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Abstract The use of more efficient energy consuming
devices, which are closely associated with reduction of
environmental pollution, has gained significant interest in
the recent decades. The reduction of drag coefficient also
improves safety and durability of environmental structures
subjected to high-velocity fluid flow, and causes the noise
and vibration to decrease as well. This paper describes the
efficiency improvement in energy management by means
of reducing drag coefficient in a practical divergent tubu-
lar-truncated cone. Extensive numerical simulations with
emphasis on the shape optimization study were performed
in order to find minimum drag coefficient for both laminar
and turbulent flows (9.41 x 10> < Re < 1.882 x 107)
around the mentioned cone. The numerical results were
validated with experimental data, obtained by performing
tests in an open circuit wind tunnel. The results showed
that the minimum drag coefficient of optimum model
within the shape modification process, comparable to the
value for the primary model in turbulent flow decreased by
69.8% (the maximum discrepancy) at the highest consid-
ered Reynolds number of 1.882 x 10”. Furthermore, the
study of streamwise velocity profile led to more useful
result. In this regard, the velocity magnitude inside the inlet
span of the primary model, close to the entrance was
approximately 1.6 times as great as the free upstream
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velocity. This is a noticeable result for the use of efficiency
important structures in industrial applications.
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Introduction

The drag is a force a flowing fluid exerts on a body in the
flow direction. It is usually recognized as an undesirable
effect, like friction, and the first thought that comes to mind
is to minimize it. It is also strongly dependent on the shape
of the body and any effect that causes the shape to change
has a profound effect on it (Cengel and Cimbala 2010). It
may also reduce the efficiency considerably in non-opti-
mized designed bodies. Moreover, the decrease of drag
coefficient over various bodies is strongly associated with
the reduction of fuel and energy consumption and thus
considerable decrease in their costs, as one of the main
concerns in the recent decades. Furthermore, the saving on
fuel for use of the energy management approaches caused
by drag reduction has resulted in using smaller and more
efficient propulsion systems. On one hand, the manufac-
turing and installation costs become much lower by uti-
lizing more efficient propulsion systems. On the other
hand, less fuel consumption leads to the noticeable
decrease in environmental pollution that is really of con-
sequence. Reducing drag also improves the safety and
durability of environmental structures exposed to high-
velocity fluid flow and causes the noise and vibration to be
decreased as well.

Extensive research has been devoted in the past years to
investigate the drag coefficient of various objects (Jones
et al. 1969; Koide et al. 2006; Kumar and Subramanian
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2007; Terry and Barber 2007; Tutar and Holdo 2001).
Rahman et al. (2007), investigated the flow characteristics
around the circular cylinder with special attention to the
mean value of the pressure drag for Re = 100, 1,000,
3,900. They explained that using standard k-¢ model led to
more accurate results in comparison with the experimental
values for Re = 1,000, 3,900 for computing drag coeffi-
cients. They believed that the realizable k—¢ model was
more useful for vortex-shedding observation. The SST (k—
) model was suggested for high Reynolds numbers. They
also showed that these calculated results for Re = 100,
3,900 were closer to the experimental results of Anderson
(2005) and Lourenco and Shih (1993). Recently, numerical
investigation of the drag and lift coefficient has been per-
formed for inclined circular cylinder of Reynolds numbers
in the range of 140 (Vakil and Green 2009). Sarkar et al.
(1997)and lately Jagadeesh et al. (2008) gave a valuable
experimental assessment of the hydrodynamic force of
autonomous underwater vehicles hull form as well as the
experimental investigation of Sayer (1996) on remotely
operated vehicles, added by studying the performance of
such structures achieved from numerous cases. Likewise
some experiments were implemented in sequence to
investigate the effect of cavitation on the drag force of
circular cylinder (Jafari Gavzan and Rad 2009). Numerical
approaches have also been taken into consideration to
evaluate the viscous drag forces of underwater vehicles
(Karim et al. 2008) while Lin et al. (1995) computed that
for ship hull geometry. Similarly, Sung et al. (1997) made a
great progress as a crucial state to the precise prediction of
forces and moments of actual axisymmetric bodies by
means of computational fluid dynamics (CFD) analysis.
Most of the previous works in this field of study were
restricted to the flow investigation of the bluff bodies (Aiba
1998; Bearman 1997; Cheng and Liu 2000; Matsuda et al.
2003; Zasso et al. 2006). Kim and Morris (2002) presented
the numerical simulation of compressible inviscid mean
flow pattern of a cone with 60° vertex angle. The results
were compared to the experimental data, assessed by
Calvert (1967). Sakai (2009) considered truncated cones to
evaluate the CFD simulation of the drag performance of
supersonic flow with repetitive energy depositions. Some
experimental investigations have also been implemented in
a towing tank to evaluate the hydrodynamic coefficients
(Alvarez et al. 2009; Bong-Huan et al. 2009; Jiaming et al.
2005). More recently, (Niknafs 2010) studied the influence
of Reynolds number (1.7 X 10° < Re < 645 x 105) on
drag coefficient of tubular frustum of 10° vertex angle, by
means of performing some experiments in a water towing
tank. However, he did not investigate the flow pattern in
detail for such Reynolds numbers.

