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velocity. The steady state pressure-based solver and SST k-w turbulence model were
used. A grid independence test was conducted with coarse, medium and fine mesh
before making the comparisons of the two main cases. The result indicates that there
is only a small difference in drag coefficient (1.18%) between the medium and fine
mesh and so the medium mesh was chosen to reduce the time whilst maintaining
acceptable accuracy. The inlet velocity is compared between three velocities, namely
5 m/s, 10 m/s and 15 m/s. The drag coefficient stayed almost constant around 2.03,
while the drag force increased from 0.6202 N to 5.6043 N. The pressure contour,

Keywords: velocity contour, and pathline result also depicts the front stagnation point, separated
Hexagonal cylinder; computational fluid wake and the recirculation region behind the cylinder. This implies that the
dynamics (CFD); drag force; flow aerodynamic load is greatly increased with wind speed, despite only a small variation
separation; external flow in drag coefficient.

1. Introduction

In the study of fluid flow around a bluff body, it is essential to use the engineering design
approach. A bluff body is any object which is not streamline and causes the flow to separate from
the surface. In practical use, the hexagonal column shape could be used to model some engineering
components including column for buildings, bridge pier, tower leg, support member for a sign, etc.
The flow around these parts is not simple, but these parts may appear simple. A high drag load was
generated, and a large wake occurs when the airflow passes over the body and the sharp corners
may disrupt the flow. Therefore, knowledge of the bluff-body flow is beneficial to design that is safer
and more reliable [1]. Flow around cylinders has also been studied in general in the classical paper
by Zdravkovich [2].

The flat faces and corners of the hexagonal cylinder make it easier to separate compared to the
circular cylinder. The velocity in the air decreases in the vicinity of the stagnation point while the
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static pressure increases. The flow is then forced to flow around the top and bottom corners. The
pressure after the cylinder is reduced due to the loss of energy and separation of the flow in the wake
region. Pressure drag results from the difference of pressures over the front and back face of the
object. The bluff body pressure drag is typically larger than the skin friction drag. The shape of the
body and the separation location is important for external flow study, hence.

The wake behind a bluff body can be unstable at a certain range of Reynolds numbers and
shedding of vortices can occur. This behaviour is often referred to as von Karman vortex street [3,4].
The shedding of vortices can cause varying forces on the body and also, can induce vibration issues
for some structures [5]. While this assignment was run using a steady-state solver, the overall flow
behaviour—including the stagnation area, side acceleration, separation and wake—can still be seen
from the contour and pathline results. The steady state method is also simpler to handle with student
level work, and it is adequate for comparing the drag coefficient and drag force as a function of inlet
velocity.

A wind tunnel has been traditionally used to test this type of flow problem. Wind tunnel
experiment is useful because it provides physical measurement; however, in the case of a wind
tunnel, a model, test section, pressure tapping, and force balance are usually required, and correction
for blockage effect is necessary. Additionally, it will require a longer time if many cases would need
to be tested. As a result, it has become a standard approach to engineering study early in the design
process, known as Computational Fluid Dynamics (CFD). Using CFD the flow field can be calculated
numerically and the outcome displayed as drag coefficient, drag force, pressure contour, velocity
contour, streamline and pathline [6]. It can cut down the number of physical tests, but the result is
still dependent on the quality of geometry, mesh boundary condition, solver setting and post
processing method.

In CFD, mesh quality is one of the more significant components since the flow variables are
evaluated inside each of the small cells of the domain. For coarse meshes, the pressure and velocity
gradients around the cylinder and in the wake region could not be resolved appropriately. The finer
the mesh, the more time will be required for the simulation and the more difficult it will become to
run the simulation, particularly in student software version. Thus, a Grid Independence test (GIT)
become performed prior to the main comparison. GIT verifies that the result is not much sensitive to
the mesh refinement. In this assignment, the drag coefficient was selected as the main value for GIT
because it is directly related to the aerodynamic performance of the hexagonal cylinder.

