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Abstract: Numerical investigations of a surface mounted pyramid have been carried out by solving the
conservation equations of mass and momentum. The resulting equations have been solved numerically using
finite volume technique in an unstructured grid employing eddy viscosity based two equation k-& turbulence
model. It has been found from the computation that there exists optimum apex angle and attack angle for
maximum turbulent intensity. From numerical investigations it is also found that there exists optimum apex
angle and attack angle for maximum reattachment distance. For same height and volume, the reattachment
distance is more for the case square based prism compared to any other shape bluff bodies. The computed
velocity profiles at the rear side of the pyramid shows that the intensity of back flow is more towards the bottom
of the domain.
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Nomenclature

B Breadth of the domain (m) \ Velocity (m/s)
X Distance in x-direction from inlet
[ ) (m)

Dy i ﬂ+i i X Reattachment distance (m)

OX; Oy ) OX;
D, - . Greek Symbol

0 U, | o¢ £ Density (kg/m?)

5,- H +;E 8_)(1 p,  Density of ambient (kg/m®)
g Acceleration due to gravity (m/s?) A Dynamic viscosity (Pa.s)
H Height of the domain (m) L Turbulent viscosity (Pa.s)
h Height of the pyramid (bluff body) & Dissipation rate of turbulent

(m) kinetic energy (m?/s*)
k turbulent kinetic energy (m%s) ¢ Apex angle (Degree)
L Length of the domain (m) a Attack angle (Degree)
P Pressure (Pascal) c Prandlt Number
Re  Reynolds number b Scalar variable either k or ¢
U,  Velocity of air at inlet to domain

(m/s)

I. Introduction

The flow around the surface mounted bluff bodies is very complex which gives rise to large vortical structures,
flow separation and reattachments. Flow separation results in strong shear layers and velocity and pressure
fluctuations in those layers are very influential. The wake in resulting flow is highly turbulent and forms
turbulent mixing zones around and downstream of the bluff bodies creating vortexes which strongly affect the
flow pattern and mixing characteristics. There are also great impacts of sizes, shapes and positions of bluff
bodies on flow structure, pressure field as well as mixing of the fluid at the rear side of the bluff bodies.

Few researchers have performed two dimensional numerical analysis to study the fluid flow characteristics of
symmetrical bluff bodies [1, 2, 3, 4] which are placed in-line to the flow of fluid. But, considerable research
works have been carried out experimentally to analyze the flow field and heat transfer characteristics around the
bluff bodies.

Castro and Robins [5] experimentally measured surface pressure and mean fluctuation velocities within the
wake region of surface mounted cube. Igarashi [6] investigated the average heat transfer coefficient a square
prism and concluded that the average heat transfer coefficient was minimum at an attack angle 12°-13° and
maximum value of heat transfer coefficient at an attack angle of 20°-25° In case of circular cylinder Agui
and Andreopoulos [7] found that there is always a primary vortex present in the flow which induces an eruption
of wall fluid which often results in the formation of counter rotating vortices. Tieleman et al. [8] discussed about
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the magnitude and the distribution of mean and fluctuating pressure coefficients associated with corners and
edges on the top surface of surface-mounted rectangular prisms immersed in a variety of turbulent shear layers
and observed that pressure variation with the turbulence intensity and the azimuth angle of the incident flow.
Flow visualization study of a linearly tapered, oscillating cylinder at low Reynolds numbers flow revealed the
formation of two different primary vertical patterns along the span of the cylinder Techet et al. [9]. Martinuzzi
and Havel [10] experimentally investigated the flow around two in-line surface-mounted cubes in a thin laminar
boundary layer as a function of obstacle spacing and they found that for small spacings, the shear layer
separating from the first cube reattaches on the sides of the second obstacle and wake periodicity can only
be detected in the wake of the downstream cube. Castro and Rogers [11] experimentally studied the vortex
shedding behind flat tapered plates placed normal to an air stream. Martinuzzi and Abuorma [12] had conducted
an experimental investigation on turbulent flow around square-based wall-mounted pyramids in thin and thick
boundary layers as a function of the pyramid apex angle and angle of attack. For thin boundary layers, wake
periodicity and for slender pyramids (15°<{<75°), the periodic formation and shedding of vortices is observed.
Abu Omar and Martinuzzi [13] experimentally investigated the turbulent flow around square-based, surface-
mounted pyramids, of height h, in thin and thick boundary layers. Using a modified pressure coefficient, it is
found that the mean wall pressure distribution in the wake collapses on to a single curve for several different
apex angles of pyramids and angles of attack. Abu Omar and Martinuzzi [14] experimentally studied vortical
structures around a surface-mounted sharp-edged pyramid in a thin boundary layer and found for slender
pyramids ({<75°), periodic flow in the wake of the slender pyramid is a result of regular vortex shedding. The
flow pattern is similar to an owl-face of the second kind. Chyu and Natarajan [15] comparatively examined five
basic geometries (cylinder, cube, diamond, pyramid & hemisphere) at certain Reynolds number to determine the
effect of single roughness element on heat and mass transfer. The results shows that the upstream horses shoe
vortex system and the inverted arch shaped vertex immediately behind the element are dominating effect in
element end wall interaction.

