of 0.1% U,, and DNS 2D and 3D.
DNS 2D DNS 3D
x-wSST 2D | S-A2D |y - ballais ef af (2010) | Lamballais et al (2010)
[ 7.03 4.38 3.4 5.8
Ax./ 1. 0.42 0.37 0.54 0.62
Unin -0.28 -0.47 -0.38 0.34
Table 4 — Inflow perturbation of 0% U,, and DNS 2D and 3D
DNS 2D DNS 3D
x-wSST 2D | S-A2D |y - ballais ef af (2010) | Lamballais et al (2010)
[ 6.98 6.34 33 7.4
Ax./ 1, 0.42 0.47 0.56 0.67
Upin 0.28 0.41 0.39 0.34

The results obtained with the model x—@ SST are better than the model Spalart-Allmaras. This is due to the fact
that the SA model is designed for aecrodynamics applications with high Reynolds numbers. The Spalart-Allmaras results
show be quite sensitive to the variation of the disturbance in the free stream velocity.
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3.2 MEAN STREAMLINES

Figures 4 to 9 show the mean streamlines for both models x—@SST and Spalart-Allmaras with inflow
perturbations u’ = 1% ,u’ =0.1% U, and U, v’ =0%.

14 16 18 20 22 24 26 28

Figure 5 — Mean streamlines for k-w SST model. Inflow perturbation = 0.1% U.,.

14 16 18 20 22 24 26 28

Figure 6 — Mean streamlines for k-w SST model. Inflow perturbation u = 0% U.,.

The results of k-w SST model are very close to results of 3D DNS of Lambeallais ef a/ (2010). The relative error was
21.2% and -5.4% for inflow perturbations of 0.1 and 0% U,., respectively.

Figure7 — Mean streamlines for Spalart-Allmaras model. Inflow perturbation u” = 1% U.,.
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Figure 8 — Mean streamlines for Spalart-Allmaras model. Inflow perturbation "= 0.1% U,,.

18
Figure 9 — Mean streamlines for Spalart-Allmaras model. Inflow perturbation u” = 0% U,.
The Spalart-Allmaras model is not adequate for low Reynolds number. Because the model is dissipative the

reattachment length decrease when inflow perturbation increases. In work of Rezende et al (2007) this effect was not
observed, because the Reynolds number used was 2.13 x 10°.

3.3 TURBULENT KINETIC ENERGY K CONTOURS

To have a better idea about the location of the main unsteady regions of the flow, turbulent kinetic energy contours
are presented in Figs. 10, 11 and 12 for k-w SST model.

25

0.5 (
0 [ R I [ [ [ [ |

14 16 18 20 22 24 26 28

LY LAY LLAY LA

Figurel0 — Turbulent kinetic energy k contours for k&-w SST model. Inflow perturbation 1" = 1% U,, (k= 1% U.,’)
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Figurel1 — Turbulent kinetic energy k contours for k-w SST model. Inflow perturbation u” = 0.1% U., (k = 1% U..%)
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Figure12 — Turbulent kinetic energy k contours for k-w SST model. Inflow perturbation u’ = 0% U,, (k = 1% U,?)

Qualitatively, similar patterns are obtained from k-w SST model with different inflow perturbations, with a
simple shifting of the contours further downstream.

3.4 PRESSURE DISTRIBUTION CONTOUR
The pressure distribution is analyzed through the pressure coefficient defined as:

_ (Ppo—p)

P (0.5pU2) 24)

Where p is the static pressure, P, and Uy, are the free stream pressure and velocity.

(] .

-1 -08-06-04-02 0 02 04 06 08 1 12 14 16 1.8

Figurel3 — Pressure contours for k-w SST model. Inflow perturbation u = 1% U.,.

]

-1 -08-06-04-02 0 02 04 06 08 1 12 14 16 1.8

Figurel4 — Pressure contours for k-w SST model. Inflow perturbation u = 0.1% U...
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14 16 18 20 22 24 26 28

Figurel5 — Pressure contours for k&-w SST model. Inflow perturbation u = 0% U,,.

The bubble recirculation region has low pressure gradient. In this region the velocity profile is higher. The
stagnation point x, (16 H) has a higher pressure gradient and lower velocity.

4 CONCLUSION

The objective of this research was to study the formation of a separation bubble over a 2D half-body by Reynolds
Averaged Navier-Stokes (RANS) simulation.

The Spalart-Allmaras model was not adequate for this work, the Reynolds number used was low (R, = 2000).

The results of k-w SST model were very close to results of 3D DNS of Lamballais ef a/ (2010).

The mean streamlines presented reasonable agreement with compared work results.

The pressure contour with higher value indicates regions with lower velocity. The pressure contour with lower
values indicates regions with higher velocity.

The numerical simulation &-w SST technique uses a reduced computational data and can be applied for most
practical engineering problems, since the design of such applications relies on the steady stateflow and average velocity
field. There was no restriction about low Reynolds number.

The visualization of 3D transition encourage the investigation with more demanding models such as LES.
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