There have been a few studies on the flow around a bluff body and the influence of sharp-edged
bodies. Bhattacharyya et al., [7] simulated the flow and heat transfer around a hexagonal cylinder
numerically. Other research on square, rectangular, triangular, circular and polygonal cylinders have
revealed that drag, wake size and vortex behaviour can also be influenced by Reynolds number, body
shape, angle and blockage condition [8-19]. Ghosh et al., [20] performed wind tunnel experiments
for one hexagonal cylinder and reported on the pressure distribution and drag coefficient. Their
result is helpful for engineering comparison, but the present assignment is not exactly as they did.

From the current available literature, it can be concluded that there is still a need for a simple
CFD study to be carried out focusing exclusively on the external flow around one hexagonal cylinder
at different inlet velocities. The case is not meant to be a perfect validation work. It is more to the
point of understanding the pattern of flow and how the drag force on the body varies with the speed
of the wind. For this assignment, a three-dimensional hexagonal cylinder was modelled in the
modeler ANSYS Design Modeler with characteristic diameter (d) of 100 mm and a span length (L) of
200 mm. ANSYS Fluent simulation was performed under steady-state condition to simulate the flow.
The main goal of this assignment is to simulate the external air flow around a hexagonal cylinder and
compare the aerodynamic result at inlet velocity of 5 m/s, 10 m/s and 15 m/s. In addition, the study
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incorporates GIT to choose an appropriate mesh prior to the last cases being analysed. Drag
coefficient, drag force, the Reynolds number, pressure contour and velocity contour and pathline are
used to compare the results. These outputs will explain the relation between wind speed, pressure
difference, flow separation and drag load in a basic engineering approach.

2. Methodology
2.1 Geometry Development

The 3D geometry of the hexagonal cylinder and external fluid domain was created using ANSYS
Design Modeler. The characteristic diameter of hexagonal cylinder (D) was fixed at 100 mm and span
length (L) in Z-direction was 200 mm (Figure 1). To simulate the external air domain, a rectangular
enclosure was created around the solid cylinder similar to a basic virtual wind tunnel. The outer
dimension is significant as it is important that the flow around the cylinder is not affected by the
outer boundary. From the set-up, the size of the total fluid domain is X-direction of 2000 mm, Y-
direction of 1000 mm and Z-direction of 200 mm. The flow is parallel to the X-direction (right). The
distance between the inlet and the center of the cylinder is 5D, which is 500 mm. The distance from
the cylinder to the outlet is longer and the wake can be adequately captured as 15D (1500 mm). Top
clearance is 5D (500 mm) and the bottom clearance is 5D (500 mm). Then Boolean subtract was
applied to remove the solid cylinder leaving only the fluid volume for the CFD calculation.

Details View
-/ Details of Enclosure
Enclosure Enclosurel
Shape [Box
: Number of Planes lo
Cushion ' Non-Uniform

JZ FD1, Cushion =X value (>0) | 1500 mm

: : = FD2, Cushion +Yvalue (>0) ‘500 mm
FD3, Cushion =Z value (>0} 100 mm
FD4, Cushion -X value (>0) 1500 mm
FDS, Cushion -Y value (>0) |500 mm
FD6, Cushion -Z value (>0) | 100 mm

Target Bodies |l Bodies

Export Enclosure fes

(@) (b)
Fig. 1. Computational domain and enclosure setup in ANSYS Design Modeler (a) Fluid
domain (b) Dimension of fluid domain

2.2 Mesh Generation

A structured and unstructured meshing was used for the fluid domain. To get a better
representation of the near wall region and the flow separation, inflation layer was used near the
hexagonal cylinder wall. To reduce the mesh error and to test the impact of mesh density on CFD
results, a grid independence test (GIT) was performed. This step is crucial to not alter the solution
unduly as the mesh is refined more in the future [8]. Three types of meshes were made; coarse,
medium and fine meshes. The same boundary condition and inlet velocity (5 m/s) were applied to all
three simulations (Figure 2). The drag coefficient (Cd) of each mesh was measured and compared.
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Fig. 2. Mesh detail (a) Section plane of mesh fluid domain with hexagonal
cylinder (b) Mesh of hexagonal cylinder