Although tubular-truncated cone have various applica-
tions such as in aerospace or underwater structures,
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turbines, conduits and channels, etc., this type of body has
received less attention in the previous research works.
Hence, in this research, a typical divergent tubular-trun-
cated cone of 16° vertex angle is studied experimentally
and numerically. A shape optimization study is also per-
formed on the above-mentioned model in order to mini-
mize the drag coefficient. In doing so, a series of wind
tunnel experiments was implemented and the drag coeffi-
cients were measured during the tests. The numerical
procedure, meshing and code validation are also provided
in the following section. The flow characteristics consist of
the drag coefficient and its components, the velocity and
static pressure profiles are analyzed in the numerical sim-
ulations as well. For this purpose, the model was subjected
to the incompressible airflow where the dimensionless
Reynolds number defined as:

Re = pU. L/u; where, p fluid density (kg/m’), U, free
upstream velocity (m/s?), L length of the model (m), u
dynamic viscosity (kg/ms?).

The considered non-dimensional drag coefficient (Cp)
and its components: the pressure drag coefficient (Cpp) and
the viscous drag coefficient (Cpy) are defined as:

Cp = 1D
P lpu2A
Fpp Fpy
DP %pU%OA \Y %pUgcA D pp + Cpv

where Fp is drag force (N), Fpp pressure drag force (N),
Fpy viscous drag force (N), p fluid density (kg/m3), U
free upstream velocity (m/s?), and A frontal area (m?).

Finally, further investigations on various modified
shapes of the divergent tubular-truncated cone along with
derived conclusions round out the article. The experimental
wind tunnel tests were conducted in the Aerodynamic
Laboratory of the IAU, Science and Research Branch in
Tehran from 2009 to 2010.

Materials and methods
Models of the divergent tubular-truncated cone

The models used for the current study are classified into two
types: the primary model and the modified models. The
primary model used for experimental measurements and
computer simulations is a divergent tubular-truncated cone
as sketched in Fig. 1. The model is made of plexiglass with a
half-vertex angle, o, of 8° and a base diameter (D) of
81.5 mm. Comparative measurements showed that selecting
a base diameter of 81.5 mm, about one-fourth of the test
section width and height, are adoptable so as to reduce the
effect of lateral walls on the flow around the model and
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provide a uniform far field flow. The other dimensions, d and
L, (Fig. 1) of the model are 34 and 171.4 mm, respectively.
The modified models, made as a function of inclination
angle (0) are illustrated in Table 1. The angle, 0, is the angle
varies between 0° and 45° while the inlet and outlet span
diameters remain constant. Abbreviated names were used
by means of introducing the symbols of T, TO, T10,.....
instead of their full names in order to facilitate referring the
models (both primary and modified models) in the entire
manuscript, as shown and specified clearly in Table 1.

