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Abstract

Drag reduction on a two dimensional D-shaped bluff body is numerically studied. In this re-
search, mesh independence study is carried out at the same velocity value of 10m/s. The effect
of Reynolds number on the drag coefficient is also carried out. This was done by increasing the
inlet velocity from 10m/s to 60m/s hence increasing the Reynolds number. The k-ε and SST
turbulence models are used and also their suitability for predicting the drag is compared in this
study. Preliminary results on drag forces are presented here. The preliminary results suggest
that the drag values obtained for our two-dimensional bluff body is mesh independent. The
results also show that the drag coefficient remains nearly constant with increase in Reynolds
number. The study show that the SST turbulence model underpredicts the drag coefficient com-
pared to the k-ε turbulence model.

Keywords: Turbulence model, drag, Bluff body.

1 Introduction
It is believed that the Navier-Stokes equations can be used to fully describe turbulent flows, but
current limitations in computational resourses have made direct solution of the Navier-Stokes
equations impractical for all but very simple flows at low Reynolds numbers. The quest for the
ultimate turbulence model has been ongoing for nearly a century now. Early turbulence models
were emperically formulated algebraic relations. As computer speed, software capability and
efficient numerical schemes developed and numerical simulation evolved, differential equa-
tion based transport type turbulence models became the turbulence simulation methodology of
choice. The use of transport type turbulence models has become standard practice for most en-
gineering applications. Many current researchers are now solving the unsteady Navier-Stokes
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equations for large-scale or grid realized, turbulence and modeling the smaller or subgrid, tur-
bulent scales that cannot be captured on the computational grid.[1]
The subject of drag reduction of a bluff body is an interesting problem with a wide range of
applications. Because of the difficulties associated with theoretical analysis, the study of drag
reduction has been almost entirely experimental.[2] The flow over a bluff body is a common
occurance associated with fluid flowing over an obstacle or with the movement of a natural or
an artificial body. Evident examples are the flows past an airoplane, a submarine and a road
vehicle. At much lower Reynolds numbers, the flow over a bluff body is highly viscous and the
force exerted on the body is mainly attributed to the skin friction. However, when the Reynolds
number exceeds a critical value, vortex shedding occurs in the wake, resulting in a significant
pressure drop on the rear surface of the body.[3]
The main purpose of this paper is to predict the drag of a bluff body using two turbulence mod-
els,namely, the k-ε turbulence model and the Shear Stress Transport(SST) turbulence model.
This is done based on the effect of grid/mesh size and the effect of Reynolds number against
the drag coefficient(Cd).Preliminary results are presented here.

2 Mathematical Formulation
The flow around a D-shaped 2-dimensional rectangular cylinder of length l = 0.355 and height
h = 0.25 is considered in this work. The effect of mesh/grid independence and the effect of
Reynolds number on the drag of a bluff body are studied.
The flow domain is two dimensional and the fluid is air. This flow is steady, fully turbu-
lent,incompressible with constant viscosity and constant density.
Figure 1 below shows the two-dimensional sketch of the computational domain. L is the length
of the domain and H is the height of the domain. Lower case h is the height of the D-shaped
rectangular cylinder, l is the length of the cylinder and r = h

2
is the radius of the semi-cycle.

Figure 1: 2-D computational domain

The fundamental equations of fluid flow have been applied in this research. These equations
results from the application of Newton laws to the moving fluid. The two dimensional form of
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the transport equations for a general variable φ is given by

∂(ρφ)

∂t
+

∂

∂x
(ρuφ) +

∂

∂z
(ρwφ) =

∂

∂x

(
Γ
∂φ

∂x

)
+

∂

∂z

(
Γ
∂φ

∂z

)
+ Sφ (1)

where ρ[kg/m3] is the fluid density, u(m/s) and w(m/s) are the velocity components along
the horizontal axis and along the vertical axis. Γ is the diffusion coefficient of φ and Sφ is the
generation rate of φ per unit volume.
If φ in equation (1) was the velocity component we will now get the momentum conservation
equations,The Navier Stokes Equations which for a two dimensional situation may be stated as

Horizontal component(x-direction):
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Vertical component(z-direction):
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(3)

where p[n/m2] represents pressure and the diffusion coefficient in this case is given by

Γ = µ+ µt

where µ(Ns/m2) is the dynamic viscosity and µt is the turbulent viscosity.
The conservation of mass law, or continuity equation is also stated as:

∂(ρu)

∂t
+
∂(ρu)

∂x
+
∂(ρw)

∂z
= 0 (4)

Turbulence Modelling
This section presents the mathematical equations of two turbulence models studied in this re-
search. Each model will be presented separately.