2.3 Grid Independence Test (GIT) Explanation

Before the velocity comparison the Grid Independence Test (GIT) was conducted. This step was
performed to determine if the CFD result is highly sensitive to mesh size or not. Three types of mesh
were created in this assignment: coarse mesh, medium mesh and fine mesh. The same geometry,
same material property, same inlet velocity and same solver setting were used for all three GIT cases.
The only change made was the mesh size. This is significant because if multiple settings are altered
simultaneously, it would not be possible to clearly evaluate the effect of the mesh.

The inlet velocity 5 m/s had been selected for the GIT as it is the first main case and it provides
stable flow result for comparison. Once all the GIT cases were solved, the drag coefficient was noted
from Fluent. The drag coefficient was selected as the parameter to check as it is the primary
aerodynamic parameter in this assignment. The percentage difference between medium and fine
mesh was then compared. If the difference is small, then the solution may be deemed relatively
insensitive to mesh refinement.

The fine mesh provides a higher resolution but requires a greater number of elements and more
calculation time. Thus, the final selected mesh should be a compromise between accuracy and cost
of making calculations. For this assignment the mesh was accepted when the change in the drag
coefficient with the changed mesh was less than approximately 2%. This is similar in concept to the
grid refinement study, where the solution should not vary significantly with mesh refinement [21].

2.4 Boundary Conditions and Solver Settings

After the meshing process was finished, the model was imported into ANSYS Fluent. Pressure-
based and steady-state were selected as the solver option. The Shear Stress Transport (SST k-w)
turbulence model was chosen. This model was chosen due to its ability to provide more accurate
predictions of near-wall flow and separation than the standard k-epsilon model for a variety of
external flows [22]. The working fluid is the air, density is 1.225kg/m3, and dynamic viscosity is 1.7894
x 10°kg/ms. For boundary condition, the front face was considered as Velocity Inlet with the velocity
of air flow of 5 m/s, 10 m/s and 15 m/s was applied. Pressure outlet (0 Pa gauge pressure) was set on
the back of the domain. The surface of the hexagonal cylinder was fixed as a stationary Wall with no-
slip condition.

The rectangular enclosure was assumed to be symmetrical with respect to its top, bottom and
side faces. This was to minimize the additional wall friction at the outer domain boundary. Pressure-
velocity coupling was performed using SIMPLE algorithm and the reference area was 0.02 m? for the
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calculation of drag. The values of all the solvers and the boundary condition are summarized in Table
1.

Table 1

Summary of the solver setup and boundary conditions

Parameter Setting

Solver type Pressure-based, steady-state
Turbulence model Shear stress transport (SST k-omega)
Fluid material Air (density = 1.225 kg/m?3, viscosity = 1.7894 x 107 kg/ms)
Inlet boundary Velocity inlet (5 m/s, 10 m/s, 15 m/s)
Outlet boundary Pressure outlet (0 Pa gauge pressure)
Cylinder surface Wall (No-slip condition)

Enclosure boundary Symmetry

Pressure-velocity coupling SIMPLE scheme

Reference area (A) 0.02 m?

2.5 Governing Equations

The basic fluid flow equations were used to simulate the external flow around the hexagonal
cylinder, and the equations are conservation of mass and conservation of momentum. The working
fluid is air at low speed, so the flow was considered as incompressible. The continuity equation is
used to make sure that mass is conserved in the computational domain, as shown in Eq. (1). To
calculate the velocity and pressure field, the Navier-Stokes equation was used to represent
conservation of momentum in the fluid domain, as shown in Eq. (2).

V.Vv=0 (1)
pV(V.V) = —p + uv?v (2)
where V is velocity vector, p is air density, p is static pressure, and u is dynamic viscosity.