Experimental procedure and measurements

It is known that the computer simulations are not favorable
unless validated experimentally. In this regard, a series of
experimental tests was implemented in a wind tunnel. The
experimental results of drag coefficients were obtained
under carefully controlled laboratory conditions, in an open
circuit wind tunnel with an octahedral test section of
311 mm (width) x 311 mm (height) and 460 mm (length).
The Re varied from 4.7 x 10* up to 1.94 x 10’ based on
the model length (L). It was assumed that all the flow
patterns around the model were symmetrical about the
centerline, irrespective of their axial position. A digital
balance system was used for drag forces data collection in
considered Re numbers obtained by changing airflow
velocity. All results for each data report were measured
under similar and constant laboratory conditions.

Fig. 1 Schematic view of the primary model

Table 1 Different models used for numerical simulations

Numerical simulation procedure

The width of the side boundaries of the computational
domain used for numerical simulation is 24L'. Both top and
bottom slip lateral walls are extended 10L’ from the axis. It
should be noticed that these dimensions of the computa-
tional domain are carried out in view of obtaining uniform
far field velocity. The domain independency test is studied
for several domains to ensure the fineness of the compu-
tational grid spacing.

The computational domain consists of two different
mesh types. Owing to the high velocity gradient in the very
thin boundary layer of the model surfaces, mesh fineness
near the surfaces are increased. Moreover, the unstructured
finer mesh type is used near the both external and internal
surfaces of the model whereas the quadrilateral-structured
mesh type is used far from the surfaces. A grid indepen-
dency test is also performed to make sure that the solution
is independent of grid size.

The slip wall boundary condition is used for the top and
bottom lateral walls. Uniform velocity is considered for
inlet boundary while a pressure outlet boundary condition
is used at flow outlet. Moreover, the no slip walls are used
as model surfaces boundary conditions here.

It is interesting to analyze the flow characteristics over
different shape bodies using two-dimensional approach, a
well known and mostly used for computer simulation. It
reduces computational time extremely and captures the flow
pattern as well as three-dimensional analysis. Flow behavior
of this specified model is evaluated through finite volume
numerical analysis. Itis also presumed that the flow behavior
is axisymmetric and there is no circumferential flow. The
CFD package FLUENT 6.3.26 (2006) is employed using K—¢
turbulent model with special attention to the steady state,
viscous, incompressible flow for the range of Reynolds
numbers between 9.41 x 10% and 1.882 x 10’. The SIM-
PLE algorithm is used to link the pressure and velocity
adequately. Second-order upwind discretization gives better
accuracy, while first-order discretization produces more

Specification IPrimary model 6=(° 6=10° 6=20° 6=30° 6=40° 6=45°
Model Name T TO T10 T20 T30 T40 T45
__‘____"__,_.- ,_—-""""—_- _/_——--.. i ————— /"_"’\ /—'\\ .'_/"'_"“'m_‘
Configuration = - \
T T T S S N \_/"‘

Note: 8 is the inclination angle used for modified models design: -
e
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Fig. 2 Drag coefficient versus Re for the primary model

robust convergence. In the current study, when the second-
order scheme did not converge, the first-order scheme was
used for starting the iterations and then the iterations were
continued by switching to the second-order scheme. In
addition, the convergence criteria in the order of 107° are
adopted in this study for all the solution residues.

Code validation

To verify this work, the results of an experimental study
of drag coefficient around the primary truncated cone of
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16° vertex angle within the range of Re between
47 x 10* and 1.94 x 10° , are confronted with its corre-
sponding numerical-simulated values, as shown in Fig. 2.
The percentage error between computational and experi-
mental results for each Re is also depicted in Fig. 2. The
comparison shows that the average error is equal to
1.09%. This Figure also illustrates that the experimental
and numerical results compare well which confirms code
validation.

Results and discussion
Flow around and through the primary model

In the case of truncated cone of 16° vertex angle (model T),
the slowing of the velocity which causes an unfavorable
pressure gradient is sufficient to separate the flow behind
the model. These two axisymmetric formed bubbles are
shown clearly in Fig. 3a, for Re = 1.94 x 10°. As Re
increases, the flow progresses and two bubbles become
more aggressive and forming two enclosed recirculating
bubbles, shown in Fig. 3¢ for turbulent flow of
Re = 1.882 x 107, as well. The complete outline of

Fig. 3 a, c Pathline; b, d static pressure of model T. a, b Re = 1.94 x 10°; ¢, d Re = 1.882 x 107

* @ Springer
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Fig. 4 Streamlines around and through the model a TO, b T20, ¢ T30, d T40 while Re = 1.882 x 107; and for models e T20, f T30, g T40,

h T45 while Re = 1.94 x 10°

correlated static pressure distribution is presented in
Fig. 3b, d for both laminar and turbulent flows,
respectively.