Some investigators have performed three-dimensional numerical analysis of bluff bodies. Yaghoubi and
Velayati [16] studied numerically the conjugate heat transfer for three-dimensional developing turbulent flows
over an array of cubes in cross-stream direction. They established new correlations to predict average Nusselt
number and fin efficiency for an array of inline cubes. Farhadi and Rahnama [17] studied flow over a wall-
mounted cube in a channel at a Reynolds number of 40000 and found that implementation of a wall function
does not improve the results considerably.

After a thorough review of works of different investigators it has been seen that the three dimensional numerical
analysis of flow around the bluff bodies having complicated geometry has received much less attention. In the
present work we have carried out three dimensional numerical analysis of flow field around the bluff bodies
with complicated structure. Initially investigation is started from pyramidal structure because numerical analysis
of this geometry has not yet been done. Subsequently the analysis will be extended to other bluff bodies such as
prisms, cubes, cylinders and cones for comparisons. It is attempted to match our present numerical results with
the existing experimental results (Martinuzzi and Abuorma [12]) for velocity field.

Il. Mathematical Formulation
The numerical investigation has been carried out for a bluff body of pyramidal shape placed at a distance of x,
from the entrance of a wind tunnel as shown in Fig. 1. The bluff body is placed in a wind tunnel of length L,

L Soid wall [No Sip)
\ v

_ e N
Air { U) H tair -
- . Sty inlet) Air outlet
P {Pressure
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Fig. 1 Schematic diagram of Computational Domain with Fig. 2 Boundary conditions applied to Computational domain
Bluff-Body

Breadth B, (cannot be visible in the Fig. 1) and height H. The height of the bluff body in the present case
considered to be ‘h’. The air entering the wind tunnel from one side with a certain free stream velocity ‘U,,” and
flows over the bluff body. The effects of apex angle, attack angle and shape subsequently have been varied to
study the flow characteristics. The flow field in the domain will be computed by using three-dimensional
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incompressible Navier-Stokes equations with a two equation based k- & (standard) turbulence model. The fluid
used in the simulation is air and is treated to be incompressible while flowing around the bluff body.

A. Governing equations
The governing equations for the above analysis can be written as:

Continuity
2 (p0)=0 @
OX,;
Momentum
_ S oU ) ——
D('OU'):_@_Fi U %4__1 - puu. (2)
Dt 0% OX; ox; X !
Turbulence kinetic energy - k
D
—(pk)=D, + pP— pe 3
5 (PK) =D+ pP—p ®
Rate of dissipation of k
D (pe)=D,+C pPE-C & @
Dt p & lep k 2810 k
— . 0U. 2
uiuj:gkéij—vt NS :vt:0.09k— (®)
3 oX; 0% £
D, _9 u+ 4 (6)
OX; o, ) OX;
p—_uu Y @

Hox,
o, and o are the Prandtl numbers for k & &
C, =144,C, =1.92,C, =0.09;0, =1.0;0, =1.3

B. Boundary Conditions

The boundary conditions can be seen from Fig. 2. All the sides of the domain (except entrance and outlet) and
the surface of the bluff body are solid and have been given a no-slip boundary condition. Velocity inlet
boundary condition has been imposed at the entrance (left side of the domain) through which the air enters into
the domain where as pressure outlet boundary conditions have been employed at the outlet face of the domain.