2.6 Post-Processing and Analysis

After the solution had converged, the post-processing was carried out in ANSYS Fluent. The drag
coefficient and drag force were taken from the force report by choosing the surface of the hexagonal
cylinder. The drag direction was set to the direction of the flow and this is the X-direction. The
reference area used for the drag coefficient was 0.02 m2 which is derived from the length of span
and the characteristic diameter of the cylinder used in this model.

The drag coefficient monitor was inspected for all cases of inlet velocity to assure the result had
approached a steady state. The primary values (drag coefficient and drag force) were then noted in
a table. The Reynolds number has also been computed to demonstrate the influence of flow
condition on the increase in velocity. A reason for the drag force increasing more rapidly than the
drag coefficient was given by the drag equation.

Pressure contour, velocity contour and pathlines were then used to prepare visualization of flow.
The pressure contours were used to demonstrate the high-pressure contour at the front and the low-
pressure contour at the rear of the cylinder. The velocity contour was used to visualize the flow
stagnation area, flow acceleration around the corners and low velocity wake. The pathlines result
was plotted to demonstrate the flow direction and the recirculation area behind the hexagonal
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cylinder. These post processing results were compared with the 5 m/s, 10 m/s and 15 m/s to answer
the objective of this assignment.

3. Results
3.1 Grid Independence Test

To make sure the simulation result was not strongly affected by mesh density, the GIT was
conducted at V =5 m/s. Three meshes were used, which are coarse (GIT 1), medium (GIT 2), and fine
(GIT 3). The drag coefficient (Cd) was compared under the same boundary conditions, as listed in
Table 2. As shown in Table 2, the drag coefficient for coarse mesh is 2.0782. When the mesh density
is increased to medium, the value becomes 2.0253. Further refinement to fine mesh gives Cd =
2.0014. The percentage difference between medium and fine mesh is only about 1.18%. Since the
difference is small and less than 2%, the solution can be considered mesh independent for this
assignment. Therefore, medium mesh was selected for the detailed analysis because it gives a close
result to fine mesh but uses less calculation time.

Table 2

Parameters and results for the grid independence test

Parameter GIT 1 coarse GIT 2 medium GIT 3 fine
Element size (mm) 20 8 3
Number of nodes 9415 47989 297103
Number of elements 36360 168561 919244
Drag coefficient (Cd) 2.0782 2.0253 2.0014

3.2 Evidence Solution Convergence

It is important to demonstrate that the results of the numerical calculation have converged, or
have reached a "stable solution", before comparing the results. The drag coefficient (Cd) monitor vs
iteration is plotted in Figure 3 for the medium mesh simulation. From Figure 3, the drag coefficient is
not stable in the first iterations, from 0 to 200. This is because the flow field around the hexagonal
cylinder is still in the process of development. It takes about 300 iterations for the line to become
nearly horizontal around 2.03. This flat line indicates that the steady-state solution is already steady.
It does not imply perfection of the result, but only that it is acceptable to use to obtain the drag
coefficient and to compare the three velocity cases.

Drag Coefficient versus Iteration

o S
w ;N L
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-

Drag Coefficient (Cd)
S b

g
3

0 100 200 300 400 500 600 700 800 S00 1000

Iteration
Fig. 3. Drag coefficient versus iteration showing evidence of convergence
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3.3 Effect of Inlet Velocity on Drag Coefficient and Drag Force

For the selected medium mesh, the aerodynamic load on the hexagonal cylinder was simulated
for three different wind velocities to understand the effect of the wind speed. For each case, the drag
coefficient (Cd) and the drag force (Fd) were measured. The drag equation below defines the
relationship between drag force and drag coefficient, as shown in Eq. (3).

1
Fa = pv*CqA (3)

where p is air density, v is inlet velocity, Cq is drag coefficient, and A is the reference area of the
hexagonal cylinder. The summary of simulated results for each velocity is shown in Table 3.