Flow around and through the modified models

On the other hand, for the modified shapes where the flow
separation occurs inside the model, the flow behavior is
much more complex than its related primary shape. In this
regard, it is noteworthy to explain the desired flow char-
acteristics by means of several streamlines that are inves-
tigated for different types of flows. To some extent, similar

flow patterns are observed either for laminar or turbulent
flow regime. To expound better the ambiguity of the drag
coefficient performance, the streamlines of the flow are
plotted for representative modified models in Fig. 4, for
typical Reynolds numbers of 1.882 x 107 and 1.94 x 10°,
respectively.

Figure 4a represents the flow pattern of model TO. It is
observed that in spite of streamlining, two axisymmetric
bubbles still exist at decreasing distance from the outlet
span behind the model. They are decreasing in size in
comparison with size of the bubbles formed behind the
model T. Thereafter, as 0 increases to 20°, the flow passes

1 @ Springer
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Fig. 5 Non-dimensional velocity profile along the axis of both
primary and modified models

slightly through the model T20. Under such circumstances,
the wake itself disappears completely behind the model
while the separation occurs near the internal surface, pre-
sented in Fig. 4b, e. (the minimum drag forces obtained at
the same 0).

The evolution of aforementioned bubbles as a function
of internal area expansion is certified in Fig. 4c, d, f, g, and
h. Although the width of the recirculating zone is about the
model length (L), the centers of the two standing eddies
begin to shift a little toward downstream, as seen in
Fig. 4c, d, g, and d. This happens as a result of inside cross-

sectional area expansion, which causes pressure to be
increased headed for downstream.

Velocity profile

Figure 5 represents such streamwise velocity profiles
achieved from the upstream of the fluid flow to the
outlet span along the model axis. The X coordinate of
the point on the center of the inlet span is defined as Xj,.
The velocity profile of model T is plotted along with
those of the modified models. It is deduced from the
graph that the maximum velocity inside the inlet span
close to the entrance increases by about 60% compared
with the free upstream velocity magnitude in model T.
Thereafter, it decreases abruptly from the peak toward
the outlet span. The considerable increase in velocity
could be used as an important source of energy for
various applications. It is also indicated that by
increasing 6 from 0° to 45° the peak point in the

velocity profile is diminishing owing to the inside sec-
tional area expansion.

Drag coefficients

In the following, the influence of Re on drag coefficients of
both primary and modified tubular-truncated cones is
evaluated by the numerical simulation.

\ﬁ @ Springer
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Fig. 6 Computed drag coefficient versus Re for model T

On the occasion that a divergent tubular-truncated cone
is oriented to the flow, a frontal area becomes hollow
substituted successively in simulations for Cp calculations.
The reduction of Cp against increasing Re for
9.41 x 10> < Re < 1.882 x 10’ is obvious in Fig. 6. The
figure reveals that the Cp value of model T decreased by
42% as a function of Re in the range of 9.41 x 10” up to
1.882 x 107 with reference to the Re = 9.41 x 10%

For better explanation the issue, the static pressure dis-
tribution graphs inside the model T along the axis of the
model are presented in Fig. 7 for various Re. The pressure
drag is usually dominant for this type of body (Cengel and
Cimbala 2010). Therefore, the main reason for the drag
increase with Re which is due to the pressure difference
between the front and back sides of the model is clearly
shown in this figure as a function of Re.