Shear Stress Transport Turbulence model(SST)
The SST turbulence model was originally used for aeronautical applications but has since made
its way into most industrial, commercial and many research codes. The starting point for its
development was the need for the accurate prediction of the aeronautical flows with strong ad-
verse pressure gradients and separation. Over decades, the available models had consistently
failed to compute these flows[4]. The SST turbulence model[6] represents a combination of the
k-ε and the k-ω models. According to [4], the k-ω model is more accurate near the wall but
presents a high sensitivity to the ω values in the free stream region, where k-ε model shows
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a better behaviour. The SST model represents a blend of the two, through a weighting factor
computed based on the nearest wall distance. The governing equations for the SST model are
as follows;

∂(ρk)

∂t
+
∂(ρuk)

∂x
+
∂(ρwk)

∂z
= P̄k−β∗ρωk+

∂
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(
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∂k
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)
+
∂
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∂k
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)
(5)

and
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) (6)

where ω is the frequency of dissipation of turbulent kinetic energy.
The production of turbulent kinetic energy is limited to prevent the build-up of turbulence in
stagnant regions:

P̄k = min(Pk, 10β∗ρkω)

The weighting function F1 is given by

F1 = tanh





{
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and
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(
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ω

∂k
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, 10−10

)

where y represents the distance to the neighbour wall and v is the laminar viscosity. F1 is zero
away from the wall(k-ε model) and changes to unit inside the boundary layer(k-ω model), with
a smooth transition based on y.
The turbulent viscosity is computed as;

vt =
a1k

max(a1ω;SF2)

where S is the invariant measure of the strain rate given by
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√
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The constants are computed as a blend of the k-ε and k-ω models, through the following generic
equation;

α = F1α1 + (1− F1)α2.

The constants are

α1 = 5
9

β1 = 3
40

σk1 = 0.85 σω1 = 0.5

α2 = 0.44 β2 = 0.0828 σk2 = 1 σω2 = 0.856

β∗ = 0.09

The Standard k-ε Turbulence model
A form of the standard k-ε turbulence model was first proposed by Harlow and Nakayana[5]
and has since appeared in many reports. The model is often referred to as the standard k-ε
turbulence model, where k stands for the turbulent kinetic energy and ε is the dissipation rate of
the turbulent kinetic energy. The computation of the turbulent viscosity is made recurring to a
turbulent model. The turbulent viscosity is given by the following equation

µt = Cµ
ρk2

ε
.

The turbulence kinetic energy, k as well as its dissipation rate, ε(m2/s3) are computed using
the following transport equations.

∂(ρk)

∂t
+
∂(ρuk)

∂x
+
∂(ρwk)

∂z
=

∂

∂x
[(µ+
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σk

)
∂k

∂x
] +

∂

∂z
[(µ+
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σk

)
∂k

∂z
] + Pk − ρε (7)

∂(ρε)
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+
∂(ρuε)

∂x
+
∂(ρwε)

∂z
=

∂

∂x
[(µ+

µt
σk

)
∂ε

∂x
] +

∂

∂z
[(µ+

µt
σk

)
∂ε

∂z
] +

ε

k
(C1Pk − C2ρε). (8)

The term Pk represents the production rate of k as the results of the velocity gradients;

Pk = µt[2(
∂u

∂x
)2 + 2(

∂w

∂z
)2 + (

∂u

∂z
+
∂w

∂x
)2] (9)

The remaining model constants are given by

Cµ = 0.09 σk = 1.0 σε = 1.3 C1 = 1.44 C2 = 1.92
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Since the flow is considered steady, the ∂
∂t

terms in all the above equations are considered
to be zeros.
The above set of governing equations have been solved, along with appropriate boundary con-
ditions for the computational domain using numerical methods. The boundary conditions are;

u(0, z) = u∞(0m/s)

w(0, z) = u(x, 0) = u(x,+∞) = w(x, 0) = w(x,+∞) = 0

At x = L, ∂u
∂x

= ∂w
∂x

= ∂k
∂x

= ∂ε
∂x

= 0 for all z

At x = 0, k = (3
2
Iµ2
∞)

I= Turbulence Intensity

ε =
(
C0.75
µ k1.5

L

)
for all values of z

H=Inlet height(m)

The near wall treatment of momentum and turbulence equations as implemented in EasyCFD[7]
obeys the suggestions explained in [8]. The basic motion behind the automatic wall functions
is to change from a low-Reynolds number scheme to a wall function build on the mesh nodes
nearness to the wall. The first order upwind method was used to discretize the momentum equa-
tions, turbulent kinetic energy and turbulence dissipation rate equations.
At the inlet of the computational domain, a uniform velocity condition is given. The exit was
considered as a conservative outlet where the streamwise and normal gradients are zero for all
parameters. On the walls the zero mean velocity condition was imposed. The computational
fluid dynamics software EasyCFD[7] was chosen to solve these equations because of its capa-
bility, simplicity and user friendliness. This software uses a finite volume based discretization
method. The computations are converged when the normalised residues for continuity and mo-
mentum equations are less than 0.0001.

3 Results and Analysis
The preliminary results shows that the drag of a bluff body is grid independent for both tur-
bulence models. Figure 2 reflects that between the two models, as grid size increase the drag
coefficient(CD) for the SST turbulence model maintained less value as compared to the k-ε
turbulence model. The graph also shows that both models maintained almost consistent value
hence their graphs looking almost parallel as reflected in the graph.
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Figure 2: Effects of Mesh/Grid independence

The preliminary results also shows that as the inlet velocity increases(hence an increase in
Reynolds number), the CD maintained almost the same value as reflected in Figure 3. The
SST turbulence model also maintained the least CD value throughout as the Reynolds number
increases.
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Figure 3: Effect of Reynolds number

4 Conclusion
The preliminary results suggest that between the two models for best results in predicting the
drag of a bluff body, the SST turbulence model is the best model to use. The results also show
that there was no any significant change in CD for both models when increasing either the
Reynolds number or grid size as reflected in figures 1 and 2.
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