Table 3

Comparison of drag coefficient and drag force at different inlet velocities
Inlet velocity (m/s) Drag coefficient (Cd) Drag force (Fd), N

5 2.0253 0.6202

10 2.0303 2.4871

15 2.0333 5.6043

For the selected medium mesh, the aerodynamic load on the hexagonal cylinder was simulated
for three different wind velocities to understand the effect of the wind speed. For each case, the drag
coefficient (Cq) and the drag force (F4) were measured. The drag equation (standard form) below
defines the relationship between drag force and drag coefficient.

Based on Table 3, the drag coefficient only changes slightly from 2.0253 to 2.0333. This is
reasonable as the bluff body is sharp cornered and hexagonal cylinder. The separation point is
primarily located at the corner, and in this range of Reynolds numbers, the dimensionless drag
coefficient will vary only slightly. The calculated Reynolds numbers are about 3.42 x 104, 6.85 x 104,
and 1.03 x 10° for 5 m/s, 10 m/s, and 15 m/s respectively. The value of Cd at 2.03 is also near the
high drag range obtained from published data for square and rectangular cylinders, but not quite the
same [9,20]. Thus, it is not valid to use this comparison as precise validation.

But the real drag force (F4) on the cylinder becomes quite large. When the inlet velocity is doubled
from 5 m/s to 10 m/s, the drag force increases from 0.6202 N to 2.4871 N, which is almost four times
higher. An increase in the velocity to 15 m/s results in a drag of 5.6043 N, nearly nine times that of
velocity 5 m/s. This trend is like the trend of the drag equation, which is related to drag force being
proportional to velocity squared.

The outcome of this is significant for the simple study of the structural aerodynamic. It is the
ability of a hexagonal column or similar bluff-like structure to withstand much higher wind load at
higher wind speeds even though the drag coefficient remains nearly constant. Therefore, in design,
drag force proves to be a more practical tool for determining the actual load, while drag coefficient
proves to be a more useful tool for comparing the aerodynamic behaviour between cases.

3.4 Velocity and Pressure Flow Fields
Flow visualization is important to understand the aerodynamic behaviour around a bluff body.
From the CFD results, static pressure contour and velocity contour were obtained at stationary

situation. Visual results were compared with each other when inlet velocity was 5 m/s, 10 m/s and
15 m/s to see the flow pattern.
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The static pressure over the bluff body in Figure 4, confirms the fundamental pressure trend
around a bluff body. The flow velocity decreases and the pressures are high at the front stagnation
area. This can be seen as the red region on the windward face of the cylinder. The flow increases and
the static pressure decreases at the side corners. The pressure behind the cylinder is low due to the
wake region. As the velocity of the inlet increases, the pressure difference between the front and
back side will increase (Figure 5). This is why the drag force is high at high speeds as demonstrated in
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Fig. 4. Static pressure contour (a) 5 m/s (b) 10 m/s (c) 15 m/s
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Fig. 5. Velocity contour (a) 5 m/s (b) 10 m/s (c) 15 m/s
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3.5 Streamlines / Pathlines and Flow Separation

The pathlines were shown to further check on the wake formation and flow separation. This is a
steady-state simulation, so that pathlines are used as streamlines to indicate the direction of flow
around the cylinder. The pathlines corresponding to three velocities 5 m/s, 10 m/s and 15 m/s were
taken and compared. The separation of the flow can be clearly observed in Figure 6. Hexagonal
cylinder is a non-streamline bluff body having sharp corners and the boundary layer cannot remain
attached after traversing the sharp corners of the bluff. The flow detaches from the solid wall and
forms a shear layer. The pathlines behind the cylinder are curved and create a recirculation area
within the wake.