Table 2 provides detailed investigation intended for the
contribution of pressure and viscous drag coefficients, Cpp
and Cpy, to the total drag coefficient, Cp, for model T
along with the modified models, for two representative Re
of 1.94 x 10° and 1.882 x 10. Moreover, the pressure

coefficient, Cpp, dominance and its decrease comparable to
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Fig. 7 Static pressure distribution along the axis of model T
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Table 2 Contribution of the pressure and viscous drag coefficients to total drag coefficient calculated for various models
Re Cpp and Cpy T TO T10 T20 T30 T40 T45
1.94 x 10° Cpp 0.7290 0.4253 0.3235 0.2422 0.2305 0.2306 0.2442
Cpy 0.0326 0.0363 0.0282 0.0231 0.01969 0.0164 0.0153
1.882 x 107 Cpp 0.7305 0.4174 0.3099 0.2324 0.2179 0.2229 0.2379
Cpy 0.0087 0.0087 0.0067 0.0058 0.005 0.0045 0.0045
0.39 == viscous coefficients decrease noticeably and let the total Cp
0.37 ——0-20° to be decreased, as well.
—a— 0=30°
0.35 —a— 6=40°
0.33 —— 0=45°
5 031 Conclusion
O 029
0.27 There is a growing interest in reduction of drag coeffi-
0.25 cient over various bodies and its considerable effect on
0.23 SR fuel and energy consumption as a main scope of effi-
0.21 ciency improvement in energy management. It also
0.001 0.01 0.1 1 10

Reynolds Number x10’

Fig. 8 Influence of Re on drag coefficient for various inclination
angles

Table 3 Comparison of drag coefficient between models T, TO and
the optimum model

Re Model T Model TO Optimum model
4.7 x 10* 0.797 0.512 0.278
1.94 x 10° 0.761 0.461 0.247
5.64 x 10° 0.752 0.444 0.235
9.41 x 10° 0.748 0.44 0.231
1.882 x 107 0.739 0.426 0.223

Cpy considerable diminution with Re which leads to the
Cp reduction as a function of Re, are included in this table
for better understanding the concepts discussed previously.

Figure 8 presents an exponential decrease of drag
coefficient versus Re between 4.7 x 10* and 1.882 x 107,
for different angles of inclination. It is deduced from the
figure that the minimum Cp, is obtained at 6 = 40° for Re
less than about 5.2 x 10° while thereafter, 0 = 30° is
achieved as an optimum 6 to minimize the drag coefficient.

The values of Table 3 shows that Cp reduces for both
optimum and TO models in comparison with that of model
T in the range of Re from 4.7 x 10* up to 1.882 x 10’
Moreover, the reduction of Cp comparable to that of model
T increases with Re. The maximum increase in Cp is 42.3
and 69.8% at the highest Re of 1.882 x 10’ for model TO
and the optimum model, respectively. This reduction is
attributed to the fact that as 0 increases in order to con-
figure an optimum shape, both correlated pressure and

causes a noticeable decrease in environmental pollution.
Accordingly, a CFD study of flow over and through the
primary tubular divergent-truncated cone and the pro-
posed modified shapes has been particularly performed to
identify possible optimum shape of minimum drag
coefficient for energy efficiency case study. In doing so,
the comparison of numerical results with experimental
data, which were conducted in a wind tunnel, repre-
sented the capability and accuracy of the computer
simulations in an idealized case study. The influence of
pressure and viscous drag coefficients to total drag
coefficient were also interpreted for better understanding.
Computational simulations revealed that Cp reduces
more effectively for the optimum model at approxi-
mately 6 = 30° for the range of Re of laminar flow. For
turbulent flow, typically at Re in the range of 5.2 x 10°
up to 1.882 x 10’ the optimum model procured at
0 = 40°. Consequently, the maximum drag reduction of
about 69.8% at the highest considered Re of 1.882 x 10’
was obtained through the numerical simulations which is
a significant consequence for the applications in which
Cp is important. In addition, the streamwise velocity
profiles for different cases of primary and modified
models were studied. The research led to the fact that
the maximum velocity inside the inlet span close to the
entrance increases by 60% compared to the free
upstream velocity magnitude in the primary model. This
can be used to supply either some devices or apartments
lightening-system power requirement by means of using
generators or some other generating energy equipments.
These results illustrate a unique case for the use of in
applications related to the energy management case
study.
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