V = Vit (8)
At the outlet boundary of the computational domain p = p, (atmospheric pressure), (pressure outlet boundary)
9

At the pressure outlet boundary, the velocity will be computed from the local pressure field so as to satisfy the
continuity but all other scalar variables such as k and & are computed from the zero gradient condition, Dash
[18]. The turbulent quantities k and &, on the first near wall cell have been set from the equilibrium log law wall
function as has been described by Jha and Dash [19, 20] and Jha et al. [21]. The turbulent intensity at the inlet of
the nozzle has been set to 2% with the inlet velocity being known and the back flow turbulent intensity at all the
pressure outlet boundaries have been set to 5%. If there is no back flow at a pressure outlet boundary then the
values of k and € are computed from the zero gradient condition at that location.

1. Numerical Solution Procedure
Three-dimensional equations of mass, momentum and energy have been solved by the algebraic multi grid
solver of Fluent 14 in an iterative manner by imposing the above boundary conditions. First order upwind
scheme (for convective variables) was considered for momentum as well as for the turbulent discretized
equations. After a first-hand converged solution could be obtained the scheme was changed over to second order
upwind so as to get little better accuracy (the velocity profile is closed a little bit towards the existing
experimental results). SIMPLE algorithm for the pressure velocity coupling was used for the pressure correction
equation. Under relaxation factors of 0.3 for pressure, 0.7 for momentum and 0.8 for k and & were used for
better convergence of all the variables. Tetrahedral cells were used for the entire computational domain because
it is one of the best choices for such a complicated geometry. Convergence of the discretized equations were
said to have been achieved when the whole field residual for all the variables fell below 107 for V,, Vy, Vy, p, kK

and e.
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1V. Results and Discussions

A. Grid independent test and validation with other results
A general arrangement of meshes in XY plane has been shown in Fig. 3. We have initiated the numerical
investigation from a square based pyramid of height 0.05 m at an apex angle of 60° placed on a surface of wind
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Fig. 3 A general arrangement of mesh in XY plane

Rotoryvortex Reattachment point Rotorvortex Remlachmﬁmpoint

(a) Mesh Spacing 0.01m, No of cells 630442 (b) Mesh Spacing 0.009m, No of cells 981271

Rotorvortex Reattachment point

Rolnrv?nex Reattachment point

(c) Mesh Spacing 0.008m, No of cells1717736 (d) Experimental Result [12]

Fig. 4. Effect of mesh size on vertex and comparison with the existing experimental results
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Fig.5. Mean stream wise velocity components downstream of the pyramid at x/h=1
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tunnel of size a domain of length 1 m, height 0.26 m and width 0.46 m. The Reynolds Number at the entrance is
considered for the numerical investigation is 2.3 x 10*. The investigation is started from a course mesh of
tetrahedral cells. Detail of the grid independent test is shown in Fig. 4 and the corresponding most appropriate
grid is chosen by comparing the rotor vortex of this investigation with existing experimental result of Martinuzzi
and Abuorma [12]. For improvements in result we refined the meshes by adopting a region around the pyramid.
With this grid velocity profile for the stream wise component through the centre of the two counter rotating
vortices along the Z- axis is drawn (Fig. 5) at x/h =1 downstream of the pyramid and at a height of y/h = 0.3 is
computed for a Reynolds number of 2.3 x 10* and again compared with published experimental result of
Martinuzzi et al. [12]. It is observed that, this simulation result for velocity profile matched well with the result
(Fig.5) of Martinuzzi and Abuorma [12]. So for all further computation we have used k-¢ turbulence model with
same mesh structure as we have discussed above.

B. Effect of apex angle ({) on Turbulent Intensity
In our computation the turbulent intensity is measured at center line of the domain which is 0.05 m from the

bottom wall (i.e. the line passed on the pyramid apex) for a Reynolds Number of 2.3 x 105(Re _ PVh). It can be

U
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Fig. 6 Influence of apex angle on Turbulent Intensity, the optimum apex angle found to be at 90°

seen from the Fig. 6 the highest value of turbulence intensity in the fluid for the pyramid having an apex angle
(€) 90° and lowest at { = 120°. Turbulent intensity increases from { = 30° and reaches at the pick at { = 90° then
it falls at { =120°. Turbulence intensity indicates the degree of disturbance in the flow field and it is evident
from the result that for apex angle 90° the higher turbulent intensity indicates better mixing of the fluid and at
the same time its adversely affects the stability of structure and its neighboring structure.