The pathlines of the three velocities differ in colour due to the increased velocity of the free
stream pathlines, which goes from blue at 5 m/s to green at 10 m/s to red/orange at 15 m/s. The
wake behind the cylinder is very much the same in all three cases, however. This agrees with the drag
coefficient result which has remained approximately 2.03. The flow pattern is comparable, but the
strength of the flow and the actual drag force rise as a function of flow velocity.
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Fig. 6. Streamlines/pathlines around the hexagonal cylinder (a) 5 m/s (b) 10 m/s (c) 15 m/s

3.6 Discussion and Accuracy Analysis

The accuracy of the CFD result was verified through the grid independence test, convergence test,
and comparison with an already published experimental study. As can be seen from the data of Table
1, the difference in the drag coefficient of medium and fine mesh is only 1.18%. It indicates that the
outcome is not greatly influenced by the resolution of the mesh. Hence, the medium mesh was
chosen as it provides a result that was close to the fine mesh with less computational time.

The drag coefficient monitor in Figure 3 also becomes almost flat after around 300 iterations. This
indicates that the steady-state solver has converged to a steady-state solution. This does not say that
the result of the simulation is completely accurate, though. Despite all of these, some error may occur
numerically due to the quality of the mesh, the boundary conditions, the size of the domain, the
turbulence model, and the turbulence solver setting. The SST k-w turbulence model was chosen due
to its appropriateness for near-wall flows and the prediction of flow separation.

The Reynolds number and wind speed during the experiment of Ghosh et al., [20] is 4.22 x 10*
and 13.5 m/s, respectively, which is used for comparison with the published value. The diameters of
the cylindrical Hexagonal Prism are taken as 100 mm in the present CFD study and inlet velocities
taken as 5 m/s, 10 m/s and 15 m/s respectively. The result published is used for the engineering
comparison, and not as a validating result, due to the different size of the cylinder, the reference
area, the orientation of the model, and the test set-up.

Ghosh et al., [20] reported that the drag coefficient of a single hexagonal cylinder at zero angle
of attack is about 0.95. In the present CFD result, however, the drag coefficient is approximately 2.03
for all the three inlet velocities. The difference can occur due to different cylinder diameter, reference
area used in Fluent, geometry orientation, blockage effect, domain size, mesh setting, and turbulence
model. Although the value of Cd is different, the trend of the present result is still reasonable as the
drag coefficient will not change significantly with an increase in velocity, but the drag force will
increase with a square of velocity.

This simulation has a few drawbacks, in particular, the solver was configured as steady state. In
the real bluff-body flow the wake behind the cylinder is normally unsteady and shedding of vortices
may be possible. If the vortex shedding frequency and lift fluctuation was to be investigated, a
transient simulation will be better. For this assignment, however, the steady-state result is still good
enough as we want to compare the drag coefficient, drag force, pressure contour, velocity contour
and pathlines for various inlet velocities.
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4. Conclusions

The external flow around a hexagonal cylinder was simulated successfully by using ANSYS Fluent
under steady-state condition. The main objective of this assighment was achieved because the drag
coefficient, drag force, pressure contour, velocity contour and pathlines were obtained and
compared for the selected inlet velocities. The GIT was also completed before the final comparison.
From the GIT result, the difference of drag coefficient between medium mesh and fine mesh is only
1.18%, so the medium mesh was selected because it gives a close result with less calculation time.

For the velocity comparison, the drag coefficient remains almost constant around 2.03 for 5 m/s,
10 m/s and 15 m/s. However, the drag force increases clearly from 0.6202 N at 5 m/s to 2.4871 N at
10 m/s and 5.6043 N at 15 m/s. This result answers the objective because it shows that the real wind
load on the hexagonal cylinder becomes much higher when inlet velocity increases, even when the
drag coefficient only changes slightly. The trend also follows the drag equation, where drag force is
related to the square of velocity.

The pressure contour, velocity contour and pathlines results show the main flow behaviour
around the hexagonal cylinder. High pressure occurs at the front stagnation region, the flow
accelerates around the sharp corners, and a low velocity wake forms behind the cylinder. The
pathlines also shows flow separation and recirculation behind the body. Based on these results, the
CFD simulation is acceptable for this assignment because the mesh effect was checked, the solution
had reached a stable condition, and the flow pattern agrees with the basic behaviour of bluff-body
flow.
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