C. Effect of attack angle (@) on Turbulent Intensity
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Fig. 7. Geometry of the base of the pyramid at an attack Fig. 8 Effect of attack angle on Turbulent Intensity, the
angle ‘o’ optimum attack angle is found to be at 15°

The pyramid (¢ = 60°) is rotated through an attack angle o from 0° to 45° in anti-clock wise (as shown in Fig. 7)
direction to investigate the effect turbulent intensity. As in the previous case the turbulent intensity is measured
at the center line of the domain and at a height of 0.05 m from the bottom wall. It can be seen from the Fig. 8
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that highest turbulent intensity is found at an apex angle of 15° So a pyramidal object should be placed at an
attack angle of 15° for better mixing of fluid.

D. Effect of apex angle ({) on Reattachment Distance
Fig. 9 shows the reattachment distance for different apex angle. Keeping the other parameters fixed we increase
apex angle from 30° to 120°. Reattachment distance is the distance from the apex of the pyramid to a point

3.50 Rotor Reattachment point
_ 5
3.25 4 Re = 2.3x10 .
h=0.05m,a=0
3.00 4 Domain Size =1 m x0.46 m x0.26 m
2.75
2.50 4
<
=X 225
2.00
1.75 4
1.50
15 30 45 60 75 90 105 120 , ,
Fig. 9 Reattachment distance as a function of apex Fig. 10 Rotor vortex and Reattachment distance of

angle of the pyramid: the optimum apex angle can be
seen to be at 90°

where the flow reattached to the bottom wall along the downstream of the flow. The reattachment distance is the
indication of vortex size. It can be seen from the figure as the apex angle is increased (from 30° to 90°) the
reattachment distance also increases and reached a maximum at an angle of 90° and then falls after that
suggesting the existence of optimum value of apex angle for maximum reattachment distance. So in the present
case it can be concluded that the size of the rotor vortex (as it can be seen in Fig.10) is highest in case of 90°
apex angle. In bigger pyramids i.e. apex angle more than 90° due to the decrease in wall tapper low separation
does not occur and relatively weaker low pressure area is formed in downstream of the pyramid. So there is no
reattachment point and rotor vortex formed in downstream.

pyramid in XY Plane

E. Effect of attack angle (a) on Reattachment Distance

The numerical investigation is performed to determine the reattachment distance when the attack angle is
changing from 0° to 45° in counter clockwise direction for a square based pyramid for an apex angle of 60°. It is
seen form the Fig. 11 that the reattachment distance increases when the attack angle is increasing from 0° to 20°
and it falls after that, indicating an optimum value of attack angle for maximum reattachment distance. So it is
evident from the figure that the size of the rotor vertex is highest for the 20° attack angle. However, similar
result is also obtained when the pyramid is rotated in clockwise direction. So better mixing can be made by
twisting a pyramid through 20° angle either clockwise or anticlockwise direction.
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Fig. 11 Reattachment distance as a function attack Fig. 12 Reattachment distance of different shaped Bluff
angle, the optimum attack angle can be seen at around Bodies having same volume and height (1 = Cone, 2 =

Cylinder, 3 = Square Base Pyramid, 4 = Square base Prism,
5 = Triangular Base Pyramid, 6 = Pentagon Base Pyramid).

F. Reattachment distance for different shaped bodies
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Numerical computations have been performed to see the effect of shape of the bluff body on the reattachment
distance. In the present CFD analysis we considered six bluff bodies of different shapes viz. cone, cylinder,
square based pyramid, square based prism, triangular based pyramid and pentagonal pyramid. The height and
volume of the bluff bodies are same to that of square based pyramid having an apex angle of 60°. It can be seen
from Fig. 12 the reattachment distance is maximum in case of square based prism and minimum for the case of
cone. It clearly indicates that for the same height of different shapes bodies cone is more stable compared to any
other shape. However, for better mixing point of view one should recommend square based prism as it has a
largest rotor vertex.

G. Velocity profile along the downstream of the flow at the rear side of the pyramid at different height from
the bottom wall

The velocity profile at the rear side of the pyramid in the downstream of the flow at different height from the
bottom wall has been shown in the Fig. 13. In the present investigation we have considered a square pyramid
with apex angle of 60°. The velocity profile is considered at different distance i.e. y/h = 0.2, 0.3, 0.4 and 0.5
from the base of the pyramid. It is seen from the figure negative velocity in near region of pyramid due to back
flow. The velocity is zero on the wall of the pyramid which can be clearly visible at x/h = 6 and then it
becoming more and more negative up to x/h = 7, where the maximum reversal flow occurs and then it becomes
zero again when x/h is around 8. Then the velocity becoming positive which signifies no back flow occurs after
x/h = 8. The plot also shows clearly the free stream velocity is achieved at a distance of x/h = 12 along the
downstream of the flow. It is also marked from the plot at y/h = 0.2, i.e. towards the bottom wall the back flow
is becoming more intense and when we move towards the top of the pyramid i.e. at y/h = 0.2 to 0.5, the reversed
flow decreases. This shows clearly that the back flow velocity is more towards the bottom of the pyramid
compared towards the top of the pyramid.

H. Velocity profile along the downstream of the flow at the rear side of the pyramid at different apex
angle

The velocity profile along the downstream of the flow at a constant height of Y/h = 0.2 from the bottom of the
domain for different apex angle has been depicted in the Fig. 14. Keeping other parameter fixed we are
changing the apex angle from 30° to 120°. It can be seen from the plot the back flow velocity is less for 30° apex
angle compared to 60° and 90° case. It is also seen from the plot for smaller apex angle pyramid back flow
occurs very close to the rear side of the pyramid where as it is farther for the case of larger (90°) apex angle
pyramid. So it is prominent the vertex size is largest for 90° apex angle. It is also evident from the plot there is
no back flow occurs in case of 120° apex angle. So from the figure it can be concluded the recommended value
of apex angle in case of square base pyramid for maximum mixing is around from 60° to 90°.
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Fig. 13 Velocity profile along the downstream of the Fig 14 Velocity profile along the downstream of the flow at distance
flow at different distance from the bottom of the y/h = 0.2 from the bottom of the domain for different apex angle

1. Velocity profile vertical to the flow direction at different apex angle at the rear side of the pyramid

The velocity profile along the direction of flow has been computed for different apex angle (30°, 60°, 90° and
120°) at a distance of 0.05 m (X/h = 1, Z = 0.23 m) from the apex and at the rear side of the pyramid. It can be
seen (Fig. 15) that highest back flow occurs for the pyramid having apex angle 60° and 90°. In case of smaller
apex angle pyramid (30° for the present case) backflow velocity is almost negligible where as it is zero in case
of larger apex angle pyramid (i.e. around 120°). In fact for smaller apex angle the size of the rotor vertex is
small and it is also formed very close to the pyramid where as for larger apex angle pyramids the rotor vertex is
not formed at all.
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Fig. 15 Velocity profile vertical to flow direction at a distance x/h = 1 from the apex downstream of the pyramid for different apex angle

V. Conclusions
Flow around surface mounted bluff body has been numerically investigated. The conservation equations of mass
and momentum has been solved along with two equation based k-¢ model to determine turbulent intensity,
reattachment distance and velocity profiles by changing different pertinent parameters. The computed velocity
fields have been validated with the existing experimental results of Martinuzzi and Abuorma [12]. For a square
based pyramid there exists optimum apex angle for maximum turbulent intensity and for the present case the
optimum apex angle is found to be 90°. Keeping other parameter fixed it is also found that there also exists
optimum attack angle for maximum turbulent intensity, from the present CFD analysis that value of attack angle
is found to be 15°. Reattachment distance increases from smaller pyramid to larger pyramid. Pyramid having
apex angle 90° is found to have highest reattachment distance and the maximum value of reattachment distance
is obtained at attack angle 20°. It was also found that for same height and volume of bluff bodies the
reattachment distance is highest for square based prism and lowest for cone. At the rear side of the pyramid the
back flow intensity is highest towards the bottom wall of the channel and in the longitudinal middle line passing
through the pyramid and it has been found that back flow velocity is highest for 60° and 90° apex angle pyramid.
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